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The concentration of smoke in an environment can cause obvious interference to visible
light intensity imaging, and it is a non-negligible factor in the polarized imaging of
ground-based targets. Smoke particles cause severe scattering of photon intensity,
resulting in polarization. In this case, low-visibility targets can be effectively identified by
detecting the polarization dimension of targets. However, the polarization transmission
of smoke in an environment is unclear, and the theoretical simulation lacks experimental
reliability verification. To study this problem, this study constructs a polarization
transmission model in a smoke environment and simulates and analyzes the
scattering of visible polarized light at 450, 532, and 671 nm under different smoke
densities. The optical thickness is determined to establish a reliable connection between
the simulation and the external field long optical path test and verify the transmission of
polarized light. Results show that the method has a 60% confidence in the polarization
transmission model. With the increase in optical thickness, the degree of polarization
(DOP) of the three wavelengths in the visible light band decreases, and the DOP of each
polarized light decreases. No obvious difference is found between the DOPs of circularly
polarized light at 450 nm and linearly polarized light. The DOP of circularly polarized light
at 532 nm is 1–5% higher than that of linearly polarized light, 1–10% higher than that of
the outdoor test, 1–5% higher than that of circularly polarized light at 671 nm, and
2–15% higher than that of the outdoor test. Therefore, the shorter the wavelength in the
visible band, the higher the DOP. With the increase in wavelength, the polarization
characteristics of circularly polarized light are gradually better than those of linearly
polarized light.
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INTRODUCTION

With the development of intelligent transportation and navigation, the demand for optical sensors
that can penetrate a strong scattering environment has increased. At present, the low-visibility
conditions caused by haze lead to frequent traffic accidents, abnormal airplane landings, and
navigation ship accidents. Such scenarios have a significant economic impact, cause a huge waste of
human, material, and time resources, and limit the development of transportation, aviation,
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navigation, and other fields [1, 2]. Haze poses a major safety
challenge to the spatial perceptive ability in these fields and thus
must be effectively detected in low-visibility environments, such
as a car driving on a foggy road, a plane trying to land in the fog,
or a ship in the sea fog [3–6].

The emission of a large number of fine particles can cause haze
easily. Using the persistence andmemory of visible polarized laser
can effectively improve the action distance of the scattering
environment, which has aroused the interest of researchers.
Recently, polarimetric imaging has been widely exploited in
target detection [7, 8], remote sensing [9, 10], and biomedical
imaging [11, 12].

This study aims to characterize the propagation of polarized
laser in different bands in a real haze long optical path
environment. Our previous work simulated the polarization
change of a short optical path linearly polarized laser in an oil
mist particle environment and showed that linearly polarized
laser in different bands is sensitive to concentration change. In the
present work, we determine the characteristics of laser
polarization with haze concentration change combined with
numerical simulation and real long optical path haze
environment test. In addition, we summarize the polarization
transmission law of multiple band and polarization states.

Considering the lack of polarization characteristic tests in a
real haze environment, few studies have shown the transmission
law of polarized laser in haze environments with different
concentrations. In addition, the influence of visibility on
polarization characteristics in real haze weather remains
unclear to date.

Most previous studies performed the numerical simulation of
the polarization characteristics of fog particles or the indoor
simulation of a fog environment with a short optical path and
a single wavelength.

Wu analyzed the influence of a 550-nm laser on the
polarization of dust particle and dig particle’s Muller
matrix. The depolarization coefficient of dust particles was
0.6, and that of dig particles was 0.8. Dust particles have
stronger depolarization than dig particles, which means that
when illuminated by polarized light, dust particles produce
scattered light with less polarization than dig particles.
However, an analysis of the influence of the concentrations
of dust and dig particles on polarization remains lacking [13].
John D. van der Laan simulated the evolution of circular and
linear polarization in a polystyrene microsphere environment
model with particle diameters of 0.1, 2.0, and 3.0 µm and an
illuminating wavelength of 543.5 nm [14]. Xiangwei Zeng
expressed the transmission distance by the relative distance
of particles at the band of 0.5–4.2 μm. The circular linear
polarization difference at a 0–1.5 relative distance of a
single particle was numerically simulated [15]. Using the
fog particle distribution model, D. Vander and J.B. Wright
studied changes in the polarization degree (DOP) of 0.4- to
1.2-μm circularly polarized light with a wavelength under
optical thicknesses of 5, 10, and 15 [16]. Ryan investigated
the depolarization of a linearly polarized 514-nm wavelength
beam through 1 m of laboratory-generated fog [17]. Their
work was limited to a single fog concentration. Jinkui Chu

