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Polarimetric imaging has been studied and applied to the problem of visibility restoration in
various scenarios such as haze, mist and underwater. Although studies have shown that
under certain conditions, circular polarimetric imaging has certain advantages over linear
polarimetric imaging, however, for a complex environment containing both scattering
medium and object, the performance of linear and circular polarimetric imaging is affected
by many factors. In this paper, the propagation of linear and circular polarized light in the
scattering medium is theoretically analyzed, then the simulation experiments under
different experimental conditions are carried out and the conclusions are summarized.
In order to validate the simulation results, the measurement experiments are carried out in
dynamic smoke scenarios with different smoke concentrations. The results show that, the
propagation of the polarized light, especially the circular polarized light, is determined by
medium conditions. Generally, both the linear and circular polarimetric imaging had an
ability to reduce the image degradation caused by smoke, however, under some certain
environment conditions, unlike the linear polarized channels, the difference between the
orthogonal circular polarized channels may be approached or even reversed, which may
limit the circular polarization-based difference imaging and visibility restoration
performance.
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1 INTRODUCTION

When the polarized light propagates in the scattering medium, it undergoes multiple scattering with
particles, leading to randomization of its direction, phase, and polarization state [1]. Due to the
differences of material, structure and shape between the object and the background, their
polarization properties are significantly different. Polarimetric imaging can enhance the
difference between the object area and the background medium and highlight the details of the
object by measuring and processing the polarization information. Nowadays, Polarimetric imaging
has been applied in fields like object detection [2–4], biomedical imaging [5, 6].

Existing studies have shown that polarization gating can eliminate the contribution of scattered
photons that lose the original polarization information caused by multiple scattering, and retain the
photons that experience few scattering times that maintain the original polarization state
component, so as to improve the image contrast [7, 8]. In addition, the circular polarimetric
imaging is implemented in some scenarios, due to its advantages over the linear polarization [9–11].
However, due to the polarization memory effect, the helicity of circular polarized light can be
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reversed in some cases [12, 13]. Therefore, the law of the
propagation of circular polarized light in the medium is more
complex than that of linear polarized light and the influence of
polarization memory effect should be fully considered in
application.

We study the propagation of polarized light in a mixed
environment including medium and object. Thus, we should
model the polarimetric scattering in the medium and the
polarimetric reflection by object surface. Linear polarimetric
imaging is widely used in research and application, but due to
some advantages of circular polarimetric imaging, however, we
are still interested in the performance of linear and circular
polarimetric imaging under different experimental conditions.
This paper first studies the propagation of linear and circular
polarized light in scattering medium. On this basis, simulation
experiments are implemented based on Monte Carlo simulation
program and the variation of the intensity of orthogonal
polarization channels affected by different factors are analyzed.
In addition, in order to validate the simulation results, a
polarization setup is built for measurement experiments and a
series of experimental data of different polarization channels are
collected and the results are analyzed. The results show that, the
propagation of the polarized light, especially the circular
polarized light, can be affected by the medium factors such as
concentration, wavelength and distance. Generally, both the
linear and circular polarimetric imaging had an ability to
reduce the image degradation caused by smoke, however,
under some certain environment conditions, unlike the linear
polarized channels, the difference between the orthogonal
circular polarized channels may be approached or even
reversed, which may limit the circular polarization-based
difference imaging and visibility restoration performance.

2 SIMULATION OF THE PROPAGATION OF
POLARIZED LIGHT IN MIXED MEDIUM

In order to fully understand the propagation of polarized light in
mixed media, we developed a Monte Carlo based simulation
program [14, 15], and studied the process of polarized light
propagating in medium through a series of simulation
experiments. The significance of carrying out the simulation
experiments is that, the propagation of polarized light in real
scenarios is affected by many factors, such as the wavelength, the
particle size, the concentration, the refractive index and the
thickness of medium. However, it is difficult to evaluate the
impact of each factor and include all the factors in measurement
experiments. Therefore, the simulation experiments can help us
better understand the propagation of linear and circular polarized
light in different medium conditions.

