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Abstract. Light polarization encodes the shape of the object from which it is reflected.
However, normals reconstructed from polarization data suffer from physics-based artifacts,
such as azimuthal ambiguity and refractive distortion. We propose a novel method that allows
to resolve ambiguities and reconstruct the normal map, while also removing the unpolarized
ambient light limitation.

1. Introduction

There are numerous research papers showing how light polarization can be used for object 3D
scanning and normal map reconstruction [1, 2, 3, 4]. However, all of them have significant limitations
on object material or light properties conditions. This work is aimed to solve one of the most
significant limitations, so called “unpolarized world assumption”: all the incident light has to be
unpolarized.

In this work we show that not only the incident light can be polarized, but also it can actually be
beneficial for solving azimuth and zenith ambiguities without additional depth information. We do it
by introducing polarized light field. Therefore, the proposed method is aimed to make polarization for
object 3D scanning one step closer to be applicable in real life.

2. Main Section

Let's consider the light reflected from some arbitrary object. The incident light is polarized, all the
reflections are specular.

The only way to measure properties of the light coming to the camera is by rotating a polarizer.
Therefore, let's consider light intensity variations of two rays (1, and |, respectively) as well as their

combination. As we now, the light intensity variation for rotating polarizer can be derived as

| = Imax + Imin + Imax — Imin COS(Z({DPM _(P))
2 2 (1)
Key unknowns here that describe light's properties are ¢ - angle of polarization and I .., I,
characterize degree of polarization. Let's derive their values from the object and light source
properties. To understand the properties of the reflected light let's write down reflected light properties
derived from Fresnel equations on the surface of the object P.

I, =R,

2
Irs = Rs Iis (3)
If a is a polarization angle for incident light

V MesxnayHapo/Hast KoH(epeHIus 1 Monoa&xkHas mkona «HpopMaloHHbIe TEXHOIOTHU U HaHoTexHomorum» (MTHT-2019)



KommbloTepHas onTrka 1 HAHO(OTOHHKA V.A. Taamazyan

)
ip is (5)

If B is a polarization angle for reflected light

tan ,leﬁ _Boly (tan® a)&
rs Rs Iis Rs (6)

From the equations above we see that if the incident light is polarized then the reflection will change

the polarization angle.

Now let's consider the case of reflection on object's surface if the light is just partly polarized, which is

true for most of the real-life cases. This case is especially relevant for 1, . Partly polarized light can be

written as a combination of polarized and unpolarized components which are completely independent
from each other.
L=1,+1,

(7

I, at reflection behaves as discussed above, i.e. it will change it's polarization angle. In its turn I,

will get partly polarized after reflection, and that polarization will be incoherent to I ;. In order to tell

what should be the polarization of the resulting light (both angle and DOP) we need to answer on the
following question: what would be the polarization of the combination of two polarized incoherent
light rays with polarization angles o and ?

If these two incoherent polarized rays will get through a polarizer, the intensity of the resulting light
will be the following:

—2 —2
| =[E| cos’(a+¢—,4) +|ES| c0s’(B+8— )
Or, in more general case of multiple polarized components:
I =1,+ > I,cos’ (o +p— ) ©)

¢ in these equations is the same for all components of the sum, since it is the azimuth angle of surface
normal in the point of an object, at which light is reflected. This sum is a sine wave with arbitrary
phase shift and amplitude, plus constant. Therefore, just by measuring properties of this sine wave, it
is not possible to resolve different components.

In order to resolve this simple case of multipath between single polarized and unpolarized component,
lets consider its reflection from an object with known shape and material properties (“calibration
object”).

