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Abstract

This paper summarizes a method for extracting 3D in-
formation and indices of refraction from a scene by means
of a pair of polarimetric passive imaging sensors. Each
sensor provides the Stokes vector at each sensor pixel lo-
cation, from which, degree and angle of linear polarization
are computed. Angle of linear polarization provides the az-
imuth angle of the surface normal vector. Two cases are
considered. For the special case when the two sensors have
a common azimuth plane the index of refraction can be find
analytically in terms of the degrees of polarization and the
angle between the lines of sight from the two sensors, from
which the depression angle of the surface normal can be
computed. For the second and more general case the sur-
face normal is estimated from the cross-product of the az-
imuth vectors from the two sensors and the inner product of
the line of sight vectors and surface normal. Once the de-
presion angles are estimated the index of refraction can be
computed.

Results of the application of this approach on simulated
infrared polarimetric data are provided.

1. Introduction

Determination of 3D information from passive sensors
has been a subject of interest in the remote sensing and opti-
cal information processing communities for the past several
decades. It is known that 3D imaging can be achieved by
determining orientation angles of surface normals at every
points in the scene. Some of the known methods of deter-
mining these normals includes shape from shading, stereo
imaging, and, more recently, use of reflectance polariza-
tion diversity operating in the visible to infrared range of
the electromagnetic spectrum [1, 2, 3, 4, 5, 6, 7, 8]. Even
though attempts at extratcing surface orientations for re-
flectance polarization for limited sensor placement geome-
tries has been reported [2, 4], the work being reported here
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is novel in its use of emmitance (important for passive sen-
sors) polarization for general sensor placement geometries.

2. Polarization Diverse Sensing

The polarization of a plane wave describes the locus of
the tip of the electric vector as a function of time in the
plane perpendicular to the propagation direction. This lo-
cus generally moves in an ellipse. The sense of rotation or
handedness is denoted right-handed (or left-handed) when
rotation is as a right-handed (or left-handed) screw in the
propagation direction. One way in which the state of polar-
ization can be written is as a Stokes vector [8], where this
vector is defined as:

Sl a2

Sy | | a®cos(2x)cos(2¢) 0
Ss | | a COS(2X)§1H( )

S a?sin(2y)

where a is the signal intensity, x is the ellipticity angle of
the polarization ellipse, and v is the angle of linear polar-
ization (sometimes called the azimuth angle). State of po-
larization can also be represented in terms of just two pa-
rameters: degree of linear polarization r, and v, where
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3. Refraction Polarization and Fresnel Equa-
tions

Thermal polarization can be viewed as a special case
of refraction polarization where electromagnetic waves em-
anating from within an object refract at the surface-air
boundary and then are observed by an infrared sensor.
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Figure 1. Emergent EM wave refracts at surface-air boundary

As observed by Fresnel, an unpolarized electromagnetic
wave incident on its surface-air boundary both reflects and
refracts. The refracted wave is polarized in a direction per-
pendicular to the plane of incidence and the reflected wave
is polarized in a direction parallel to the plane of incidence.
These two components are related by the Fresnel equations:
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where ¢ is the angle of incidence and ¢ is the angle be-
tween the surface normal and the line of sight of the sensor
(see Fig. 1). It has been shown [3] that the degree of linear
polarization r is related to the above parallel and perpendic-
ular components by
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By making use of the Snell’s law we can eliminate ¢, lead-

ing to the following solutions for ¢ in terms of degree of

linear polarization r and the index of refraction n of the

surface material (where n is in general a complex number):
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Nl

1—r
—1
s = sin~! 137 7)
T

2 (1=r\> 1
2 (1) -t

The imaginary part of n is called extinction coefficient, and
indicates the amount of absorption loss when the electro-
magnetic wave propagates through the material. This value
is typically larger than 1 for a transparent material. The
range of r is from O to 1.

In order to specify the index of refraction of the surface
material one needs to specify the degree of polarization r
and the depression angle ¢. 7 can be determined from the
Stokes vector given by the sensor and ¢ can be determined
from the sensor-target geometry discussed in the next sec-
tion.
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Figure 2. Special two-sensor geometry showing the three possible
combinations of depression angles

4. Estimating Index of Refraction from an Im-
age Pair

Consider a point O on the target. A line connecting O
to an observer A, is the line of sight (g4) for that observer.
Assume that this line forms a depression angle ¢ = o with
the surface normal at O. Similarly the angle of line sight
pp of another observer B forms an angle 3 with the surface
normal at O. Label 1) 4 as the azimuth angle of the plane of
incidence for observer A, and ¢ g for obsrver B. Labeling
the angle between these two lines of sight as ~.

There exists a special case where the surface normal 7
lies in the plane defined by the two observers A and B and
the surface point O. In this case
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where the three cases arise from the three possible relative
orientations of the two observers relative to the normal in
the plane (see Fig. 2).