et al. experimentally explored polarization state persistence
through the polystyrene microsphere turbid liquid
environments of 530-nm particles at varying concentrations.
The scattering solution was held in a glass cubic cuvette at a
length of 2.6 cm. At different concentrations, circularly
polarized light had superior polarization state persistence to
linearly polarized light [18]. Vanitha Sankaran analyzed the
polarization discrimination of 632-nm coherently propagating
light in polystyrene samples placed in a 1-cm path-length glass
cuvette to simulate turbid media. The results indicated that
polarization was maintained even after unpolarized irradiance
through each sample had been extinguished by several orders
of magnitude [19].

These studies produced a useful conclusion on polarized light
propagation. However, polarization transmission characteristics
in a real haze environment remain difficult to determine because
they are carried out in well-established and well-controlled
environments. In fact, the combined effects of changes in the
density and size of particle scatterers in haze environments and
changes in atmospheric conditions are difficult to model in the
laboratory.

In the present study, we use the optical thickness to
characterize and unify the haze concentration of the real
ground haze environment and the simulated haze
environment, obtain the variation law of laser polarization
characteristics in different polarization states, find the
detection laser wavelength and polarization state suitable for
different concentration haze environments, establish the
polarization transmission model around the optical thickness,
and verify the model by performing a real field long path
polarization test. These works are helpful to study the effects
of different optical thicknesses on the transmission characteristics
of different polarized lasers. The circular polarization and
multiple linear polarizations of different wave bands are
sensitive to the change in real haze concentration.

This article is organized as follows. Monte Carlo Method of
Particle Swarm Optimization covers the background of
polarization and the polarization-tracking Monte Carlo
simulations. Numerical Results for Polarization Characteristics
describes the smog environments of interest, including their
particle distributions. Experiments presents general comments
about the transmission results and details the results for each
polarization at wavelengths ranging from 450 to 671 nm and over
increasing optical thickness/range. Conclusion concludes that
circularly polarized light maintains its signal better than
linearly polarized light through the 450-, 532-, and 671-
nm bands.

MONTE CARLO METHOD OF PARTICLE
SWARM OPTIMIZATION
Concentration Characterization of
Polarized Scattering of Smoke Particles
When visible light is transmitted in smoke particles, the Stokes
parameter of reaction polarization characteristics is calculated as
follows [20]:
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⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦. (2)

The matrix element of the scattering phase function matrix of
soot particles and its expression can be written as follows:

〈Fij〉 � ∫rmax

rmin
Qsca(r)n(r)πr2Pij(r)dr
∫rmax

rmin
Qsca(r)n(r)πr2dr

, (3)

where n(r) is the logarithmic particle spectrum distribution of
transmissionmedium particles, and it can be expressed as follows:

n(r) � N0���
2π

√
lgσ

exp[ − (lgr − lgrm)2
2(lgσ)2 ], (4)

where n(r) is the logarithmic particle spectrum distribution;N0 is
the number of aerosol particles per unit volume of air (number/
cm−3 ), which represents the concentration of particles; rm is the
geometric mean radius; and σ is the geometric standard deviation.
The relationship between particle concentration and Stokes
parameter can be obtained; in other words, the relationship
between particle concentration and polarization characteristics
can be obtained. However, it is hard to obtain the number of
aerosol particles in the actual environment. Thus, we
hierarchically describe the transmission medium by optical
thickness. The relationship among particle spectrum
distribution, scattering coefficient, and absorption coefficient is
shown as follows:

μs � π∫r2

r1

r2Qscn(r)dr, μa � π ∫r2

r1

r2Qabn(r)dr, (5)

where μs is the scattering coefficient, μa is the absorption
coefficient, and μt is the extinction coefficient. The
relationship between extinction coefficient and particle
spectrum distribution is shown as follows:

