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 [START_REF] Bai | Static full-Stokes Fourier transform imaging spectropolarimeter capturing spectral, polarization, and spatial characteristics[END_REF]. The collimated beam is modulated by the LPM, which is used as a polarization state analyzer and consists of the first ferroelectric LC (FLC1), an HWP, the second ferroelectric LC (FLC2), a QWP, and a linear polarizer (P1). The linearly polarized beam is fed into the BSI, which consists of a shearing plate (SP) and a compensation plate (CP). The two parallel rays pass through another linear polarizer (P2) and are resolved into a linearly polarized beam with the same polarized orientation. Finally, the rays are focused by an objective lens (L3) onto the same location on the detector array (D) . . . . . . . . . . La polarisation de la lumière est une propriété complémentaire à celles de l'intensité et de la longueur d'onde. Elle informe sur l'orientation des champs électriques transversaux qui composent le rayonnement électromagnétique. L'analyse de polarisation (degré, direction, ellipticité) permet de caractériser les effets induits soit par des phénomènes de réflexion, soit par des phénomènes de transmission. L'imagerie de polarisation peut être utilisée pour récupérer des propriétés de surface pour des matériaux isotropes, telles que les normales de surface, l'indice de réfraction ou les composants spéculaires. L'imagerie polarimétrique a suscité de l'intérêt dans des applications pour aider à distinguer les objets manufacturés, en particulier dans des environnements à faibles contrastes d'intensité (des cibles cachées ou camouflées). Elle s'avère également efficace dans des conditions météorologiques ou sous-marines difficiles [START_REF] Yoav | Instant dehazing of images using polarization[END_REF][START_REF] Kocak | A focus on recent developments and trends in underwater imaging[END_REF]. De plus, elle a été utilisée dans des applications de télédétection pour discriminer les espèces végétales, détecter des zones boisées ou des zones recouvertes de glace [START_REF] Homma | Application of an imaging spectropolarimeter to agro-environmental sciences[END_REF].

Certains organismes biologiques ont une forte capacité de vision et combinent à la fois la perception spectrale et la polarisation, ce qui n'est pas le cas de l'oeil humain ou de la majorité des dispositifs d'imagerie. Différents travaux de recherche en imagerie ont déjà été menés pour exploiter les avantages liés à ces deux modalités. L'objectif est de mesurer l'intensité de la lumière à l'aide de capteurs d'imagerie conventionnels ou ad hoc couplés à plusieurs éléments optiques de polarisation active et/ou passive. Les données correspondent à plusieurs bandes spectrales et divers canaux de polarisation. Ainsi, une mesure plus 2 Résumé complète des caractéristiques de surface devient possible. L'imagerie conjointe multispectrale/hyperspectrale et polarimétrique, abrégée en imagerie spectropolarimétrique (SPI), a démontré un fort potentiel pour récupérer certaines informations critiques d'une scène et plus particulièrement dans des conditions d'imagerie difficiles.

Motivations

Avec l'analyse spectropolarimétrique, le champ d'application s'élargit : surveillance, reconnaissance et suivi [START_REF] Zhao | Object separation by polarimetric and spectral imagery fusion[END_REF][START_REF] Brent D Bartlett | Anomaly detection of man-made objects using spectropolarimetric imagery[END_REF], analyse de reliefs naturels, détection de défauts, estimation de la rugosité de surface, etc. Malheureusement, ces applications nécessitent généralement une mise en oeuvre de The minimum number of spectral dimensions/bands needed for accurately describing the reflectance of natural objects or for spectral cameras was investigated by Hardeberg et al. [START_REF] Hardeberg | On the spectral dimensionality of object colours[END_REF]. Imaging with a higher number of channels, maybe several hundreds, is known as HSI. HSI is a complicated task, and the instruments are often either cumbersome or expensive. We do not consider HSI in this thesis. Instead, we will focus on building an MSI instrument with a limited number of channels for practical reasons.

The polarization property of light complements the intensity and frequency of light attributes. It conveys information about the orientation of the transverse electric field of the ElectroMagnetic Radiation (EMR). Light can be unpolarized, partially polarized, or fully polarized. Linear polarization is produced when the electric field oscillates in a single plane normal to the direction of propagation. Circular or elliptical polarization results from a phase shift between the two electric field components, resulting in a rotation of the electric field in a plane normal to the direction of propagation. Polarization analysis is exploited
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to characterize polarization or depolarization effects induced by either reflection or transmission phenomenons [START_REF] Sattar | Review of spectral and polarization imaging systems[END_REF]. Polarization imaging can be used to retrieve surface reflectance properties, such as surface normals, index of refraction, and specular components. Polarization has importance in various field, for example, for dehazing [START_REF] Yoav | Instant dehazing of images using polarization[END_REF][START_REF] Yoav | Polarization-based vision through haze[END_REF] or contrast enhancement [START_REF] Sattar | Review of spectral and polarization imaging systems[END_REF].

Some biological organisms have strong vision capabilities and combine both spectral and polarization perception. Dragonfly or mantis shrimp are some of these; they develop the ability to detect and catch their prey by revealing hidden or camouflaged features [START_REF] Horváth | Polarized light in animal vision: polarization patterns in nature[END_REF].

The mixing of spectral and polarimetric images (SPI) is an emerging research area. SPI employs conventional or ad hoc imaging sensors coupled with several active and/or passive polarization optical elements. The data coming from these systems are registered datacubes with different spectral and polarization channels. Different research works have been carried out to explore the benefits of acquiring spectropolarimetric images, with a strong potential to retrieve a more complete surface characteristic, in various illumination conditions. Some applications are surveillance, recognition, or tracking [START_REF] Zhao | Object separation by polarimetric and spectral imagery fusion[END_REF][START_REF] Brent D Bartlett | Anomaly detection of man-made objects using spectropolarimetric imagery[END_REF]. SPI systems have been utilized in remote sensing applications to discriminate plant species, detect forest, or icy objects [START_REF] Homma | Application of an imaging spectropolarimeter to agro-environmental sciences[END_REF]. With the distinction of polarization and spectral data reflected by sand, soil, or water radiation, multi-band polarization imaging can recover the important information to analyze landforms and geography.

Motivation

Recently, mixing multiband spectral and polarization acquisition into a bio-inspired hardware system has become an emerging research subject [START_REF] Garcia | Bio-inspired color-polarization imager for real-time in situ imaging[END_REF]. The data coming from these systems are still under exploited and very few out-of-the-lab applications have been demonstrated. On the other hand, computer vision and machine vision domains are demanding more and more accurate data measurements for applications like defect detection, surface roughness estimation, surface property estimation or object recognition.

Such methods for joint SPI acquisition have significant complexity and require either modulation processes, high-cost optics, or moving parts that reduce the sampling resolution. The resulting imaging setup is also often big to construct for the optical paths and requires multiple sequential image acquisitions to get the essential spectral polarization Recent Polarization Filter Array (PFA) and Color Polarization Filter Array (CPFA) sensors, such as the Sony IMX250 MZR, IMX250 MYR, or IMX264 MYR [START_REF] Sony | Polarization Image Sensor[END_REF], have been integrated by several camera manufacturers in affordable commercial devices. However, these sensors do not have sufficient spectral resolution for accurate color and spectral estimation, as they sense only three spectral channels.

We believe that new SPI systems are still to be investigated using recent advances in sensor design. This thesis proposes a compact and cost-effective setup capable of the acquisition of multispectral polarization images. This setup has the advantage to capture the data in a snapshot way, with a high spatial resolution, and with a relative good spectral resolution in the full visible range.

Organization of the dissertation

This thesis is composed by five chapters, organized into two parts. Thus, we group the background and state-of-the-art works into Part 1, whereas the practical implementation and dataset are in Part 2.

Part 1: Background and state-of-the-art

Generalities present the fundamental theories about spectral and polarization imaging.

The measurement model for either spectral or polarization is described separately.

We show examples of specific acquisition technologies along with some applications.

Spectral and Polarization Imaging (SPI) technologies discusses the specific case of sensing dedicated to joint spectral and polarimetric acquisition. Review and classification are provided.

Part 2: Proposed SPI acquisition system :

Snapshot acquisition based on filter array cameras presents the practical considerations of the system we designed and implemented. The cameras with the combination of bandpass filters are described. The stereo calibration is also explained in this chapter.
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Pre-processing, calibration, and data transformation: this chapter begins by explaining the practical pipeline of the proposed system, and then preprocessing, spectral calibration, and stereo matching are provided. The acquisition of a database, preprocessing raw images with the imaging pipeline, and visualization of the results are explained in this chapter.

General conclusion presents a discussion and possible future works related to this work.

Part I

Background and state-of-the-art

Chapter 2

Generalities

This chapter provides fundamentals about light measurement, color science, spectral imaging, and polarization imaging. Images are formed by light and its interaction with matter.

It is, therefore, important to first understand the nature and the properties of light.

Light

Visible light is part of the electromagnetic spectrum, which is perceived by the human eye.

Light travels through space and transmits spatial and temporal information. The properties of light can be derived from the principle of classical electromagnetism. Light is defined as coupled electric and magnetic fields propagating through space as a traveling wave. Light can be absorbed, reflected, or refracted after striking an object's surface. Light is an essential tool for perceiving the world and for communication.

In physics, the term "light" may refer more broadly to EMR of any wavelength, either visible or not [START_REF] Uzan | The natural laws of the universe: understanding fundamental constants[END_REF]. In air or vacuum, the visible area of the electromagnetic spectrum corresponds to the wavelength between λ min = 360nm and λ max = 830nm. The properties of light are intensity, the direction of propagation, wavelength spectrum, polarization state, and coherence.

Electromagnetic waves

In physics, electromagnetic radiation EMR consists of the electromagnetic field that carries electromagnetic radiant energy [START_REF] Albella | Low-loss electric and magnetic field-enhanced spectroscopy with subwavelength silicon dimers[END_REF]. The electromagnetic waves are part of the electromag-12
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netic spectrum that consists of radio waves, microwaves, infrared, visible light, ultraviolet, X-rays, gamma rays [START_REF] Robert | Physical chemistry[END_REF], etc.

Figure 2.1 illustrates the known range of the electromagnetic spectrum. The higher frequencies have shorter wavelengths in the electromagnetic spectrum, and lower frequencies have longer wavelengths. The electromagnetic spectrum visible to humans is about 360nm to 830nm. This range is dependent on the intensity of the stimulus. For the wavelengths below 400nm or above 700nm, their radiant power needs to be very high to be perceived.

Ultraviolet and near-infrared are the wavelength ranges that are close to visible light. This thesis focuses only on the visible part, but the work and the methods employed can just as well be extended to other wavelength ranges without losing generality. 

Spectral power distribution

The spectral characteristic of light is called the Spectral Power Distribution (SPD), which characterizes light by using the distribution of power (or energy per time unit) as a function of wavelength. A normalized version of the SPD (SPD ∈ [0, 1]]) can also be used to represent several SPD of different magnitudes. or light flux emitted per unit solid angle that expressed in terms of watts. The brightness of a point light source is called its radiant intensity, denoted by J. Radiant intensity is the flux emitted by the source per unit solid angle, unit is (wsr -1 ).

J = d(ϕ) d(ω) (2.1)
The illumination of the surface is called surface irradiance, denoted by E. Let's consider 
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E = d(ϕ) d(A) (2.2)
So, if a source with radiant intensity (J) is known (equation 2.1), the estimation of irradiance of the surface can be possible.

E = Jd(ω) d(A) = J dA cosθ r 2 d(A) = J cosθ r 2 (2.3)
From equation 2.3, it is concluded that the strength of the illumination of a surface, that is surface irradiance, is related to the brightness of the radiant intensity of the source. As the distance between the point light source and the surface increases, the surface's illumination decreases.

The brightness of a surface is the light flux emitted per unit foreshortened area (area seen from the sensor) per unit solid angle, as shown in Figure 2.4. Radiance is denoted by L, unit (w.m -2 .sr -1 ). 

L = d 2 (ϕ) d(A)cosθd(ω) (2.4)

Reflectance

Reflectance defines the proportion of energy reflected to the total light energy incident on a surface. The reflectance is unitless and varies as per the wavelength distribution of the incident light. Reflectance can be categorized into two types. One is a specular reflectance, and the second is diffuse reflectance.
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Specular and Diffuse Reflection

The amount of light reflected by a surface heavily depends on its material, but also upon its texture and smoothness. The dichromatic reflection model predicts that the intensity of the light reflected from a surface is the sum of the specular and the diffuse reflection components [START_REF] Kenneth | Theory for off-specular reflection from roughened surfaces[END_REF][START_REF] Shafer | Using color to separate reflection components[END_REF]. This is shown in Figure 2.6.

Diffuse reflection: Diffuse reflection is the reflection from an object's surface such that an incident light ray penetrates the surface, goes through multiple reflections and refractions, and re-emerges at the surface. It is distributed in several directions to the surface normal, giving the surface a matte look. An ideal diffuse reflective surface exhibits Lambertian reflections, which explains the possibility of producing the same luminance when viewed from all directions.

Specular Reflection Light rays incident on the surface are reflected such that the angle of reflection equals the angle of incidence, as shown in Figure 2.6.

Specular and diffuse differences may be illustrated with surfaces covered with glossy and matte paint. Matte paints produce diffuse reflection, while glossy paints display a more specular behavior. Even for marginally rough surfaces, specular reflections lie around the specular direction. This collection of light energy causes strong highlights in 2D scenes.

A surface built from a non-absorbing material, including plaster, can be an almost ideal diffuser, while polished steel devices can specularly reflect light very efficiently. 

Polarization of light

The polarization property of light complements the intensity, frequency and coherence as light attributes. It conveys information about the orientation of the transverse electric fields that compose the EMR. Light can be unpolarized, partially, or fully polarized. Polarization analysis is exploited to characterize polarization or depolarization effects induced by either the reflection or transmission phenomenons. Polarization signals have been used extensively in 2D imaging to retrieve surface reflectance properties, like surface normals, index of refraction, or specular component. It also allows enhancing some computational imaging algorithms, like for dehazing [START_REF] Yoav | Instant dehazing of images using polarization[END_REF] or contrast enhancement [START_REF] Alouini | Active polarimetric and multispectral laboratory demonstrator: contrast enhancement for target detection[END_REF]. These works will be described later in a section dedicated to polarization imaging.

Since the late 1940 ′ s, scientists have investigated about usage of polarization in nature and found it in a remarkable range of creatures, including fish, octopuses, arthropods, and land and water creatures. These creatures can see and utilize the polarization of light not just as a compass for navigation but to identify surfaces like water, to upgrade visual capacity (like colors recognition), or even to impart between one another [START_REF] Zeil | Polarisation vision in ants, bees and wasps[END_REF]. Honeybees use the polarization state to find the sun's location and give directions to other honeybees.

Haidinger [START_REF] Haidinger | Beobachtung der Lichtpolarisationsbüschel im geradlinig polarisirten Lichte[END_REF] in 1846 discovered that some humans are able to perceive polarization of light.

Progress in research on the polarization of light in the computer vision literature was introduced by Koshikawa et al. [START_REF] Koshikawa | A polarimetric approach to shape understanding of glossy objects[END_REF] in 1979. Since then, research has been growing faster on polarization of light. Various applications on polarization vision are investigated, for example, in critical weather [START_REF] Yoav | Polarization-based vision through haze[END_REF], shape estimation [START_REF] Rahmann | Reconstruction of quadrics from two polarization views[END_REF][START_REF] Ferraton | Surface reconstruction of transparent objects by polarization imaging[END_REF], target detection [START_REF] Shih-Schon Lin | Polarization enhanced visual surveillance techniques[END_REF], navigation [START_REF] Courtier | Image-based navigation system using skylight polarization for an unmanned ground vehicle[END_REF], and others.

Polarization types

We split our EM wave into two parts:

• The unpolarized part: the direction of the electric field is random (cannot be described)

• The polarized part : the direction of the electric field can be fully described. In the Generalities plane normal to the vibration place and containing electric field, we consider the two components of the electric field under cartesian decomposition:

-When one of these two components is null or when the two components oscillate in phase, we have a linear polarization : the electric field direction is fixed -When these two components have a phase shift of ±pi/2 and exhibit the same magnitude, we have a circular polarization -When these two components have a phase shift other than ±pi/2, we have an elliptical polarization Figure 2.8 summarizes these three cases. An EM wave can be fully polarized, partially polarized or totally depolarized.

Polarization effects

Polarization of light can be modified in multiple ways: scattering, reflection or transmission

• Polarization by Scattering

Scattering occurs when light interacts with objects. It does not imply any change in wavelength. For instance, this phenomenon is responsible for blue skies and red sunsets.

• Polarization by Reflection

This phenomenon highly depends on the angle of incidence and can be described through Fresnel coefficients. For a particular incidence angle named Brewster angle (depending on the refraction indices of the two materials at the interface), the reflected wave is fully polarized. Figure below 2.7 illustrates the polarization by reflection.

• Polarization by transmission

Dichroism occurs when the two crossed components of polarization are transmitted with a different magnitude, by a polarizer from instance. Birefringence occurs when the phase shift between these components is modified. 
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Mathematical formulation

In the following, we will use Stokes and Mueller formalism to describe polarization.

Stokes parameters Stokes vector allows the partially and fully polarized light representation. In this formalism [START_REF] Stokes | On the composition and resolution of streams of polarized light from different sources[END_REF], the polarization state of the light is represented by a vector consisting of four elements called the Stokes parameters: S 0 associated with the total illumination intensity, which is not a polarimetric property of light.

S =        S 0 S 1 S 2 S 3        =        I 0 + I 90 I 0 -I 90 I 45 -I 135 I r -I l        , ( 2 
S 1 associated to the linear polarization relative to the vertical and horizontal components.

S 2 associated to the linear polarization relative to the 45°and -45°components.

S 3 associated with the circular polarization component.

In many cases, the circular contribution of polarized light reflected by materials can be neglected, particularly when capturing outdoor scenes. Very few mechanisms in nature can generate circular polarization, which makes not valid the fact of using the analysis of circular polarization in general cases. In this case, S 3 is considered as null, which makes the formalism reduced to the first three Stokes components. As consequences, both optical instruments and computational methods are much simpler to implement. Nevertheless, when studying man-made objects, made of birefringent materials, the circular contribution
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has to be taken into account.

The relation among the Stokes vector parameters for fully polarized light are:

S 0 2 = S 1 2 + S 2 2 + S 3 2 (2.6)
When light is unpolarized, all the parameters are equal to zero, except S 0 .

For partially polarized light, the relation among the parameters is expressed by.

