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For the variation of the polarized Mueller matrix of oil smoke particles under different relative humidity levels, the polarized single scattering characteristics of oil smoke particles are studied by using the Mie scattering theory, and the multiple scattering simulation is implemented with the Monte Carlo method. Variation in relative humidity is achieved by changing in mixing of the oil smoke and the water fog particles during the same dry particle filling time. Using the 36 sets of polarized Mueller matrices method, the Mueller matrix patterns of oil smoke were calculated for four conditions of 0%, 10%, 40%, and 95% relative humidity, respectively. We can verify the simulation’s correctness from the simulation and the experimental results. Specifically, as the relative humidity increases, the size of the Mueller matrix pattern increases, and the patterns of m22, m33, and m44 related to the depolarization characteristic change significantly. Furthermore, the scattering depolarization coefficients of the Mueller matrix polar decomposition increase with the increasing relative humidity, with the ability of depolarization being continuously enhanced. This method determines differences in relative humidity using intuitive measurements of stabilized scattering patterns, which can present a theoretical basis for the impact of environmental variation on polarization detection.
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1 INTRODUCTION
When polarized light is irradiated on a strong scattering medium, multiple scattering will occur within this medium, and the polarization information of the transmission light will change, so polarization is widely used in the detection of the properties of the medium [1–3]. However, as the current detection methods are primarily focused on the study of the polarization states obtained from the detection terminal, more research on the properties of the transmission medium is needed. To get more properties of the medium, the polarization information of the scattering medium is expressed in the form of a matrix. The information during the transmission can be carried and displayed using the matrix property [4–6]. It can complement polarization detection and has a vital research value in the field of polarization detection.
For the optical system, a parametric model was constructed to describe the Mueller matrix of optical elements. Liu et al. proposed a method for the comprehensive characterization of an arbitrary composite waveplate based on spectroscopic Mueller matrix polarimetry and described its polarization properties by using four polarization parameters, namely, retardance, fast axis azimuth, rotation angle, and diattenuation angle [7]. For the complex media samples, to avoid the direct study of the samples and make verification easy and accurate, the Mueller matrix patterns are applied to analyze the polarization properties of samples in forward transmission by a third-party mapping method. Currently, many researchers have applied Mueller matrices to various fields. Wang et al. compared the polarization parameters extracted from the 3 × 3 and 4 × 4 Mueller matrix decomposition methods at directions of transmission and reflection, and the parameters derived from the two types of matrices display similar qualitative relations to changes in the microstructure of the biological tissues [8]. Khaliq et al. compared linear depolarization and linear retardance for both Mueller matrix polar decomposition and Mueller matrix transformation methods, and the study indicated that the optical variables of Mueller matrix polar decomposition and Mueller matrix transformation methods are sensitively correlated to the microstructure of the tissue samples [9]. Zhang et al. presented both experimental measurements and Monte Carlo-based simulations of transmission polarization to analyze the effects of concentration variation on the water fog particles. They demonstrated better persistence of circular polarization than linear polarization in more serious fog [10]. Liu et al. derived the depolarization index to characterize scattering media by estimating the transmittance with Monte Carlo simulation and enhanced the underwater vision under diverse water turbidity [11]. Sanz et al. measured the Mueller matrix of microstructured surfaces by using the polar decomposition method to detect the defects on the scattering flat surface [12]. Liu et al. introduced Mueller matrix polarimetry (MMP) to characterize nanoimprinted grating structures, and noticeable depolarization effects from measured data were observed [13]. For further research, they investigated the non-uniform depolarization properties of SiO2 thin films, two-dimensional Si grating, and three-dimensional Si cylinder grating by Mueller matrix polar decomposition [14]. Han et al. introduced a rapid Mueller matrix imaging system to research the structural characteristics of starch granules by testing different incoming and outgoing polarizations [15].
In this paper, we extend the research to consider the effect of the variation in relative humidity of the oil smoke environment on the polarization Mueller matrix. We present the Mie scattering theory of spherical particles combined with the Monte Carlo algorithm for calculating the polarization multiple scattering. We also analyze the depolarization characteristics under the different relative humidity levels by using the Mueller matrix polar decomposition method. To validate our practice, we compare the simulation method with measurements of oil smoke produced by glycerol atomization. This paper is organized as follows. Section 2 focuses on the experimental procedure for oil smoke particles under variable relative humidity levels, such as experimental setup, particle size measurement of dry particles, and close humidity monitoring in testing. In Section 3, we mainly describe the effect of relative humidity on the size and refractive index of oil smoke particles based on Hanel’s empirical growth equation and present the theoretical analysis of the Mueller matrix by using Monte Carlo simulation and the Mueller matrix polar decomposition method. Section 4 describes the simulation and experimental results and shows the consistency between simulation and measurement results. Finally, in Section 5, we summarize the results and further work.