μt � μt + μt � π∫r2

r1

r2Qn(r)dr. (6)

According to Beer’s law, the relationship between optical
thickness τ, transmission distance S, and extinction coefficient
μt is shown as follows:

τ � μtS � Sπ ∫r2

r1

r2Qn(r)dr, (7)

where Q is the extinction factor. The aforementioned formula
shows that different concentrations of smoke can be represented
by the optical thickness τ, and Q is directly proportional to the

optical thickness. The aforementioned formula can be achieved
by changing the optical thickness in the Monte Carlo
transmission model. The optical thickness can also be
controlled in the experiment, and the extinction factor can be
calculated by theMonte Carlo polarization transmission model of
smoke particles. Therefore, using the optical thickness to
characterize the concentration of smoke particles can connect
the experiment with the simulation.

Relational Model Between Smoke Particle
Concentration and Polarization
Transmission Characteristics
The reference plane is defined as shown in Figure 1. The yellow
line and the direction of photons at the scattering point determine
the propagation direction of photons. The included angle
between them is the scattering angle. The X-axis, Z-axis, and
scattering plane constitute the reference plane before and after
scattering. For every scattering that occurs, the Stokes component
must be adjusted to make the reference plane a new
reference plane.

After defining the reference plane, we set the scattering
coefficient μs, absorption coefficient μa, extinction coefficient
of atmosphere μt � μs + μa, incident wavelength of laser v,
particle diameter r, particle complex refractive index m, and
initial values of Stokes parameters of light with different
polarization states. Photons are incident in the positive
direction of the z-axis. The initial position μ0 is (0, 0, 0), and
the initial direction cosine D0 is (0, 0, 1). The polarization
reference plane is composed of an x-axis and a z-axis. We
define the initial Stokes parameters of photons and set each
Stokes parameter after scattering to 0.

The step length of particle transmission is the photon free
path, and the relationship between optical thickness and photon
free path is given as follows:

S1 � ln(ξ) τ
S
. (8)

Once the photon free path is determined, the photons move. The
current location (x, y, z) and transmission direction (μx, μy, μz)
determine that the coordinate (x’, y’, z’) of the next scattering
point reached by the photon is given as follows:

⎧⎪⎪⎨⎪⎪⎩
x′ � x + μxS1
y′ � y + μyS1
z′ � z + μzS1

. (9)

Whether the photon emits the boundary determined by the
reference plane is determined according to the coordinate
position. If it emits the boundary determined by the reference
plane, the Stokes parameter of the photon is calculated. By
contrast, the Stokes component must be adjusted to make the
reference plane a new meridional plane, and then the particle
radius must be selected again.

After photons collide with particles, the sampling of the
scattering angle α and azimuth angle β is obtained from the
joint probability density function (PDF), and the relationship
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between the function PDF and incident light’s Stokes component
[I0, Q0, U0, V0]T is follows:

ρ(α, β) � m11(α) +m12(α)[Q0 cos(2β) + U0 sin(2β)]/I0, (10)
where m11(α) and m12(α) are the corresponding elements in
Mueller matrix M(α) of spherical particles:

M(α) �
⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
m11(α) m12(α) 0 0
m12(α) m11(α) 0 0

0 0 m33(α) m34(α)
0 0 −m34(α) m33(α)

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦. (11)

m11(α), m12(α), m33(α), andm34(α) have the following
relationship with scattering amplitude values S1 and S2:

m11(α) � 1
2
(|S1|2 + |S2|2), m12(α) � 1

2
(|S1|2 − |S2|2),

m33(α) � 1
2
(S1Sp2 − Sp1S2), m44(α) � i

2
(S1Sp2 − Sp2S1).

