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How to effectively eliminate interference such as scattering, absorption, and attenuation is a hot topic of underwater photoelectric detection at present. Around the hot issues, this paper carries out studying the method of polarization-imaging recovery in a dynamic complex underwater environment from the theory of underwater radiation transfer, and numerical simulation of imaging interference characteristics to the simulation of underwater environment experiment. First, by conducting the analysis and simulation of scattering characteristics of underwater suspension particles and bubble by using the theory of radiation transfer, and taking advantage of quantitative description on changing tendency of radiation intensity and polarization properties of light waves in turbid water under the condition of scattering interference. Second, by constructing an underwater target polarization reconstruction model on the basis of the Mueller matrix analysis, and taking target polarization characteristic into reconstruction model on the basis of classical Schechner’s model, automatically estimating polarization information of target by the method of covariance. Finally, by building a polarization imaging system in the simulated complex underwater environment that contains bubble and suspended particles, obtaining reconstructed results with different underwater environments and different materials of target. According to experiment results, and compared with other traditional methods, using the proposed method in this paper can get higher resolution and higher contrast of target in the reconstructed result.
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INTRODUCTION
Underwater optical imaging plays a very important application value and scientific research significance in the field of marine engineering, including marine biological monitoring, ecosystem assessment, marine rescue, navigation, etc. Compared with atmospheric optical imaging, due to water environment being relatively complex, all kinds of suspension medium in water to light scattering effect will seriously affect the imaging quality, the forward scattering noise can reduce imaging resolution, and the backward scattering noise leads to decrease of imaging contrast [1] The research of underwater imaging technology will focus on taking efforts to reduce influence of optical transmission energy absorption and attenuation on underwater communications and target detection, and prevent the strong scattering effect produced by water. Because target features characterized by polarization information are less affected by water attenuation in the process of underwater transmission, and the polarization characteristics of underwater targets and the surrounding environment have differences, obtaining two orthogonal intensity images in same scenario and using polarization difference imaging method can enhance contrast and resolution of image and weaken the influence of scattering light on target imaging [2]. At present, polarization imaging technology has been widely used in underwater target imaging [2–4] and biomedical imaging [5]. Schechner [6] has proposed a polarization difference reconstruction method where the algorithm has several advantages such as a simple reconstruction model and low computational complexity, providing important reference value on exploration of underwater polarization-imaging. Tali Treibitz [7] has used formulas to take the separation of target information and background information, then polarization information of the target is added into the reconstruction model, he then takes a brief analysis on the forward scattering effect of water body, and the reconstructed results are ideal. Huang [8] has considered target and background light polarization information at the same time in the process of model derivation, and taken correction on three parameters in the model step by step in order to get optimal parameters and achieve the best results of image restoration. Feng [9] has put forward a kind of polarization reconstruction algorithm that estimates degree of polarization (DOP) of global backward scattering light, according to Schechner’s model and definition of DOP, the DOP of reflected light of target have been considered in the model, and have realized clear imaging of underwater target with high DOP. Liu [10] has achieved good results through underwater experiments by using large aperture imaging system for obtaining light-field information with a wide angle and accurately estimating the parameter values that reflect characteristics of a global scene through integration of scene depth information. Tian [11] has combined synthetic aperture imaging with polarimetric imaging and proposed a method for retrieving the radiation of an object based on the degree of polarization and intensity of backward scattering at the multi-view image. AMER [12] has used a polarimetric imaging optical system to reduce the effect of diffusion on the image acquisition and has received a great deal of attention for image dehazing based on an optimized version of the dark channel prior (DCP) method.
Through theoretical analysis and formula derivation, this paper has used expressions to represent reflected light information of target and scattering light information of background respectively, estimated intensity of scattering light and the transmission coefficient, optimized expression of underwater transmission rate, and used a step by step searching method for optimal estimation of polarization information to underwater target, achieved the purpose that the suppressing effect of scattering light on imaging and improved the quality of images. In part 2, this paper takes the mathematical deduction and numerical analysis on backward scattering noise and forward scattering noise and in part 3, describes the basic theory of underwater imaging and the establishment process of a reconstruction model that considers polarization information of underwater target on the analysis of Mueller matrix, and estimates reconstruction parameters. Part 4, builds experiment platform of target polarization-imaging in a complex underwater environment. Part 5, explores the feasibility and validity of the proposed method in this paper by using actively imaging experiments with linear polarized light, which provides theoretical verification for future practical methods of application.