2 MUELLER MATRIX TESTING METHODS
2.1 Experimental setup
Figure 1 shows the Mueller matrix testing setup. A light beam emitted by an 83.06-mW laser at a wavelength of 532 nm passes through an attenuator (ATT) to adjust the illumination power. A rotatable linear polarizer (LP1, LPVISC050-MP2, Thorlabs, US) and a quarter wave-plate (W1, AQWP10M-580, Thorlabs, US) composed of the polarization state generator (PSG) are placed in front of the ATT to control the incident polarization state as one of horizontal (H), vertical (V), [image: image] (P), [image: image] (M) linear polarization states, and right-hand (R) and left-hand (L) circular polarization states. After beam expansion by the expander (BE, BE02-05-A, Thorlabs, US), the photons forward-scattered from the particles in the environment modulation system (EMS) pass through a polarization state receiver (PSR). The PSR consists of a quarter-wave plate (W2, AQWP10M-580, Thorlabs, US) and a linear polarizer (P2, LPVISC050-MP2, Thorlabs, US). Finally, the patterns can be recorded by using a CCD camera (MER-502-79U3C, Daheng Optics, China) with a pixel size of 3.45 [image: image] ×3.45 [image: image] and 2448 × 2048 pixels. In the environment modulation system (EMS), the oil smoke environment was generated by glycerol ultrasonic atomization with a refractive index of 1.47 (sample data provided by Antari Company, Taiwan). Before relative humidity testing, we measured the smoke particle size by using Malvern Spraytec (STP5311, made by Malvern Instruments Limited, Britain), shown in Section 2.2. The monitoring method of the relative humidity and its effect on the optical thickness is described in Section 2.3.
[image: Figure 1]FIGURE 1 | Schematic of the Mueller matrix measurement setup. ATT: attenuator; LP1 and LP2: linear polarizer; W1 and W2: quarter wave-plate; BE: beam expander; EMS: environment modulation system; CCD: charge coupled device; PSG: polarization state generator; PSR: polarization state receiver.
2.2 Particle size measurement of dry particles
During testing, to ensure the consistency of the concentration of dry particles at each relative humidity level, we control the amount of dry particles in the EMS by using the particle filling time. In this paper, we choose a dry particle filling time of 5 s, and then the volume distribution of the particle size can be measured directly by Spraytec, which is shown in Figure 2A. To ensure suitability of the testing data for theory simulation analysis, we converted the cumulative volume distribution to the number distribution in our previous study [16]. Figure 2B shows the cumulative number distribution of oil smoke, and the oil smoke particle has a mean radius value of 0.77 [image: image].
[image: Figure 2]FIGURE 2 | Size distribution of oil smoke particles at the smoke filling time of 5 s. (A) Cumulative volume distribution; (B) cumulative number distribution.
2.3 Relative humidity monitoring in the EMS
For monitoring of the relative humidity in the EMS, this paper uses ultrasonic atomization of water (ZS-10Z, Hangzhou Zhengdao Electrical Equipment Co., Ltd, China) for humidity adjustment and the relative humidity calibrator (RHCL-2, OMEGA Engineering Inc, China) for real-time measurement in the EMS. The water fog filling will stop once the relative humidity meets the testing requirement. During the experiments, the relative humidity levels of 0%, 10%, 40%, and 95% were chosen as the low, medium, and high typical relative humidity. We characterize the medium concentration by the optical thickness according to Beer’s law to learn the concentration variation at different levels of relative humidity. The optical thickness measurement schematic diagram is shown in Figure 3, in which the light power meter (LPM, PM100D, made by Thorlabs, US) is applied for outgoing light intensity testing. The optical thickness [image: image] can be obtained from the incident light intensity [image: image] and emergent light intensity [image: image], which can be expressed as [17]
[image: image]
where [image: image] is the thickness of the medium in the EMS (units of cm), [image: image] is the medium concentration (units of #/cm3), and [image: image] is the extinction cross-section (units of cm2).
