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This supplementary material contains the following details that we could not
include in the main paper due to space restrictions. Sec. 1: Background introduction of DoFP polarization imaging and Stokes parameters. Sec. 2: Detailed
proof of sign of S1 . Sec. 3: Statistical analysis of difference of DoP. Sec. 4: More
experiment results.
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Background

A polarization imaging system collects polarization information in different orientations. Various types of existing polarization imagers include division of time,
division of amplitude, division of aperture, and division of focal plane (DoFP)
[8]. DoFP polarimeter has received much attention due to its integrated sample structure and the ability of capturing polarization information in real time.
DoFP polarimeters capture images using a micro-polarizer array (MPA) image
sensor as shown in Fig. 1. Each pixel takes the polarized light at only one of four
orientations, e.g. 0, 45, 90, and 135 degrees. Missing polarization components at
neighboring pixels need to be estimated, or interpolated, since the instantaneous
field of view (IFoV) [5] errors will become significant. This polarization interpolation process is called polarization demosaicking (PDM). So, it generates four
polarization images after the PDM on the input DoFP image.
A DoFP polarimeter with the structure in Fig. 1 to capture intensity and
polarization information of a scene is essentially an intensity-based method. The
four recovered full resolution intensity measurements Iφ (x) (the light wave filtered by micro linear polarizer oriented at φ = 0◦ , 45◦ , 90◦ , 135◦ ) after PDM are
necessary and sufficient to compute the polarization parameters as follows [4]
S0 (x) = 0.5 (I0 (x) + I45 (x) + I90 (x) + I135 (x))
S1 (x) = I0 (x) − I90 (x)
S2 (x) = I45 (x) − I135 (x)

(1)

where S0 , S1 and S2 are known as the first three Stokes parameters, and x is
pixel position. S0 is the total intensity of the light. The parameters S1 and S2
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Fig. 1. A DoFP infrared polarization imaging system with a micro-polarizer array

describe the amount of linear polarization. To observe polarization, two polarization properties are of most interest, degree of linear polarization (DoP) D(x)
and angle of polarization (AoP) A(x), defined as [10]
√
S1 (x)2 +S2 (x)2
D(x) =
S0 (x)


(2)
A(x) = 12 tan−1 SS21 (x)
(x)
The Stokes parameter S3 that describes circular polarization is not captured
with the DoFP imager as shown in Fig. 1 for lack of retarder. In fact, the
measurements with four linear polarization filters offset by 45◦ are optimal for
maximization of signal-to-noise ratio and minimization of systematic error [6],
[7].
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Proof: Sign of S1

The thermal radiation reaches the DoFP LWIR detector contains the reflected
radiation R and emitted radiation E, and both are expressed as the sum of two
orthogonal polarized components, that is, R = Rk + R⊥ and E = Ek + E⊥ .
Fig. 2 shows the geometry of how the thermal radiation captured by detector is
formed.
For an unpolarized incident radiation with unit emissivity of temperature T0 ,
total p-polarized radiance and s-polarized radiance leaving the road surface with
complex index of refraction n0 = n + ki at temperature T1 in direction θ [9] are
given as
Lk (θ, n0 ) = Rk + Ek = P (T0 ) rk (θ, n0 ) + P (T1 ) εk (θ, n0 )

(3)

L⊥ (θ, n0 ) = R⊥ + E⊥ = P (T0 ) r⊥ (θ, n0 ) + P (T1 ) ε⊥ (θ, n0 )

(4)

where P (T ) denotes the Planck Blackbody radiance curve at temperature T , ε
is the emissivity and r is the reflectivity in the p- and s-polarization states. The
special subscripts k and ⊥ are added to ε and r that correspond to respectively
the polarized components parallel and perpendicular to the plane of incidence.
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Fig. 2. Mode of how the thermal radiation capture by detector is formed in LWIR and
we consider the measured polarization signatures are primarily due to emissions from
the road surface

In Eqs. (3) and (4), we assume that the emissivity and reflectivity are spectrally
flat over the wavelength range of interest, which is a reasonable assumption when
working in the LWIR. For road surface, the measured polarization signatures are
primarily due to emissions from the surface, where T0  T1 . Eqs (3) and (4) can
be rewritten as
Lk (θ, n0 ) ≈ Ek = P (T1 ) εk (θ, n0 )
(5)
L⊥ (θ, n0 ) ≈ E⊥ = P (T1 ) ε⊥ (θ, n0 )

(6)

According to [1], for a smooth opaque material with complex index of refraction n0 , the directional emissivity is given by Fresnel’s equations
εv (θ, n0 ) =
where
z⊥ = √

2
1 + zv

(v =⊥, k)

(7)

c + cos2 θ
2 cos θ c + a − sin2 θ

 21


c + a2 + b2 cos2 θ
zk = √


1
2 cos θ c (a2 + b2 ) + a − sin2 θ (a2 − b2 ) + 2ab2 2
z is defined by a, b, c and n0 , whose definitions are:


2
a = Re (n0 )


2
b = Im (n0 )
q
2
c=
a − sin2 θ + b2

(8)

(9)