QUANTITATIVE ANALYSIS OF SCATTERING NOISE AFFECTING TARGET IMAGING IN UNDERWATER ENVIRONMENT
Scattering Noise in Underwater Environment and Classification
In a real environment, water is a very complex mixed medium, which contains water molecules, suspended particles, microorganisms, and its physical properties are related to geography, climate and environment. The inhomogeneity of water lets light waves be affected by absorption and scattering in the transmission, and the attenuation has serious influence on the transmission distance and signal-to-noise ratio. In order to simplify the research situation, the media in the water body can be divided into two kinds of situations: suspended medium and rising air bubble, as shown in Figure 1. Water scattering is the phenomenon of taking migration of motion path of photons due to particle collision, and the scattering effect can make the decrease of strength of the signal at the receiving end, and can cause intersymbol interference. The suspended medium in the water and bubble are often the important factor in the production of scattering phenomenon. These two kinds of influence factors of scattering will be shown in the detailed analysis below.
[image: Figure 1]FIGURE 1 | Coexistence of suspended medium and rising air bubbles in underwater environment. (A) The complex water in real environment (B) Bubble distributes everywhere in simulated underwater environment.
The Quantitative Simulation Analysis on Scattering Noise Caused by Suspension Medium
In the process of target imaging using active light in an underwater environment, assuming that there exists a small scattering volume element [image: image] in imaging system field, the distance to target of light source and imaging system are [image: image] and [image: image] respectively, and the distance of light source and imaging system is [image: image], and [image: image], [image: image], and output power of light source is set to [image: image]. In order to quantitatively evaluate the noise of an underwater environment, this article will use the method of distance-gate to take mathematical derivation and simulation analysis on backward scattering noise and forward scattering noise respectively, in an underwater environment. In the procession map of underwater target imaging in a backward scattering environment as shown in Figure 2, [image: image] represents emission angles of light source, and [image: image] represents receiving angle of imaging receiver. Assuming that light shows uniform distribution in emission angle [image: image], irradiance [image: image] of scattering volume element [image: image][13] is expressed as:
[image: image]
with [image: image] represents photon loss of one-way transmission in water, [image: image] is overall attenuation coefficient, [image: image] represents transmission distance of photon.
[image: Figure 2]FIGURE 2 | The schematic diagram of backward scattering to underwater particles.
The radiation intensity of the incident light source at site of scattering volume element [image: image] and direction of divergence angle [image: image] can be expressed as:
[image: image]
The volume scattering function is expressed as [image: image], setting approximation [image: image] under condition of backward scattering. Definition of efficiency of imaging optical system is [image: image], objective aperture of imaging system is [image: image], solid angle surrounded by objective with scattering volume element is [image: image]. Under the condition of no gating, surrounded space of original location to transmission distance [image: image] that incident light transmits in water are represented as integral area [image: image], thus setting backward scattering power obtained by imaging system is [14] [image: image], with [image: image] represents backward scattering interception factor, when field [image: image] of imaging system is greater than divergence angle [image: image] of incident light beam, setting [image: image]. Under the condition of gating, surrounded space from transmission distance [image: image] to transmission distance [image: image] of incident light are represented as integral area [image: image]. When gating time [image: image] is very small, and integral area [image: image] is a small cylinder contained inside beam divergence angle, expression of [image: image] can be changed into follow formula [14]:
[image: image]
Setting [image: image] as power of reflected light to target received by underwater imaging system [13], and is expressed as [image: image], with [image: image] represents reflectivity of underwater target, [image: image] is expressed as intercept factor of receiving power of imaging system that is codetermined by viewing angle [image: image], divergence angle [image: image] and projection area [image: image] of underwater target with imaging system, and is simplified as [image: image]. In order to qualitatively study influence of backward scattering on underwater target imaging, effect coefficient of backward scattering of underwater imaging is defined as power ratio [image: image]. Effect coefficient of backward scattering can be defined as follows:
[image: image]
The mathematical analysis and simulation calculation on power of backward scattering [image: image] and effect coefficient of backward scattering [image: image] can analyze the scope of influence of noise to backward scattering on target imaging in an underwater environment [13]. Taking related parameters of model in process of simulation according to actual situations, underwater transmission distance of light are separately set for [image: image] = 1.0 m, [image: image] = 1.5 m, [image: image] = 2.0 m, [image: image] = 3.0 m and setting P0 = 1 MW as initial incident power. Depending on Equations (2-3) and Equation (2-4) can obtain the change trend about power of backward scattering and effect coefficient of backward scattering along with different attenuation coefficient. Results are shown in Figure 3A,B.
[image: Figure 3]FIGURE 3 | The relationship between backward scattering and attenuation coefficient. (A) The relationship between power of forward scattering light and attenuation coefficient. (B) The relationship between effect coefficient of forward scarttering and attenuation coefficient.
