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ONERA -The French Aerospace Labdevelops new concepts of LiDAR imaging systems including new sensor technologies and data processing. The rising complexities and costs of high performance systems, and the shrinking time to design drove the ONERA approach. The homegrown MATLIS software has been evolving for the past decade. It allows both linear mode LiDAR and single photon electro-optical systems simulation (both GmAPD and SPL) embedded on dynamic platforms (eg. UAVs, Aircrafts). In this paper, we describe our MATLIS software and present validation cases. The static or dynamic 3D scene is fully described both in terms of geometry and optical properties. Reflectance of the targets is wavelength and angle dependent. The input data are validated by lab-measurements on dedicated test benches. Turbulence, absorption and, backscattering effects are taken into account to model the laser propagation through the atmosphere. The last step consists in computing the optical full-wave-form signal in the focal plane of the imaging system and, generating 3D point clouds. Then, we apply a performance analysis study to a multi-band 3D LiDAR for segmentation applications. We consider various numerical scenarios including spectral objects. This analysis will conclude on the interest of developing new multi-band 3D LiDAR systems for classification applications.

INTRODUCTION

Light scattering is a wide field of scientific research. In a homogeneous media, light propagates along straight lines. When light encounters an obstacle with a refractive index different than the surrounding media, light is scattered in various directions depending on polarization states and wavelengths. Light scattering signatures are involved in numerous civilian, industrial or defense applications. It includes active and passive remote sensing. In computer graphics, light scattering models [START_REF] Li | A practical comprehensive light reflection model[END_REF] are used in light rendering. With shrinking time to market and R&D costs, numerical simulations become a mandatory tool for 3D LiDAR system designers to quickly assess the performances of future architectures. ONERA develops tools and models to predict operational capacity of new 3D LiDAR instruments.

OPTICAL PROPERTIES OF MATERIALS

Light scattering due to angular reflectance is one of the most commonly measured and modeled optical phenomena, relevant in fields ranging from materials science to 3D computer graphics and animation. Analytical methods that make use of the phenomenon include remote sensing, target detection and, radiance signature evaluation for passive or active sensors.

From single scattering to surface scattering. Spectral (polarized) light-scattering is governed by discretized spectral Maxwell's equations. To study the modification induced by the presence of scatters, one has to solve these equations outside but also inside the scatterer with appropriate boundary conditions. Spectral scattering can be seen as the direction and polarization modification of light for each wavelength when spectral electromagnetic waves encounter obstacles. The majority of light scattered results from elastic scattering. However complex processes can take place. Spectral scattering problem is non-trivial. The nature of spectral electromagnetic waves implies the definition of a general and self-consistent Spectral Dyadic Green's Function formalism [START_REF] Rother | Self-consistent Green's function formalism for acoustic and light scattering. I. Scalar notation[END_REF][START_REF] Rother | Self-consistent Green's function formalism for acoustic and light scattering. II. Dyadic notation[END_REF] to solve spectral polarized light scattering problem. Surface-integral methods are also known as null field methods or extended boundary technique methods. The scatterer is replaced by an ensemble of surface currents over its surface. For surface currents determination, the null-field condition is used with electromagnetic fields expanded using spherical basis functions. It yields a linear equation system for the expansion coefficients of the spectral electromagnetic field. The solution of these linear equations systems is often expressed as the Waterman's T-Matrix [START_REF] Waterman | New formulation of acoustic scattering[END_REF][START_REF] Pc | The T-Matrix revisited[END_REF]. The T-Matrix provides comprehensive information about the scattering depending only on the size, shape and complex refractive index of the scatterer for a given illumination wavelength. It is one of the most powerful and most rigorous formulation to compute spectral polarized light scattering of scatterers.

Spectral radiometry.

Spectral radiometry is the Science of measuring the spectral intensity of the electromagnetic field. The radiometric terminology uses the definitions accepted by the International Standards Organizations (ISO) and the International Commission on Illumination (CIE). The huge amount of data involved in spectral measurements implies the use of tensorial quantities. The basic radiometric quantities adapted for spectral data input are outlined, based on the initial terminology of Nicodemus [START_REF] Nicodemus | IW Limperis, Geometrical considerations and nomenclature for reflectance[END_REF] and the Standard ASTM-E1392-96 [START_REF]Standard Practice for Angle Resolved Optical Scatter Measurements on Specular[END_REF]. Notations are listed in the next table.

