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Abstract. Polarization of light caused by reflection from dielectric sur-
faces has been widely studied in computer vision. This paper presents
an analysis of the accuracy of a technique that has been developed to
acquire surface orientation from the polarization state of diffusely re-
flected light. This method employs a digital camera and a rotating linear
polarizer. The paper also explores the possibility of linking polarization
vision with shading information by means of a computationally efficient
BRDF estimation algorithm.

1 Introduction

Many attempts have been made by the computer vision community to exploit
the phenomenon of the partial polarization of light caused by reflection from
smooth surfaces. Existing work has demonstrated the usefulness of polarization
in surface height recovery [7,6,8,1]; overcoming the surface orientation ambiguity
associated with photometric stereo [3,4]; image segmentation [11]; recognition
and separation of reflection components [10,11]; and distinguishing true laser
stripes from inter-reflections for triangulation based laser scanning [2]. Polariza-
tion vision has been studied for both metallic and dielectric surfaces and both
specular and diffuse reflection. However, little work has been carried out that
assesses the accuracy of these techniques or to couple these methods with shape
from shading or other intensity-based methods.

This paper is concerned with what is probably the most studied of the above
applications: shape recovery. In particular, we focus on shape recovery from dif-
fuse reflection from dielectric surfaces since this is the most commonly occurring
situation. The paper uses a technique to recover surface normals from polariza-
tion that involves a linear polarizer being mounted on a digital camera and
images taken as the transmission axis of the polarizer is rotated. We apply this
method to objects made from a variety of materials of known shape. The surface
orientation prediction based on polarization is then compared to the exact values
calculated from the known geometry. The analysis reveals several unstudied fea-
tures of surface polarization that help to demonstrate where current techniques
of polarization vision are adequate and where its use is inappropriate or where
more detailed models are required.
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We also use polarization to estimate the “slice” of the bidirectional reflectance
distribution function (BRDF) corresponding to the case where the camera and
light source are coincident. We do this for objects of unknown shape and compare
the results to objects of the same material but known shape. This is of interest
for three reasons. Firstly, it complements the accuracy analysis since, again,
exact values can be deduced from the known shapes. Secondly, BRDF data
may be useful for the shape recovery of surface regions that cause difficulty for
polarization vision such as inter-reflections [1]. Finally, BRDF data can be used
for realistic image rendering.

2 Polarization and Reflection

The Fresnel equations give the ratios of the reflected wave amplitude to the
incident wave amplitude for incident light that is linearly polarized perpendicular
to, or parallel to, the plane of specular incidence. These ratios depend upon the
angle of incidence and the refractive index, n, of the reflecting medium. Since
the incident light can always be resolved into two perpendicular components,
the Fresnel equations are applicable to all incident polarization states. Indeed,
throughout this work, we assume that the incident light is unpolarized.
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Fig. 1. Definitions. Directions of electric fields are indicated.

For the geometry of Fig. 1, the Fresnel reflection coefficients are [5]

r⊥ (ni, nt, θi) ≡ E0r⊥
E0i⊥

=
ni cos θi − nt cos θt

ni cos θi + nt cos θt
(1)

r‖ (ni, nt, θi) ≡
E0r‖
E0i‖

=
nt cos θi − ni cos θt

nt cos θi + ni cos θt
(2)

where (1) gives the reflection ratio for light polarized perpendicular to the plane
of incidence and (2) is for light polarized parallel to the plane of incidence. The
angle θt can be obtained from the well-known Snell’s Law: ni sin θi = nt sin θt.
Cameras do not measure the amplitude of a wave but the square of the ampli-
tude, or intensity. With this in mind, it is possible to show that the intensity
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coefficients, which relate the reflected power to the incident power, are R⊥ = r2
⊥

and R‖ = r2
‖ [5].