(12)

The energy weight of photos after n times of scattering becomes:

Wn � Wn−1 × μs/(μs + μa). (13)
When the photon energy weight is lower than a certain threshold
(i.e., 10−4) or fly away from the boundary, the photon
transmission is terminated. When a photon is emitted from
the boundary of the polydisperse system, its Stokes vector
must undergo the last rotation to ensure that the reference
plane is the same as the plane where the detector is located,
and the rotation angle is follows:

ω � ± tan−1(μy/μx). (14)
The reflection mode takes a positive sign, and the transmission
takes a negative sign. Due to different scattering paths, the time of
photons arriving at the detector is different. For a beam whose
polarization component is shaped like [I(t), Q(t), U(t), V(t)]T,
the time-domain polarization degree is defined as follows:

DOP(t) �
������������������
Q2(t) + U2(t) + V2(t)√

I(t) . (15)

The total polarization degree of the scattered beam is defined as
Eq. 15, where I, Q, U, and V represent the cumulative values of
photon polarization components arriving at the detector at
different times.

According to Eqs 7, 8, 13, and 15, after substituting the
changes in the optical thickness τ and extinction factor Q into
the Monte Carlo polarization simulation of smoke particles, the
original free path, scattering angle and azimuth sampling, and
photon energy weight also change. Finally, an improved
relationship model between smoke particle concentration and
polarization transmission characteristics can be obtained.

FIGURE 1 | Definition of reference plane.

FIGURE 2 | Distribution of PM10 particle size content in winter.
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NUMERICAL RESULTS FOR
POLARIZATION CHARACTERISTICS

Environments
When winter comes in December, northern China starts heating,
and the haze weather is the most serious. At this time, the climate
is dry with minimal precipitation, which can almost eliminate the
impact of humidity on aerosol particles. Soot particles are the
main factor affecting visibility. The PM10 index is the highest in
the whole year, and the particle content of 0.8–1.1 µm is the
highest [21]. The relationship between particle size and
concentration is displayed in Figure 2.

In this study, the physical parameter of optical thickness is
used to unify the visibility of a real haze environment and the
concentration of simulated haze. Thus, the two results can verify
each other. The visibility of the real haze environment is tested as
follows.

The relationship between visibility V and transmittance T is
shown in Eq. 16:

V � 3.91 × ( λ
0.55)

− lnT . (16)

The relationship between transmittance T and optical thickness τ
can be obtained according to the Beer–Lambert Law:

T � exp(−τ). (17)
Eqs 16, 17 are combined to obtain the conversion formula of
visibility and optical thickness:

V � 3.91 × ( λ
0.55)

τ
. (18)

Thus, the relationship between outdoor visibility and optical
thickness under different central wavelengths is shown in
Table 1.

Simulation Results and Analysis
We simulate the polarization characteristics of six types of
polarized light passing through the real smoke environment.
PM 1 µm particle size with the largest distribution percentage
in smoke particles is up to more than 50%, so we select the
simulated smoke particle radius 1 µm, and the refractive index is
1.53 + 0.008i, and the number of particles set during simulation is
106. The smoke particles adopt the logarithmic particle spectrum

distribution, and the optical thickness is measured according to
the real smoke environment. The polarization states of simulated
polarized light are 0°, 45°, 90°, 135°, left-handed circular
polarization, and right-handed circular polarization. The
simulation results are shown in Figures 3, 4.

As shown in Figures 3A–C, the DOP changes of left-handed
and right-handed circularly polarized light are consistent, and the
DOP changes of the three linearly polarized light are also
consistent. It can be seen that because the DOP difference
between left-handed circularly polarized light and right-
handed circularly polarized light is less than 1%, the DOP
curves of the two overlap; the DOP difference of 0°, 45°, and
90° linearly polarized light is less than 1%, resulting in the three
DOP curves overlapping. The DOP difference between circularly
polarized light and linearly polarized light in a thick smoke
environment (the optical thickness after stabilization is greater
than 1.0) is more obvious than that in a thin smoke environment
(the optical thickness after stabilization is 0.3–1) because
circularly polarized light has better polarization-maintaining
ability. When the polarized light passed through the smoke, it
would cause multiple scattering, and multiple scattering would
cause depolarization. As the concentration increased, multiple
scattering increased, then there would be more polarized light
depolarized. With the increase in wavelength, the polarization
characteristic of circularly polarized light is better than that of
linearly polarized light. At 450 nm, the difference between
circularly polarized light and linearly polarized light is not
obvious; at 532 nm, the DOP of circularly polarized light is
approximately 10% higher than that of linearly polarized light;
at 671 nm, the DOP of circularly polarized light is approximately
20% higher than that of linearly polarized light. In the case of a
long wavelength, the polarization-maintaining characteristic of
circularly polarized light is better than that of linearly polarized
light. However, with the increase in optical thickness, the DOP of
the outgoing polarized light of the three wavelengths decreases
gradually. When the concentration increases, the number of
collisions of photons in the transmission medium increases,
resulting in depolarization.