[image: Figure 3]FIGURE 3 | Schematic diagram of optical thickness measurement.
Figure 4 shows the stability of the emergent light intensity as a function of sampling time for one of the groups at 40% relative humidity. The result shows that the smoke environment is stable 3–10 min after the smoke filling, so we can conduct testing during this time. When the relative humidity levels are 0%, 10%, 40%, and 95%, the corresponding optical thicknesses are 2.02, 2.08, 2.45, and 3.26, respectively. Increase in the optical thickness is due to the larger relative humidity resulting in the increase of the extinction cross-section [image: image] in Eq. 1.
[image: Figure 4]FIGURE 4 | Intensity of the emergent light under the relative humidity of 40%.
3 MONTE CARLO CALCULATIONS UNDER DIFFERENT LEVELS OF RELATIVE HUMIDITY
3.1 Effect of relative humidity on oil smoke particles
Due to the hygroscopicity of the oil smoke particles, the radius and refractive index of the oil smoke particles after water absorption can be obtained from the Hanel’s empirical growth equation [18]. When the relative humidity [image: image] varies from 0 to 1, the particle size [image: image] and refractive index (real part [image: image] and imaginary part [image: image]) can be calculated by the empirical growth equation and the volume weighted average method, respectively, which can be expressed as
[image: image]
[image: image]
[image: image]
where [image: image] and [image: image] are the real and the imaginary parts of the refractive index of pure water particles, respectively; [image: image] and [image: image] denote the real and imaginary parts of the refractive index of the dry oil smoke particles, respectively; [image: image] is the quality growth factor, which takes the value of 4 [19]; [image: image] is the radius of the dry oil smoke particle. Figure 5 shows the variation of particle radius and the refractive index with the relative humidity. The imaginary part of the particle refractive index after moisture absorption is tiny, so it can be ignored.
[image: Figure 5]FIGURE 5 | Effect of relative humidity on oil smoke particle parameters. (A) Particle radius; (B) real part of the refractive index.
3.2 Monte Carlo simulation
A Monte Carlo method based on Ramella-Roman et al. [3] is used to perform the calculations for the multiple scattering of oil smoke particles. It involves the change of the transmission energy and the direction of the photons, which is finally characterized by polarization.
The Stokes vector uses four parameters [image: image], [image: image], [image: image], and [image: image] to describe the polarized light [20], in which [image: image], [image: image], [image: image], and [image: image] correspond to the total intensity of the light, linear polarization in the horizontal or vertical direction, linear polarization in [image: image] or [image: image] direction, and circular polarization, respectively. The Stokes vector of the light can be expressed as [21]
[image: image]
where [image: image] and [image: image] denote parallel and perpendicular components of plane wave amplitudes, respectively, and [image: image] is the phase difference between [image: image] and [image: image].
When the polarized light passes through the medium, the Mueller matrix [image: image] of the medium connects the incident Stokes vector [image: image] with the outgoing vector [image: image] of the transmission light, which is
[image: image]
[image: image]
where [image: image], [image: image] is the rotation matrix for the Stokes vector of light transformation between the reference plane and the scattering plane.
For the spherical, isotropic, and homogeneous particles, the Mueller matrix is
[image: image]
and the rotation matrix can be written as
[image: image]
so [image: image] can be expressed as [22]
[image: image]
Photon energy loss can occur in the process of the transmission; once the photon energy weight decreases below a certain threshold or the photon flies off the boundary, the photon transmission is terminated. After the photon has been scattered [image: image] times, the energy weight [image: image] is
[image: image]
where [image: image] and [image: image] are the scattering and absorption cross-sections of the polydispersed system, respectively, which can be obtained from
[image: image]
[image: image]
in which [image: image] and [image: image] are the lower and upper limits of the particle radius, respectively; [image: image] and [image: image] are the scattering and absorption factors, respectively; and [image: image] is the number distribution of the particle size.
3.3 Mueller matrix analysis
The Mueller matrix can be acquired in various ways; in this paper, we use a combination of 36 groups to adjust the polarization state generator (PSG) and the polarization state receiver (PSR) parts to [image: image], [image: image], [image: image], [image: image], [image: image], and [image: image], respectively. The detailed combination of the 36 groups is shown in Table 1.
TABLE 1 | Combination of 36 groups of the Mueller matrix.