Figure 2 shows the Fresnel intensity coefficients for a typical dielectric as
a function of the angle of the incident light. Both reflection and transmission
coefficients are shown, where the latter refers to the ratio of transmitted to
incident power (the transmission coefficients are simply T⊥ = 1 − R⊥ and T‖ =
1 − R‖).
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Fig. 2. Reflection and transmission coefficients for a dielectric (n = 1.5)

The work reported here relies on taking a succession of images of objects
with a polarizer mounted on the camera at different angles. As the polarizer
is rotated, the measured pixel brightness at a given point varies sinusoidally.
Let Imax and Imin be the maximum and minimum intensities in this sinusoid
respectively. The degree of polarization is defined to be

ρ =
Imax − Imin

Imax + Imin
(3)

Careful consideration of Fig. 2 and the Fresnel equations leads to an expression
for the degree of polarization in terms of the refractive index and the zenith
angle, that is, the angle between the surface normal and the viewing direction.
Unfortunately, this equation is only applicable to specular reflection since the
process that causes diffuse polarization, the sole concern of this paper, is differ-
ent, as explained below.

Diffuse polarization is a result of the following process [11]: A portion of
the incident light penetrates the surface and is scattered internally. Due to the
random nature of internal scattering, the light becomes depolarized. Some of
the light is then refracted back into the air, being partially polarized in the
process. Snell’s Law and the Fresnel equations can be used to predict the degree
of polarization of light emerging from the surface at a given angle. Figure 3
shows the Fresnel coefficients for light being refracted back into air.
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Fig. 3. Fresnel coefficients for light leaving a medium (n = 1.5)
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Fig. 4. Degree of polarization for diffuse reflection for two different refractive indices

Using a similar method to that used for specular polarization, an equation
for the degree of polarization in terms of the zenith angle and refractive index
can be derived:

ρ =
(n − 1/n)2 sin2 θ

2 − 2n2 − (n + 1/n)2 sin2 θ + 4 cos θ
√

n2 − sin2 θ
(4)

The dependence of the diffuse polarization ρ on the zenith angle θ is shown in
Fig. 4.

The azimuth angle of the surface normal, i.e. the angle of the projection of
the surface normal onto the image plane, is also intimately related to the Fresnel
equations. As Fig. 3 shows, diffusely reflected light is reflected most efficiently
when polarized parallel to the plane containing the surface normal and the ray
reflected towards the camera. The azimuth angle therefore exactly matches the
angle of the polarizer that permits greatest transmission.

3 Polarization Analysis

Equations (3) and (4) are central to the technique of recovering surface orienta-
tion from diffuse polarization. For the experiments described below, the surface
normal azimuth and zenith angles were recovered using the following method:
For each object, 36 images were taken with a Nikon D70 digital SLR camera,
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with a linear polarizer mounted on the lens, which was rotated by 5◦ between
successive images. There was just one light source, a small but intense collimated
tungsten lamp. The walls, floor and ceiling of the laboratory, as well as the table
on which the objects lay, were matte black to avoid inter-reflections from the
environment.

As mentioned earlier, pixel brightness varies sinusoidally with polarizer angle.
A sinusoid was therefore fitted to the pixel brightnesses for each point on the
images. With Imax and Imin taken from this fit, (3) and (4) were used to estimate
the zenith angles. The azimuth angle of the surface was taken to match the
polarizer angle that allowed greatest transmission.

To assess the accuracy of the method, a set of vertically oriented cylinders of
various materials were used. The geometry of a cylinder is convenient for three
reasons. First, the analysis can easily be performed for all possible zenith angles.
Second, noise can be reduced by taking the average image intensity for each
column of pixels. Finally, the structure is simple enough for shape recovery to
be performed exactly from a single image. This is simply done by isolating the
cylinder from the background and placing semicircles that arch from one side of
the object to the other.

Using the method described above, we obtained a set of graphs showing the
measured and theoretical zenith angles against position across the cylinder for
different materials. Since the azimuth angle of the cylinder is constant, we can
also see how the accuracy of azimuth angle estimates vary with zenith angle, if
at all. A sample of these results for porcelain, blank photographic paper, pho-
tographic paper coated with cling film and normal paper are shown in Fig. 5.
The photographic paper is much smoother than normal paper due to its coat-
ing. Several other material samples were also analysed, including different paper
types, plastics, wax, terracotta and papers coated with inks. The graphs of Fig. 5
provide a good overall representation.

The first point to note about the figures is that, even for normal paper which
at the fine scale is very rough, the azimuth angles have been accurately recovered.
However, more noise is associated with the rougher surfaces.

There was greater variation in the accuracy of the zenith angle estimates.
For Fig. 5, the refractive index used was simply the value that produced greatest
similarity between theory and experiment for the material in question. The shiny
white porcelain object produced excellent agreement with theory down to very
small zenith angles.