S 0 2 ≥ S 1 2 + S 2 2 + S 3 2 (2.7)

Degree of Polarization

The ratio of the polarized component state to the total intensity is known as the degree of polarization (DoP). The DoP varies between 0 for unpolarized light and 1 for fully polarized light.

DoP = S 2 1 + S 2 2 + S 2 3 S 0 . (2.8)
Similarly, one can also define the degree of linear polarization (DoLP).

DoLP = S 2 1 + S 2 2 S 0 . (2.9) 
We may also define the degree of polarization specific to circular polarization (DoCP)

as: 

DoCP = |S 3 | S 0 . ( 2 
S out =        S ′ 0 S ′ 1 S ′ 2 S ′ 3        = MS in =       
              S 0 S 1 S 2 S 3        (2.12) 
Let us suppose the incoming light is represented by a polarization state S in , through n cascaded polarization-altering devices, the polarization state S out outgoing can be estimated by the sequential product of individual matrices in the order of the light passing through them:

S out = Π n i=1 M i S in (2.13)

Spectral Imaging

Human color perception

The human eye is composed of multiple elements, including the cornea, iris, pupil, aqueous humor, lens, and retina, an example of one eye is shown in Figure 2.9. These elements work together to see an object in the field of view of each eye. The inverted image is formed on the outer layer of the retina, which is a complex membrane that contains many light-sensitive cells. To arrive at the retina, light beams centered by the cornea should progressively navigate the aqueous humor, the translucent lens, the crystalline lens, the vascular and neuronal layers of the retina. These photosensory cells detect the image and translate it into electrical signals for transmission to the brain.

Figure 2.9: Schematic of human eye. [START_REF] Sharma | Digital color imaging handbook[END_REF].

The human eye detects reflected rays from an object with the help of different rods cells.

Rod cells detect light intensity and help the vision system in low-light intensity. Cone cells can be stimulated by different colors, and they work best in high-intensity light.

The human eye consists of three kinds of cone cells: short (S), medium (M), or long (L); each cone has a different sensitivity to wavelength light. The distribution of light by its wavelength and intensity impacts each of the three cone receptors that determine the color of the imaged object. The diagram 2.10 below illustrates the relative sensitivity of each cone cell for the entire visible spectrum. These curves are often referred to "tristimulus functions".

Metamerism occurs when two lights with distinct SPD produce an identical perception of color (illuminant metamerism) or when the same light may produce different perceptions of color for different observers (observer metamerism). Figure 2.11 shows the phenomena of metamerism when objects that seem identical are seen distinct in different illuminations. In metamerism, spectral stimuli match specified observation conditions. Conditions include the observer, the field size of the observed stimuli, and the spectral distribution of the light source. Metamerism is a problem that needs to be recognized and considered in industrial color matching. Multispectral imaging is used in that it partly solves the problem of metamerism. The spectral sensitivity peaks of the color sensors correspond roughly to the responses of the cones of the human eye. Therefore, it is not well suited to accurately sample the SPD of light due to less spectral bands. One can differentiate three types of spectral characteristics: the spectral range of interest, the number of channels in the spectral range considered, and the bandwidth of the channels. The greater the number of bands present in the wavelength range, the better will be the spectral resolution, but it increases the redundancy of information if the adjacent bands are highly correlated (which is the case in the majority of cases). The spectral range can be visible or can extend to near-infrared range. As an example, Alouini et al. [START_REF] Alouini | Active polarimetric and multispectral laboratory demonstrator: contrast enhancement for target detection[END_REF], Bishop et al. [START_REF] Kenneth | Multispectral polarimeter imaging in the visible to near IR[END_REF] and Homma et al. [START_REF] Homma | Agro-environment observation using near-infrared LCTF spectropolarimeter[END_REF] have used 800nm -2200nm, 600nm -850nm, and 650nm-1100nm spectral range respectively (and 256, 4 and 10 the spectral channels).

The main constraints of RGB-based devices are pointed out by Yamaguchi [START_REF] Yamaguchi | Beyond red-greenblue (RGB): spectrum-based color imaging technology[END_REF].

From the identified problems of using RGB cameras, modifying the spectral sensitivities of cameras to measure spectral signals correctly can be a good improvement. Thus, we introduce the use of multispectral and hyperspectral imaging in the following Section.

Generalities

Multispectral imaging

MultiSpectral Imaging (MSI) is defined as the acquisition of the same image in several wavelength regions, where each channel represents an intensity image captured at a given wavelength range. Multispectral systems often capture images in the visible, infrared, and ultraviolet ranges of the electromagnetic spectrum. A multispectral image, thus, is an image cube where every pixel carries information about the spectral properties of the imaged scene across the electromagnetic spectrum. The wavelength bands may be filtered by optics or by using instruments dedicated to specific wavelengths. Imaging with more channels, maybe several hundred, is known as Hyperspectral imaging (HSI). HSI is a complicated task, and the instruments are often either cumbersome or expensive. We are not considering HSI in this thesis.

As discussed in previous section, the constraints of conventional three channels imaging may be overcome via an increasing number of channels.

The minimum number of spectral bands needed for accurately describing the reflectance of natural objects was investigated by Hardeberg [START_REF] Hardeberg | On the spectral dimensionality of object colours[END_REF]. An experimental approach was used by performing a principal component analysis on several spectral databases and investigating the number of necessary bands. He found that 4 to 8 bands are sufficient to represent 90% of spectral information, due to the relative dependency of spectral data.

Devices

The review of multispectral acquisition systems was done by Lapray et al. [START_REF] Lapray | Multispectral filter arrays: Recent advances and practical implementation[END_REF]. The classification tree of multispectral image devices is presented in Figure 2.12.

Rotating filters / Tunable filters

The most common technique of scanning MSI is tunable or rotating filters inserted between the scene and the camera. A complete multispectral image is generated after capturing an image of one spectral band at a time in the sequence of exposures. As far as the optomechanical setup is considered several optical filters are installed on a wheel including several filters with different spectral characteristics [START_REF] Frentress | Field photometer with nine-element filter wheel[END_REF]. When included with a monochromatic camera and commonly placed in the optical path, the optical wheel can fit in a synchronized way with the digital camera. One exposure corresponds to one filter, Figure 2.12: Multispectral system classification [START_REF] Lapray | Multispectral filter arrays: Recent advances and practical implementation[END_REF].

which yields a given spectral band. The mechanical manufacturing of such filters causes limitations in the filter rotation speed. To overcome optomechanical problems, electronic controlled tunable filters are an alternative [START_REF] Gat | Imaging spectroscopy using tunable filters: a review[END_REF]. The liquid crystal tunable filters (LCTF)

and acoustic-optical tunable filters (AOTF) are the two main types of tunable filters. Both have different principles [START_REF] Hannah R Morris | Imaging spectrometers for fluorescence and Raman microscopy: acousto-optic and liquid crystal tunable filters[END_REF]. LCTFs incorporate liquid crystal wave plate retarders tuned by applying digital voltage within a Lyot birefringent filter, while AOTFs are stable birefringent crystals. Liquid crystal tunable filters have bandpass attributes, and their central wavelengths can be tuned electronically. The transition of these filters is faster than the filter-out wheel solution.

Tunable Illumination

The setup is similar to the previous one, except that the filters are inserted between the source and the object. The amount of energy reaching to measure, at the expense of a very rigid setup, is higher than in other tunable filters. This set-up is widely used in cultural heritage objects [START_REF] Martinez | High-resolution colorimetric imaging of paintings[END_REF] and medical imaging [START_REF] Jolivot | Reconstruction of hyperspectral cutaneous data from an artificial neural network-based multispectral imaging system[END_REF], where material may be fragile with regard to light radiation.

Beam Splitting Techniques

A general multispectral beam splitting method is introduced in [START_REF] Bruce | Multi spectral imaging system[END_REF] where a threeband example is presented. Later, a similar approach was developed that employs a stack of dichroic filters, thus reducing the dimensions and enabling a single-sensor system [START_REF] William | Imaging and analyzing parameters of small moving objects such as cells[END_REF].

Like previous configurations, the number of beams is still limited due to the cumulative Generalities transmission loss. As the system described by Basiji et al. [START_REF] William E Ortyn | Blood and cell analysis using an imaging flow cytometer[END_REF] requires some lenses to disperse and direct the beams, a stack of tilted filters can eliminate the dispersive lenses and further reduce the size. However, the filters operate in double-pass mode and, therefore, prevent the increasing of the number of bands. A different strategy takes advantage of multiplexed volume holographic gratings written in a thermally-stable photosensitive glass [START_REF] Joseph D Matchett | Volume holographic beam splitter for hyperspectral imaging applications[END_REF].

Although beam splitting (see Figure 2.13) enables a snapshot MSI solution, there are a few limiting factors, such as the number of bands and the incident angle, apart from the space requirement and the high cost. In practice, multispectral beam splitting has been applied to cell and particle analysis used in biological and medical applications, such as cytometry [START_REF] William | Imaging and analyzing parameters of small moving objects such as cells[END_REF][START_REF] William E Ortyn | Blood and cell analysis using an imaging flow cytometer[END_REF]. 

Interferometer-Based Techniques

Interferometers have been widely used from the beginning in spectral imaging devices.

Polarization Sagnac interferometer was extended for spectral imaging devices by adding two diffraction grating [START_REF] Michael W Kudenov | White light Sagnac interferometer for snapshot linear polarimetric imaging[END_REF][START_REF] Michael W Kudenov | White-light Sagnac interferometer for snapshot multispectral imaging[END_REF]. The main disadvantage of this approach lies in the optical design that utilizes only one dimension in the Fourier space and ties the spectral bands to the grating's orders. Lyot filter that employs multiple cascaded birefringent interferometers to acquire multiple spectral images on a single detector array [START_REF] Gorman | Generalization of the Lyot filter and its application to snapshot spectral imaging[END_REF].

Filtered Lenslet Array

In a plenoptic camera, multiple photodetectors help a lenslet array acquire one point on the surface of the interest simultaneously. The object's spectral information is acquired by inserting a filter in front of the lenslet array [START_REF] Shogenji | Multispectral imaging using compact compound optics[END_REF]. The pixels in the captured image are geometrically rearranged onto a multichannel virtual image plane to reconstruct the 2.3. SPECTRAL IMAGING 29 multispectral image. For depth estimation applications, for example, 3D space [START_REF] Horisaki | Three-dimensional information acquisition using a compound imaging system[END_REF], oral cavity measurement [START_REF] Kagawa | An active intraoral shape measurement scheme using a compact compound-eye camera with integrated pattern projectors[END_REF], and thermography [START_REF] Kagawa | An active intraoral shape measurement scheme using a compact compound-eye camera with integrated pattern projectors[END_REF], this technique can play an essential role by combining a plenoptic camera and a filter array.

Tunable Sensor

To overcome the complexity and size of the multispectral system, tunable filters are developed. Tunable sensors eliminate the acquisition setup's spectral-selective filters and dispersive elements. A transverse field detector (TFD) [START_REF] Langfelder | The Transverse Field Detector: a CMOS active pixel sensor capable of on-line tuning of the spectral response[END_REF] is an example of a tunable sensor.

As in FOVEON devices [START_REF] Andy | Efficient spectral imaging based on imaging systems with scene adaptation using tunable color pixels[END_REF], the spectral information is collected at different depths in the silicon sensor. The six-band TFD is also investigated. Infrared imaging is investigated using quantum-well photodetectors [START_REF] Krapf | Infrared multispectral detection using Si/Si x Ge 1-x quantum well infrared photodetectors[END_REF].

Multispectral Filter Array Approach (MSFA)

The color filter array (CFA) [START_REF] Bayer | Color imaging array[END_REF] has proven numerous benefits in color imaging applications. The CFA extended to multispectral filter array (MSFA) by embedding filters in the mosaic stands out in academic [START_REF] Ramanath | Robust multispectral imaging sensors for autonomous robots[END_REF] and industry [START_REF] Philip | Method for making monolithic patterned dichroic filter detector arrays for spectroscopic imaging[END_REF] with commercial devices including up to 8 bands and a panchromatic channel. MSFA imaging needs optimization of spatial and spectral features. The demosaicing process for MSFA imaging might be affected by chromatic aberrations.

Another way to capture MSI from multiple sensors is by using bandpass filters, which will be discussed in the chapter 3 Section 4.1.

Applications

Spectral imaging was used in a huge number of applications. MSI has found its place in scientific research, as well as in industrial and professional applications.

It was used in military applications for detection or tracking, as all materials have a spectral signature that helps to identify the object [START_REF] Makki | A survey of landmine detection using hyperspectral imaging[END_REF]. Weather satellites give information in various image spectral bands. The MSI has also been investigated in critical weather, like in fog or smoke.

Practical MSI techniques are developed to retrieve the information from historical documents [START_REF] Roger L Easton | Multispectral imaging of the Archimedes palimpsest[END_REF][START_REF] Baronti | Multispectral imaging system for the mapping of pigments in works of art by use of principal-component analysis[END_REF]. Similarly, to investigate the discolorations, stains on old books and manuscripts [START_REF] Weiskott | Multispectral imaging and medieval manuscripts 1[END_REF].

Generalities

Different methodologies of spectral imaging are utilized in medical and alchemical texts to know how early chemists performed work and the substances they used in their experiments.

The emissivity property of the earth's surface makes it possible to detect underground missile launch sites by capturing information in numerous spectral bands. The surface and sub-surface soil's various physical and chemical properties are easily seen in spectral analysis [START_REF] Makki | A survey of landmine detection using hyperspectral imaging[END_REF].

MSI is combined with nanotechnology to diagnose health problems at the level of individual cells. The interaction of light with biological tissue in different ways makes MSI a powerful tool for biomedical and chemical applications [START_REF] Vo-Dinh | Development of a multi-spectral imaging system for medical applications[END_REF]. For example, NIR MSI is helpful for physicians to take depth measurements in tissue and blood chromophores and in identifying diseases such as breast tumors [START_REF] Xu | Hadamard transform spectral microscopy for single cell imaging using organic and quantum dot fluorescent probes[END_REF], skin cancers [START_REF] Li | Hyperspectral imaging technology used in tongue diagnosis[END_REF], brain and lungs [START_REF] Xu Liang | Evaluation of erythropoietin efficacy on diabetic retinopathy based on molecular hyperspectral imaging (MHSI) system[END_REF][START_REF] Li | Automatic identification and quantitative morphometry of unstained spinal nerve using molecular hyperspectral imaging technology[END_REF].

MSI is used in several other domains such as remote sensing, astronomy, medical imaging, cosmetics, analysis of musicological objects and many more.

Polarization Imaging

Polarization imaging carries out the 2D polarization signature of a scene. This type of 2D imaging helps to obtain/reveal the properties of objects or information that is not possible with RGB or multispectral imagery. This research area has gained a growing interest in imaging applications, for example, 3D object inspection and reconstruction [START_REF] Ferraton | Optimization of a polarization imaging system for 3D measurements of transparent objects[END_REF], image dehazing [START_REF] Yoav | Polarization-based vision through haze[END_REF], surface inspection, and many more. In the next section, different technologies investigated in the literature to implement polarization imaging are presented.

Devices

In this section, we first described basic polarization elements used in optical setups and then present the various types of polarimetric architectures.

2.4. POLARIZATION IMAGING 31

Polarization Elements

Polarized light can be produced by passing unpolarized or partially polarized light through a polarizer, which lets one type of polarization pass through it. The most common optical substances do not affect the polarization of light; however, a few materials, those that exhibit birefringence and dichroism, affect light differently depending on its polarization.

Some of those are used to make polarizing filters.

Light interacts with media whose polarimetric properties result from the combination of three elementary behaviors: diattenuation, delay, and polarization rotation. In the laboratory, optical components are used, associated in theory with one and only one of these elementary behaviors. We thus distinguish the diattenuator, the retarder, and the rotator [START_REF] Gendre | Conception et réalisation d'un polarimètre de Stokes haute cadence à division temporelle utilisant un unique modulateur à cristaux liquides ferroélectriques pour moduler la polarisation[END_REF].

Diattenuators (polarizers) More commonly called polarizer, this component acts on the amplitudes of the components of the electric field by transmitting or absorbing the wave in one direction more than in another.

Reflective polarizers: They transmit the required polarization information while reflecting unwanted, for example, wire grid polarizers. This type of polarizer is made up of thin wires arranged in parallel. Polarized light along these wires is reflected, while light that is polarized perpendicular to these wires is transmitted. Such nanowire polarizers are used in PFAs. Basic wave plates have a very chromatic behavior, which may be an issue in spectral imaging.

Polarization rotator A polarization rotator assists in converting the angle of polarization of a linearly polarized light beam to avoid a change in the ellipticity of polarization.

The use of rotators for linearly polarized light exists in applications such as laser optics as laser beams converted to linearly polarized, and as a result, it is often necessary to rotate the original polarization to its orthogonal state.

Depolarizer Some optical system may require totally unpolarized at their input. A depolarizer may be used in this case. Nevertheless, all practical depolarizers produce pseudorandom output polarization.

Polarization Imaging technology

Polarization technology can be classified mainly as either active or passive technology on the basis of its illumination source. If the polarimetric properties of the illumination source are known and controlled by a polarization state generator [START_REF] Scott Tyo | Review of passive imaging polarimetry for remote sensing applications[END_REF], this kind of setup is called active. On the other hand, if the polarization characteristics of the illuminant are partially unknown (for instance outdoors), imagery is said to be passive. It is suitable for natural light sources that are depolarized like sunlight or become linearly polarized after reflection.

Polarimeters can also be classified into scanning or snapshot devices. All of these have trade-offs and optical imperfections. Scanning polarimeters include the Division-of-Time polarimeter (DoT), whereas snapshot polarimeters include the Division of Amplitude (DoAmP), Division of Aperture (DoAp), and Division of Focal Plane (DoFP) [START_REF] Scott Tyo | Review of passive imaging polarimetry for remote sensing applications[END_REF][START_REF] Lapray | An FPGAbased pipeline for micropolarizer array imaging[END_REF]. These four main architectures will be explained below.

Scanning polarimeter

Division-of-Time (DoT) DoT-based polarization acquisition systems work on the concept of time-multiplexing sensing. Different states are acquired at different time slots [START_REF] Scott Tyo | Review of passive imaging polarimetry for remote sensing applications[END_REF].