In Figure 3A, we can see that power [image: image] of backward scattering noise is affected by propagation distance and attenuation coefficient. In the meantime, performance tendency of power [image: image] of backward scattering are increasing at original time and gradually decreasing with different values of attenuation coefficient [image: image]. When propagation distance of incident light in the underwater environment is relatively short, and [image: image] is less than 2 m, water quality effects on target imaging from backward scattering noise has always appeared. Under the condition of same attenuation coefficient and same quality of water environment, with the increase of propagation distance, backward scattering is appears to rapidly decline and slowly reducing afterward. Figure 3B shows that effect coefficient [image: image] of backward scattering gradually decreases with increase of [image: image], and illustrates that the influence of noise to backward scattering on quality of target image gradually increases with the increase of attenuation coefficient. When water is too cloudy, noise of underwater backward scattering will cover up reflected target light, and we cannot identify target by underwater imaging equipment. Because of reflected light of underwater target occurring phenomenon of forward scattering with particles in the process of transmission, forward scattering light is produced which can make internal details of the target become blurred. Forward scattering light belongs to background stray light affecting target imaging that appear in synchronous transmission with incident light. The existing time lag between reflected target light and backward scattering light in the process of underwater transmission, and the effect of using imaging technology of gate-distance to filter backward scattering light is obvious, but the inhibitory effect of forward scattering light is not obvious. In the following paper, we will use the theoretical derivation process for analyzing effects of noise to forward scattering on the process of underwater target imaging. Simulating the process of forward scattering as shown in Figure 4, [image: image] is defined as relative distance of light emitter and underwater target, [image: image] represents a small scattering volume element that has a certain distance [image: image] with underwater imaging system.
[image: Figure 4]FIGURE 4 | The schematic diagram of forward scattering to underwater particles.
Defining expression of reflected intensity from underwater target as [11]:
[image: image]
with [image: image] represents irradiance that has distance [image: image] with light emitter, [image: image] represents projection area of underwater target, [image: image] represents reflectivity to underwater target. [image: image] represents interception factor of forward scattering that associated with projection area [image: image] and divergence angle [image: image]. Irradiance expression of reflected target light that has distance [image: image] with underwater imaging system is defined as: [image: image], with [image: image] represents energy loss as a result of original reflected light from target surface taking transmission to scattering volume element. Defining expression of radiation intensity that reflected target light sited at location of scattering volume element [image: image] and direction of [image: image] is: [image: image]. For transmission process of forward scattering, we can take approximation [image: image]. Similar to derivation process of received power of backward scattering, power of forward scattering received imaging system can be expressed as [15]: [image: image], with [image: image] represents energy loss as a result of reflected target light that sited at scattering volume element taking transmission to underwater imaging system, with [image: image], and [image: image]. Defining integral area to power of forward scattering [image: image] is volume of vertebral body surrounded by object lens of imaging system and underwater target, and can be expressed as [image: image], that is:
[image: image]
Similar to definition of effect coefficient of backward scattering in field of underwater imaging, similarly defining power ratio [image: image] as effect coefficient of forward scattering in field of underwater imaging. [image: image] represents reflected power of underwater target received by imaging system [15], and is expressed as: [image: image]. The available expression of effect coefficient of forward scattering [image: image] in field of underwater imaging is expressed as:
[image: image]
Taking mathematical simulation and calculation analysis on power of forward scattering [image: image] and effect coefficient of forward scattering [image: image] can qualitatively obtain the influence degree of forward scattering on underwater target imaging. The simulation results are shown in Figure 5, the change trend of power [image: image] of forward scattering along with change of attenuation coefficient [image: image] has some similarities to the results of backward scattering, power of forward scattering are influenced by light propagation distance and attenuation coefficient of water at the same time. Under the condition of the same propagation distance, effect coefficient of forward scattering [image: image] appear to decrease with the increase of attenuation coefficient [image: image]. Under the condition of same attenuation coefficient [image: image], with increase of propagation distance, effect coefficient of forward scattering also increases gradually. The simulation results illustrate that the more turbid of water quality, the shorter of transmission distance, the more influence of noise to forward scattering on imaging quality of underwater target. It can be found in Figure 3A and Figure 5A that power of backward scattering has been larger than the power of forward scattering in the field of longitudinal axis at the conditions of same propagation distance and same attenuation coefficient, and it shows that influence degree of backward scattering is greater than forward scattering in turbid underwater target imaging.
[image: Figure 5]FIGURE 5 | The relationship between forward scattering and attenuation coefficient. (A) The relationship between power of forward scattering light and attenuation coefficient. (B) The relationship between effect coefficient of forward scarttering and attenuation coefficient.