In principle one can define « in terms of +,
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and the degrees of linear polarization for both observers (74
and 7). From Eqn. (7) one can find « and 3:

el K+ 22 F 22ka
@ =cos <1+x2:F2xkA

e K+ 2* F 20kp ) °
B = cos <1+m2$2xk3

N|=

(10)

1and162—(%+ forz_AB Sum-

ming both forms of Eqn. (10) accordmg to the appropriate
form of Eqn. (8) and taking <y as defined in Eqn. (9) gives
a relation for the index of refraction of the surface in terms
of the two lines of sight and the two degrees of linear po-
larization. The surface normal can be easily defined by re-
constructing either of the depression angles «, 3 the index is
found.

where r =



Figure 3. General two-sensor geometry showing surface normal
and azimuth vectors

For a more general sensor placement (see Fig. 3) one
needs to construct azimuth vectors from the two sensors
(é 4 and é B). An azimuth vector is defined as a unit vec-
tor perpendicular to the plane that contains surface nomal
and line of sight. This vector then lies in the plane of the
surface of the target at point O such that if one takes the
cross-product of two such vectors (as defined by two ob-
servers) on can reconstruct the surface normal. The indi-
vidual azimuth vectors as represented in the image plane of
the sensor, are defined by the azimuth angle v rotated from
the image’s vertical axis. In this notation, the special case
from above corresponds to when the two azimuth vectors
are parallel and cannot be used to define a unique normal
vector. . .
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The components of the azimuth vectors can be written in
terms of the polar angles (6;,¢;) that define the line of sight
Pi» and the azimuth angle 1; as
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where ¢ = A, B. From the normal vector 7. and either of

the lines of sight one can easily compute the appropriate
depression angle using a dot-product
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Using Eqn. (10) one can then solve for the index of refrac-
tion for the surface in terms of the two lines of sight, the two
degrees of linear polarization, and the two azimuth angles.

5. Simulation and Experimental Results

Using a physics based infrared modeling tool we gener-
ated polarimetric images of a tactical scene. In this scene,

several aircraft hangars are connected by runways and the
target is parked on the grass. In some images the target was
a M35 truck; in other images a T72 tank was used.

For the polarimetric sensors, we assumed we are using
off-the-shelf components. We included the characteristics
of the Santa Barbara Focal plane SBF-119 640x512 InSb
focal plane array. We also included the characteristics of a
400 mm lens. Among the simplifying assumptions made in
this scenario are: (i) All surfaces have the same tempera-
ture 24 C. (ii) Only two surface materials exist: grass which
emits unpolarized light, and glossy paint, which emits po-
larized light with characteristics described by Fresnel equa-
tions. [We use a complex index of refraction of 1.5 +10.15,
which is representative of paint in the wavelength range, 3-
5 microns.] (iii) No sun is present. The range from sensor
to target varies from 1 to 12 km. At 1 km the target and a
hangar are well resolved. At 12 km the target subtends only
4 pixels.

By making use of two sensors one can obtain more di-
rect estimates of the indices of refraction and depression
angles of objects’ surface normals. In this case the images
of a scene are captured by two sensors placed at two dif-
ferent geographical positions. First the Stokes vectors for
the two different views of the scene were computed at each
pixel. Then the two images were registered to establish cor-
respondence among pixels associated with the same points
in the scene. This is a critical stage in the process. Any error
in this step will contribute directly to the errors in the foll-
wing computations. Figs. 4 and 5 show the degree of linear
polarization, azimuth and depression angles of the surface
normals for the objects (a M35 truck) in the scene as sensed
by the two sensors. Figs. 6 and 7 similarly show the degree
of linear polarization, azimuth and depression angles of the
surface normals for the objects (a T72 tank) in the scene
as sensed by the two sensors. It can be seen that horizontal
surfaces such as top of the vehicles and runways correspond
to large depression values. Whereas side-looking surfaces
such as side of the vehicles and hangars correspond to large
azimuth angle values.

6. Summary and Conclusions

This paper summarizes a method for extracting 3D in-
formation and indices of refraction from a scene by means
of a pair of polarimetric passive imaging sensors. Each
sensor provides the degree and angle of linear polarization.
Angle of linear polarization provides the azimuth angle of
the surface normal vector. Two cases are considered. For
the special case when the two sensors have a common az-
imuth plane the index of refraction can be find analytically
in terms of the degrees of polarization and the angle « be-
tween the lines of sight from the two sensors, from which
the depression angles of the surface normal can be com-
puted. For the second and more general case the surface
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Figure 4. Degree of linear polarization, azimuth and depression angles of the surface normals at sensor position 1 for a scene containing an

M35 truck
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Figure 5. Degree of linear polarization, azimuth and depression angles of the surface normals at sensor position 2 for a scene containing an

M35 truck

normal is estimated from the cross-product of the azimuth
vectors from the two sensors and the depression angle from
the dot-product of the line of sight vectors and surface nor-
mal. Once the depresion angles are estimated the index of
refraction can be computed. The method is applied on sim-
ulated polarimetric infrared imagery. The results are signif-
icant because by use of two passive polarimetric imaging
sensors positioned at different (but with overlapping fields
of views) geographical positions one can obtain both 3D ge-
ometrical shape information and indices of the refractions
of the objects in the scene.
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Figure 6. Degeree of linear polarization, azimuth and depression angles of the surface normals at sensor position 1 for a scene containing
an T72 tank

Figure 7. Degeree of linear polarization, azimuth and depression angles of the surface normals at sensor position 2 for a scene containing
an T72 tank