Figures 4A–E represent the variation curve of polarization
with visibility when the incident polarized light is divided into 0°

linear polarized light, 90° linear polarized light, 45° linear
polarized light, left-handed circular polarized light, and right-
handed circular polarized light. The DOP at 450-nm wavelength
is higher than those at 532- and 671-nm wavelength. This result

TABLE 1 | Comparison between outdoor visibility and optical thickness.

Wavelength = 450 nm Wavelength = 532 nm Wavelength = 671 nm

Outdoor visibility
(km)

Optical thickness Outdoor visibility
(km)

Optical thickness Outdoor visibility
(km)

Optical thickness

10 0.3 10 0.4 10 0.5
6 0.5 6 0.6 6 0.8
5 0.6 5 0.8 5 1
4 0.8 4 0.9 4 1.2
3 1.1 3 1.3 3 1.6
2 1.6 2 1.9 2 2.4
0.6 5.3 0.6 6.3 0.6 8
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can be ascribed to the fact that the reflectivity of smoke increases
with the increase in wavelength in the visible band [22], and the
relationship between spectral reflectivity and spectral DOP is
inversely proportional. Therefore, the DOP at 450-nm
wavelength is higher than that at 671-nm wavelength. The
aforementioned simulation results show that in the visible
band, the shorter the wavelength, the higher the DOP, and the
polarization-maintaining characteristic of circularly polarized
light is more obvious when the wavelength is longer.

EXPERIMENTS

Experimental Setup
We designed a series of experiments to compare the polarization
state change of parallel linearly and circularly polarized light
interacting with scattering media. The experimental scheme is
shown in Figure 5.

The test in the real haze environment and experimental
scenario is shown in Figure 6. Polarized light modulation is

FIGURE 3 | Simulation curves of polarization transmission characteristics at different wavelengths:(A) 450 nm, (B) 532 nm, and (C) 671 nm.

FIGURE 4 | Simulation curves of polarization transmission characteristics of different polarization states:(A) 0°, (B) 45°, (C) 90°, (D) left-hand rotation, and (E) right-
hand rotation.
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performed, and the distance between the transmitting and
receiving ends is 1 km. A multiband laser beam (450, 532,
671 nm) is launched and polarized as the input to pass
through scattering media and be collected by a detector. An
attenuator and a quarter wave plate are sequentially placed in
front of the laser source to produce uniformly circularly polarized
light. A pass-through polarizer (labeled P1) and a quarter wave
plate (labeled Q1) are placed in front of the laser source
successively to obtain five types of stable polarized light,
namely, 0° linear polarized light, 45° linear polarized light, 90°

linear polarized light, left-handed circularly polarized light, and
right-handed circularly polarized light. Linearly polarized
(without using Q1) or right/left circularly polarized light is
obtained by rotating them to different positions. The
aforementioned six polarized lights pass through the smoke
and dust atmospheric environment with a different visibility of
1 km. The prism at the receiving end divides the collected
polarized scattered light into two channels. One channel
records the changes in the polarization state and DOP
through the polarization state-measuring instrument, and one
channel reaches the optical power meter through a quarter wave

plate, polarizer, and filter, which are used to calibrate and verify
the accuracy of output light.

The transmission band of the polarizer is 400–700 nm, the
transmittance of each wavelength can reach more than 80%, the
extinction ratio is 1,000:1, and the actual output power of the laser
is 49.99 mw (the output wavelengths are 450, 532, and 671 nm).

Measuring Method
The polarized light with different polarization states generated by
the transmitting end is scattered by the real smoke environment
and divided into two beams by the light splitting prism. One beam
enters the polarization state-measuring instrument, and the other
enters the optical power meter. The polarization information of a
monochromatic plane wave can be characterized by four Stokes
parameters: I, Q, U, and V. Full polarization information can be
obtained using the rotation of polarizer and wave plate at
different angles. β is the included angle between the fast axis
and the horizontal direction, and δ is the magnitude of the phase
delay. The two are multiplied to obtain the actual Muller matrix
of the polarizer, and then the final outgoing light intensity is
multiplied by the incident Stokes vector as follows:

FIGURE 5 | Experimental scheme.