Effects of Existence of Bubble on the Target Imaging
Light transmits from a dense medium to a hydrophobic medium of bubbles in water. The incident light in the bubble that runs along the diameter of the bubble remains the same, and the rest of the light completely deviates from the original path and does not reach the detector. As the surface area of the bubble increases, increasingly more light is refracted, the light that reaches the probe decreases, and the light intensity detected decreases. Because diffraction is more complex, this paper simplifies light transmission formation in the bubble geometrical optics. Fresnel law indicates that the reflectivity and transmissivity are connected with the polarization and incident angle of incident light and the refractive index of the medium. Any polarization of light can be decomposed into a pair of mutually perpendicular components, a vibrating direction perpendicular to the plane of incidence, expressed as S, and another vibrating direction parallel to the plane of incidence, expressed as P. According to [17] the Fresnel formula, we can obtain the reflection coefficient and the refraction coefficient expression of the polarized component expressed by P . Similarly, we can obtain the reflection coefficient and refraction coefficient expression of the polarized component expressed by S. The theoretical calculation shows that the light intensity on the bubble interface decreases continuously with increasing transmission time, and for the fourth reflection and refraction cycle, the intensity of refracted light of bubble tends to zero [16]. The value of DOP increases with increasing transmission frequency, and at the interface in the fourth transmission cycle, DOP of refraction and reflection light is the largest, being converted to almost completely polarized light [17].
Regarding the influence of distance between bubble group and imaging system on acquisition of underwater image, the related schematic diagram is shown in Figure 6A. Setting same integration time when distance is long, bubble are alike to suspended particles and cover target information. When distance is shorter, bubbles are equivalent to a layer of lens and the amount of light does not decline, but increase [16]. Form and expression of bubble in image are different when the camera is set in different integration time. When integration time is small, bubbles are alike to a white dot in an image, the intensity value has no relation to intensity of background and is only related with its bubble brightness. When integration time is bigger, bubbles are alike to a blocking strip, and affect brightness of the target area, and its intensity and intensity of the background has a certain linear relationship [16], the related schematic diagram is shown in Figure 6B.
[image: Figure 6]FIGURE 6 | Exploration of influence of bubble group on underwater target acquisition. (A) Influence of distance between bubble group and imaging system on underwater target acquisition (B) Influence of different density of bubble on target imaging.
The relative difference of the polarization information of the target and background region will be different with the change of incident angle of light source under the condition of bubbles. Under the condition of the same bubble thickness, target polarization information of different material are different. When the thickness of the bubble is higher, intensity and polarization imaging techniques are difficult to identify the underwater target, as can be seen in Figure 6B. According to the scattering theory, the suspending medium and bubble will produce certain polarization characteristics in the process of light transmission, it also does some bedding for the subsequent content of target polarization imaging.
ESTABLISHMENT OF POLARIZATION RECONSTRUCTION MODEL OF UNDERWATER TARGET AND PARAMETER ESTIMATION
As shown in Figure 7, from the microscopic perspective in underwater target imaging, incident light takes transmission into the surface of the target, and energy redistribution and reflection occurs on the surface of the target, then reflected light of the target enters into CCD detector of the imaging system with attenuation, because reflected light of this road carrying information of target and are different with other locations of stray light and polarization information, therefore we can make use of the method of polarization imaging to suppress stray light, highlight information of target, so as to realize clear imaging of target under complex underwater environment.
[image: Figure 7]FIGURE 7 | The flow chart of light propagation in underwater environment.
Underwater Polarization Imaging Measurement Theory
The polarization expression of incident light is [image: image], when the incident light has passed through one medium (Mueller matrix is [image: image]), the Stokes vector [image: image] of incident light will be changed to [image: image][1, 12]:[image: image]
[image: image]
The Mueller matrix can fully describe the relationship of the change of polarization with wavelength, scattering angle, scattering particle size, shape and concentration and other parameters in the single scattering. The diagram of underwater target polarization detection is shown in Figure 8A, where Pol1 represents the polarization generator, Si represents Stokes vector i.
[image: Figure 8]FIGURE 8 | The schematic diagram of underwater polarization imaging. (A) Underwater polarization imaging. (B) Complex water containing solid particles and bubbles.