The remaining graphs in Fig. 5 demonstrate the complications that can cause
the measured zenith angles to deviate from the expected values. The result for
blank white photographic paper, for example, is very accurate for large zenith
angles but an increasing discrepancy is present as the zenith angle approaches
zero. When the paper is coated in cling film, the discrepancy is less marked.
Clearly, this suggests that there is a process occurring that is not accounted for
by the theory. It is not considered useful to investigate this phenomenon fur-
ther because the intensity may vary by just a few grey levels in such regions.
Therefore, intensity quantization errors prevent extraction of useful data. The
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Fig. 5. Plots of measured zenith and azimuth angles (solid lines) across the surfaces of
cylinders of different materials. The exact values are indicated by the broken curves.

results for paper, which of course, is a rough matte surface, also show the phe-
nomenon of finite polarization at low zenith angles, as well as depolarizing effects
of roughness nearer to the limbs.

4 Shading Analysis and BRDF Estimation

We now turn our attention to information contained within the shading of the
images. For this analysis normal digital photographs were used (i.e. the polarizer
was removed from the camera) although taking the sum of two images with the
polarizer angle 90◦ different gives the same result (except for an overall inten-
sity reduction due to non-ideal filters). This analysis demonstrates the relative
strengths of polarization and shading analysis.

It is not our intention here to present a detailed survey of reflectance models
[12] but we are interested in where shading information should be used in place
of polarization. First consider the simplest reflectance model: the Lambertian
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compared to ground truth for two materials
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Fig. 7. Some of the objects used in BRDF estimation

approximation. Figure 6 shows the zenith angle prediction using this model for
the porcelain and paper samples from Fig. 5. Polarization clearly gave much
better results for porcelain, but for paper (a genuinely Lambertian surface),
polarization was weaker due to roughness. Note however that the Lambertian
model tells us little about the surface azimuth angle, whereas even for paper,
this was accurately recovered from polarization up to a 180◦ ambiguity caused
by the equivalence of phase angles separated by this angle.

For the final contribution of this paper, we consider the BRDF of these two
very different materials. In full, the BRDF is the ratio of reflected light to incident
light for all possible viewing and illumination directions. Here, we are concerned
with estimating the “slice” of the BRDF where the light source and camera are
coincident using a single polarization image. The method is very simple and
computationally efficient and we compare the results to ground truth and to an
intensity based method.

The polarization-based method simply bins the zenith angles recovered from
a polarization image (here bin sizes were taken to be 1◦ wide) and plots in-
tensity against zenith angle. The intensity based method uses the cumulative
distribution of intensity gradients to estimate the zenith angles which then ap-
proximates the BRDF in the form of a polar function on a Gauss sphere. Details
of this method can be found in [9].
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Fig. 8. Estimation of BRDF for porcelain and paper using polarization (thin solid
line) and intensity (thick line) compared to the exact curve (broken line). Note the
near-perfect overlap between the exact and polarization measurements for large zenith
angles for porcelain.

These BRDF estimation methods were applied to objects made of porcelain
and paper, some of which are shown in Fig. 7. A BRDF graph was obtained
for each object. Figure 8 shows the mean graph for each material. Zenith angles
above 85◦ are not shown due to the difficulty in obtaining reliable intensity data
for these areas. Results are broadly as expected. For porcelain, both methods
gave good results with polarization being more accurate. In particular, the polar-
ization method gives almost exact results above about 70◦. The random-looking
curve for paper shows that BRDF estimation is highly sensitive to surface ge-
ometry for that material so intensity-based methods should clearly be used here.
The BRDF can be estimated in full by repeating the experiment under many
different lighting conditions and interpolating between the positions used to es-
timate the BRDF under arbitrary illumination conditions.

5 Conclusion

This work has presented a sensitivity study of shape from diffuse polarization for
various materials. The difference in the accuracy of the method between regions
of high and low zenith angles is clearly illustrated by Fig. 5, which also provides
a detailed picture of the effects of roughness. Importantly, we see that the surface
normal azimuth angles can be accurately determined even for moderately rough
surfaces. The BRDF experiments have demonstrated very efficient methods for
BRDF estimation from polarization and intensity and has applications in im-
age rendering and combining shape from shading with polarization. The paper
clearly identifies strengths and weaknesses of shape from polarization over shape
from shading.
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