[image: Table 1]According to the aforementioned combinations, the Mueller matrix can be derived as [23]
[image: image]
where [image: image] indicates the light intensity and the subscripts [image: image], [image: image], [image: image], [image: image], [image: image], and [image: image] are the corresponding polarization states described in Table 1.
3.4 Mueller matrix polar decomposition
With the polar decomposition method, the Mueller matrix [image: image] can be decomposed into the product of the depolarization matrix [image: image], retardance matrix [image: image], and diattenuation matrix [image: image] [24], which is
[image: image]
in which [image: image] and [image: image] represent the transformation process of polarizations from one type of fully polarized light to another one, as well as [image: image] indicates the conversion of fully polarized light to partially polarized light [25,26]. [image: image] contains only the retarder and depolarizer, which can be written as
[image: image]
where [image: image] is the polarizance of the depolarizer and [image: image], [image: image], and [image: image] are the [image: image] submatrix of the depolarization matrix and retardance matrix.
We set [image: image], [image: image], and [image: image] as the eigenvalues of [image: image], which can be calculated as
[image: image]
The total depolarizer coefficient can be written as
[image: image]
where [image: image] can be obtained from Eqs 16, 17.
4 SIMULATION AND EXPERIMENTAL RESULT AND ANALYSIS
4.1 Simulation results
Our goal in this work is to investigate the effect of relative humidity on the polarization Mueller matrix. Since the empty EMS without particles has little impact on the Mueller matrix of the oil smoke environment, we chose dry particles and low, medium, and high typical humidity for the study. The Mueller matrix patterns of oil smoke particles at different relative humidity are simulated by the Monte Carlo simulation method in Section 3.2 with the initial parameters of the wavelength of 532 [image: image] and photon number of 107. The results are shown in Figure 6, in which Figures 6A, B, C, D show the Mueller matrix simulation with each element pattern pixels of 100 × 100 at the relative humidity of 0%, 10%, 40%, and 95% respectively. We can see that the 16 elements of the Mueller matrix exhibit symmetry, which conforms to the cosine distribution according to Eq. 10. With the increasing relative humidity, the scattering pattern size of the Mueller matrix is found to increase. This is due to different relative humidity leading to variations in particle size and refractive index, which leads to a rise in the scattering and absorption coefficients of the medium and a more significant deflection of the photons scattered in the medium. Moreover, the number of photons in the pattern that deviate from the incident center point increases after transmission, which increases pattern sizes.
[image: Figure 6]FIGURE 6 | Mueller matrix simulation pattern under different relative humidity. (A) 0%; (B) 10%; (C) 40%; (D) 95%.
To further quantify the effect of different relative humidity on each element of the Mueller matrix, we first normalize the pixel intensity values of each element at different relative humidity by m11 to eliminate the effects of light intensity and keep the intensity value of each pixel in the range of [−1 1] [27], and then according to the appearance frequency of the intensity values, the interval segmentation statistics of intensity values are performed for each normalized matrix element m11–m44 to get the number of intensity values in a small interval of different central values. Finally, the normalized intensity frequency distribution of each element is established, shown in Figure 7. In Figure 7, the horizontal coordinate is the central value of the intervals and the vertical coordinate is the number of intensity values occurring in this division interval. As can be seen from the figures, the three diagonal elements m22, m33, and m44 change more significantly as the relative humidity increases. The depolarization phenomenon is more significant as observed from the Mueller matrix polarization decomposition in Section 3.4. This phenomenon is also consistent with the conclusion that the scattering depolarization of spherical, isotropic, and homogeneous particles is more significant than the retardance and diattenuation [28].
[image: Figure 7]FIGURE 7 | Normalized intensity frequency distribution curves of Mueller matrix elements under different relative humidity.
The depolarization coefficient pattern of Figure 6 under different relative humidity is solved by Eq. 15. Figure 8 shows the Mueller matrix depolarization coefficient patterns' three-dimensional simulation results for 0%, 10%, 40%, and 95% relative humidity. The figures show that the minimum value of the oil smoke depolarization coefficient pattern increases gradually with increasing relative humidity, which are 0.426, 0.511, 0.565, and 0.816, respectively. This indicates that the depolarization phenomenon becomes apparent as the relative humidity of the oil smoke increases.
[image: Figure 8]FIGURE 8 | Three-dimensional diagram of Mueller matrix simulation depolarization under different relative humidity. (A) 0%; (B) 10%; (C) 40%; (D) 95%.