Since a light vector can be decomposed into two orthogonal components
[4], we only consider the emission light that propagates along the observation
direction from the road since the emitted radiation dominates. In the coordinate
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Fig. 3. εk (θ, n0 )2 − ε⊥ (θ, n0 )2 vary with respect to θ, n and k

system in Fig. 2, the transverse components are parallel and perpendicular to
the plane of incidence in terms of complex notation
Ex (t) = E0x exp [i (ωt + δx )]

(10)

Ey (t) = E0y exp [i (ωt + δy )]

(11)

where E0x and E0y are the amplitudes, and δx and δy are the phases, respectively.
According to Eqs. (5) and (6), we have
E0x = Ek = P (T1 ) εk (θ, n0 )

(12)

E0y = E⊥ = P (T1 ) ε⊥ (θ, n0 )

(13)

The Stokes parameter S1 for the emitted field is [4]
S1 = n cos θ Ex Ex∗ − Ey Ey∗



(14)

Substituting Eqs. (10) and (11) into Eq. (14) gives



2
2
2
S1 = n cos θ E0x
− E0y
= n cos θ Ek2 − E⊥

2
= n cos θ · P (T1 ) · εk (θ, n0 )2 − ε⊥ (θ, n0 )2

(15)

Since n > 0 and cos θ > 0 (θ ∈ (0, 90◦ )), the sign of S1 is decided by the sign
of εk (θ, n0 )2 − ε⊥ (θ, n0 )2 and it is decided by incident angle θ, real part n and
imaginary part k of the complex index of refraction n0 of road. Since the exact
refraction n0 of the road is unknown, the intervals are set to n ∈ (0, 1000] and
k ∈ (0, 1000]. We calculate the value of εk (θ, n0 )2 − ε⊥ (θ, n0 )2 and plot the result
with θ, n and k in Fig. 3. The quantity εk (θ, n0 )2 − ε⊥ (θ, n0 )2 is positive in a
sufficiently large interval, so S1 is also positive.

Road Detection Using Zero-Distribution Prior of AoP

5

1

0
Fig. 4. Top: example images in our DoFP road scene database. Bottom: the corresponding DoP images
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Difference of DoP

Another important task in road detection is to separate vehicles from the road.
Based on the analysis in Section 3 in main paper, the hood and windshield have
similar AoP with road. Therefore, cars can be misclassified as the road if we only
use the zero-distribution prior. Fig. 4 shows several road scenes and the corresponding DoP images in pseudo color. We find that there are regular differences
between road and vehicles, that is the DoP of hood and windshield are usually
higher and DoP of other parts (like the front, back and left or right side) of the
vehicle are always lower than that of road, which agrees with the observation in
former researches [2], [3] of vehicle detection. We call this characteristic of DoP
of vehicle and road the difference of DoP.
We select 200 images with different number of vehicles and make a statistical analysis of the distribution of DoP of road and vehicle. In practice, DoP of
different road scenes may have different distribution range. Since direct statistical analysis with the original DoP image is unavailable, we first normalize the
original DoP image by
(
o (x)−Dmin
0.5 DD̄
, Do (x) < D̄r
 r −Dmin

DN (x) =
(16)
Do (x)−D̄r
0.5 Dmax −D̄r + 1 , Do (x) ≥ D̄r
where DN (x) is normalized DoP and Do (x) is original DoP, Dmax and Dmin
represent the maximum and minimum DoP in road and vehicle region respectively, and D̄r is the average DoP in road region. Therefore, the normalized DoP
images are in the same range. We can make a statistical analysis of total 200 selected images. Fig. 5 shows that clear differences of DoP exist between road and
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Fig. 5. Histogram of range normalized DoP in road and different part of vehicle regions
of 200 selected road scenes

vehicle. This characteristic helps separate the vehicle and road. The normalized
DoP images are only used for statistical analysis, and we still use original DoP
images for road segmentation.

4

Additional Results

Horizon detection. For horizon detection, Fig. 6 shows more results under
several different road scenes, including the curve road, road gets blocked or road
goes up. And the proposed horizon detection method is efficient and robust under
those different road situations.
One may concern that what if there is no horizon exists or its hard to detect
horizon under the difficult road scenes like road goes uphill or gets blocked and
so on. In such cases the horizon detection may not be as accurate as other normal
road scenes, but this won’t affect the final results of the joint road detection as
the frame of the proposed methodology doesn’t rely heavily on horizon detection
accuracy. The horizon is mainly used for reducing the computation load and the
interference from the upper part of the image. As shown in Fig. 7, the horizon
detection is not that accurate under several difficult road situations, but the final
road detection results are still gratifying.
Road detection. Here we provide more road detection results under different road scenes at both day time and night time. Fig. 8 shows the road detection results at day time and Fig. 9 shows the road detection results at night
time. We also provide several road detection video clips at https://youtu.be/
axmkPoFW234.
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Fig. 6. Examples for horizon detection. (a) Input DoFP image, (b) AoP image, (c)
coarse road estimation, (d) coarse road map, (e) 1D projection of the coarse road map,
(f) piecewise cumulative energy of horizon confidence map
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Fig. 8. Road detection results of different methods at day time, and green region
corresponds to true positive, red region represents false negative and blue region denotes
false positive
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Fig. 9. Road detection results of different methods at night time, and green region
corresponds to true positive, red region represents false negative and blue region denotes
false positive