2.1 Theoretical Basis of Propagation of
Polarized Light
For linear polarimetric imaging, numerous polarization-
maintaining photons can be detected at the upper layer of the
scattering medium [1, 7]. As the photons penetrate into the

deeper layer, due to the multiple scattering, the photons lose their
initial polarization state and become randomized [1]. Therefore,
the polarization difference imaging is to eliminate multiple
scattered photons, so as to highlight the details and contrast of
the object area. In addition, for circular polarimetric imaging,
after photons scattered at large angles or reflected by the object
surface, their helicity will be reversed compared with the initial
helicity, while photons scatter forward at small angles will
maintain the helicity [16, 17]. Some studies also pointed out
that the helicity reversal is related to the relative size of photon’s
wavelength and medium particle size [12, 18]. However, in the
environment containing both medium and target, the situation
will become more complicated when the polarimetric scattering
and reflection have to be considered simultaneously.

2.2 Structure of the Program
The scenario can be simplified as a mixture of the smoke medium
in the upper layer and the object in the lower layer. Monte Carlo
based simulation program can track the photon’s movement in
the medium and update the photon’s polarization state. By
counting the energy of backscattered photons on the receiving
plane, the radiance of orthogonal polarization channels can be
obtained.

The flow chart of the simulation program is shown in Figure 1,
which mainly includes three main modules:

1) The scattering medium module can process the scattering of
photons in the medium, and update the photon’s position,
direction and polarization parameters after each movement;

2) The surface geometric modeling module can carry out
geometric modeling on the object surface [19, 20], and
update the photons’ reflection direction from the object
surface;

3) The material modeling module can convert the object surface
material into the corresponding optical parameters, generate
the corresponding Mueller matrix [21, 22] and update the
photons’ polarization state after reflection.

2.3 Simulation Experiments Under Different
Experimental Conditions
The simulation experiments were carried out and the
experimental conditions were set to match the measurement
scenarios. The simulations focused on the radiance of
orthogonal polarization channels in the environment
containing medium and object. Because the particle size of the
medium has a huge impact on the interaction between polarized
photons and particles. Our simulation experiments chose two
particle diameters, small-sized (0.2 μm) and large-sized (8.0 μm),
and study the factors of concentration, wavelength and detection
distance.

2.3.1 Effect of Concentration on the Propagation of
Polarized Light
In the measurement experiment, the concentration of smoke is an
important factor, affecting the polarimetric imaging
performance. Theoretically, with the increase of smoke
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concentration, the number of particles per unit volume of the
medium increases, the scattering coefficient of particles increases
[23], the step size of photons generally decreases, the penetration
depth of photons decreases, and the diffusion radius of photons
increases. However, the propagation of polarized light with
different initial polarization states is different. We simulated
the backscattered intensity of linear and circular polarization
with concentrations in the medium of small-sized and large-sized
particles. The receiving plane was placed 10 cm above the object
[24]. The smoke as the scattering medium was filled between the
object and the receiving plane. The pencil beam light source was
vertically incident into the environment at 10 cm above the
object, and the refractive index of smoke particles at 0.630 μm
was 1.57 + 0.4277i [25]. The refractive index of the object surface
was set to 1.5, which corresponded to the material of the standard
color chart (Spydercheckr) [26]. We set the medium
concentration to a reasonable value to ensure that the

calculated scattering coefficient was within the normal range
in the actual scenarios [27]. The absorption coefficient was
usually set to a small value [28]. The detailed simulation
parameters were shown in Table 1.