The linear combination of three kinds of light and construction of underwater light transmission model are shown in as:
[image: image]
with [image: image] represents original intensity images collected by imaging system, [image: image] represents target intensity that arriving to imaging system after attenuation, [image: image] represents the forward scattering intensity, [image: image] represents the backward scattering intensity. Figure 8 shows a diagram of target imaging under condition of complex underwater environment containing suspended particles and bubbles through active imaging with polarized light. Assumes that the incident light of Stokes vector as follows:
[image: image]
When incident light has passed through the partial device Polar1, the Mueller matrix is defined as [image: image], then the Stokes vector [image: image] of the incident light will be changed to [image: image]:
[image: image]
The process of transmission of incident light to the target, the Mueller matrix of water is defined as [image: image], the Stokes vector of incident light will be changed to [image: image]:
[image: image]
Supposing the Mueller matrix of the target is [image: image], and the Stokes vector of the incident light will become [image: image]:
[image: image]
In the process of reflection and transmission of light source from the target surface to the CCD imaging system, setting the Mueller matrix of water is [image: image], the Stokes vector of incident light will become into [image: image]:
[image: image]
Arrived at the CCD imaging system, the definition of Mueller matrix of partial detector Polar2 in CCD imaging system is [image: image], finally the Stokes vector of incident light will be changed into [image: image]:
[image: image]
According to Figure 8, the underwater target polarization imaging using the Mueller matrix to take concrete analysis on the light transmission process steps are as follows: Step 1) setting the incident light is natural light, and setting its polarization is [image: image]; Step 2) the Mueller matrix expressions of the analyzer are as follows [18]:
[image: image]
Step 3) the aquatic environment shows different physical properties with the change of attenuation coefficient, the Mueller matrix expression of water is as follows:
[image: image]
When medium is uniform distribution in water and only the Rayleigh scattering occurs, in order to simplify the analysis process, the Mueller matrix expression will be changed to [1]:
[image: image]
with [image: image], [image: image], [image: image]. When the backward scattering angle [image: image], Mueller matrix expressions of water scattering medium is simplified to:
[image: image]
Due to suspension medium in water belongs to the dynamic change, different concentration of suspension medium will show different polarization characteristics, and also can have different Mueller matrix, and its expression is more complicated. It can make use of the Monte Carlo method to simulate its polarization characteristics under the condition of different medium concentration of water (different attenuation coefficient). In order to analyze the relationship of underwater radiation transmission characteristics of polarized light with wavelength of incident light and thickness of scattering medium, this paper uses Monte Carlo method to simulate the change trend of intensity and DOP of backward scattering, and related parameter settings in simulation process are as follows: wavelength of incident light are set to 450, 550, 650 nm, respectively. Radius of suspended particle in water is 2 microns, medium layer are same kind of suspended particles, refraction coefficient of particle is set to 1.15, weight threshold is 0. When incident light is horizontal linear polarized light, taking calculation on average value of intensity and DOP of received photon, thus the corresponding mean curve of scattering intensity and DOP with change of thickness to scattering medium are shown in Figure 9, the longitudinal axis represents average value of intensity and DOP to all photons received by receiving surface, and the horizontal axis represents thickness coefficient of scattering medium.
[image: Figure 9]FIGURE 9 | The change trend of intensity and DOP of backward scattering light in underwater environment. (A) The changes trend of intensity of backward scattering. (B) The change trend of Dop of backward scattering.
Due to scattering phenomenon of suspended particles in water, polarized light will become partly polarized light, appearing as the phenomenon of depolarization, with increasing of medium thickness (transmission distance), and incident light taking transmission among particles, the probability of photons absorbed and the number of scattering are constantly improving, leading to variation of original polarization state to polarized light, and becoming another kind of state of polarized light, with the degree of depolarization shows monotone decreasing. When medium thickness is greater, the medium layer is equivalent to a reflection plane [19], so scattering intensity shows a rapid increasing trend firstly, and then decreasing slowly. As for incident light source with different wavelengths appearing at different attenuation degrees when transmitting in water, intensity and polarization information of backward scattering also shows different values with the change of transmission distance. Step 4) is the polarization characteristics of the target, and its Mueller matrix expression can be defined as follows:
[image: image]
The photoelectric field vector of incident light, reflected light, and refracted light can be decomposed into the component P parallel to the incident plane and the component S perpendicular to the incident surface, based on the Fresnel’s law, reflectance and transmittance of amplitude are [image: image], [image: image] and [image: image], [image: image] respectively. Using the type to deduce the Mueller matrix of target interface reflection as follows [20]:
[image: image]
with [image: image] represents the incident angle, [image: image] represents the refraction angle of incident light, in the interface, [image: image], and formulas are [image: image], [image: image]. Different targets with different polarization properties, have different Mueller matrix expression. Step 5) polarization CCD imaging system has obtained the Stokes vector of target reflection light after transmission and attenuation in water.
Underwater Polarization Imaging Reconstruction Method of Removing Scattering
The directly transmitted light of underwater target [image: image] (that is the transmitted intensity information having passed through attenuation) is defined as shown in:
[image: image]
with [image: image] represents intensity information of target, [image: image] represents the transmission rate of underwater transmitted light, [image: image] is expressed as the total attenuation coefficient of water (coefficient is affected by absorption and scattering), [image: image] is expressed as distance between the target and imaging system. In this paper, [image: image] is simplified and defined as constants in the underwater environment.
After Mueller matrix calculation of target area in turbid environment, the Stokes vector expression of target is obtained by CCD imaging system as follows:
[image: image]
Supposing internal partial detector of polarization CCD imaging system is Polar2, when the partial detector Polar1 and the partial detector Polar2 are parallel, ideally [image: image], getting parallel light intensity of the target area is [image: image] (represented by [image: image]). When the partial detector Polar1 and the partial detector Polar2 are vertical, and in the ideal case, [image: image] and [image: image], getting vertical light intensity of the target area is [image: image] (represented by [image: image]).