The incident light that gets reflected from the object has two independent components:

I=1,+1,

®)

(10)

where |, is unpolarized component, and |, is polarized component with polarization angle .
After reflection from the surface 1, gets partly polarized:

lp =l + 1 (11)
and polarized component changes its polarization angle to y and intensity:
I, =1, (12)
Now let's consider each of these components:
I I
l,—>RI_+RIl =R —+R —
up p " upp s ups P9 s 9 (13)

and because R; >R
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Iup Iup
=R o R o
(14)
o =R, 1, (15)
(unpolarized component is equal to doubled minimal polarized component out of two, and polarized
component is equal to their difference).
I, =R, I, +R I =Rl cos’y+R] sin’y (16)
Where v is the incident light polarization angle. Therefore, the intensity of light after the polarizer will
be the following:

I = IO + Iplcosz(a+¢_¢pol)+ |p2COSZ(ﬁ+¢—¢pO|)

(17)
I=1,+(R, - Rp)%cosz(a+¢—¢pol)+ I, (R, cos”y + R sin’ ) cos’ (B +p— By, )
(18)
where
l, =R, 2
' (19)
T
a==
2 (20)

where ¢ is azimuth angle. And according to the equation 6

R
tan g =tany F
i @)
R
S =arctan(tan i F )
% 22)

Therefore, for a calibrated object with known shape and reflection properties

Therefore,

I:.f(lupllp’l//) (23)
Finally,
| :%(RS Sin($— g ) + R, (1=sin*(§— @,))) + 1, (R, cos’y + R, cos y) cos® [arctan(tany/\/ghqﬁ—%,J
) (24)

And therefore, partly polarized incident light mixture can be resolved.

Using the method, described above, one can collect a polarization map of the light around using
specular calibration object and do robust shape from polarization reconstruction in the wild under
partly polarized light (for example, outside during the daylight).

Specular object, ideally - metallic ball, should be used as a calibration object. For the metallic ball R,

and R, can be defined as following:
Rs = rsrs (25)
RP p'p (26)

; cos 6, —/n? —sin?§

2 H]
cosé, Jm}nl —sin“ 6, @7)
] _ —nfcosf, +4n —sin® 4

where

n’ cos 6, +a/n12 —sin® @ (28)
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and

n, =ng +in, (29)
Also, 0 is equal to surface normal's zenith angle.
Now, let's consider, how the "polarization light field" - the information about the polarization state of
the light around the object can be used to restore an arbitrary object's shape. The light reflected from a
point P of an arbitrary object gets partly polarized, as discussed above. Equation 24 describes how the
intensity of the reflected light will depend on polarization angle. Only this time R, R, and ¢ are

unknown, R;, R are functions of 0 and n, and 1, I, v are also functions of ¢ and 0. Therefore,

up ?
capturing three different intensities under three different polarizer angles and by solving a nonlinear
system of equations with ¢, 6 and n as unknowns we will be able to find surface normal and material
properties at the point of the object.

The key point of this concept is that polarization ambiguity can be resolved using inhomogenity of the
light around the object. Therefore, it is important for the light to be indeed inhomogenious. Otherwise,
the system of equations becomes ill-posed.

Let's write down the final set of equations

I, = I%(RS SIN* (¢ — B s ) + Rp(l—sin2(¢—¢po,vk)))+ I, (R, cos®y + R, cos® ) cos® [arctan(tan V/\E) +¢ ¢p0|’kJ

: (30)
Iupzlup(0’¢) (31)
1,=1,(0.9) o)
v =w(0,4) (33)

2
{coséﬁ—a/nf—sinza}
s 2_ain?
cosd, Jm/nl sin“ g, (34)

2
R :(—nf cosd, +4/n? —sin’ @ J
p

n? cos 6, +\in12 —sin’ 6,

(35)
By having at least three measurements of the equation 30 and by solving the following set of nonlinear
equations one can find 0, ¢ and n.

3. Conclusion

The proposed method allows to do simultaneous object 3D scanning and material properties
reconstruction from a single position and under any real-world light conditions with a regular DSLR
or machine vision camera and polarizer. This is an extension of previous work on polarization for 3D
scanning. For the next steps the method will be implemented and tested in various conditions.
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