FIGURE 6 | (A)Distance between field test sites is 1 km; (B) experimental scene light path diagram.
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I′ � 1
2
⎛⎜⎜⎝ I + (cos 2 θ(cos22β + sin22β cos δ) + sin 2 θ cos 2 β sin 2 β(1 − cos δ)Q

+(cos 2 θ cos 2 β sin 2 β(1 − cos δ) + sin 2 θ(sin22β + cos22β cos δ)U
+( − cos 2 θ sin 2 β sin δ + sin 2 θ cos 2 β sin δ)V

⎞⎟⎟⎠.
(19)

The aforementioned formula indicates that the four Stokes
vectors I, Q, U, and V can be calculated by measuring the
light intensity in any four directions. The angles selected in
this study are 0°, 60°, and 120°. After calculation, the incident
Stokes vector can be obtained as follows:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

I � 1
2
(I′(60, 45, p

, 2
) + I′(120, 45, p

2
) − 3I′(0, 45, p

2
)),

Q � 2I′(0, 0, 0) − 1
2
I′(60, 45, 0) − 1
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(20)

The circular polarization component is added to the
measurement method to realize the full polarization
characteristic measurement of the target and compensate for
the error caused by the previous polarization characteristic
measurement only for the linear polarization component.

Experimental Results and Discussion
The transmission experiment of polarized light with three
wavelengths and six polarization states is carried out under
seven visibility environments. According to the relationship
between optical thickness and outdoor visibility in Table 1,
the researchers tested and recorded the polarization
characteristics data under different visibility conditions.
Figures 7, 8 data are the statistical results of the 1-month
test on polarization characteristics in different visibilities.
The experimental results are plotted, as shown in
Figures 7, 8.

As shown in Figures 7A–C, the DOP changes of left-handed
and right-handed circularly polarized light are consistent, and the
DOP changes of the three linearly polarized light are also
consistent. It can be seen that because the DOP difference
between left-handed circularly polarized light and right-

handed circularly polarized light is less than 3%, and the DOP
curves of the two overlap; the DOP difference of 0°, 45°, and 90°

linearly polarized light is less than 3%, resulting in the three DOP
curves overlapping. With the increase in wavelength, the
polarization characteristic of circularly polarized light is better
than that of linearly polarized light. At 450 nm, the difference
between circularly polarized light and linearly polarized light is
not obvious. At 532 nm, the DOP of circularly polarized light is
1–10% higher than that of linearly polarized light. At 671 nm, the
DOP of circularly polarized light is 2–15% higher than that of
linearly polarized light.

The three groups of wavelength field test data in Figures
7A–C) show that for any polarized light of any wavelength, the
DOP decreases gradually with the increase in transmission
environment concentration. This result can be ascribed to the
fact that the polarized light belongs to multiple scattering when
passing through the smoke. In addition, the higher the smoke
concentration, the higher the scattering times, the more the
backscattering will increase, and the more the depolarization
of polarized light occurs. When the concentration is low, the
forward scattering of polarized light increases. Thus, the DOPwill
be greater than that when the concentration is high. In the visible
light band at 450 nm, the DOP of circularly polarized light is close
to that of linearly polarized light. The DOP of 532-nm circularly
polarized light is slightly higher than that of linearly polarized
light by 1–10%.Moreover, the higher the concentration, the more
obvious the difference between the DOPs of circularly polarized
light and linearly polarized light. The DOP of circularly polarized
light is gradually higher than that of linearly polarized light.
When the wavelength of polarized light increases to 671, the
outgoing polarization degree of circularly polarized light is higher
than that of linearly polarized light by 2–15% at all
concentrations. This finding is consistent with the simulation
results of concentration and polarized light transmission
characteristics. With the increase in wavelength, the DOP of
circularly polarized light is slightly higher than that of linear
polarization. Therefore, if the polarization-maintaining
characteristics of circularly polarized light are used, a long
wavelength band must be used as much as possible because
the polarization-maintaining characteristics of circularly

FIGURE 7 | Field test curves of polarization transmission characteristics at different wavelengths:(A) 450 nm, (B) 532 nm, and (C) 671 nm.
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polarized light of the same wavelength are better than those of
linearly polarized light in this case.