The 3D distributions of backscattered intensity of polarization
channels in the medium with small-sized particles were shown in
Figure 2. The backscattered intensity at the centre of the plane
was high because of the reflection, while the radiance at the
periphery was low. The backscattered intensity at the centre of
each distribution was marked in each subgraph. As shown in
Figure 2A, for the horizontally linear polarized illumination, the
horizontal linear polarized (co-polarized) light dominated the
backscattered intensity, while for the right circular polarized
illumination, an obvious helicity reversal phenomenon
happened, that is, the left circular polarized light dominated
the backscattered intensity, as shown in Figure 2B. Therefore,
for the medium with small-sized (0.2 μm) particles, with the

FIGURE 1 | The flow chart of simulation program.
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gradual increase of medium concentration, the intensity of co-
polarized light and left circular polarized light decreased
significantly, while that of cross-polarized light and right
circular polarized light maintained at a very low level.

The 3D distributions of backscattered intensity of polarization
channels in the medium with large-sized particles (8.0 μm) were
shown in Figure 3. With the gradual increase of the
concentration, the intensity of co-polarized and left circular
polarization channel first decreased and then increased, while
the intensity of cross-polarized and right circular polarization
components increased significantly. Especially, the intensity of
right-handed circular polarization component exceeded the left-
handed polarization component when the concentration reached
a certain degree. This was because when the medium
concentration was low, the collision probability between
photons and particles was low, backscattered photons were
mostly reflected from the surface, or scattered at a large angle,
so the helicity was mainly reversed. With the increase of medium
concentration, the scattering coefficient of particles increased, the
collision probability between photons and particles increased,
and the multiple scattering of photons could be decomposed into
multiple small angle scattering, therefore, the number of photons
that maintained the original helicity increased as a whole.
Therefore, for a particle polydisperse medium with different
concentrations, the difference between the orthogonal linear
polarized channels is maintained, while the difference between
the orthogonal circular channels may be approached or even
reversed.

2.3.2 Effect of Wavelength on the Propagation of
Polarized Light
In the measurement experiment, the wavelength also has an
important impact on the results of polarimetric imaging. We
carried out simulation experiments under different wavelengths
and most of the simulation parameter settings were the same as
the previous. As shown in Table 2, the concentration was set as a
constant. The wavelength was selected in the range of visible light
wavelength: 0.43, 0.48, 0.53, 0.58, 0.63 μm. The 3D distributions
of backscattered intensity of polarization channels were shown in
Figures 4, 5, respectively. For the medium with small-sized
particles, the scattering coefficient of particles decreased
gradually with the increase of initial wavelength, then the step
size of photons generally increased, photons were easier to reach
and reflect from the object surface, therefore for the co-polarized

light and left circular channel, the intensity of the received
backscattered light increased gradually, while the cross-
polarized and right circular channel were insensitive to the
variation of the wavelength, as shown in Figure 4. In addition,
for the medium with large-sized particles, the scattering
coefficient did not change significantly with the increase of
wavelength, because the effective cross-section of the particle
(proportional to scattering coefficient) [23] is large enough
relative to the wavelength. Therefore, the intensity of all the
polarization channels varied slightly, as shown in Figure 5, and
the intensity of right circular component was higher than that of
left circular component at all wavelengths. This was because in
the medium with large-sized particles, the scattering coefficient of
particles was high, the collision probability between photons and
particles was large, and the multiple scattering of photons could
be decomposed into multiple small angle scattering, so the
number of photons that maintained the original helicity
increased as a whole, and the number of photons reflected by
the target surface decreased. Therefore, the difference between
orthogonal linear polarized channels was more obvious
compared with circular polarized channels.

2.3.3 Effect of Detection Distance on the Propagation
of Polarized Light
In the measurement experiment, in the medium with uniform
distribution, the distance between the detector and the object
determines the thickness of the scattering medium. When the
moving distance of photon in the medium exceeds its transport
mean free path (MFP), the scattering direction will become
randomized, which affecting the intensity of backscattered
polarized channels [24]. Therefore, when studying the
influence of detection distance on the propagation of polarized
light, the photon’s transport MFP in the medium should be fully
considered. For the medium with small-sized particles, the
transport MFP was about 12.1 cm, while for the medium with
large-sized particles, the transport MFP was about 6.9 cm.
Therefore, for different medium environments, we set different
detection distances for the simulations. The simulation
parameters were listed in Table 3.