DoT systems include rotating element polarimeters [START_REF] Fernandes | Nouvelles études structurales de cristaux liquides par réflectivité et diffraction résonante des rayons X[END_REF], the simplest one is when a single rotating polarizer acquires the first three components of the Stokes vector. An extra rotating retarder is capable of acquiring circular components as well. The main disadvantage of DoT based polarization systems is the limitation for the scene movement, either target movement or camera. Image artifacts appear on any recombination of intensity images used to produce polarization metrics. Thus, these systems cannot be used for dynamic scene measurements. To overcome this limitation, liquid crystal cells can be used, since they behave as voltage dependent polarization modulators [START_REF] Gendre | Full Stokes polarimetric imaging using a single ferroelectric liquid crystal device[END_REF]. Depending on the kind of liquid crystals, pure retarders or pure rotators can be obtained, operating at frequencies between 20Hz and 1 kHz. But their behavior is wavelength dependent and is sensitive to temperature. Many implementations were proposed since the pioneering work of Wolff et al. [START_REF] Lawrence B Wolff | Liquid crystal polarization camera[END_REF].

Snapshot polarimeter

Division-of-Amplitude Polarization (DoAmP) In DoAmP based polarization acquisition system, the incident light is divided into several parts with different polarization states. This method has the advantage of simultaneous measurements of polarization states without any delay. However, this type of system needs more than one polarization states sensors. Such systems also require camera calibrations/synchronization to align polarization states acquisition from different detectors, either mechanically or post-processing after sensing the polarization states. A commercial device able to capture full linear polarization was released by Fluxdata in 2009 (FD-1665P)

Division-of-Aperture imager (DoAp) This DoAp system of single photosensitive imager processes similar images on a single focal plane array with the help of a 4 array lens set with a unique aperture. DoAp system is heavier than DOT systems because of the additional optics and also loss of spatial resolution [START_REF] Scott Tyo | Review of passive imaging polarimetry for remote sensing applications[END_REF].

Generalities

Division-of-Focal-Plane imager (DoFP) DoFP permits the consumer to acquire different polarization states by dividing the capture into distinct focal plane slots which are intricated (mosaic scheme). The primary downside of this technique is the loss of spatial resolution. However, it is appropriate for dynamic scenes, as all the polarization states are captured in a snapshot. This type of system is used in RGB and multispectral imaging (Bayer scheme) [START_REF] Lapray | Multispectral filter arrays: Recent advances and practical implementation[END_REF][START_REF] Thomas | Spectral characterization of a prototype SFA camera for joint visible and NIR acquisition[END_REF]. The DoFP imager may be considered as an important choice for many applications because of its growing accessibility and its continuous upgrades.

Another essential advantage of the DoFP imager is that it allows the person to measure polarization in a single acquisition, which is appropriate for video acquisition and dynamic scenes. Moreover, those devices lead to a less complicated design and better compactness than other systems.

Stokes and Mueller polarimetry

Stokes and Mueller polarimetry are very efficient techniques to get information about materials or scenes. In the 1990s, they have become popular with the availability of tunable polarization elements that made possible the polarimetric imaging evaluation of dynamic phenomena [START_REF] Lawrence B Wolff | Liquid crystal polarization camera[END_REF]. Let us consider sample which Stokes vector S we want to evaluate and our PSA Mueller matrix (which is known) is M A . After light interaction with our sample, the output Stokes vector S ′ is expressed as:

S ′ = M A S. (2.14)
The intensity I, after the PSA, is actually s ′ 0 and is expressed as: 

I = AS. ( 2 
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For sure N A ≥ P , the number of Stokes parameters we want to evaluate (3 or 4). Then, provided that rank(W) ≥ P , S can be evaluated through a simple pseudo-inversion procedure according to Moore-Penrose scheme as:

S = W + I. (2.17)
Then, polarization properties of light beams like DoLP, DoP, or ellipticity can be derived from the Stokes vector.

The number of acquisitions N A needed, along with the optimisation of is N A configurations of the PSA, have been previously discussed by Tyo et al. [START_REF] Tyo | Optimum linear combination strategy for an N-channel polarizationsensitive imaging or vision system[END_REF]. It is possible to use polarization elements rather far from ideal, but the polarimeter has to be polarimetrically calibrated [START_REF] Lacasse | Role of the null space of the DRM in the performance of modulated polarimeters[END_REF][START_REF] Giménez | Calibration for polarization filter array cameras: recent advances[END_REF][START_REF] Giménez | Calibration algorithms for polarization filter array camera: survey and evaluation[END_REF] by estimating W. In many cases (for instance with commercial PFA cameras as described later), the PSA is not able to measure the polarization circular components, the linear components of polarization are the only ones to be evaluated by the PSA and s 3 is omitted.

Mueller polarimetry

Mueller polarimetry aims at determining the characteristics of a sample, independently of the lighting : the purpose is not to evaluate S, as in the above section, but M s , the Mueller matrix of the sample. Mueller polarimetry is therefore much more powerful than Stokes polarimetry, but is not necessary useful in most cases.

In Mueller polarimetry, in addition to a PSA, a Polarization State Generator (PSG) must be used to control the incident light. To determine the 16 coefficients of the Mueller matrix, Generalities at least N A ≥ 4 measurements have to be performed with the PSA for each of the N G ≥ 4

configurations of the PSG.

The measured intensities gathered in matrix I are expressed as follows:

I = BM s G. (2.18)
In the equation above, the B is a N A ×4 matrix which rows represent the Stokes vectors of the analyzing states and G is a 4 × N G matrix which columns are the outputs of the PSG.

Then, recovering Mueller information is done through:

M s = B + IG + . (2.19)
Mueller polarimetry remains more difficult to implement than Stokes polarimetry, no imaging system is commercially available at the moment

Applications

Polarization imaging plays an essential role in various fields as detailed below.

Shape Estimation and Reconstruction

It is possible to use polarization to determine the shape and surface normal of a specular polyhedron object [START_REF] Koshikawa | A model-based recognition of glossy objects using their polarimetrical properties[END_REF]. A circularly polarized light source and Mueller calculus are utilized to compute the DoP. The surface orientation is estimated [START_REF] Lawrence | Surface orientation from two camera stereo with polarizers[END_REF] through two polarimetric views acquired with a pair of cameras.

The polarization reflection model called Fresnel reflectance model was investigated [START_REF] Lawrence | Constraining object features using a polarization reflectance model[END_REF].

It has been used for decades in various applications. For instance the surface orientation estimation of transparent objects [START_REF] Saito | Measurement of surface orientations of transparent objects by use of polarization in highlight[END_REF].

Multiview polarization acquisition for shape estimation has been investigated [START_REF] Rahmann | Reconstruction of quadrics from two polarization views[END_REF] for specular objects. Accurate reconstruction of shape is achieved by considering the specular and diffuse reflection. Multiview system can be turned into a multi source system. Single view system has the advantage of less specific measurement conditions, but the azimuth 2.5. SPECTROPOLARIMETRIC IMAGING: MOTIVATION AND APPLICATIONS 37 angle ambiguity is partially solved with restrictive assumptions.

Morel et al. [START_REF] Morel | Polarization imaging applied to 3D reconstruction of specular metallic surfaces[END_REF] present the Fresnel reflectance model and detailed index of refraction to estimate the smooth metallic object surface shape reconstruction. They resolve the ambiguity by measuring the azimuth angle from the angle of polarization by varying the illumination with a known lighting system.

The combination of polarization and color information for 3D shape reconstruction from two views of smooth non-metallic surfaces was also investigated [START_REF] Gary | Shape estimation using polarization and shading from two views[END_REF]. In the infrared range, a non-contact 3D polarization imaging system for metal or transparent objects was also reported.

Detection and Enhancement

Polarization imaging has been investigated for applications in critical weather. Schechner et al. [START_REF] Yoav | Instant dehazing of images using polarization[END_REF][START_REF] Yoav | Polarization-based vision through haze[END_REF] used polarization images taken in hazy weather. Their polarization model effects atmospheric scattering in haze and use the polarization model to recover the dehazing scene. The proposed method can also gather information on scene structure and atmospheric properties.

Polarization imaging has also investigated to improve target detection in surveillance systems [START_REF] Shih-Schon Lin | Polarization enhanced visual surveillance techniques[END_REF]. Polarization imaging was also used to reduce the unwanted light effect. Nishiwaki et al.. [START_REF] Nishiwaki | Feasibility of using polarizing filters to reduce halation effects during image acquisition in the field[END_REF] used polarization imaging to reduce saturation's in cropped images.

Spectropolarimetric imaging: motivation and applications

Nowadays, mixing Spectral and Polarimetric Imaging (SPI) is a research area of growing interest since it proved useful in several applications detailed below. The aim is to measure the intensity of the light using conventional or ad hoc imaging sensors coupled with several active and passive polarization optical elements. The output is a registered data cube which contains multiple spectral bands and various polarization channels. Different research works have been carried out for implementing a complete acquisition system to explore the benefits of acquiring polarimetric images at different wavelength bands, but the lack of a high performance, fast and portable system are still a limitation to develop Generalities applications. We will now review existing applications. A more comprehensive review can be found in [START_REF] Zhao | Multispectral, hyperspectral, and polarimetric imaging technology[END_REF] Atmospheric Detection According to an atmospheric polarization scattering model, the evaluation of polarization states in different cloud layers helps to find the distribution, type, height, and the size of atmospheric aerosol particles, in which multiband polarization detection demonstrates proper identification outcomes. Multiband polarization detection also can be used to locate the spectrum of the natural made metastable atomic oxygen inside the upper environment [START_REF] Yoav | Instant dehazing of images using polarization[END_REF] and measure the speed or temperature of higher atmospheric wind area, which provides beneficial information for atmospheric physical researchers [START_REF] Frost | A handheld polarimeter for aerosol remote sensing[END_REF].

Earth resources investigation A polarization spectrometer produced by the National Aerospace Laboratory of Japan was first utilized in agriculture [START_REF] Homma | Application of an imaging spectropolarimeter to agro-environmental sciences[END_REF]. Growth rate of cultures was evaluated. Clear spectral information among unusual plants and water resources with distinctive degrees of pollutants can be obtained. These differences may be used to examine the growth of plants and estimate crop manufacturing and water pollutants. It was reported that spaceborne polarization spectrometers allow to study the evolution of the sea ice edge in polar oceans along years [START_REF] Park | Sea ice classification using a neural network algorithm for NSCAT[END_REF]. In spaceborne remote sensing detection, the polarization was useful to suppress overexposures due to specular reflections over water surfaces. Ocean pollutants, the size of mist inside the sky or sea, the height of waves, and the speed of wind can be reflected inside the radiation polarization state [START_REF] Fujikake | Electrically-controllable liquid crystal polarizing filter for eliminating reflected light[END_REF].

Medical diagnosis

Changes in cell kernels and tissues may impact their refractive index, their birefringence and then the state of light scattered. For instance, SPI has been investigated to exhibit differences between normal skin and pathological skin [START_REF] Zhao | Spectropolarimetric imaging for pathological analysis of skin[END_REF]. The multiband polarization imaging technique can measure, compare, and examine the multiband polarization features of lesion tissue and normal tissues. In conjunction with X-ray and CT imaging strategies, this technique clearly improves the reliability and accuracy of medical analysis.

Military target detection Multiband polarization imagery can be used to detect man made objects (exhibiting significant polarization signature) in natural environments and 2.6. CONCLUSION 39 overcome classical visible or infrared imagery. Exhaust plume and fume detection which polarization is strong in some spectral bands allows to detect missiles [START_REF] Zhao | Object separation by polarimetric and spectral imagery fusion[END_REF].

Material classification Some materials have very specific characteristics as far as polarization is concerned (birefringence for instance). Under precise illumination and detection conditions, thanks to Fresnel coefficient modelling, dielectric constants can be evaluated and corresponding materials can be identified. For a given material, surface orientation and roughness also play a great role in polarization modification and can be evaluated [START_REF] Zhao | Object separation by polarimetric and spectral imagery fusion[END_REF].

Conclusion

This chapter has described some basic concepts about conventional imaging, spectral imaging, and polarization imaging. The discussion begins with the description of light, electromagnetic spectrum, human eye perception, and trichromacy. The imaging model, devices, spectral and polarization imaging applications are presented individually.

The joint acquisition of both spectral and polarization imaging description is presented in this chapter. This chapter also gives several examples of applying polarization imaging and spectral imaging as a solution to various vision problems, like enhancing image quality or object detection, shape estimation, reconstruction, segmentation, etc. This chapter concludes that the combined spectral and polarization imaging has proven to be of great use in various applications. The next chapter will be focused on the review of spectral and polarization imaging technologies.

Introduction

Spectral and Polarization Imaging (SPI) is an emerging sensing method that combines the acquisition of a scene's spectral and polarization information. It could benefit various applications like reflectance property estimation, diffuse/specular component separation, material classification, appearance characterization from measurement, etc. Recent reviews of existing polarimetric and spectral imaging systems have been done separately, and we believe that SPI systems could also be examined jointly. This chapter presents a review of current SPI systems from the last decades. We propose a description of the existing SPI systems regarding the technology employed, imaging conditions, and the targeted application.

SPI systems can be classified using several imaging configurations, such as acquiring polarization and spectral channels either sequentially or simultaneously, polarization formalism, spatial/spectral resolutions, or optical path configuration. It is interesting to review such aspects to help further theoretical or experimental investigations.

Measurement considerations

All the technologies presented in the next section have several compromises on their imaging capacities in terms of spatial and spectral resolution, spectral range, estimation of polarization properties, or lighting patterns.

The selection of spectral characteristics of SPI is often task-specific and is addressed dur-42

Spectral and Polarization Imaging (SPI) technologies ing the system specification. One can differentiate two spectral characteristics: the spectral range of interest and the number of channels in the considered spectral range and bandwidth. It offers enormous design possibilities in terms of spectral sensitivities. The spectral range can be a mix of the visible (VIS), the near-infrared (NIR), the short-wave infrared (SWIR), the mid-wave infrared (MWIR), or the long-wave infrared (LWIR) ranges. Some applications use spectral channels that are often equally spaced in the spectral range considered, with a defined spectral increment. A multispectral image cube [START_REF] Soldevila | Single-pixel polarimetric imaging spectrometer by compressive sensing[END_REF] for different configurations of the polarization analyzer is presented in Figure 3.1. The greater the number of bands present in the wavelength range, the better the spectral resolution will be. For example, Alouini et al. [START_REF] Alouini | Active polarimetric and multispectral laboratory demonstrator: contrast enhancement for target detection[END_REF], Bartlett et al. [START_REF] Brent D Bartlett | Anomaly detection of man-made objects using spectropolarimetric imagery[END_REF], and Bishop et al. [START_REF] Kenneth | Multispectral polarimeter imaging in the visible to near IR[END_REF] use respectively 5, 10, and 50nm for the spectral increment, over a spectral range of respectively 800 -2100nm, 450 -720nm, and 600 -850nm. 

OVERVIEW OF SPECTROPOLARIMETRIC IMAGING DEVICES

A lot of practical polarimeters are designed only to recover the light's linear polarization states, but some recent works argue that, especially for dielectrics, a non-negligible fraction of light is circularly polarized after the reflection of unpolarized light [START_REF] Guarnera | Estimating surface normals from spherical stokes reflectance fields[END_REF]. Circular polarization is more difficult to capture than linear polarization in SPI systems, as it needs circular polarizing elements in the Polarization state analyzer (PSA) (e.g., quarter-waveplates) that have polarization properties that may vary with wavelength (i.e., retardance).

Another consideration is the spectral interpretation of polarization signatures. The reflection of light over a surface induces a particular polarization effect (relatively to the plane of incidence), which is described by the Fresnel reflection coefficients [START_REF] Born | Principles of optics: electromagnetic theory of propagation, interference and diffraction of light[END_REF]. These coefficients are a function of the refractive indices of the two media that compose the reflection interface and are complex numbers depending on wavelength. Thus, the polarization state of light is wavelength-dependent. Strictly speaking, a unique Stokes vector S(λ) should be computed by wavelength. Nevertheless, some works assume that this dependency is negligible when operating in the visible wavelength range [START_REF] Shree K Nayar | Separation of reflection components using color and polarization[END_REF], i.e., the Stokes vectors are constant. Other works [START_REF] Shinoda | Snapshot multispectral polarization imaging using a photonic crystal filter array[END_REF][START_REF] Ma | Rapid acquisition of specular and diffuse normal maps from polarized spherical gradient illumination[END_REF] consider that the wavelength-dependency is negligible within spectral channels, which makes it possible to discriminate the amplitude of polarization over the wavelengths more precisely.

Noise is any unwanted signal added to a device output that contains no information. A digital camera has numerous sources of inherent noise, which depend on time, signal, and temperature.