The backward scattering light [image: image] can be defined [4] as follows:
[image: image]
with [image: image] represents volume element function of backward scattering, [image: image] is defined as a set of scattering angle to a small volume element, [image: image] represents for infinite intensity value of underwater background light.
In water environment, using Mueller matrix to calculate the area of backward scattering light, CCD imaging system can get the Stokes vector expression of backward scattering light which is:
[image: image]
when the partial detector Polar1and the partial detector Polar2 are parallel, ideally [image: image], getting parallel light intensity of the backward scattering area is [image: image] (represented by [image: image]). When the partial detector Polar1 and the partial detector Polar2 are vertical, and in the ideal case, [image: image] and [image: image], getting vertical light intensity of the backward scattering area is [image: image] (represented by [image: image]).
We use the focal plane polarization camera to take data acquisition, the camera can obtain four intensity images at different polarization direction at one-time, I0, I45, I90, I135 respectively, and can obtain Stokes vector of target reflection and backward scattering light after passing through water at the same time. This paper uses method of curve fitting to obtain the best image of orthogonal polarization, taking Stokes vector and fitting out the curve of relationship between [image: image] and [image: image], using Equation (3-19) to compute the corresponding figure of maximum intensity [image: image] with angle is [image: image] and figure of minimum intensity [image: image] with angle is [image: image].
[image: image]
In an underwater environment, because the forward scattering mechanism are more complicated, the influence extent of backward scattering is greater than the forward scattering this article does not take the forward scattering factor into subsequent process of modeling, and specific content can refer to Section 2. According to Equation (3-2), the maximum intensity expression and minimum intensity expression are shown in Equation (3-20):
[image: image]
Using Equation (3-20) can get intensity expression of underwater scene as shown in Equation (3-21):
[image: image]
According to calculation formula of DOP, the DOP of underwater scene light [image: image], the DOP of background light [image: image] and the DOP of reflected light of underwater target [image: image] can be expressed as follows:
[image: image]
Uniting Equation (3-20) to Equation (3-22) can obtain expressions on synthesis intensity and differential intensity of underwater scene light expressed as follows:
[image: image]
Equation (3-24) can be derived by Equation (3-23):
[image: image]
[image: image]
[image: image]
Using Equation (3-24) can further conclude new rate transmission expression [image: image] is defined as:
[image: image]
Uniting Equation (3-22) to Equation (3-24) can obtain intensity information of underwater target [image: image] and intensity information of underwater background [image: image]:
[image: image]
[image: image]
As you can see, in the polarization reconstruction model of underwater target of Equation (3-26), we have considered the reflected radiation of underwater target containing polarization information. Compared with traditional underwater light transmission map [4], the new expression of transmission rate [image: image] is not only related to underwater infinite background light intensity value [image: image], but also has relation to underwater scene light intensity [image: image], DOP of background light [image: image], DOP of reflected light to underwater target [image: image] and other relevant parameters, the stand or fall of calculation results of the underwater transmission rate are also important factors to affect target recovery. Finally, uniting Equation (3-24) and Equation (3-26) can get radiation information expression of target in an underwater environment:
[image: image]
with the effective intensity information of reflected target light is defined as [image: image] (the intensity information that has passed through underwater transmission).
The degree of polarization of backward scattering light is automatically estimated for the non-target region, as shown in the following equation:
[image: image]
with [image: image] representing local region of background in image. According to the principle of the dark channel prior, scattering light of background region can use the maximum value of the dark channel in scattering image (not the maximum light intensity of the original image, but the maximum light intensity in dark channel) to estimate. As the experiment data acquisition is grayscale image, the principle of the bright color method to estimate infinite intensity value in underwater background is used [21], and its expression is defined as:
[image: image]
with [image: image] represents input image [image: image], [image: image] represents center block of one point in image. Using Equation (3-31) can automatically estimate image block of optimal neighborhood [image: image].
[image: image]
with [image: image] represents intensity values of background light, [image: image] represents scale parameter, [image: image] represents minimum window size, normalize is normalization function. Bringing best neighborhood image block [image: image] to Equation (3-30), and can finally obtain optimally infinite intensity estimation of underwater background light [image: image], and [image: image].
As can be seen from the above estimation process of polarization parameter, estimation of underwater target polarization information [image: image] is irrelevant with polarization information of underwater backward scattering light [image: image]. As can be seen from Equation (3-26) and Equation (3-27), intensity information of underwater target [image: image] and intensity information of backward scattering light [image: image] can be expressed as function of DOP to target at same time, thus, when correlation between [image: image] and [image: image] is minimum, the corresponding DOP value of target [image: image] is requested. In order to show this correlation, the covariance of [image: image] and [image: image] is used to measure the size of independence of these two parameters. Using mathematical expression to express [image: image] is as follows:
[image: image]
The covariance can be expressed as:
[image: image]
Covariance is function expression of DOP to target [image: image], and [image: image], therefore, proposing an iterative method to obtain the optimal solution of DOP to the target. Within the interval of [0,1], getting about 200 points and the step length being 0.05, obtaining absolute value of covariance by iterative calculation, getting array constituted by absolute value of covariance with corresponding DOP of different targets, we can obtain optimal solutions of corresponding DOP value to target when taking the minimum value of array.