4.2 Experimental results
The PSG and PSA parts are adjusted in the measurement according to the data in Table 1, and 16 sets of Mueller matrix element patterns can be obtained by calculating Eq. 14. To correspond to the image size of the Mueller matrix elements in the simulations, the raw patterns captured by the CCD with the size of 2448 [image: image] 2048 are cropped to the 500 × 500 pixel images with the center position as the original point. Based on the simulation analysis and our previous research for spherical, isotropic, and homogeneous particles [10], in this paper, we focus on the pattern variations of the three matrix elements m22, m33, and m44 related to depolarization. Figures 9–12 show the testing results under the relative humidity of 0%, 10%, 40%, and 95%, respectively. From the results, we can see that with the increasing relative humidity, the patterns calculated by Eq. 14 keep getting more prominent, which is consistent with the trend of simulation results. Figure 13 shows the schematic diagram of the quantitative analysis process, the edge points of the m22, m33, and m44 patterns in the horizontal leftward and rightward and vertical upward and downward directions are used as reference points, and the absolute values of the pixel intensities in the four directions are summed for the m22, m33, and m44 patterns under the relative humidity of 0%, 10%, 40%, and 95%. According to calculation, at the four relative humidity levels, the absolute sum of the pixel intensities of m22 in four directions are 1.09, 1.12, 2.46, and 2.81, for m33 are 0.86, 0.92, 0.99, and 1.34, and for m44 are 0.44, 0.61, 1.11, and 1.71, respectively. It is further verified that as the relative humidity increases, the photon motion becomes more deflected with the rise of the medium scattering coefficient, leading to the more significant deviation of the pattern depolarization terms m22, m33, and m44 from the central point of propagation.
[image: Figure 9]FIGURE 9 | Experimental diagram of testing results under the relative humidity of 0%.
[image: Figure 10]FIGURE 10 | Experimental diagram of testing results under the relative humidity of 10%.
[image: Figure 11]FIGURE 11 | Experimental diagram of testing results under the relative humidity of 40%.
[image: Figure 12]FIGURE 12 | Experimental diagram of testing results under the relative humidity of 95%.
[image: Figure 13]FIGURE 13 | Schematic diagram of the quantitative analysis process.
4.3 Agreement between simulation and experiment
To verify the accuracy of the simulations, we compared the simulation result of Mueller matrix elements with the experimental images, and the mean square error (MSE) was calculated [29]. Each Mueller matrix element’s simulated and measured patterns under the same relative humidity are subjected to a point-taking operation. During the calculation, the center pixel is used as the center of the circle, and the points are taken at 45° intervals in the 360° direction of the circle. To make the values consistent, the edge points of the pattern are taken in these eight directions to complete the values compatible with the simulation and experiment. Finally, the normalized intensity values of the taken points are calculated for the MSE, which can be expressed as
[image: image]
where [image: image] and [image: image] are the simulated and measured normalized intensity values, respectively, and [image: image] is the number of samples at different directions. Table 2 shows the MSE calculation of simulation and measurement for matrix elements m22, m33, and m44 at the relative humidity of 0%, 10%, 40%, and 95%.
TABLE 2 | MSE between simulation and experiment.
[image: Table 2]It is apparent that the average value of the MSE with different relative humidity levels is 0.00538. This is due to the fact that the relative humidity controlled in the experiment cannot reach the ideal state, resulting in the simulation and experimental patterns not being fully consistent. However, the simulation and the observed images have the exact change trend, which can indicate the correctness of the simulation.
5 CONCLUSION
In this paper, we present Mie scattering and the Monte Carlo method as the scattering model to study the effect of relative humidity variations on Mueller matrix patterns and depolarization of smoke particles. On this basis, an experimental setup is established to test Mueller matrix with controllable environmental parameters. The experimental and simulation results show that (1) the Mueller matrix pattern increases with the increasing relative humidity. (2) The frequency distribution curves of m22, m33, and m44 patterns change most obviously with the increasing relative humidity, which can reflect the more significant depolarization characteristics of the oil smoke particles. (3) The depolarization of the oil smoke particles gradually increases as relative humidity increases, which is useful to analyze the decrease of degree of polarization (DOP) for polarized incident light in a higher-relative humidity environment. (4) Comparing the simulations with the experiments, the average value of the MSE reaches 0.00538. Therefore, the study of the Mueller matrix can reflect the characteristics of the oil smoke environment under different relative humidity and extend the application range of the polarization Mueller matrix.
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