Temporal and spatial noises have to be taken into account, either due to the camera or either due to the scene illumination, which is generally not controlled. Low noise 10-bit or 12-bit cameras are now available, either CCD or CMOS, and produce very high quality images. Applying a flat-field correction has now become quite usual to improve spatial uniformity. Acousto-Optic Tunable Filters [START_REF] Qi | Real time complete Stokes polarimetric imager based on a linear polarizer array camera for tissue polarimetric imaging[END_REF][START_REF] Abdlaty | Hyperspectral imaging: comparison of acousto-optic and liquid crystal tunable filters[END_REF][START_REF] Gupta | Acousto-optic tunable filterbased visible-to-near-infrared spectroploarimetric imager[END_REF][START_REF] Sturgeon | Spectral and polarimetric analysis of hyperspectral data collected by an acousto-optic tunable filter system[END_REF][START_REF] David A Glenar | Acousto-optic imaging spectropolarimetry for remote sensing[END_REF][START_REF] Li | Design of hyper-spectral and full-polarization imager based on AOTF and LCVR[END_REF] Photo Elastic Modulators [START_REF] David J Diner | Dual-photoelastic-modulator-based polarimetric imaging concept for aerosol remote sensing[END_REF] Filter Rotation and/or Controlled Illumination [START_REF] Ma | Rapid acquisition of specular and diffuse normal maps from polarized spherical gradient illumination[END_REF][START_REF] Ghosh | Circularly polarized spherical illumination reflectometry[END_REF][START_REF] Lattas | Multiview facial capture using binary spherical gradient illumination[END_REF][START_REF] Lapray | Database of polarimetric and multispectral images in the visible and NIR regions[END_REF][START_REF] Ghosh | Multiview face capture using polarized spherical gradient illumination[END_REF][START_REF] Weng | A novel filter wheel for multi-channel switching and polarization rotation[END_REF][START_REF] Yu | Multispectral Stokes imaging polarimetry based on color CCD[END_REF] Snapshot Division Of Focal Plane [START_REF] Garcia | Bio-inspired color-polarization imager for real-time in situ imaging[END_REF][START_REF] Sony | Polarization Image Sensor[END_REF][START_REF] Lapray | Multispectral Filter Arrays: Recent Advances and Practical Implementation[END_REF][START_REF] David | Integrated dual imaging detector[END_REF][START_REF] Mihoubi | Survey of demosaicking methods for polarization filter array images[END_REF][START_REF] Tu | Division of amplitude RGB full-Stokes camera using micro-polarizer arrays[END_REF][START_REF] Gruev | CCD polarization imaging sensor with aluminum nanowire optical filters[END_REF][START_REF] Kulkarni | Integrated spectral-polarization imaging sensor with aluminum nanowire polarization filters[END_REF][START_REF] Cornell Sl Chun | Polarization-sensitive thermal imaging[END_REF][START_REF] Fu | Compressive spectral polarization imaging by a pixelized polarizer and colored patterned detector[END_REF][START_REF] Myhre | Liquid crystal polymer full-stokes division of focal plane polarimeter[END_REF][START_REF] Hsu | Full-Stokes imaging polarimeter using an array of elliptical polarizer[END_REF][START_REF] Lapray | Exploiting redundancy in color-polarization filter array images for dynamic range enhancement[END_REF][START_REF] Courtier | Correlations in joint spectral and polarization imaging[END_REF][START_REF] Okawa | A 1/2inch 48M All PDAF CMOS Image Sensor Using 0.8 µm Quad Bayer Coding 2× 2OCL with 1.0 lux Minimum AF Illuminance Level[END_REF][START_REF] Bachman | Spiral plasmonic nanoantennas as circular polarization transmission filters[END_REF][START_REF] Hsu | Full-Stokes imaging polarimeter using an array of elliptical polarizer[END_REF][START_REF] Bradley | Interpolation strategies for reducing IFOV artifacts in microgrid polarimeter imagery[END_REF][START_REF] Mihoubi | Survey of Demosaicking Methods for Polarization Filter Array Images[END_REF][START_REF] Qiu | Polarization demosaicking for monochrome and color polarization focal plane arrays[END_REF] Polarization Gratings [140][START_REF] Kim | Demonstration of a polarization grating imaging spectropolarimeter (PGIS)[END_REF][START_REF] Alouini | Near-infrared active polarimetric and multispectral laboratory demonstrator for target detection[END_REF][START_REF] Jeffrey A Davis | Multichannel polarization imaging with a polarizing diffraction grating[END_REF] Division Of Amplitude [START_REF] Tu | Division of amplitude RGB full-Stokes camera using micro-polarizer arrays[END_REF][START_REF] Li | Tests of a compact static Fourier-transform imaging spectropolarimeter[END_REF][START_REF] Mu | Snapshot linear-Stokes imaging spectropolarimeter using division-of-focal-plane polarimetry and integral field spectroscopy[END_REF][START_REF] Mu | Static hyperspectral imaging polarimeter for full linear Stokes parameters[END_REF][START_REF] Zhang | Stokes imaging spectropolarimeter based on channeled polarimetry with full-resolution spectra and aliasing reduction[END_REF][START_REF] Xu | Snapshot compressive imaging full-Stokes polarimeter[END_REF][START_REF] Zhang | Tempo-spatially modulated imaging spectropolarimetry based on polarization modulation array[END_REF] Figure 3.2: Proposed classification of SPI.

Overview of spectropolarimetric imaging devices

are parts of the snapshot techniques which aim to perform a one-shot acquisition. Recent reviews [START_REF] Lapray | Multispectral Filter Arrays: Recent Advances and Practical Implementation[END_REF] about existing polarimeters and spectral imaging systems have been done

separately, and we believe that SPI systems could also be examined. Thus, we review recent SPI technologies and present a classification in Figure 3.2, and a technical description summary is presented in Table 3.2.

On a basic level, all SPI systems consist of polarizing elements, spectrally selective optical elements, and an image sensor (either CCD or CMOS). SPI specifications include the spectral range, the spectral resolution, the spatial resolution, or the polarimetric analyzing capability, i.e., Stokes (linear or full Stokes) or Mueller.

Scanning devices

Division-Of-time (DoT) SPI systems are scanning techniques, where at different time slots, the spectral sensitivity or polarization angle is changed or tuned to acquire a new image. In the DoT systems, both the image scene and the acquisition system must be static because any movement during acquisition produces artifacts and blurring effects. Initially, DoT systems, in which polarization elements were mechanically rotated, were slow. Evolved wavelength tunable filters have been employed [START_REF] Marconnet | Cancellation of motion artifacts caused by a division-of-time polarimeter[END_REF] to increase the system speed, such as the liquid crystal tunable filters (LCTF), the acoustic optical tunable filter (AOTF), or the photo elastic modulator (PEM). We discuss several DoT setups below. by Lattas et al. [START_REF] Lattas | Multiview facial capture using binary spherical gradient illumination[END_REF] that adopt the separation of diffuse and specular components using binary spherical gradients, which depends on the color-space separation of reflectance. The spherical gradients-based SPI systems are complicated, large, and need multiple cameras.

A practical full-Stokes setup using a laser source [START_REF] Yu | Multispectral Stokes imaging polarimetry based on color CCD[END_REF] has been investigated. Time multiplex controlled illumination, shown in Figure 3.4 is able to recover all the four Stokes components at three specific wavelengths. It consists of three laser sources (450, 532, and 633nm), a rotating linear polarizer and a rotating quarter-wave plate combined as a PSA and a (CCD) sensor. The Stokes reconstruction is done in very narrow wavelength bands.

Such a system is adequate for task-specific applications that require accurate polarization measurements at preselected wavelengths. Recently, a novel SPI acquisition system has been investigated [START_REF] Weng | A novel filter wheel for multi-channel switching and polarization rotation[END_REF]. This system proposes an innovative filter wheel for the multichannel polarization state switching that uses three sheet polarizers with achromatic Quarter-WavePlate (QWPs) for three wavelengths 400-700nm, 700-1000nm, and 1000-1600nm.

This acquisition system has the ability to switch between two linear polarization states or two circular polarization states. A motorized wheel is implemented for rotating the QWPs and polarization sheets for polarization and spectral image acquisition. 

Liquid Crystal Tunable Filters (LCTF)

The LCTF is an addressable polarization modulator, which can benefit from the birefringent properties of the liquid crystal cells. It can be operated as a spectral filter tuned by a voltage and can be switched up to few tens of hertz. For about 20 years, liquid crystal cells have been incorporated into polarimeters, making measurements at a higher rate than the manual or motorized filter rotation procedure.

Kurosaki et al. [START_REF] Kurosaki | Development of tunable imaging spectro-polarimeter for remote sensing[END_REF] investigated two LCTF prototypes that acquire spectral polarization information by continuously varying wavelength and polarization angle. Rotation of LCTF for polarimetry is driven through a stepping motor or manual. LCTF was installed on a rotational holder, and an image at an arbitrary polarization angle was acquired. The second prototype is equipped with a stepping motor for automatic rotation of LCTF. The sweeping wavelength of the LCTF spectral-polarimeter measures the spectral information.

The wavelength range of this prototype is between 400 to 700nm. LCTF based SPI stepping motor acquisition system is further extended by Homma et al. Figure 3.6: Polarization hyperspectral imaging system. LCTF serves as both spectral filter and linear polarizer [START_REF] Fan | Hyperspectral polarization-compressed imaging and reconstruction with sparse basis optimized by particle swarm optimization[END_REF].

A full Stokes Fourier transform imaging spectropolarimeter can be built using a liquidcrystal polarization modulation (LPM) and birefringent shearing interferometer (BSI) [START_REF] Bai | Static full-Stokes Fourier transform imaging spectropolarimeter capturing spectral, polarization, and spatial characteristics[END_REF].

A relative radiometric calibration step is needed for the sensor to dispose of background non-uniformity. The spectropolarimeter polarization calibration is based on the equator-poles (E-P) calibration technique. The experiment setup is described in Figure 3.7. The spectral images at 480, 531, 580, 632, and 680nm are captured from a set of interferograms. Such a system needs to scan multiple times the same scene to capture spectral, spatial, and polarization information. The collected interferograms were recovered with the help of a data processing method.

Acousto-Optic Tunable Filters (AOTF)

Another device with different advantages compared to LCTF is the Acousto-Optic Tunable Filter (AOTF). It is composed of tellurium oxide or quartz. A piezeo-electric oscillator is coupled to the crystal. When driven by a proper wave, the oscillator creates a sound wave that produces a refractive index grating in the crystal. Hence, the polarization properties of the output beam can be controlled. Compared to the manual or automatic filter rotation procedure, the wavelength transition of these filters is much faster, which leads to rapid access to the spectral bands. Compared with LCTF, AOTF is less easy to use, has a worse spatial resolution, but has superior spectral resolution and switching capability.

AOTF-based SPI systems were proposed by Sturgeon et al. [START_REF] Sturgeon | Spectral and polarimetric analysis of hyperspectral data collected by an acousto-optic tunable filter system[END_REF] and Glenar et al. [START_REF] David A Glenar | Acousto-optic imaging spectropolarimetry for remote sensing[END_REF]. In the end, it is concluded that the system's design is application-dependent. and the image acquisition module based on a CCD. The use of an AOTF assists in achieving a hyper-spectral resolution higher than 5nm and much spectral information, while the LCVR allows capturing the polarization information of the target. This designing scheme guarantees huge spectral information from 400nm to 2400nm through electronic tuning.

Photo Elastic Modulators (PEM)

A photo elastic modulator can be used as a birefringence modulator, composed of piezoelectric transducer and a half-wave resonators. When properly driven, it can act as a wave plate, typically half-or quarter-wave. Diner et al. [START_REF] David J Diner | Dual-photoelastic-modulator-based polarimetric imaging concept for aerosol remote sensing[END_REF] developed a novel dual-PEM based SPI system with high accuracy across a wide field of view. This technology uses a circular retardance modulator containing two PEMs with different frequencies to produce the signal for modulating the polarized components of the incident light. The objective was to measure the degree of linear polarization (DoLP) with an uncertainty of much less than 0.5 percent in multiple spectral bands, at a moderately high spatial resolution, over a wide field of view. To filter the linear polarization information in spectral bands, the Color Polarization Filter Array CPFA is investigated. The CPFA is a broadband PFA coupled to a color lattice.

In CPFA, color information and polarization information are acquired together. To process the spectral and polarization information, several preprocesses [START_REF] Lapray | Exploiting redundancy in color-polarization filter array images for dynamic range enhancement[END_REF][START_REF] Courtier | Correlations in joint spectral and polarization imaging[END_REF] and data analysis methods have been investigated.

In CPFA devices, each pixel at output comes with the sampling of input light intensity by one polarization angle and one color band. A standard CPFA camera consists of 12 channels formed by combining three color channels and four polarization angles. The CPFA combines two concepts, the Chun pattern for spatial polarization angle arrangement and the Quad Bayer [START_REF] Okawa | A 1/2inch 48M All PDAF CMOS Image Sensor Using 0.8 µm Quad Bayer Coding 2× 2OCL with 1.0 lux Minimum AF Illuminance Level[END_REF] for three color filters arrangement illustrated in Figure 3.10.

DoFP technology is now commercially available as a single-chip polarization image sen-

sor that combines polarization and color information ability and overcomes the previous DoFP SPI system's limitations. The single-chip IMX250 MYR polarization image sensor is manufactured by Sony [START_REF] Sony | Polarization Image Sensor[END_REF]. Compared with the Foveon hardware architecture, this technique uses conventional sensors and has the advantage of less spectral overlap between channels. Because a single-pixel captures only one of the 12 channels at one particular position, this method suffers from Instantaneous Field of View (IFOV) artifacts and thus needs a dedicated spatial interpolation to recover the full resolution of the image, i.e., the demosaicing process. A complementary approach using PFA and a colored patterned detec-Spectral and Polarization Imaging (SPI) technologies tor was also developed by Fu et al. [START_REF] Fu | Compressive spectral polarization imaging by a pixelized polarizer and colored patterned detector[END_REF]. This new architecture combines the advantages of DoFP with compressive measurements and reconstruction. The polarizer and colored coding are designed with blue noise spatial patterns to enhance information capture and image reconstruction.

To retrieve complete polarization components, DoFP system can also be exploited using liquid crystal polymer micro-polarizers [START_REF] Hsu | Full-Stokes imaging polarimeter using an array of elliptical polarizer[END_REF], or chiral transmission structures [START_REF] Bachman | Spiral plasmonic nanoantennas as circular polarization transmission filters[END_REF] (plasmonic nanoantennas) as circular polarization filters. The spectral bandwidth, efficiency, and extinction ratios are tunable through geometric parameters. Integration of such structures onto a focal plane array in conjunction with linear micropolarizers enables complete Stokes vector imaging.

All these devices exhibit IFOV errors [START_REF] Bradley | Interpolation strategies for reducing IFOV artifacts in microgrid polarimeter imagery[END_REF] as shown in Figure 3.11. In a DoFP system, a single pixel of the camera only senses a fraction of the total spectral/polarization channels available. These systems capture the polarization information through a predetermined spatial modulation, in a single measurement. Then, if images are not properly demosaicked before polarization images are estimated, and strong edge artifacts appear, especially in DoLP or DoP images. These artifacts severely degrade the estimated polarization imagery. To overcome artifacts, the missing spatial information by pixel position has to be interpolated to recover the full spatial resolution [START_REF] Mihoubi | Survey of Demosaicking Methods for Polarization Filter Array Images[END_REF][START_REF] Qiu | Polarization demosaicking for monochrome and color polarization focal plane arrays[END_REF]. The interpolation process must be carried out prior to Stokes vector estimation. This problem is generally encountered in many filter array imaging devices [START_REF] Lapray | Multispectral Filter Arrays: Recent Advances and Practical Implementation[END_REF][START_REF] Mihoubi | Survey of Demosaicking Methods for Polarization Filter Array Images[END_REF], as different channels are spatially distributed on the focal plane of the sensor. In this case of a CPFA, the spectral resolution also determines the spatial resolution, as the spectral data cube is more dispersed with a high spectral resolution (i.e., more channels). This phenomenon is more pronounced as the number of channels increases.

Division Of Amplitude (DoA)

A Division Of Amplitude (DoA) polarimeter splits the incident light into different optical paths, each with a separate imaging sensor. A traditional way is to employ a prism as a splitting element. This device needs an accurate geometric calibration and a registration step that is usually difficult to achieve. The imaging setup is also often big to accommodate the optical paths. The aim is to upgrade a DoFP to a full-Stokes snapshot camera by including additional optical devices in the optical path. Tu et al. [START_REF] Tu | Division of amplitude RGB full-Stokes camera using micro-polarizer arrays[END_REF] utilize this methodology for SPI system design as shown in Figure 3.12. The incoming light is divided into two beams by a nonpolarizing beam splitter cube. One RGB camera is combined with a quarter-waveplate to capture the circular polarization state of light. In contrast, the other RGB polarization camera senses the linear states as a regular, division of amplitude RGB system. Accurate color and polarization state measurements require precise alignment of the two-color polarization cameras and calibration of all the pixels in each sensor. Therefore, the alignment of the two divisions of focal plane cameras is cumbersome, and data need to be calibrated carefully, polarimetrically, and spectrally.

The channeled spectropolarimetry technique was developed [START_REF] Mu | Snapshot linear-Stokes imaging spectropolarimeter using division-of-focal-plane polarimetry and integral field spectroscopy[END_REF] to acquire snapshot linear-stokes polarization information in the RGB channels using division-of-focal-plane polarimetry. The light is split spatially by rectangular slits and is split spectrally by a dispersive element as illustrated in Figure 3.13. The spatial resolution is limited by the number of slit features on the optical mask. An additional RGB camera is employed with a bandpass filter to assist the spectral acquisition with polarization information. The image registra- DoA-based Fourier-transform imaging spectropolarimeter using Wollaston prism interferometer has also been studied [START_REF] Li | Tests of a compact static Fourier-transform imaging spectropolarimeter[END_REF][START_REF] Mu | Static hyperspectral imaging polarimeter for full linear Stokes parameters[END_REF][START_REF] Zhang | Stokes imaging spectropolarimeter based on channeled polarimetry with full-resolution spectra and aliasing reduction[END_REF]. They can be considered as DoA systems, as the incoming light is split into different beams. The advantages of these techniques are their relative compactness and the absence of moving parts or electrically controllable devices.
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A Stokes channeled interference imaging spectropolarimeter was presented by Zhang et al. [START_REF] Zhang | Stokes imaging spectropolarimeter based on channeled polarimetry with full-resolution spectra and aliasing reduction[END_REF] and Mu et al. [START_REF] Mu | Static hyperspectral imaging polarimeter for full linear Stokes parameters[END_REF]. An instrument concept based on a polarization modulation array for the simultaneous capture of the irradiance, spectrum, and polarization states of the target object was investigated [START_REF] Zhang | Tempo-spatially modulated imaging spectropolarimetry based on polarization modulation array[END_REF]. Using a collection of retarders and polarizers oriented in particular directions, the complete set of Stokes parameters is determined without delay, without inner transferring parts or calculations. An interference spectrometer based on 3.2. OVERVIEW OF SPECTROPOLARIMETRIC IMAGING DEVICES 57 the Savart polariscope principle is used to measure the modulated spectra and retrieves the polarization spectra by way of a Fourier transform.

Polarization Gratings (PG)

Most methods for joint SPI acquisition require modulation processes and moving parts that reduce sampling resolution and have significant complexity. To overcome these limitations, anisotropic diffraction gratings called Polarization Grating (PG) have been implemented [140] to separate chromatic and polarization information spatially. PGs have the property of generating chromatic dispersion that is proportional to the polarization state of light.

A novel snapshot imaging spectropolarimeter based on anisotropic PGs has been investigated [START_REF] Kim | Demonstration of a polarization grating imaging spectropolarimeter (PGIS)[END_REF][START_REF] Alouini | Near-infrared active polarimetric and multispectral laboratory demonstrator for target detection[END_REF]. Using a couple of PGs and wave plates, they can acquire each spectrally dispersed and distinctly polarized diffraction version of a scene on a single FPA.

PGs produce only three diffracted orders: a polarization-independent zeroth-order and 2 polarization-sensitive first-orders that vary as linearly with the Stokes parameters. They are easily fabricated as polymer films and are appropriate for visible to infrared wavelength operation.

A multichannel polarization imaging device based on a polarization grating was presented [START_REF] Jeffrey A Davis | Multichannel polarization imaging with a polarizing diffraction grating[END_REF]. The PG simultaneously creates six diffraction orders with a unique polarization state. For this proof-of-concept experiment, they encoded the PG onto a parallelaligned liquid-crystal spatial light modulator (LCSLM) using a double-pass optical architecture. A birefringent object is used in which the top is protected with a retardation film, and the bottom is isotropic. They simultaneously produce six images of this birefringent object, each with a different polarization state. Their proposed method can produce a single-shot imaging polarimeter.