Figures 8A–E show that in the smoke environment, the DOP
at 450 nm of the five polarization states is higher than that at 532
and 671 nm. The simulation results of the change in DOP with
dust concentration under different wavelength conditions are
consistent.

The confidence between the test and simulation data is
calculated as follows:

M � 1 −⎛⎝∑n
1

|R − Rm|
Rm

⎞⎠/n × 100%, (21)

where R and Rm are the DOP values obtained by simulation and
measurement under the same conditions. The simulation and
measurement experiments are carried out for seven optical
thicknesses, n = 7. Thus, the DOP confidence of five polarization
states is calculated. The calculation results are as follows:

The confidence calculation results in Tables 2–4 show that in
the visible band, the visibility is 0.6–10 km, the particle size is
0.7 µm, the particle refractive index is 1.53 + 0.008i, and the
optical thickness is in the range of 0.3–8. The lowest confidence of
the simulation model is 60.08%, and the highest is 83.58%. All
confidence calculation results are greater than 60%, indicating
that the results of the simulation model are reliable.

FIGURE 8 | Field test curves of polarization transmission characteristics of different polarization states:(A) 0°, (B) 45°, (C) 90°, (D) left-hand rotation, and (E) right-
hand rotation.

TABLE 2 | Calculation results of confidence of 450 nm polarized light simulation and test verification.

Polarization state Horizontal (%) +45° Vertical Left-hand rotation Right-hand rotation

Confidence 83.06 83.58% 83.34% 78.46 79.07%

TABLE 3 | Calculation results of confidence of 532 nm polarized light simulation and test verification.

Polarization state Horizontal +45° Vertical Left-hand rotation Right-hand rotation

Confidence 78.13% 77.96% 78.54% 72.44% 72.83%
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When testing the polarization characteristics in the field
smoke environment, outdoor environmental factors such as
wind force, temperature, and humidity will always affect the
accuracy of the experimental measurement, resulting in inevitable
errors in the data obtained from the field test. Therefore, in the
subsequent experimental research, we should consider the
outdoor environmental factors as variables to obtain the
influence law of environmental factors on the experimental
test to reduce errors. In addition, the simulation only focuses
on the multiple polarization scattering characteristics of smoke
particles with the same particle size. In the future, the external
field and experimental research on the polarization characteristics
of multiple particle sizes should be carried out.

CONCLUSION

In a smoke particle environment, the changes in polarization
characteristics of visible polarized light transmitted through
the medium are studied. By analyzing the size distribution of
particles in a smoke environment, the polarization
characteristic model of multiple scattering of polarized
light in the visible band is established based on the Monte
Carlo method, and the transmission characteristics of
polarized light are studied by combining indoor and
outdoor experiments. With the increase in optical
thickness, the DOP at three wavelengths in the visible light
band decreases, and the DOP of each polarized light
decreases. No obvious difference exists between the DOP of
circularly polarized light at 450 nm and linearly polarized
light. The DOP of circularly polarized light at 532 nm is 1–5%
higher than that of linearly polarized light, 1–10% higher than
that of outdoor test, 1–5% higher than that of circularly
polarized light at 671 nm, and 2–15% higher than that of
outdoor test. Moreover, the DOP of the three wavelengths is
always 450 nm > 532 nm > 671 nm. Therefore, the shorter the

wavelength in the visible band, the higher the DOP. With the
increase in wavelength, the polarization characteristics of
circularly polarized light are slightly better than those of
linearly polarized light. In the case of a long wavelength
band, the polarization-maintaining characteristics of
circularly polarized light at the same wavelength are better
than those of linearly polarized light. In the follow-up work,
we will carry out experimental research on the influence of
particle size on polarization characteristics, expand the
research scope to the near-infrared band, master the
influence law of outdoor real environment on polarization
characteristics, and provide a theoretical basis for the
development of polarization imaging.
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