For the medium with small-sized particles, with the increase of
the detection distance, the backscattered intensity of co-polarized
and left circular polarized channel decreased significantly, while
the intensity of cross-polarized and right circular polarized
channel decreased slightly, as shown in Figure 6; while for the

TABLE 1 | Simulation parameters of medium with different concentrations.

Parameters 0.2 μm 8.0 μm

Illumination Linear Polarized, Circular Polarized Linear Polarized, Circular Polarized
Wavelength 0.630 μm 0.630 μm
Anisotropy g 0.2052 0.7646
Density 4 × 10−4, 12 × 10−4, 20 × 10−4, 28 × 10−4 particles/μm3 2 × 10−7, 4 × 10−7, 6 × 10−7, 8 × 10−7 particles/μm3

Scattering coefficient μs [27] 0.0348, 0.1042, 0.1737, 0.2432 cm−1 0.2059, 0.4118, 0.6177, 0.8236 cm−1

Absorption coefficient μa [28] 0.0100 cm−1 0.0100 cm−1

Refractive index (Smoke particle) [24] 1.57 + 0.4277i 1.57 + 0.4277i
Refractive index (Object) [26] 1.50 1.50
Number of photons 50,000 50,000
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medium with large-sized particles, the backscattered intensity of
all channels first decreased rapidly and the decrease amplitude of
co-polarized and left circular polarized channels was much higher
than that of cross-polarized and right circular polarized channels.

With the gradual increase of detection distance and reaching
the photon’s transport MFP, the right circular component
exceeded the left circular component, as shown in Figure 7.
This was because the receiving plate was gradually away from

FIGURE 2 | Radiance of polarization channels at different concentrations in the medium with small-sized particles (0.2 μm). (A) co-polarized and cross-polarized
radiance, (B) right circular and left circular polarized radiance.
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the target, the number of received helicity reversal photons due
to object surface reflection was greatly reduced. As the distance
continued to increase, the intensity of all channels remained
nearly stable and did not change significantly with the increase
of distance.

3 POLARIZATION BASED VISIBILITY
RESTORATION METHOD

In order to compare the performance of linear and circular
polarization imaging on visibility recovery, we described the

FIGURE 3 | Radiance of polarization channels at different concentrations in the medium with large-sized particles (8.0 μm). (A) co-polarized and cross-polarized
radiance, (B) right circular and left circular polarized radiance.
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TABLE 2 | Simulation parameters of medium with different wavelengths.

Parameters 0.2 μm 8.0 μm

Illumination Linear Polarized, Circular Polarized Linear Polarized, Circular Polarized
Wavelength 0.430, 0.480, 0.530, 0.580, 0.630 μm 0.430, 0.480, 0.530, 0.580, 0.630 μm
Anisotropy g 0.2052 0.7646
Density 12 × 10−4 particles/μm3 6 × 10−7 particles/μm3

Scattering coefficient μs 0.3151, 0.2290, 0.1884, 0.1405, 0.1042 cm−1 0.6290, 0.6277, 0.6785, 0.6737, 0.6177 cm−1

Absorption coefficient μa 0.0100 cm−1 0.0100 cm−1

Refractive index (Smoke particle) 1.57 + 0.4277i 1.57 + 0.4277i
Refractive index (Tissue) 1.50 1.50
Number of photons 50,000 50,000

FIGURE 4 | Radiance of polarization channels at different wavelengths in the medium with small-sized particles (0.2 μm). (A) co-polarized and cross-polarized
radiance, (B) right circular and left circular polarized radiance.
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FIGURE 5 | Radiance of polarization channels at different wavelengths in the medium with large-sized particles (8.0 μm). (A) co-polarized and cross-polarized
radiance, (B) right circular and left circular polarized radiance.