The structure of underwater polarization imaging reconstruction algorithm is shown in Figure 10.
[image: Figure 10]FIGURE 10 | The structure diagram of proposed method.
COMPLEX UNDERWATER ENVIRONMENT POLARIZATION IMAGING EXPERIMENT AND QUANTITATIVE ANALYSIS OF RESULT
Setting up Polarization Imaging Experiments in Dynamic Complex Underwater Environment
In order to verify the validity of the polarization reconstruction method, we have carried out polarization imaging experiments of an underwater target. A transparent glass tank was used in the underwater imaging experiment, according to the principle of actively optical underwater transmission in Section 2 and requirements in actual scene, using an LED lamp with high power that has been installed one polaroid in front of experiment for lighting target, it is shown in Figure 8A. Emission light first passed through line-polaroid and is transformed into polarized light and arrives to targets, then reflected light from the target surface enters into the imaging system, where the imaging system will collect polarization images that are taken into the terminal equipment for eventual data processing. Relevant data show that the average concentration of suspended medium is 0.8–2.5 mg/L in seawater, and milk can simulate the scattering characteristics of seawater [22]. The relative refractive index of tap-water at room temperature is 1.333, volume attenuation coefficient is about 0.15 m−1. Real underwater experiment scene is shown in Figure 11A and Figure 11B. A LUCID focal plane polarization camera was used in the experiment, as shown in Figure 11C. The polarization filter is added to the front location of pixel in this camera, each 2*2 pixel array have four different directions of polarization filter (0°, 45°, 90° and 135°), and the camera takes output intensity and polarization information of each image pixel [23]. Specific parameters of the LUCID polarization camera are referred to in Table 1. According to the experiment scene, camera exposure time is set in 5,000 microseconds and kept unchanged. The calculation formula of Stokes vector are shown in Equation (4-1):
[image: image]
[image: Figure 11]FIGURE 11 | Diagram of dynamic turbid underwater complex environment and experimental scene. (A) Intensity map with bubble (B) Intensity map with bubble and suspended medium (C) LUCID camera.
TABLE 1 | Specific parameters of LUCID polarization camera.
[image: Table 1]In the experiment, using the process of dropping milk into a transparent glass tank containing water, step by step, for quantitatively controlling the quality of water in order to simulate suspended particles in water, and installing bubble generator in the front of target to simulate real environment of underwater exploration, the experiment scene of complex underwater environment is shown in Figure 11. In the experiment, bubble density is defined as bubble 1, bubble 2 and bubble 3, respectively, with different numbers of bubble generators: one bubble generator represents bubble 1, two bubble generators represent bubble 2, three bubble generators represent bubble 3, and suspended medium density are defined as density 1, density 2 and density 3, respectively, with different concentrations of milk Adding 1 ml of milk represents density 1, adding 2 ml of milk represents density 2, adding 3 ml of milk represents density 3. Target area contains a small-sized gun.
The Result of Experiment and Analysis of Processed Images
Experimental data collection are divided into three kinds of circumstances. The first kind of circumstance is to explore image recovery results under the condition of different bubble density, without adding milk into the water. The second is to explore image recovery results under the condition of different concentrations of suspended medium, without adding bubble into the water. The third is to explore image recovery results under the condition of the coexistence of suspended medium with bubble (bubble density belongs to high density, named bubble 3, and concentration of suspended medium is different).
1) Exploring the influence of different bubble density on target imaging
In this experimental scenario, a small-sized gun is placed in a dynamic underwater complex environment. Collecting original images in all-pass channel under four different polarization directions by polarization-imaging system, synthetic original intensity images under the condition of different bubble density are shown respectively, in Figure 12A. It can be seen that the existence of bubble has affected the common optical imaging of target to a certain extent, intensity value decreases with the increase of bubble density. The degree of polarization under the condition of different bubble density are shown, respectively, in Figure 12B. After calculation, with the increase of bubble density and the degree of polarization of target region and background region gradually decrease, but compared with ordinary optical imaging, the polarization imaging has obvious advantages such as suppressing noise interference on imaging. Figure 12C are reconstructed images proposed by this paper, and compared with original intensity figures, reconstructed images overall have better quality and better vision.
2) Exploring the influence of different media concentration on target imaging
[image: Figure 12]FIGURE 12 | Effects of different density of bubble on target polarization imaging. (A) The synthetic original intensity images. (B) The degree of polarization. (C) Reconstruction result proposed in this paper.