Global summary

Spectral and Polarization Imaging (SPI) is an emerging sensing method that combines the acquisition of a scene's spectral and polarization information. SPI systems can be classified according to several characteristics such as the ability to acquire sequentially or simultaneously the channels, the spatial/spectral resolutions, or the optical path configuration. It is of
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interest to review such aspects to help further theoretical or experimental investigations.

To this end, we reviewed and discussed the SPI imaging systems from the last decades.

All the technologies investigated in the review have several compromises on their imaging capacities in terms of spatial and spectral resolution, spectral range, estimation of polarization properties or lighting pattern. On a basic level, all SPI systems consist of polarizing elements, elements exhibiting a spectral sensitivity, and an image sensor (either CCD or CMOS). In DoT systems, both the image scene and the acquisition system must be static because any movement during acquisition produces artifacts and blurring effects. Evolved tunable filters have been manufactured to increase the system speed, using LCTFs, AOTF devices, and PEMs. Each system has its limitations. Filter Rotation and/or Controlled Illumination (FRCI) based SPI acquisition systems are composed of multiple optical instruments. Such systems are difficult to handle because multiple acquisitions are made by changing optical instruments for each scene. Compared to the manual or automatic filter rotation procedure, the wavelength transition of LCTF and AOTF filters is much faster, which leads to rapid access to the spectral bands. Compared with LCTF, AOTF is less easy to use, and has a lower spatial resolution, but has superior spectral resolution and switching capability.

The division of amplitude-based SPI acquisition systems is challenging to handle with complicated acquisition systems. A DoA polarimeter splits the incident light into different optical paths, and each path requires a separate imaging sensor. The alignment of the several cameras is cumbersome; data need to be registered and calibrated carefully, spectrally, and polarimetrically. Polarization gratings technology-based SPI systems use anisotropic diffraction grating called Polarization Grating. An alternative is to use a polarization grating to split spectral and polarization channels in an integrated system.
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DoFP PFA sensors are one-shot devices, and compact, with no moving parts. Nevertheless, their spectral resolution is often weak, containing wide spectral bands with many spectral overlaps. Such systems require spectral and polarimetric characterization but are probably the simplest system to implement. Recently, several camera manufacturers have integrated PFA and CPFA sensors, such as Sony IMX250 MZR, IMX250 MYR, or IMX264 MYR33, into affordable commercial devices. In addition, it includes the fact that it does not require moving parts during acquisition, has a simple setup, and provides complete linear polarization data. The overall system is cost-saving and requires little effort for development. These advantages of filter array cameras motivate us to use this kind of camera for our project. The PFA is aligned one-to-one with the imager's focal plane array so that each pixel analyzes a particular direction of polarization. Acquisition of intensities through the four linear polarizers makes it possible to estimate three linear Stokes vector components. 
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Conclusion

In this chapter, a detailed review of existing spectral polarimetric imaging technologies has been done. All existing technologies have several compromises in their imaging capabilities regarding spatial and spectral resolution, spectral range, estimation of polarization properties, or lighting patterns. The selection of SPI spectral characteristics is often task-specific and is addressed during system specification. Polarimeters and spectral cameras are commonly classified into two main categories: scanning and snapshot techniques.

Introduction

The chapter 3 discussed previous work in the joint acquisition of spectral and polarization images. It concluded that acquisition systems still need to be investigated to overcome the constraints in existing SPI technologies. They usually require complex and expensive acquisition devices, but one can reduce the complexity in the multispectral domain by assuming that the reflectance spectrum is smooth across the visible wavelengths, and thus, limiting the number of spectral channels.

First, this chapter discusses previous state of the art on two-camera multispectral image acquisition. Then, a detailed description of the proposed snapshot SPI system hardware is presented, i.e. the camera selection, the camera characterization, selected optics, and the stereo configuration. Before developing a spectropolarimetric imaging setup, the spatial resolution, the spectral resolution, the spectral range, and the polarization capability are considered. The selection of spectral characteristics is often task-specific, but our goal is to have a relatively versatile system, which can be easily adapted to different applications.

Existing multispectral stereo systems

Here, we present previous systems related to MSI using a pair of bandpass filters, but none of them can capture polarization information.

Snapshot SPI acquisition based on a pair of filter array cameras

There is a great variability in the number of bands acquired by multispectral acquisition systems. The literature demonstrates that MSI in the visible range can be obtained using six channels with relatively good spectral reconstruction [START_REF] Ohsawa | Six band HDTV camera system for spectrum-based color reproduction[END_REF][START_REF] Shrestha | One-Shot Multispectral Color Imaging with a Stereo Camera[END_REF]. A practical method is to use a conventional RGB camera combined with a set of spectral bandpass filters [START_REF] Roy S Berns | Practical spectral imaging using a color-filter array digital camera[END_REF]. It is usually done in multiple shots, placing one filter at a time. The color differences CIEDE2000 between the color patches imaged with the angles +5 • and -15 • re also calculated, in order to assess the angle-dependence of the spectral reflectance functions. Color tches where the color difference between these two viewing angles is higher than 1 are marked with rcles on the figure. For some color patches, the color differences are high and reach values of 4.64. As own in the figure, color differences larger than 1 mostly happen for dark color patches. They might be Shrestha et al. [START_REF] Shrestha | Multispectral imaging using a stereo camera: Concept, design and assessment[END_REF][START_REF] Shrestha | Conceiving a fast and practical multispectral-stereo system[END_REF] developed a similar one-shot multispectral-stereo acquisition system. The proposed system comprises two RGB cameras and a pair of bandpass filters.

They use a Fujifilm3D camera for the acquisition, as shown in Figure 4.2. The Fujifilm3D consists of two lenses twin with sensors, which gives the benefits of 3D stereo images.

The multispectral data is captured by placing a XF 2021 filter on one RGB camera lens and a XF 2030 filter on the other camera. The combination of filters and RGB camera gives 6 modified sensitivity curves for the system, and thus 6 spectral channels in the visible range. The optimal filter's selection is carried out by an exhaustive search method, 4.2. PROPOSED SYSTEM 67 where all possible combinations of filters are evaluated. The filter pair which gives the best spectrally and colorimetrically results is then chosen. For reconstruction of the spectral reflectance functions, different methods were implemented: a linear method [START_REF] Francisco | Spectral estimation using trichromatic digital cameras[END_REF], a polynomial method [START_REF] Bianco | Polynomial modeling and optimization for colorimetric characterization of scanners[END_REF], and a method using a neural network [START_REF] Mansouri | Neural networks in two cascade algorithms for spectral reflectance reconstruction[END_REF]. The camera has certain limitations that do not allow capturing an image in RAW format, and some of the embedded functions are activated like white-balance or auto-focus. 

Proposed system

In this section, a new SPI acquisition system is investigated.

Camera selection

We employed two RGB-polarization cameras inside the stereo setup. The cameras selected are the Triton TRI050S-QC 5.0M P , which are manufactured by Lucid Vision Lab, and embed the SONY IMX250 MYR CMOS sensor [START_REF] Sony | Polarization Image Sensor[END_REF]. This 2/3" sensor uses on-chip Sony's Polarsens T M technology, which is a division-of-focal-plane sensor (refer to Section 3.2.2.1

Snapshot SPI acquisition based on a pair of filter array cameras for description), where each pixel senses one spectral channel and one polarization channel.

The spatial resolution of the mosaiced image is 2448 × 2048 pixels.

These cameras follow the Chun pattern [START_REF] Cornell Sl Chun | Polarization-sensitive thermal imaging[END_REF] for the polarization pixel arrangement.

It combines four different polarization angles (p ∈ {0, 45, 90, 135}°) and three color channels (c ∈ R, G, B). The spectral filters are arranged spatially in a Quad-Bayer arrangement [START_REF] Okawa | A 1/2inch 48M All PDAF CMOS Image Sensor Using 0.8 µm Quad Bayer Coding 2× 2OCL with 1.0 lux Minimum AF Illuminance Level[END_REF], where a 2 × 2 pixel area is covered by one spectral filter. The sensor arrangement is shown in Figure 3.10. The detailed sensor properties are shown in Table 4.1. All the camera settings are set to manual.

To our knowledge, this is the first sensor available to capture spectropolarimetric data instantaneously, which made the selection of such a sensor obvious for our system. A new version of this sensor with higher spatial resolution (12M P ixel) is available today, but no camera manufacturer has implemented it yet. 

Combining polarization and color

Here we give the imaging model which links a single camera responses to the physical signal.

A camera is composed by 12 channels indexed by i ∈ [c, p], where c ∈ R, G, B and p ∈ {0, 45, 90, 135}°. We define a superpixel as the periodic pattern of 4 × 4 pixels over the entire sensor area (refer to Figure 3.10 for the spatial arrangement).

The polarization responses are characterized by the superpixel's analyser matrix W,

where each row contains an analysis vector A i = [a 0 , a 1 , a 2 , 0]. We assume that W is ideal, i.e. there is no need for polarimetric calibration. It has been proved that, especially for these cameras models, the polarimetric errors are already very small without calibration [START_REF] Lane | Calibration of a polarization image sensor and investigation of influencing factors[END_REF].

For a given channel c, we define the intensity vector that gathers both the polarization 4.2. PROPOSED SYSTEM 69 and spectral channel responses by:

I c =        I 0,c I 45,c I 90,c I 135,c        = W ideal S c , (4.1) 
The ideal superpixel's analyzer matrix W in 4.1 can express as:

W ideal = 1 2        1 1 0 0 1 0 1 0 1 -1 0 0 1 0 -1 0        (4.2) 
It can be computed by different manners, as follows:

S c =        S 0,c S 1,c S 2,c 0        =        I 0,c + I 90,c I 0,c -I 90,c I 45,c -I 135,c 0        , (4.3) 
or

S c =     S 0,c S 1,c S 2,c     =     I 45,c + I 135,c I 0,c -I 90,c I 45,c -I 135,c     , (4.4) 
or

S c =     S 0,c S 1,c S 2,c     =     I 0,c +I 90,c +I 45,c +I 135,c 2 
I 0,c -I 90,c I 45,c -I 135,c     , (4.5) 
In this thesis we used equation 4.5 to consider all intensities camera captured. For filter array sensors, there is a unique value of intensity among all the 12 channels per pixel position and for every spectral band. A spatial interpolation algorithm (demosaicking) may be needed to recover the full spatial resolution, so that the Stokes vector is estimated at each pixel position. This step will be described in the next chapter that deals with pre-processing Snapshot SPI acquisition based on a pair of filter array cameras of data.

Camera linearity

The basic process that occurs in imaging devices is the conversion of light input signal to electronic output signal. The incident photons strike the CMOS camera sensor and produces a pair of electron hole. The conversion from input signal to output can introduce a non-linearity to the sensor response. A set of gray-scale samples is often used to determine the camera linearity. The gray patches of the Macbeth ColorChecker provide a convenient set of neutral patches for this purpose. Some works choose to linearize the camera responses with the appropriate tristimulus values (X for the red channel, Y for the green channel, and Z for the blue channel)

or with the average reflectance of the samples.

The linearity behavior of our cameras has been verified using the procedure described in [START_REF] Westland | Computational colour science using MATLAB[END_REF]. Camera configuration for the acquisition is shown in 

Camera spectral characterization

Spectral characterization of the camera determines the sensitivities of the 12 channels of the camera. The camera characteristics are determined by individually evaluating the camera responses to light in the visible spectrum.

placing one filter at a time, which results in time-consuming acquisition systems. We use a similar technique but reduce the acquisition time by using two fixed bandpass filters, so that spectral information reaching each camera is different. The first bandpass filter is a blue-green BG39 filter (noted bg), and the second one is a yellow GG475 filter (noted Y), both manufactured by Schott Glass Technologies. We have selected the same filters as those of Berns et al. [START_REF] Roy S Berns | Practical spectral imaging using a color-filter array digital camera[END_REF]. The transmission of the filters is shown in Figure 4.6(b).

From these combinations, we obtain six spectral channels in the visible range. 

Stereo vision

A human can see the world in three dimensions (3D). Due to the different positions of eyes, they see the world from slightly different points of view leading to different retinal images, with relative displacements of objects, known as disparities in the two monocular views of a scene. When two images arrive together in the brain, the mind combines the two images by matching up the similarities and adding minor differences. The slight difference between the two images creates a big difference in the final picture. The composite image created by the brain is more than the sum of its parts, called a three-dimensional stereo image.

This process of seeing depth in our visual perception is called stereopsis, and this vision is called stereo vision or binocular vision. Therefore, stereo vision results from the fusion of 4.5. GEOMETRIC CAMERA CALIBRATION 75 two perspectives of our two eyes. The stereo configurations are used in many applications such as machine vision to detect and measure objects [START_REF] Moqqaddem | A spectral clustering and Kalman filtering based objects detection and tracking using stereo vision with linear cameras[END_REF]. They are also used in robotics, navigation systems, and 3-D scene reconstruction.

The stereo imaging system can be used to:

1. Reconstruct the 3-D scene.

2. Remove lens distortion effects from an image.

3. Compute 3-D locations corresponding to matching pairs of image points, etc.

Geometric camera calibration

Camera calibration, also known as camera re-sectioning, is a way to examine an image or video and determine the camera's situation while recording the image. The objective of stereo camera calibration or geometric camera calibration is to find extrinsic parameters (position and orientation relative to a world coordinate system) and intrinsic parameters (principal focal point, focal length, skew coefficient, distortion coefficient) [START_REF] Brown | Decentering distortion of lenses[END_REF][START_REF] John | Lens distortion for close-range photogrammetry[END_REF] of the camera.

The Stereo Camera Calibrator Application (Computer Vision Toolbox T M ) in Matlab can estimate and import the camera's parameters individually, and is also able to measure the position of one camera relative to other camera.

Calibration Process

We perform the geometric calibration of our stereo acquisition system using the existing algorithm in the Stereo Camera Calibrator Application (Computer Vision Toolbox T M ) [START_REF] Heikkila | A four-step camera calibration procedure with implicit image correction[END_REF][START_REF] Zhang | A flexible new technique for camera calibration[END_REF]. Camera calibration is performed by using images of a checkerboard captured with the proposed experimental setup, presented in Figure 4.7. A ready-made checkerboard especially designed for camera calibration is downloaded from this website [START_REF] Fetić | The procedure of a camera calibration using Camera Calibration Toolbox for MATLAB[END_REF]. The checkerboard pattern we used is shown in Figure 4.8, where the length of the squares is 15mm.

As a thumb rule for camera calibration, 10 to 20 images of calibration patterns should be used. We captured 32 images of the checkerboard from our proposed acquisition system.

images are captured by placing the checkerboard in different orientations. The checkerboard must be fully visible from both cameras of the stereo camera pair. These images are captured with a fixed focus by disabling the autofocus of both cameras. The calibration is done on raw images (mosaiced). 

Calibration Evaluation

Once the stereo image pairs are selected, the stereo cameras are ready for calibration. The stereo parameter is generated. The following recommendations are applied to verify the accuracy of the calibration result:

1. Examine reprojection errors,

Examine extrinsic parameters,
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Examine rectified images.

We describe here after these recommendations.

Examine Reprojection Errors

Reprojection errors are distances in pixels between the reprojection of a model estimation (reprojected points) and its corresponding true projection (detected points). The analyzed pattern gives the first estimation of reprojection errors by projecting the image coordinates into world coordinates. Then comparing the correspondence between the reprojected points to the detected points is applied as depicted in Figure 4.11. The green circle is the detected points from the image pair, while the red points are the world coordinates reprojected points using stereo parameters.

The reprojection errors are also displayed in the bar graph. The bar graph helps to find the image pair that negatively affects the calibration accuracy which can be removed from the list to improve the accuracy of the calibration. In our case, we removed four image pairs that adversely contribute to the calibration. The bar graph shown in The intrinsic parameters obtained after stereo calibration are listed in The relative position and relative orientation of the camera concerning the world frame are defined by the extrinsic parameters.

• Rotation: It is 3 × 3 a matrix, represented by R.

• Translation: It is 3 × 1 a vector, represented by T and expressed in world units mm. These stereo parameters will be used in the next chapter for stereo matching.

Conclusion

This chapter presents the hardware of the proposed spectral polarimetric acquisition system. The proposed acquisition system requires no mechanical movement during acquisition, is low-cost and has simplicity of installation. This set-up is constructed around 2 SONY IMX250 MYR 5.0M P sensors (integrated in 2 Triton TRI050S-QC cameras) and 2 bandpass filters (BG39 and GG475), both manufactured by Schott Glass Technologies.

The camera characterization and camera linearity are shown. The last section of this chapter covers stereo calibration. The disadvantage of the proposed system is that we have to recalibrate if the system moves slightly. Moreover, this system only senses linear polarization in the visible.

Introduction

In this chapter, we will describe the pipeline for processing the raw images captured by the setup described in the previous chapter. All the steps implemented in the pipeline are shown in Figure 5.1. The processing consists of demosaicking and flat-field correction, geometric calibration, spectral calibration, and data transform.

Pre-processing

Two pre-processing steps are applied to each raw image captured: a demosaicking procedure and a flat-field correction.

Demosaicking

The been proposed for sensors based on PFA technology, but fewer demosaicking methods have been investigated in the literature for CPFA [START_REF] Mihoubi | Survey of demosaicking methods for polarization filter array images[END_REF]. These methods are based on reconstruction [START_REF] Qiu | Polarization demosaicking for monochrome and color polarization focal plane arrays[END_REF][START_REF] Spote | Joint demosaicing of colour and polarisation from filter arrays[END_REF] and deep learning [START_REF] Wen | Convolutional demosaicing network for joint chromatic and polarimetric imagery[END_REF]. The deep learning-based approach [START_REF] Wen | Convolutional demosaicing network for joint chromatic and polarimetric imagery[END_REF][START_REF] Zhang | Sparse representation-based demosaicing method for microgrid polarimeter imagery[END_REF][START_REF] Zhang | Learning a convolutional demosaicing network for microgrid polarimeter imagery[END_REF] generally performs significantly better than the interpolation-based approach, but is highly dependent on the training dataset. The learning-based methods need many training images, which remain difficult to collect. Furthermore, they also require high computational time [START_REF] Zhang | Sparse representation-based demosaicing method for microgrid polarimeter imagery[END_REF] or large memory size [START_REF] Wen | Convolutional demosaicing network for joint chromatic and polarimetric imagery[END_REF][START_REF] Zhang | Learning a convolutional demosaicing network for microgrid polarimeter imagery[END_REF], which is not desirable for integrated sensor systems.