TABLE 3 | Simulation parameters of medium with different distances.

Parameters 0.2 μm 8.0 μm

Illumination Linear Polarized, Circular Polarized Linear Polarized, Circular Polarized
Wavelength 0.630 μm 0.630 μm
Anisotropy g 0.2052 0.7646
Density 12 × 10−4 particles/μm3 6 × 10−7 particles/μm3

Scattering coefficient μs 0.1042 cm−1 0.6177 cm−1

Absorption coefficient μa 0.0100 cm−1 0.0100 cm−1

Refractive index (Smoke particle) 1.57 + 0.4277i 1.57 + 0.4277i
Refractive index (Tissue) 1.50 1.50
Number of photons 50,000 50,000
Distance 5 cm, 10 cm, 15 cm, 20 cm 2.5 cm, 5 cm, 7.5 cm, 10 cm
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polarization-based visibility restoration method. The
polarization-based image degradation model for orthogonal
polarization state was written as:

{ I‖ � J‖t+A‖(∞)(1 − t)
I⊥ � J⊥t+A⊥(∞)(1 − t) (1)

FIGURE 6 | Radiance of polarization channels at different distances in the medium with small-sized particles (0.2 μm) (A) co-polarized and cross-polarized
radiance, (B) right circular and left circular polarized radiance at 5 cm, 10 cm, 15 cm, 20 cm, respectively.
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where I and J represent the results of polarimetric imaging with
and without a scattering medium, respectively, A is the intensity
of environment light with infinite optical depth, meaning that the
object radiance is completely obscured by the scattering medium,

t is the transmission parameter which describes the proportion of
the sample’s signal attenuated in the scattering medium, the
subscript ‖ and ⊥ indicate that the polarization state of the
variable is parallel or orthogonal to the incident polarization state.

FIGURE 7 | Radiance of polarization channels at different distances in the medium with large-sized particles (8.0 μm) (A) co-polarized and cross-polarized
radiance, (B) right circular and left circular polarized radiance at 2.5 cm, 5 cm, 7.5 cm, 10 cm, respectively.
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The polarization difference calculation was implemented to
estimate the parameters of the model. When the incident light
penetrates the scattering medium and reaches the object layer, the
polarization state of the photons will become randomized due to
multiple scattering. We can assume that the polarization
components J‖ and J⊥ after passing through the transparent
medium and reflected by the target are nearly equal in
intensity [18]. Therefore, the polarization component reflected
from the object can be ignored and the polarization difference
calculation could be written as:∣∣∣∣I‖ − I⊥

∣∣∣∣ � A‖(∞)(1 − t) (2)

The reason for adding the absolute value calculation here is
because for the circular polarization imaging, the helicity of the
backscattered circular polarization state may be reversed. Then
the transmission parameter of the degradation model could be
estimated as:

t � 1 −
∣∣∣∣I‖ − I⊥

∣∣∣∣
A‖(∞) (3)

The parameter A can be estimated by the proposed algorithm
in [29].

In summary, the visibility restoration result could be
estimated as:

J � J‖+J⊥ � I‖ + I⊥ − A‖(∞) − A⊥(∞)
t

+A‖(∞)+A⊥(∞) (4)

4 MEASUREMENT EXPERIMENTS

In order to validate the conclusion from simulation results, we
carried out the polarimetric imaging experiment in the
measurement scenario. We built a polarization imaging setup
which can realize linear polarization and circular polarimetric
imaging with nearly consistent conditions. A series of
experimental data of different polarization channels were
collected and the results were analyzed.