The second case is shown in Figure 13. The proposed method in this paper has proved that clear imaging method of underwater target can effectively suppress backward scattering that reduces contrast of image, and the proposed method still has a certain effectiveness when concentration of suspended medium is high.
[image: Figure 13]FIGURE 13 | Figure processing under the condition of different density of medium without bubble. (A) The synthetic original intensity images. (B) Reconstruction result proposed in this paper.
3) Coexistence of bubble and suspending medium
The third case will explore the influence of different media concentration on target imaging in condition of bubble concentration is bubble 3, as shown in Figure 14. The proposed method in this paper has also proved that clear imaging method of underwater target can effectively suppress backward scattering and noise that reducing clearity of image, the proposed method have a certain effectiveness under the condition of a dynamic complex underwater environment.
[image: Figure 14]FIGURE 14 | Figure processing under the condition of different density of medium with bubble density is bubble 3. (A) The synthetic original intensity images. (B) Reconstruction result proposed in this paper.
According to results in Figure 12, Figure 13 and Figure 14, it can be concluded that the reconstruction method proposed in this paper can get clear recovery results of underwater target when waveband is all-pass [24]. In order to prove the applicability of the algorithm, we took polarization imaging experiments of four target groups made of different material under the conditions of all-pass waveband in complex underwater environment. Figure 15A shows synthetic original intensity images, Figure 15B shows the processed results of Schechner’s method, Figure 15C shows the processed results of Tali’s method, Figure 15D shows the processed results of proposed method in this paper. It also can be seen that the proposed method can restrain effects of underwater particle scattering and bubbles on the imaging of the target, and the recovery images have greatly been improved in resolution and texture detail, and processed detail edge is better.
[image: Figure 15]FIGURE 15 | The processing results of other material target under the condition of bubble concentration is bubble 3 and medium concentration is density 1. (A) The synthetic original intensity images. (B) Schechner’s method. (C) Tali’s method. (D) Reconstruction result proposed in this paper.
Comparative Analysis of Classic Methods
Existing underwater polarization recovery method generally has the following challenges: 1) Obtaining orthogonal polarization images by using method of artificially spinning polarization analyzer or ways of directly taking operation on camera device that have not been calibrated, the selection of the best and worst polarization direction will affect recovery result are good or bad. 2) When constructing a polarization reconstruction model of an underwater target by directly borrowing formula of atmospheric scattering model, there will be a certain treatment effect, but the underwater environment and the atmospheric environment have some differences, such as types of media and the degree of light attenuation, so there is a need for further optimization of the polarization reconstruction model. 3) The manual way to estimate parameters and processed time of algorithm is long, so these proposed methods are difficult to meet the demand of practical applications on underwater target imaging. It is found in experimental process that Schechner’s method [6] and Tali’s method [7] use artificial selection of background region to estimate parameters and substitute constant value to calibrate polarization reconstruction parameters, these method increases the complexity of the recovery algorithm, and can’t solve disadvantages of recovery effect are not well that only estimating parameters in one background area. Using the way of actively calculating polarization parameters to get reconstructed parameters and using the way of bright color principle to automatically estimate optimal intensity values of underwater infinite background, can reasonably solve the above problems in this article. When using the maximum and minimum intensity algorithm to calculate the intensity the polaroid does not need to be manually turned. The target polarization information in the model was taken into account and the covariance method to automatically estimate the parameters of underwater target polarization information was used. Compared to the original intensity image and recovery results of other methods, processed results by using the proposed method can enhance the definition of results, and targets can be well distinguished.
CONCLUSION
This paper has carried out imaging studies of targets in an underwater environment from theoretical derivation, numerical simulation of environmental noise, underwater polarization-imaging experiments, and restored processing of images. Taking theoretical derivation and simulation on noise analysis of backward scattering field and forward scattering field in underwater environment, it is concluded that power of backward scattering light and forward scattering light show a change trend of firstly increasing and then decreasing with increasing of attenuation coefficient, effect coefficient of backward scattering and forward scattering decreases with increasing of attenuation coefficient, power of backward scattering light is greater than power of forward scattering light, the degree of influence of backward scattering is greater than forward scattering in underwater imaging. Polarization information of the target has been considered in the polarization imaging model of underwater target, and the way of estimating the underwater transmission rate has improved, obtaining good recovery effect through adaptive estimation method of optimal polarization information parameters. Designing polarization imaging experiments of underwater targets with different concentrations of suspension medium and bubble and different materials under complex environment. The coexistence of the suspension medium and bubble in the complex water at the same time, and combine Section 2 to the scattering noise analysis, explores the result of the underwater target polarization imaging and recovery under different materials and water environment. According to experiments of underwater polarization-imaging and contrast results of processed images, we can see that targets restored by the proposed method have high resolution, and verify the validity of proposed method. Finding the best observation condition in a complex underwater environment for clear target imaging will be our research priorities in the future.
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