To this end, we employ the last state-of-art demosaicking algorithm dedicated to CPFA, which is the Edge-aware residual interpolation (EARI) [START_REF] Morimatsu | Monochrome and color polarization demosaicking using edge-aware residual interpolation[END_REF]. This method is based on residual interpolation (RI) [START_REF] Kiku | Beyond color difference: Residual interpolation for color image demosaicking[END_REF] 

Flat-field correction

As suggested in [START_REF] Westland | Computational colour science using MATLAB[END_REF], before applying a flat-field correction, we need to check the linearity behavior of the cameras. It has been verified in the previous chapter with the linearity check procedure described in Section 4.2.3. So there is no need to correct for nonlinearity.

Nevertheless, Fixed-Pattern Noise (FPN), i.e. the dark noise and the spatial non-uniformity of the illuminant, has to be characterized and corrected. The dark noise is measured by capturing an image with the cap on the camera (called the dark image), producing a dark uniform field. For correcting the spatial non-uniformity of the lighting, an image of the Xrite ColorChecker White Balance chart is acquired (called the white image), which pro-Pre-processing, calibration, and data transform duces a white uniform field. The flat-field correction method has been inspired from Hardeberg [START_REF] Hardeberg | Acquisition and reproduction of color images: colorimetric and multispectral approaches[END_REF], and we use the implementation provided in the Matlab Colour correction toolbox [START_REF] Westland | Computational colour science using MATLAB[END_REF]. The correction is done for each pixel of the demosaicked image, and for each channel i, as follows:

ρ ′ i = (ρ i,w -ρ i,d )(ρ i -ρ i,d ) (ρ i,w -ρ i,d ) , (5.1) 
where ρ i,w and ρ i,d are the pixel responses of the channel i in the white and dark images, respectively, whereas ρ i,w and ρ i,d are the mean values over all the pixels in the white and dark images.

Camera configuration for the acquisition with both cameras during the experiments is shown in Table 4.2. This ensures that the camera data is not corrupted by any preprocessing. The standard Tiff file format, without any compression, is used for data storage.

We show a raw acquisition within the example of Xrite Macbeth ColorChecker PassPort (MCCPP), illustrated in 

Geometric correction

Geometric correction or stereo matching aims to estimate the disparity for each pixel in the image pair. It finds the horizontal displacement between a pair of corresponding pixels in both images acquired from calibrated cameras. Accurate stereo matching is an important requirement for many applications, like 3D reconstruction. Broadly two sort of techniques are used in state-of-the-art for geometric correction: area based and featured based. Area based methods use correlation between intensity pattern in the local neighbourhood of a pixel in one image with intensity patterns in the local neighbourhood of the other image [START_REF] Scharstein | A taxonomy and evaluation of dense twoframe stereo correspondence algorithms[END_REF]. Feature-based methods use sets of pixels with similar attributes, normally, either pixels belonging to edges [START_REF] Ruichek | A neural matching algorithm for 3-D reconstruction from stereo pairs of linear images[END_REF], the corresponding edges themselves [START_REF] Scaramuzza | Robust feature extraction and matching for omnidirectional images[END_REF], regions [START_REF] Mckinnon | Practical region-based matching for stereo vision[END_REF],

or hierarchical approaches [START_REF] Wei | Region-based progressive stereo matching[END_REF].

The most popular optimization methods for disparity are the Block Matching (BM) [START_REF] Konolige | Small vision systems: Hardware and implementation[END_REF] and Semi-Global Matching (SGM) [START_REF] Hirschmuller | Accurate and efficient stereo processing by semi-global matching and mutual information[END_REF]. The BM algorithm matches individual pixels to corresponding scan line pairs while allowing occluded pixels to remain unmatched, then transmits information between scan lines using a fast postprocessor (postprocessor that quickly transmits disparities between scan lines to provide cleaner disparity maps). We implemented semi-global matching (SGM) for generating disparity maps of image pairs, which basically performs pixelwise matching based on Mutual Information. The SGM is robust, illumination-insensitive stereo matching algorithm. The practical problems in calculating the disparity are often the boundaries of objects, fine structures, which can appear blurred and illumination differences or reflections. Matching is often directly based on intensities Pre-processing, calibration, and data transform that can have different values for corresponding pixels. Furthermore, fast calculations are often required, either because of real-time applications, large images, or many images that must be processed efficiently.

Stereo matching

The first step in stereo matching is the rectification of the stereo image pair. The rectification step projects the images onto a common image plane in such a way that the corresponding points are located on the same row [START_REF] Bradski | Learning OpenCV: Computer vision with the OpenCV library[END_REF].

The flat-field corrected image pair shown in Figure 5.3(c) are ready for stereo matching.

Images are rectified as shown in Figure 5.4(a) using the known stereo parameters computed from the stereo calibration (see previous chapter).

The next step is the disparity map computation to find the displacement between conjugate pixels in the stereo image pair. Disparity map estimation is a critical step in stereo systems. We choose a semi-global matching [START_REF] Hirschmuller | Accurate and efficient stereo processing by semi-global matching and mutual information[END_REF] algorithm for accurate stereo matching.

The i = {G, 0°} channel of the image pair is used for the stereo matching and the disparity map computation. The unique disparity map as shown in Figure 5.4(b) is then used to make correspondences in all channels. In Figure 5.5 geometric corrected {G bg , 0°}, {G y , 0°} bands are shown.

After the stereo matching, we recombine the 12 channels of the left and right cameras (with bg and y filter respectively), to construct an image with a total of 24 channels. With this optical configuration (baseline, working distance, and focal length), the usable spatial resolution is 1330×1920 pixels. We note the pixel response ρ j , where j = {s, p} indexes the spectropolarimetric channel with s ∈ {R bg , R y , G bg , G y , B bg , B y } and p ∈ {0, 45, 90, 135}°. 

Spectral reconstruction

The importance of spectral reconstruction for surfaces was first investigated in the 1980s [START_REF] Laurence | Evaluation of linear models of surface spectral reflectance with small numbers of parameters[END_REF][START_REF] Jussi Ps Parkkinen | Characteristic spectra of Munsell colors[END_REF]. Since then, many methods have been developed to provide spectral reconstruction from camera data like Wiener estimator [START_REF] Shen | Reflectance reconstruction for multispectral imaging by adaptive Wiener estimation[END_REF], Maloney and Wandell [START_REF] Laurence | Evaluation of linear models of surface spectral reflectance with small numbers of parameters[END_REF], Imai and Berns [START_REF] Francisco | Spectral estimation using trichromatic digital cameras[END_REF],

polynomial [START_REF] David | Spectral recovery using polynomial models[END_REF] or R matrix [START_REF] Zhao | Image-based spectral reflectance reconstruction using the matrix R method[END_REF] methods. Some methods are specific to noise level, SPD of the illuminant, or require accurate spectral sensitivities of the camera. Most of these methods rely on training data to learn the mapping between the camera data and the desired spectra. Spectral calibration of the system is often performed through a training set of measured reflectances and radiance data with a given illuminant. In most systems, smooth spectra of natural objects and illuminations are assumed. To maintain a reasonable accuracy, the same illuminant is required during the scene acquisition [START_REF] Francisco | Spectral estimation using trichromatic digital cameras[END_REF][START_REF] Connah | Recovering spectral information using digital camera systems[END_REF]. The methods using neural networks [START_REF] Mansouri | Neural networks in two cascade algorithms for spectral reflectance reconstruction[END_REF][START_REF] Kades | Spectral reconstruction with deep neural networks[END_REF] have also been investigated for spectral reconstruction.

Such methods need many training samples, which is a cumbersome step. They also require high computational time.

We want to remain as general as possible, so we choose a simple linear model approach [START_REF] David | Linear models of surface and illuminant spectra[END_REF]. The spectral properties of surfaces can be approximated by few basis vectors, and described by a low-dimensional linear model [START_REF] David | Linear models of surface and illuminant spectra[END_REF]. Here, we describe the spectral calibration to estimate the reflectance data r of a scene from the vector ρ containing the digital values ρ j . We use the method based on linear regression that links the spectral reflectance r to the camera responses I directly [START_REF] David | Filter selection for spectral estimation using a trichrmatic camera[END_REF] as follows:

r = M I , (5.2) 
where the matrix M is a reconstruction operator, and I is a vector containing the measured intensities by the spectral system. In our case, I is of size [1 × 6] and contains the camera intensities I s where s ∈ {R bg , R y , G bg , G y , B bg , B y }. Each intensity I s was calculated from ρ j according to first Stokes component [START_REF] Gabriel | On the Composition and Resolution of Streams of Polarized Light from different Sources[END_REF] as follows: We assume that the training set is representative enough of the surface reflectances that will be estimated a posteriori by the system. Another assumption is that the reflection from the charts is purely diffuse, so that they do not reflect any specular component. We call R train and R test the set of known training and testing reflectance data that are obtained from the Spectral Library of Chromaxion website [197].

I s = ρ s,0 + ρ s,45 + ρ s,90 + ρ s,135 2 
The calibration of M is done using the linear regression as follows:

M = R train I + train , (5.4) 
where the + operator is the right Moore-Penrose pseudoinverse operator, I train is a 

Spectral estimation evaluation

To evaluate the performance of the spectral estimation, we applied the trained linear model to a set of camera responses from the Creative Enhancement chart (see Figure 5.6(c)). Thus, the spectral estimation is done over a set of patches that is different from those used for training. The computation is performed on I test , which is a [6 × 26] matrix containing the averaged camera responses, such as: Rtest = M I test .

(5.5)

To quantify the reconstruction error, we compute the Goodness of Fit Coefficient (GFC)

for each estimated patch with the reflectance vector rtest . This gives a scalar value, computed as follows:

GF C = 1 - 1 N w ∥r test -rtest ∥ , (5.6) 
where N w = 36 is the total number of samples in the wavelength range considered and ∥.∥ is the 2-norm of a vector. A GFC of 1 indicates a perfect fit. For comparison, we computed the GFC on the test chart using 3 channels (s = R bg , G bg , B bg ) or 6 channels. We found that our 6-channel system increases the GFC by an amount of 0.16 in average over the 26 patches.

The proposed 6 channel spectral reconstruction, using 2 cameras is also analyzed and compared with 3 spectral channels (using a single camera). The 3 band spectral reconstruction is also performed with steps described in section 5. show that the proposed 6 channel SPI system has a relatively good spectral reconstruction precision compared to the 3 channel polarization camera system. 

Polarimetric calibration

Using the polarimetric characterization in [START_REF] Giménez | Calibration algorithms for polarization filter array camera: survey and evaluation[END_REF], we found that the polarization measurement is close to ideal for these sensors (very high extinction ratios of the micropolarizers), so there is no need to calibrate polarimetrically.

Data transform

Here we transform the calibrated data using three selected representations:

1. Stokes formalism, 2. Reflectance computed from polarization filtered intensities, 3. Color image.

Stokes transform

The Stokes parameters are determined from an average of intensity measurements over area, wavelength, and solid angle. If we consider a multispectral system with relatively narrow bands, the spectral dependence of polarization information can be considered as an Pre-processing, calibration, and data transform additional useful information, so that each channel s senses a different Stokes vector [START_REF] Myhre | Liquid crystal polymer full-stokes division of focal plane polarimeter[END_REF].

Thus, from ρ j , we can estimate the Stokes vector S at each pixel position and for each spectral channel s, such as:

S s =        S 0,s S 1,s S 2,s S 3,s        =        S s,0 = I s ρ s,0 -ρ s,90 ρ s,45 -ρ s,135 0        , (5.7) 
where I s =S 0,s is the intensity component calculated from Eq. 5. The azimuth angle of the linear polarization (AOLP ) is also calculated from the Stokes components. It represents the angular orientation of the main axis of the polarization ellipse with respect to the chosen angular reference used for the system:

AOLP s = 1 2 arctan S 2,s S 1,s . (5.9) 
In Figure 5.10, we plot the luminance and DOLP Gy of the 24 MCCPP patches used for spectral calibration. First, we can see that there is a low but significant polarization signature for the patches. Secondly, we can see that we have an inverse relationship between luminance and DOLP , especially by looking at the values of the last 6 neutral patches [START_REF] Nayar | Introduction to Computer Vision[END_REF][START_REF] Kumar | Remote sensing applications in water resources[END_REF][START_REF] Kenneth | Theory for off-specular reflection from roughened surfaces[END_REF][START_REF] Shafer | Using color to separate reflection components[END_REF][START_REF] Kartheek | Ambient backscatter systems: Exact average bit error rate under fading channels[END_REF][START_REF] Alouini | Active polarimetric and multispectral laboratory demonstrator: contrast enhancement for target detection[END_REF]. It can be explained by the fact that darker patches have a much smaller diffuse component (and thus higher specular component which is more polarized) due to a greater absorption of light. This effect is also shown in Figure 5.11, where darker balls exhibit higher degree of polarization.

Reflectance transform

The reflection of light upon a surface can be analyzed by an additive model, where the total intensity is a diffuse component (resulting from subsurface reflection phenomenon), plus a specular component (resulting from surface reflection). Existing methods for separating reflection components use a polarization filter rotated in front of the image sensor [START_REF] Lawrence | Constraining object features using a polarization reflectance model[END_REF][START_REF] Shree K Nayar | Separation of reflection components using color and polarization[END_REF].

It is often assumed that the diffuse component tends to be weakly polarized compared to the specular component. In our case, we believe that the polarization intensity filtering can benefit for the reflectance estimation when a significant specular reflection occurs.

To this end, we compute the polarization filtered intensities [START_REF] Riviere | Polarization imaging reflectometry in the wild[END_REF] called U s , by the following equation:

U s = I s -(S 1,s ) 2 + (S 2,s ) 2 .
(5.10)

It has the effect of removing the polarization component from the total intensity I s . Thus, we can compute the spectral reflectance for any pixel position from vector U instead of vector I (as in Eq. 5.5).

r′ = M U .

(5.11)

Color transform

From pixel reflectance data r, we can compute the corresponding CIE XYZ values, such as:

    X Y Z     = C t r′ , (5.12) 
where C (36×3) are the CIE (1931) Colour Matching Functions (CMFs) [START_REF] Guild | The colorimetric properties of the spectrum[END_REF][START_REF] Wright | A re-determination of the trichromatic coefficients of the spectral colours[END_REF]. Then, we convert the CIE XYZ values to sRGB [START_REF]Multimedia systems and equipment -Colour measurement and management -Part 2-1: Colour management -Default RGB colour space -sRGB[END_REF] for visualization. The XYZ to sRGB transform is typically achieved in two steps: a first linear transform of XYZ values to linear RGB values, followed by a gamma correction of 2.2 to adapt for visualization and nonlinear behavior of Pre-processing, calibration, and data transform monitors.

Database

We provide a database of 28 scenes with different materials: plastic, wood, and metal. The scene called "Chart" is custom plastic patches manufactured with a 3D printer, with a varying layer height parameter. Figure 5.14 shows the database in sRGB representation, after color transform from Section 5.2. The brand logos have been removed from the database images. The images are cropped to select the relevant content of the objects.

Each scene comes with its own set of data, organized in the following:

• Raw data:

-A pair of raw images for each scene, -Dark image (for dark noise correction),

-White image (for flat-field correction).

• Parameter data:

-Stereo parameters of the given scene.

-Exposure time A Matlab code is provided to pre-process, calibrate, transform, and visualize each content.

Stokes transform evaluation

To illustrate the output of the system after Stokes transform, we show a visualization of the polarization parameters of the scene called "Resin balls" in Figure 5.11 and Wood 2 in Figure 5.12. (q) AoLP Gy 
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Reflectance transform results

To verify the effect of removing the polarized intensity component, we compute the reflectance using either I or U . We selected 5×5 pixel regions near the occluding boundaries of the objects, where diffuse reflection has a greater influence on the polarization state of the reflected light. Results are shown in Figure 5.13 for four regions of interests (ROI). For the all 4 zones, using U instead I provides a better fit. 

Conclusion

In this chapter, we presented a full processing pipeline (pre-processing, geometric calibration, spectral calibration, and data transform ) for the snapshot spectropolarimetric acquisition system we designed. It has the advantage of a high spatial resolution and relatively Pre-processing, calibration, and data transform good spectral reconstruction precision.

We have performed experiments and analyzed the results obtained with the system we implemented using two Lucid Vision Triton TRI050S-QC 5.0M P equipped with different bandpass filters. We turned this 3 spectral channel stereo system into a 6 spectral channel system and used it in three successive steps.

At first, polarization was not considered and our cameras were used as classical cameras.

After a proper training of our 6 channel system with the Macbeth ColorChecker chart, we evaluated its ability to reconstruct spectral data along the visible range with a step of 10nm using a Xrite Macbeth ColorChecker PassPort. Quantitative results were evaluated through a Goodness Of Fit coefficient. Our system performs well, significantly better than a classical 3 band RGB system.

Then polarization was considered, with no extra cost: actually, our cameras are equipped with a CPFA instead of a standard color sensor and each camera then provides 12 channels (4 polarization directions x3 colors). This allows us to retrieve full linear polarization information through a proper demosaïcking procedure: for each pixel, we also consider the degree of linear polarization and the angle of polarization. It proved very useful for scenes where specular reflection occurs. In this case, removing the polarized part of the information removes specular reflections and allows a better evaluation of the reflectance along the whole visible spectra. To perform these experiments, we made of database of 28 high definition spectropolarimetric images, which is now available online.

Finally, with the previously obtained reflectance distribution, we were able to retrieve CIE XYZ values.

Chapter 6

General conclusion

Summary

In this work, we developed a snapshot spectropolarimetric acquisition system which combines the advantages of both multispectral and polarimetric systems. Based on commercial cameras, it has the advantage of providing high spatial resolution images and relatively good spectral reconstruction precision. We designed a full processing pipeline, which consists of pre-processing, geometric calibration, spectral calibration, and data transform.

First, the system can act as a classical multispectral six band device, providing accurate reflectance information over the visible range. But its polarimetric design makes it possible to take into account in a very simple way specular reflections. Then, we can remove partially this specular part and improve the evaluation of reflectance of 3D shaped or metal samples, which was quantitatively measured. At the moment, our system only considers linear polarization because the cameras we used have sensors equipped with linear micropolarizers.

To conduct these experiments, we first build a database of 28 spectropolarimetric high definition images with full linear polarization along 6 spectral bands over the visible range.

This dataset was made available online when we published our article in Optical Engineering.

Contribution

From the problematic mentioned in the above Section, we propose several original con-

tributions in this thesis. These are part of the research field in spectral and polarimetric 2D imaging, from the capture methodology to the final application, including specific image processing.