The experimental setup was shown in the Figure 8. The
polarization state generator (PSG) was composed of an LED
white illuminant GI-060411 (440–670 nm), a calibrated 45° linear
polarizer and a calibrated quarter wave plate. The polarization
state analyzer (PSA) was composed of a LUCID-TRI050S
polarization camera and a quarter calibrated plate. Retaining
or removing the quarter wave plate from the PSG can realize the
switching between circular polarization and linear polarimetric
imaging device. All the equipment was placed in a container with
a black foam cover, and a fogger could generate smoke through
heating the fog fluid and could inject into the container through a
pipe. The SpyderCheckr was selected as the object, and two pairs
of orthogonal backscattered polarization channels were collected.
According to the parameters of the fogger and observation of the
sedimentation velocities of particles [30], the smoke particle size
was mainly in the range of 1–5 μm.

For circular polarization imaging, the axis direction of linear
polarizer was at an angle of 45° with the fast axis or slow axis

direction of the quarter wave plate, which could generate right or
left circular polarized incident light, respectively. The fast axis of
the quarter wave plate of PSA was placed along the vertical
direction, and the intensities of left and right circular polarization
were presented on the 45° and 135° channels of polarization
camera, respectively. For linear polarization imaging, in order to
minimize the variation of experimental conditions, the quarter
wave plate of PSA was retained while that of PSG was removed.
At this time, the incident light was 45° linear polarized light, and
the intensities of linear co-polarized and cross-polarized were
presented on 135° and 45° channels, respectively.

5 RESULT AND DISCUSSION

In the measurement experiment, the horizontal linear and right
circular polarized light were used as the illumination. We filled
the smoke into the container until the object signal was
completely obscured by the scattering medium. With the
settlement of smoke particles, the smoke concentration
gradually decreased. We continuously captured the
backscattered images of orthogonal polarization channels at
different concentrations. We selected the intensity of
orthogonal linear and circular polarization channels at four
different concentrations, as shown in Figures 9, 10 respectively.

By comparing Figures 9A, F and Figures 10A, F, in the smoke
free scenario, as the linear polarized incident light was reflected by
the object, the co-polarized component was still dominant in the
backscattered intensity, while for the circular polarized
illumination, the helicity of the reflected circular polarized
light was reversed, the intensity of left circular component was
higher than that of right circular component.

In order to quantitatively analyzed the impact of the increase of
smoke concentration on the intensity of each channel, we selected
eight color blocks from the SpyderCheckr and quantitatively study
their intensity varies with the smoke concentration, as shown in
Figure 11. For the linear polarimetric imaging, as the smoke
concentration increased, the intensity of color blocks with
high RGB value (Primary Yellow, Apple Green) gradually
decreased, because the signal is gradually obscured by the

FIGURE 8 | The polarization setup.
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smoke, but the intensity of color blocks with low RGB value
(Blueprint, Violet) gradually increased, because the smoke has
a color of gray and it will lead to the increase of the intensity. A
significant difference between orthogonal linear polarized
channels could be observed, that was the co-polarized
component was higher than that of cross-polarized
component at all concentrations. However, for the circular
polarimetric imaging, as the smoke concentration increased,
the left circular component gradually decreased at all
concentrations, because as the scattering coefficient
increased, the photons were harder to reach the object,
which then influence the intensity of left circular
component generated by surface reflection. While for the
right circular component, the trend was similar to that of
linear polarized component, the photons relatively
maintained their polarization state in a series of small
angle scattering, and when the concentration reached a
certain degree, the intensity exceeded the left circular
component. The conclusions drawn by measurement
experiments are consistent with those obtained from the
simulations.

In addition, the visibility of the smoke images was restored
based on the proposed method. The polarization difference
results were shown in Figure 9 and Figures 10K–N, and the

visibility restoration results under different concentrations were
shown in Figure 9 and Figures 10O–R. Combining the
qualitative and quantitative comparisons, it can be concluded
that, under these concentration conditions, both the linear and
circular polarimetric imaging had an ability to reduce the image
degradation caused by smoke. For linear polarimetric imaging,
the difference between co-polarized and cross-polarized
component is maintained at different concentrations.
However, as the smoke concentration increased, the left
circular component gradually decreased while the right
circular gradually increased, the polarization difference may be
invalidated under certain medium scenarios and lead to failure of
visibility restoration.