The identified major contributions of this thesis are: We justify the first contribution by the fact that recent sensor reviews focus either on spectral imaging or on polarization imaging, but does not consider the association of the two. We believe that SPI systems are numerous enough to be reviewed in the same manner.

The technologies have been classified into snapshot and scanning techniques. This could help the community for further theoretical or experimental investigations on practical aspects. This review was published through an SPIE conference proceeding [START_REF] Sattar | Review of spectral and polarization imaging systems[END_REF] in 2020.

The second contribution, which is probably the main, is about the definition and the characterization of a new SPI acquisition system in our lab. It is based on the combination of two color-polarization cameras with several bandpass filters to modify camera sensitivities. We define the associated image processing pipeline, the pre-processing and the data transform. A quantitative study of the performance of the system is provided in the spectral domain. Moreover, we show that, for image data which result from a specular reflection upon the surface, we can improve the spectral reconstruction by filtering the polarized intensity in each spectral band. A journal paper, describing this new SPI acquisition system, was published in optical engineering [START_REF] Sattar | Snapshot spectropolarimetric imaging using a pair of filter array cameras[END_REF] in 2022.

As an application, we construct a database of spectropolarimetric images with different materials (dielectric and metallic objects). The data is available for the community, as a supplementary material coming with the above-mentioned journal paper.
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Discussion

Classically, lighting geometry (i.e., incidence angle or viewing angle) impacts the dynamic range of intensities that reach the PSA sensor, especially for metallic and glossy objects.

Dielectric materials have small polarization signatures and thus exhibit a limited difference in intensities among the polarization angles, when viewed near the object normal. This can cause application failure due to either saturation or high intensity contrasts below the sensor noise level, especially for 8-bit sensors. Moreover, when the angles of incidence vary greatly (and up to the Brewster angle), the high dynamic range of polarized intensities generated makes it impossible for the sensor to distinguish both weak and robust polarization signatures. Nowadays, as the dynamic range of imaging sensors [START_REF] Lapray | High Dynamic Range Spectral Imaging Pipeline For Multispectral Filter Array Cameras[END_REF] has been enhanced, these problems can be reassessed, and distinguishing small polarization signatures near the normal or over different close wavelength ranges can become more feasible practically.

Our stereo setup offers the possibility to perform reflectometry by fusing observations of the polarization state of light reflected off the surface from two different views [START_REF] Riviere | Polarization imaging reflectometry in the wild[END_REF]. In a binocular stereo configuration, the specular intensity can be different from the two sensors, depending on the shape of the object to be considered, and the lighting configuration. As an example, our stereo setup could be configured to optimize the roughness measurement, by modifying the working distance or the focal length of the camera lenses. In the database, this is unconstrained because surfaces in the scene are multiple and unknown. But in case of a measurement on samples with a priori knowledge (roughness range, convexity shape, index of refraction), the setup can be slightly adapted [START_REF] Shree K Nayar | Surface reflection: physical and geometrical perspectives[END_REF]. This is not investigated in this work, and will be considered as a future work.

Some drawbacks can come from the disparity computation, especially when imaging thick objects. From the stereo point of view, typical problems of matching occur when either: i-there are occlusions (no corresponding data in one of the two images), ii-there are specular highlights, and iii-a pixel pertains to a more or less at region. To be successful, the matching algorithm needs textures (but not periodic); if there is nothing to really match inside an image pair, the algorithm cannot make correspondences efficiently. Another potential factor comes from the use of an image pair taken with different spectral sensitivities [START_REF] Shrestha | Multispectral imaging: Fast acquisition, capability extension, and quality evaluation[END_REF]. This produces a noisy disparity map and thus noisy Stokes/spectral/color representations of data. We believe that an evolved disparity map computation method

General conclusion

which is spectrally invariant is still to be developed.

Up to our knowledge, computing the reflectance spectra from images filtered using Stokes data (s1 and s2) has never been investigated in the literature. We verified that polarization information can help the reflectance estimation, whereas previous work was assuming that all the surfaces measured by a spectral camera are mainly diffuse. Some other works used a rotated linear polarizer in front of the spectral camera to filter globally the specular reflection. In our work, this is done by pixel, since we have the measurement of the state of polarization for each pixel. Nevertheless, this method is limited by the amount of polarization intensity that is possible to filter, which varies with the object and lighting configuration, i.e. the angle of incidence/reflection of the light. We believe that a dedicated separation of diffuse/specular components using spectral and polarization such as [START_REF] Shree K Nayar | Separation of reflection components using color and polarization[END_REF],

can further improve the reflectance estimation for specular surfaces. This is not included in this work, but can be investigated as an additional processing block to be included in the framework from Figure 5.1.

This work opens perspectives in several application elds, from stereo acquisition of spectropolarimetric images to new image processing of the data. The output of our framework, which is transformed data (Stokes, reflectance, and color), can be extended to specific surfaces and be an input to computer vision tasks such as feature extraction using principal component analysis, semantic segmentation, or defect detection.

Perspectives

There are possibilities for extending this Ph.D. work. Some of these possible future works have been listed here :

• The proposed SPI acquisition system consists of 2 cameras and 2 bandpass filters BG39 and GG475, both manufactured by Schott Glass Technologies. Further experiments can be performed by selecting other combinations of bandpass filters.

• The proposed stereo SPI system is developed using cameras equipped with 5.0M P Sony IMX250 MYR sensor. These cameras have polarization limitation since they include micropolarizers and no waveplate, which makes them unable to sense circular polarization. Future work can be done to upgrade the ability of the system to circular • We have used the most commonly used semi-global matching (SGM) algorithm for stereo matching. The SGM has some limitations, especially for image pair from different spectral filters. An interesting future work could be the design of a stereomatching algorithm dedicated to multispectral data.
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 123 out Output stokes vector T Translation vector obtained from stereo calibration W Analyzer matrix of a polarimeter GF C Goodness of Fit Coefficient i Camera channel [c, p] I 0 Light intensity polarized along the horizontal axis I 135 Light intensity polarized at -45°I 45 Light intensity polarized at 45°I 90 Light intensity polarized along the vertical axis I l Light intensity polarized in a left circular state I r Light intensity polarized in a right circular state j Spectropolarimetric channels p Polarization angles (p ∈ 0, 45, 90, 135°) ρ j Pixel response R test Testing reflectance data xiii xiv NOMENCLATURE R train Training reflectance data S 0 Associated with the total illumination intensity, which is not a polarimetric property of light S Associated to the linear polarization relative to vertical and horizontal components S Associated to the linear polarization relative to the 45°and 135°components S Associated with the circular polarization component c Represent color channels c ∈ R, G, B Résumé L'imagerie couleur conventionnelle vise à capturer des images à l'aide de trois filtres passebande dits « rouge, vert, bleu » (ou RVB) dont les pics de sensibilité spectrale correspondent approximativement aux réponses des cônes de l'oeil humain. Elle n'est donc pas nécessairement adaptée à la restitution précise du spectre de la lumière émise ou réfléchie par une scène. Lorsqu'une mesure précise de la réflectance d'une surface est nécessaire, l'imagerie multispectrale (MSI) peut être une solution. Une image multispectrale peut être considérée comme une pile d'images (contenant plus de 3 images) de la même scène, où chaque canal représente une image d'intensité capturée dans une gamme de longueurs d'onde donnée, y compris pour des longueurs d'onde allant au-delà de la plage du visible, comme celles de l'infrarouge.

Figure 2 . 1 :

 21 Figure 2.1: Electromagnetic spectrum representation [17].

Figure 2 .

 2 2 illustrates different SPDs of daylight, cool white fluorescent, and incandescent lamp lightnings.

Figure 2 . 2 :

 22 Figure 2.2: Measured relative spectral power distributions (SPDs) for daylight, cool white fluorescent office lighting, and incandescent lamp. [18]. The y-axis indicates the relative density of light power.

Figure 2 . 3 :

 23 Figure 2.3: Radiometry [19].

Figure 2 . 4 :

 24 Figure 2.4: surface radiance [19]

Figure 2 .

 2 5 illustrates the set of spectral reflectances for three kinds of land cover components. One can see that the spectral reflectances of objects are rather smooth, but can have significant wavelength selectivity. Spectral selectivity means every object reflects different wavelength energy. For example, in Figure2.5 healthy vegetation has high reflectance at 0.8mm to 1.4mm and low reflectance at 0.4 to 0.7.

Figure 2 . 5 :

 25 Figure 2.5: Spectral reflectance curves of different land cover types [20].

Figure 2 . 6 :

 26 Figure 2.6: Illustration of diffuse reflection and specular reflection [23].

Figure 2 . 7 :

 27 Figure 2.7: Polarization by reflection[START_REF] Shree K Nayar | Surface reflection: physical and geometrical perspectives[END_REF] 

Figure 2 . 8 :

 28 Figure 2.8: Polarization types [33].

. 5 )

 5 where I 0 and I 90 represent the light intensities polarized along the horizontal and vertical axis x and y respectively, I 45 and I 135 represent the light intensities polarized at 45°a nd -45°, and I l and I r represent the light intensities polarized in a left circular and right circular state. Each component represents a value that conveys a piece of information, as follows:
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Figure 2 . 10 :

 210 Figure 2.10: Normalized cone sensitivities of the human eye [37].

Figure 2 . 11 :

 211 Figure 2.11: The phenomena of metamerism. [38].

Figure 2 . 13 :

 213 Figure 2.13: Beam Splitter [42].

  Dichroic polarizers: They absorb a specific polarization of light, transmitting the rest; modern nanoparticle polarizers are dichroic polarizers. Birefringent polarizers: They use two birefringent prisms attached with their optical axis crossed. Then two crossed linear polarization components will exit with different output angles. Wave plates (retarders) Whereas polarizers select a specific polarization of light, blocking the other polarization signals, ideal wave plates modify the existing polarization without attenuating, deviating, or displacing the beam. All processes are done by delaying one polarization component concerning relatively to its orthogonal, which birefringent mate-Generalities rial do. Two special cases of wave plates should be emphasized: the half-wave plate, which produces a polarization rotation and the quarter-wave plate, which transforms a linear component into a circular component.
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 421 Stokes polarimetry A Stokes setup uses a Polarization State Analyzer (PSA) to evaluate the Stokes parameters S = [s 0 s 1 s 2 s 3 ] T of a sample (or an image where each pixel is represented by a Stokes vector). The results depend on the incident light on the sample.

Figure 3 . 1 :

 31 Figure 3.1: Multispectral image cube produced by a multispectral system equipped with a rotating polarizer. 4 polarization directions are considered [97].

  Polarimeters and spectral cameras are commonly classified into two main categories: scanning and snapshot techniques. All Division-Of-Time DoT polarimeters belong to the scanning techniques, as multiple images are captured sequentially to recover the polarization information. Division Of Amplitude (DOA) and Division Of Focal Plane (DoFP) devices Spectral and Polarization Imaging (SPI) technologies

3. 2 . 1 . 1 FilterFigure 3 . 3 :

 21133 Figure 3.3: Experimental setup for multispectral polarization image acquisition [119].

Figure 3 . 4 :

 34 Figure 3.4: Experimental setup of time multiplexed controlled illumination. R: reflector; BS: beam splitter; E: beam expander; P: the plate with a target on it; WP: rotating wave plate; LP: rotating linear polarizer [122].

[ 40 ]

 40 to near-infrared wavelength band 650 -1100nm. LCTF can also be exploited to acquire all four components of the Stokes vector. The liquid-crystal micropolarimeter array for complete Stokes polarization imaging was developed by Zhao et al. [107]. Their system is fabricated by patterning a liquid-crystal layer Spectral and Polarization Imaging (SPI) technologies on a visible regime metal-wire-grid polarizer. This fabrication enables the formation of micrometer-scale liquid crystal elements, either polarization rotators, neutral density filters, or quarter wavelength retarders. This equipment helps to acquire the full Stokes vector.

Figure 3 . 5 :

 35 Figure 3.5: (a) Experimental set-up of a full Stokes polarimetric imager. In the console, a DAQ card generated A LCVR is placed in front of a linear Stokes imager (namely a 4DPolarCam camera) and makes the whole system able to sense the full Stokes vector for two given wavelengths.[START_REF] Qi | Real time complete Stokes polarimetric imager based on a linear polarizer array camera for tissue polarimetric imaging[END_REF].

Figure 3 . 7 :

 37 Figure 3.7: Experimental setup of the imaging spectropolarimeter in[START_REF] Bai | Static full-Stokes Fourier transform imaging spectropolarimeter capturing spectral, polarization, and spatial characteristics[END_REF]. The collimated beam is modulated by the LPM, which is used as a polarization state analyzer and consists of the first ferroelectric LC (FLC1), an HWP, the second ferroelectric LC (FLC2), a QWP, and a linear polarizer (P1). The linearly polarized beam is fed into the BSI, which consists of a shearing plate (SP) and a compensation plate (CP). The two parallel rays pass through another linear polarizer (P2) and are resolved into a linearly polarized beam with the same polarized orientation. Finally, the rays are focused by an objective lens (L3) onto the same location on the detector array (D)

Figure 3 . 8 :

 38 Figure 3.8: Experimental setup for performance evaluation of an AOTF and LCTF technologies [111].

1

 1 Division Of Focal Plane (DoFP)A PFA camera is an imaging device that can analyze the polarization state of light in a snapshot way. The DoFP Stokes imager is a particular case of the typical filter array imaging principle that focuses on PFA, also called microgrid polarimetric array. The PFA was first invented in 1995[START_REF] David | Integrated dual imaging detector[END_REF], but advances in PFA technology and practical implementations have been made since 2009[START_REF] Mihoubi | Survey of demosaicking methods for polarization filter array images[END_REF]. The PFA is inspired by the Bayer scheme used in color imaging. The PFA sensor's polarizing stage structure is arranged in a matrix of micropolarizing elements spatially organized in a lattice as shown in Figure3.9. The well-known spatial arrangement of micro-polarizers is the Chun pattern[START_REF] Cornell Sl Chun | Polarization-sensitive thermal imaging[END_REF]. A superpixel of four linear polarizers that evenly distributed orientations 0°, 45°, 90°, and 135°. The PFA is aligned one-to-one to the imager's focal-plane array. In the Chun PFA pattern, each pixel analyzes a particular polarization direction. These four linear polarizers help to estimate the input light's linear Stokes parameters. A practical implementation of this sensor is the very popular SONY IMX250 MZR, included in many commercial devices from many integrators.

Figure 3 . 9 :

 39 Figure 3.9: Sensor arrangement of the SONY IMX250 MZR, which is a division-of-focalplane monochrome polarization sensor.

1 Figure 3 . 10 :

 1310 Figure 3.10: Spatial arrangement of the SONY IMX250 MYR sensor, which is an RGBpolarization sensor.

3. 2 . 55 Figure 3 . 11 :

 255311 Figure 3.11: Illustration of the imaging system used to define IFOV error [137].

Figure 3 . 12 :

 312 Figure 3.12: The schematics of an RGB full-Stokes camera for Spectral polarization imaging. An external color filter is added to narrow the transmission band of each RGB color. [125].

Figure 3 . 13 :

 313 Figure 3.13: Channeled spectropolarimetry experimental setup, DAP: Double Amici prism is a dispersive element, [145].

  Polarimeters and spectral cameras are commonly classified into two main categories: scanning and snapshot techniques. All Division-Of-Time (DoT) polarimeters belong to the scanning techniques, as multiple images are captured sequentially to recover the polarization information. Liquid crystal tunable filters, Acousto-Optic tunable filters, Photo elastic modulators, Filter rotation, and controlled illumination are part of scanning technology. Division Of Amplitude, Division Of Focal Plane, and Polarization grating devices are parts of the snapshot techniques, which aim to perform a one-shot acquisition.

Klein

  et al.[START_REF] Klein | Multispectral stereo acquisition using two RGB cameras and color filters[END_REF] presented an acquisition technology for MSI. Two RGB cameras are combined with color filters in front of each. The two cameras are arranged in a stereo configuration, and the angle between the two cameras is 10°. It is a multispectral system which is equipped with GamColor filters and enables the simultaneous acquisition of 6channel data. Stereo arrangement addresses an improvement of MSI compared with an acquisition system composed of a filter wheel. The stereo system has the advantage of estimating extra depth information. The results showed that the 6-channel stereo system has a color accuracy suited for color reproduction applications.

4. 4

 4 Multispectral imaging from two positions 9: 6-channel stereo system made up of two RGB cameras in a stereo configuration, each of them ith a different color filter. path almost parallel to the surface of the color chart. The corresponding color values expressed in e CIELAB color space under illuminant D50 are shown in Fig. 4.10. For a better visualization of the lor space, the values are projected onto the three planes L * a * , L * b * and a * b * separately. The values easured for the angle +5 • are marked with plus signs and the values measured for the other angles ee Tab. 4.3) are connected with them using continuous lines. The colors are shifted perceptibly only r several color patches: for decreasing angles, their lightness values L * become larger and their color ordinates a * and b * approach the value 0. For the majority of the color patches, no modification of the lor is visible in Fig. 4.10.

Figure 4 . 1 :

 41 Figure 4.1: The 6-channel stereo system made up of two RGB cameras and two color filters. The cameras are oriented with a relative angle of 10°[156].

Figure 4 . 2 :

 42 Figure 4.2: Illustration of the multispectral-stereo system with two cameras and two bandpass filters described by Shrestha et al. [37]. The combination of the RGB cameras and the filters gives 6 spectral channels.

Figure 4 . 3 :

 43 Figure 4.3: Macbeth ColorChecker. In the last row, we can see the 6 gray-scale patches used for linearity check.

Figure 4 . 4 :

 44 Figure 4.4: Camera linearity check results for the 0°polarization angle.

Figure 4 . 6 shows

 46 the spectral sensitivities of the global system. We show only the sensitivities for 0°p olarization channel, as the four polarization channels exhibit very similar responses in the spectral domain (see Figure4.5).

Figure 4 . 6 : 1 Figure 4 . 7 :

 46147 Figure 4.6: (a) The CPFA camera spectral sensitivities (only the 0°polarization channel is shown, as the four polarization channels are very similar). The sensitivity is obtained by characterizing the sensor with a spectral resolution of 10nm from 380nm to 750nm. (b) Spectral transmission of the bandpass filters provided by the manufacturer. (c) Total spectral sensitivities of the cameras combined with filters.

Figure 4 . 8 :

 48 Figure 4.8: Checkerboard pattern used for stereo calibration.

Figure 4 . 9 :

 49 Figure 4.9: Calibration raw images captured from right camera..

Figure 4 . 10 :

 410 Figure 4.10: Checkerboard pattern analysis.

Figure 4 . 79 Figure 4 . 11 :Figure 4 . 12 :P 1 P 1 5 .P 1

 4794114121151 Figure 4.11: Reprojected points using stereo parameters.

FlatFigure 5 . 1 :

 51 Figure 5.1: Practical imaging pipeline.

  , and is adapted to the specific spatial arrangement of the Sony IMX250 MYR sensor. It is mainly based on a sequence of filtering processing. It starts from the estimation of the intensity S 0 Stokes vector component, computed in two different ways, such as: S 0 = I 0 + I 90 = I 45 + I 135 . These estimations are then computed 5.1. PRE-PROCESSING 87 for each of the four spatial directions (north, east, south, and west). In parallel, a set of weights are computed in the four spatial directions from local intensity differences, giving a larger weight if the difference is small. Then, they do a weighting average on the intensity estimations, to obtain what they call the edge-aware guide image. First sub-sample and down-sample (as expressed by ↓ 2) the raw CPFA image is done to pick up Bayer-patterned data of four orientations. Then, color demosaicking method [177] is applied to each Bayerpatterned data. The four demosaicked RGB images are then up-sampled (as expressed by ↑2) and aligned to form the MPFA data of each color channel, as shown in Figure 5.2.

Figure 5 . 2 :

 52 Figure 5.2: Demosaicking method based on EARI [176].

Figure 4 . 7 .

 47 

Figure 5 .

 5 3(a)-(b) presents the raw stereo image pair. The raw image size is 2448 × 2048. The flat-field corrected image pair of channel {G, 0°} after demosaicking is shown in Figure 5.3(c).

5. 1 .Figure 5 . 3 :

 153 Figure 5.3: Flat-field correction of the {G, 0°} channel. (a)-(b) Raw stereo image pair of Xrite Macbeth ColorChecker PassPort (MCCPP) captured from the stereo setup. (c) Demosaicked and flat-field corrected image pair. Each image in the pair appears with a different colour because of the bandpass filter used for each camera.

Figure 5 . 4 :

 54 Figure 5.4: (a) Rectified image pair for the Xrite Macbeth ColorChecker PassPort (MCCPP) scene captured from the setup. (b) Disparity map computation result.
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 193141 Spectral reconstruction method
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 53 is estimated using a set of reference spectra, which are previously measured by a spectrometer. We selected the Xrite Macbeth ColorChecker PassPort (MCCPP), which is composed of two main charts with known spectra: i-the ColorChecker Classic chart used for training (24 patches, see Figure 5.6(a)), and ii-the Creative Enhancement chart used for testing (26 patches, see Figure 5.6(c)). The visualization of the reflectance factors for all patches is shown in Figures 5.6(b) and 5.6(d).

[Figure 5 . 6 :

 56 Figure 5.6: (a) ColorChecker Classic from the X-Rite ColorChecker Passport used for spectral calibration. (b) Spectral reflectance of the training target from Chromaxion website [197]. (c) Creative Enhancement Chart from the X-Rite ColorChecker Passport used for testing. (d) Spectral reflectance of the testing target.

Figure 5 .

 5 Figure 5.7 shows the training dataset result obtained from the comparison between the estimated and measured (reference) reflectance spectra of 24 patches of the ColorChecker Classic chart. The training dataset result is shown in Figure 5.9, this shows the comparison between the estimated and measured (reference) reflectance spectra of the 26 patches in the Creative Enhancement chart. We can see that the estimated spectra are close to the reference data. The worst GFC values occurs especially when high reflectances are measured (patch 1, 7, and 8 from the first line of patches). This can be due to the relatively low sensitivities of our system in this range of wavelengths (see Figure 4.6(c)).

1 . 4 . 1 .[ 36 × 3 ]

 141363 Where, I is of size [1 × 3] and contains the camera intensities I s where s ∈ {R, G, B}. The I train is a [3 × 24], M is a matrix which is an estimate of M and I test is [3 × 26].Figure 5.8 is the 3 channels comparison of the spectral estimation with the reference on the testing data. The results

Figure 5 . 7 :

 57 Figure 5.7: Spectral estimation done from the proposed SPI system with 6 channels, compared relatively to the reference data used for the training.

Figure 5 . 8 :

 58 Figure 5.8: Spectral estimation from 3 arbitrary selected channels of {R 0 G 0 B 0 }, compared relatively to the reference data used for the testing.

Figure 5 . 9 :

 59 Figure 5.9: Spectral estimation done with 6 channels. Goodness of fit coefficients (GFC) are shown for each recovered spectrum rtest .

  Luminance of the training samples.

  DoLP Gy of the training samples.

Figure 5 .Figure 5 .

 55 Figure 5.10: (a) Luminance and (b) DoLP Gy plot of the 24 MCCPP training samples used for spectral estimation calibration.

Figure 5 .

 5 Figure 5.12: (a)-(f) Stokes component S 0 (total intensity) for all 6 spectral bands of scene Wood 2. (g)-(l) DoLP and (m)-(r) AOLP for 6 spectral channels.

Figure 5 . 13 :

 513 Figure 5.13: Measured and estimated reflectances of 4 samples using both spectral images computed from S 0 (Eq. 5.2) and U (Eq. 5.11). Regions of interest are patches of size 5 × 5 from where the spectral estimation curves are averaged.

Figure 5 .

 5 Figure 5.14: sRGB visualization of the database after data transformed to sRGB. The 28 scenes are captured by the hardware system depicted in Section 4.3..
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 1 A review and classification of recent Spectral and Polarization Imaging technologies, 2. A proposed SPI acquisition system: optical setup definition, associated processing, and quantitative evaluation, 3. A dataset of spectropolarimetric images in the visible domain.

  

  

  

  

  

  systèmes d'imagerie encombrants, complexes, coûteux ou peu per-État de l'art et classification des technologies d'imagerie spectrale et de polari-

	sation :
	Les revues récentes portent soit sur l'imagerie spectrale, soit sur l'imagerie de polari-sation, mais ne considèrent pas la capture spectropolarimétrique conjointe. Nous pensons Chapter 1
	que les systèmes SPI sont suffisamment nombreux pour nécessiter un état de l'art. Les tech-
	nologies ont été classées en techniques instantanées ou par balayage. Ces travaux pourront aider la communauté pour des investigations théoriques ou expérimentales. Introduction
	Cette revue des systèmes d'imagerie spectrale et polarimétrique a été publiée dans les
	actes d'un colloque SPIE [7] en 2020.
	1.1 Spectral and polarization information
	rections de polarisation. Elle est mise à disposition du public dans une démarche de science
	ouverte et a vocation à être largement réutilisée. Pour nos travaux futurs, nous souhaite-
	rions exploiter les images de cette base en caractérisant certains objets relativement à leur
	rugosité.

formants. D'une part, une bonne résolution spectrale est souvent synonyme d'acquisitions séquentielles. D'autre part, l'imagerie polarimétrique requiert des éléments optiques tournants parfois difficiles à piloter finement ou des cellules à cristaux liquides dont le calibrage est imprécis. Ainsi, les systèmes SPI demeuraient, jusqu'à une période récente, des systèmes de laboratoire.

Des capteurs imageants dits Polarization Filter Array (PFA) et leur version couleur

Color Polarization Array (CPFA), tels que les Sony IMX250 MZR, IMX250 MYR ou IMX264 MYR

[START_REF]Polarization Image Sensor Technology Polarsens[END_REF]

, ont été récemment mis sur le marché et intégrés par plusieurs fabricants de caméras dans des dispositifs commerciaux abordables. Devant la matrice de pixels est placée une microgrille de polariseurs, dans une configuration analogue à une grille de Bayer pour la couleur. Ces capteurs s'avèrent performants, mais ont une résolution spectrale limitée (trois canaux spectraux). Nous proposons de mettre en oeuvre un système SPI disposant d'une meilleure résolution spectrale. A partir de capteurs CPFA, cette thèse envisage un système compact (et d'un coût modéré) capable d'acquérir des données de polarisation multispectrales de manière instantanée. Ce système présente l'avantage de fournir des images de définition relativement élevée, avec une résolution spectrale relativement bonne dans toute la gamme du visible. Contributions A partir de la problématique évoquée dans la section précédente, nous proposons plusieurs contributions originales dans cette thèse. Celles-ci s'inscrivent dans le domaine de la recherche en imagerie 2D spectrale et polarimétrique, de la méthodologie de capture à l'application finale, en passant par le traitement d'image spécifique. Les principales contributions ressor-tant de cette thèse sont décrites ci-dessous : Proposition d'un système d'acquisition SPI : configuration optique, traitement associé et évaluation quantitative des performances : La deuxième contribution, qui est probablement la principale, porte sur la conception, la mise en oeuvre et la caractérisation d'un nouveau système d'acquisition SPI. Elle est basée sur la combinaison de deux caméras polarimétriques couleurs commerciales munies chacune d'un filtre passe-bande supplémentaire. Une étude quantitative des performances du système est fournie. Nous montrons que, pour des scènes où la réflexion spéculaire est significative, nous pouvons améliorer la reconstruction spectrale en filtrant l'intensité polarisée dans chaque bande spectrale. Ces travaux ont fait l'objet d'un article paru dans Optical Engineering en avril 2022 [8]. Application : constitution d'une base de données d'images spectropolarimétriques: Comme application, nous avons composé une base de données de 28 images spectropolarimétriques, avec différents objets/matériaux (diélectriques et métalliques) [9]. Cette base de données permet la reconstruction d'images de réflectance à 36 bandes spectrales et à 4 di-Conventional color imaging aims to capture images with three bandpass filters, called R, G, and B. The spectral sensitivity peaks of the color sensors correspond to the sensitivity spectra of the human cone cells. Therefore, it is not ideal for reconstructing the full spectral reflectance of objects due to a limited number of spectral bands. When an accurate estimate of a surface's reflectance is needed, MultiSpectral Imaging (MSI) or HyperSpectral Imaging (HSI) are preferred.

  = [a 0 a 1 a 2 a 3 ] T is the first row of M A .N A measurements are performed in different configurations of the PSA. The resulting intensities are gathered in a vector I such as :

	2.4. POLARIZATION IMAGING	35
	where the analyzer vector A	
	.15)	

Table 3 . 2
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	Reference	Polarization	Optical Elements	Illumination	Spectral	Spectral	Classification
		Mode			Range	Bands	
	Ma et	Linear	LP or CP	A -Sphere of 156	VIS	3	FRCI
	al. [103],	Stokes		polarized (with LP or			
	Lattas et			CP) LED			
	al. [118]						
	Lapray et	Linear	2 LPs, bandpass	P -Tungsten-filament	VIS, NIR	6	FRCI
	al. [119]	Stokes	filters, 2-CCD	lamp			
			prism camera				
	Ghosh et	Full Stokes	LP, CP	A -Sphere of 150	VIS	3	FRCI
	al. [117, 120]			circularly polarized			
				LED			
	Weng et	Full Stokes	LP, CP, QWPs,	A -	VIS, NIR	6	FRCI
	al. [121]		spectrometer, filter				
			wheel				
	Yu et al. [122]	Full Stokes	LP, QWP	P -3 Laser light	VIS	3	FRCI
				sources at 450nm,			
				532nm, and 633nm			
	Kurosaki et	Linear	Rotated LCTF	P	VIS	7	LCTF
	al. [105]	Stokes					
	Homma et	Full Stokes	Rotated LCTF	P	650nm-	10	LCTF
	al. [40]				1100nm		
	Qi et al. [106]	Full Stokes	PFA, LCVR	A -Narrowband	VIS	2	LCTF
				halogen light source			
	Axin et	Full Stokes	LCTF, LP, QWP,	-	VIS	18	LCTF
	al. [109]		spectral filters				
			wheel, achromatic				
			linear retarder				
	Zhang et	Linear	Uniform film	Polarized light	VIS	-	LCTF
	al. [108],	Stokes	polarizer,				
	Zhao et		pixelated-LC layer,				
	al. [107]		LCMP array, DMD				
	Bai et al. [110] Full Stokes	BSI, PSA, LPM	Broad-spectrum lamps	400nm-	6	LCTF
					1600nm		
	Glenar et al. [114],	Linear Stokes	AOTF, spectrometer	A	1000nm 450nm -	-	AOTF
	Sturgeon et						
	al. [113]						
	Gupta et	Linear	LCVR	P	400nm-	40	AOTF
	al. [112]	Stokes			800nm		
	Li et al. [115]	Full Stokes	AOTF, LCVR	-	400nm-	-	AOTF
					2400nm		
	Diner et	Full Stokes	Partial polarizer,	A-White light source	VIS, NIR	-	PEM
	al. [116]		PEM, wave plates,				
			bandpass filter				
	Bishop et	Full Stokes	Rotated QWP, LP	A or P	600nm -	4	FRCI
	al. [39]				850nm		
	Bartlett et	Linear	4-LPs, 6 bandpass	P	VIS, NIR	10	FRCI
	al. [152]	Stokes	filters				
	Table 3.1: Summary of scanning SPI systems and technologies. Acronyms: A (Active po-
	larization system), QWP (Quarter-WavePlate), P (Passive polarization system), PG (Polar-
	ization Grating), AHW (achromatic Half-Wave Plate), WP (Wollaston Prism), BSI (Birefrin-
	gent Shearing Interferometer, LP (Linear Polarizer), CP (Circular Polarizer) and PEM (Photo
	Elastic Modulator).					

: Summary of snapshot SPI systems and technologies. Acronyms: A (Active polarization system), QWP(Quarter-Wave Plate), P (Passive polarization system), PG (Polarization grating), HWP (achromatic half-wave plate), WP (Wollaston Prism), BSI (birefringent shearing interferometer), LP (Linear Polarizer), and CP (Circular Polarizer).
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1: Sensor characteristics.

Table 4

 4 CIE Y illuminance are obtained from Poynton[START_REF] Pascale | RGB coordinates of the Macbeth ColorChecker[END_REF]. For camera linearity analysis, the Macbeth ColorChecker image is captured from the color polarization camera.The 0°polarization channel is only shown, as the four polarization channels are very similar (see Section 4.2.5). The 0°camera intensities corresponding to the gray-scale patches are obtained and plotted relatively to the Y illuminance values. Figure4.4 shows the plot of camera linearity. The results show that the camera is almost perfectly linear and there is no need to correct for nonlinearity.

	4.2. PROPOSED SYSTEM

.2. We decreased the frame rate by changing the camera register for acquiring higher exposure time due to closed aperture. To check camera linearity, the illuminance values of the 6 gray-scale patches from the Macbeth ColorChecker are selected, as highlighted in Figure

4

.3. These

Table 4 . 2 :

 42 Initialization of the registers before acquisitions, for both cameras.
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 4 3. 

	Extrinsic parameters

Table 4 .

 4 3: Intrinsic parameters.

  3, S 1,s is the difference between intensities measured through polarizers 0°and 90°, S 2,s the difference of intensities through polarizers 45°and 135°. S 3,s is not considered in this work, since we can sense only linear polarization. The Degree Of Linear Polarization (DoLP ) represents the amount of linear polarization in the light beam. It takes values between zero for non polarized light and one for totally linearly polarized light, intermediate values referring to partial polarization:

	DoLP s =	S 2 1,s + S 2 2,s I s	.	(5.8)

Acknowledgment

This work was supported by the ANR JCJC SPIASI project, grant ANR-18-CE10-0005 of the French Agence Nationale de la Recherche.

Chapter 3

Spectral and Polarization Imaging (SPI) technologies

DoT polarimeters belong to scanning techniques, and multiple images are captured sequentially to recover polarization information. The DoA and DoFP devices belong to snapshot techniques that capture spectral polarization information in a single shot. DoFP devices bases on commercial PFA sensors seem a very promising basis, despite their lack of spectral resolution. To this end, we conclude that compact, cheap, and easy-to-handle, spectral polarization acquisition systems still need to be investigated.

Part II

Proposed SPI acquisition system

Chapter 4

Snapshot SPI acqisition based on a pair of filter array cameras

Snapshot SPI acquisition based on a pair of filter array cameras

We measured the relative spectral response of the camera system in a controlled environment at Imaging and Artificial Vision (ImVia) laboratory in Dijon. The measurement system is composed of a light source and a monochromator that includes spherical mirrors to concentrate and collimate the light.

We sweep the wavelength of the incoming light by step of, 10nm from 380nm to 750nm.

We capture an image for each wavelength with fixed integration time, which permits no saturation of the channels but maximizes the incoming signal to limit noise. We repeat the procedure for two sets of captures in order to minimize errors in measurements.

The four polarization channels of each spectral channel exhibit very similar responses, as it can be seen in Figure 4.5. We also assume that the sensitivities are very similar for the two cameras used in our setup, and therefore we have characterized only one camera. 

Bandpass filter combination

The most practical method to gather the multispectral images is to use conventional RGB cameras combined with a set of spectral bandpass filters [START_REF] Roy S Berns | Practical spectral imaging using a color-filter array digital camera[END_REF][START_REF] Shrestha | One-shot multispectral color imaging with a stereo camera[END_REF][START_REF] Klein | Multispectral stereo acquisition using two {RGB} cameras and color filters[END_REF]. It is usually done in multiple shots by using multiple filters. The multispectral data acquisition is made by 

Examine Rectified Images

Checking the rectified images is important even if the reprojection errors are low. For example, if the pattern covers only a small percentage of the image, the distortion estimation might be incorrect, even though the calibration resulted in few reprojection errors. So, If the calibration is accurate, the images become undistorted and row-aligned, as shown in 

Stereo parameters

The stereo parameters contain two cameras intrinsic and extrinsic parameters and their geometric relationship.

Intrinsic parameters

Intrinsic parameters allow a mapping between camera coordinates and pixel coordinates in the image frame. The intrinsic parameters are:

1. Focal length: A 2×1 vector which represents the estimated focal length of the camera. Expressed in pixels. 

Summary

Combining spectral and polarimetric imaging has gained much interest in the past few years, but the proposed setups remain rather limited or difficult to implement. In this manuscript, after a review of the existing spectropolarimetric systems, we design and implement our own system based on a stereo setup using 2 off-the-shelf RGB polarimetric cameras. It produces data hypercubes with 6 spectral channels combined with 4 polarization channels. With proper calibration using a reference chart, we were first able to reconstruct reflectance spectra in the visible range with a significant improvement compared to a classical RGB system. The polarimetric capability of our system also made it possible to improve the evaluation of the reflectance spectra of real specular objects by removing the saturated component which usually alters the reflectance evaluation. Our experiments were conducted using a spectropolarimetric image database that we made publicly available.