The main reasons for the differences between the simulations
and the measurement experiments are as follows:

1) According to Malus’ law, the linear polarizer is not ideal and
can be partially passed by the light with other polarization
state, therefore, in the smoke free scenario, the difference
between co-polarized and cross-polarized channel, right
circular and left circular was not obvious as the simulation
results.

2) The experimental scenario was a particle polydisperse
medium, in addition, a white luminant with wide

FIGURE 9 | The results of linear polarimetric imaging: the intensity of co-polarized (A) and cross-polarized (F) in smoke-free scenario, the intensity of co-polarized
(B–E) and cross-polarized (G–J) channels at four different concentrations, the corresponding polarization difference results (K–N) and visibility restoration results (O–R).
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wavelength range was used in the measurement but usually a
single wavelength for the simulation, which will lead to the
difference between the simulation and measured results.

3) Since the removal of the quarter-wave plate led to the
variation of the intensity of incident light, and the two
imaging experiments were carried out successively, so it
was not possible to ensure that the smoke concentration
was at the same level. Therefore, we couldn’t directly
compare the intensity of linear and circular polarization
channels at different concentrations as in simulation
experiments, and we also couldn’t directly compare the
visibility restoration performance of linear and circular
polarimetric imaging.

6 CONCLUSION

For polarimetric imaging in scattering medium, the selection of
appropriate experimental conditions has an important impact
on the polarimetric imaging. In order to study the propagation
of linear and circular polarized light in the environment

containing medium and object, based on the Monte Carlo
simulation program, simulation experiments were carried
out and the influence of factors such as concentration,
wavelength and detection distance on the propagation of
linear and circular polarized light were studied. In addition,
the polarization setup was built to collect the intensity of linear
and circular polarization channels under different medium
concentrations. The variation of the intensity of color blocks
with the concentration and the visibility restoration
performance was studied and analyzed. The results show
that in the scattering medium containing the object, factors
such as concentration, wavelength and distance will change the
number of scattering times of polarized light in the medium,
thereby affecting the propagation of the polarized light.
Generally, both the linear and circular polarimetric imaging
had an ability to reduce the image degradation caused by
smoke. For linear illumination, as the number of scattering
increases, the backscattered intensity of the co-polarized
component decreases, and the intensity of the cross-
polarized component gradually increases, but the difference
between orthogonal linear polarization channels is maintained

FIGURE 10 | The results of circular polarimetric imaging: the intensity of right circular polarized (A) and left circular polarized (F) in smoke-free scenario, the intensity
of right circular polarized (B–E) and left circular polarized (G–J) channels at four different concentrations, the corresponding polarization difference results (K–N) and
visibility restoration results (O–R).
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but the difference will gradually decrease. For right circular
illumination, in a medium with a small number of scattering
times, the helicity of the reflected light from the object is
reversed so that left circular polarized component will
dominate the backscattered light. As the number of
scattering times increases, the left circular component

continues to decrease while that of the right circular
polarization gradually increases. However, under some
certain conditions, right circular component may approach
or exceed the left circular component, which may limit the
circular polarization-based difference imaging and visibility
restoration performance.

FIGURE 11 | The intensity of orthogonal polarization channels at with different concentrations (A) co-polarized channel, (B) cross-polarized channel, (C) left circular
polarized channel, (D) right circular polarized channel, (E) the selected eight color blocks in SpyderCheckr. The ordinate indicates the normalized backscattered intensity.
The abscissa indicates the concentration level of scattering medium, (level) 0 represents a smoke-free scenario, and (level) 1–4 represents a gradual increase of the
smoke concentration.
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