Table 1. Notations used for the definitions of the tensorial spectral reflectance framework.

Spectral techniques have been used in many scientific fields to measure visible / infrared reflectance. For instance, spectral data used in remote sensing are stored in a 3-dimentional hypercube that contains special and spectral information. We extend this technique for spectral polarized reflectance data. where i1, i2 go from 0 to I1, I2 referring to numbers of angles of incidence; r1, r2 go from 0 to R1, R2 referring to numbers of scatter angles and goes from 0 to L referring to the number of measured wavelengths. In some cases, one can restrict 5order spectral tensors to 3-order spectral tensors for principal-plane measurements [START_REF] Riviere | Supercontinuum laser-based instrument to measure hyperspectral polarized BRDF[END_REF].

The very basic tensorial quantities needed for spectral reflectance measurements are the spectral irradiance tensor and the spectral radiance tensor: The spectral bidirectional reflectance tensor is defined as the ratio of the reflected spectral radiance tensor to the incident spectral irradiance tensor. It results from different scattering processes within the media and corresponds to the tensorial representation of the spectral BRDF defined by Nicodemus:

For polarimetric studies, the spectral polarized radiance and irradiance are measured and a polarized spectral BRDF is defined as an extension of the polarized BRDF definition:

where ,  refer respectively to the incident and reflected linear polarization states such as "P" for ppolarized, "S" for s-polarized and "U" for unpolarized.

BRDF takes into account both surface and subsurface local light scattering like specular reflection component, first surface directionaldiffuse component, first surface uniform-diffuse component, subsurface uniform-diffuse component and finally subsurface forward-scattering component.

Simplified physically-plausible BRDF models.

For a BRDF to be physically plausible, it has to exhibit two properties. The first property is that a physically plausible BRDF must be energy conserving. The law of conservation of energy dictates that energy does not simply appear or disappear, but that instead, it is transformed. This means that the radiant energy reflected at a surface cannot be more than the energy that is incident to the surface. The second property refers to what is known as Helmholtz reciprocity, which is to say that the BRDF must be symmetric. In other words, the reversal of incoming and outgoing light must not affect the BRDF outcome.

A BRDF is physically plausible when it is both energy conserving and reciprocal. Many BRDFs that are used in practice are not physically plausible however. Real-time rendering systems often violate Helmholtz reciprocity without noticeable artefacts. Ray tracing algorithms require physically plausible BRDFs as rays are traced in reversal. A violation of energy conservation could result in unrealistic shading.

Another property that BRDFs have is whether or not they are isotropic. Isotropic BRDFs are used for regular surfaces where there is a rotational symmetry; rotating the view vector around the surface normal does not influence BRDF outcome. The counterpart of isotropic BRDFs are anisotropic BRDFs. Anisotropic BRDFs do not exhibit the same rotational symmetry; rotating around the surface normal does influence the BRDF outcome. An example of a real-world surface that is often modelled with anisotropic BRDFs is brushed metal.

Several BRDF models have been proposed in the literature. The list is limited to physically-based BRDF models.

The model proposed by Cook and Torrance [START_REF] Rl | A reflectance model for computer graphics[END_REF] describes a model based on geometrical optics and is applicable to a wide range of materials and lighting situations. Primarily suited for the modelling of metallic and plastic surfaces, it can be used to model other types of surfaces. The model splits up the BRDF into two components: specular and diffuse. The diffuse component models body reflectance and the specular component models surface reflectance. The specular term is based on micro-facet theory: it is assumed that a surface consists of many small mirror-like surfaces. Correctly calculating how light interacts with these micro-facets is not feasible, instead this is statistically approximated. Micro-facets reflect light specularly, which means that the angle between the micro-facet normal and the incident light vector is equal to the angle between the normal and the outgoing light vector. An important phenomenon that occurs during the interaction of light with microgeometry is shadowing and masking. Shadowing is the occlusion of the light source by the microgeometry, masking is the visibility occlusion of a micro-facet by other micro-geometry. In reality, there are also inter-reflections of light between micro-facets, but this aspect is often ignored in micro-facet BRDFs models. The foundations of the Cook-Torrance model were already laid in the previous work of Torrance and Sparrow [START_REF] Ke | Theory for off -specular reflection from roughened surfaces[END_REF]. The main contribution of Cook and Torrance was the idea that only micro-facets contribute to the specular reflection. The proposed Fresnel term was added, optimizing the formulation of the Fresnel equation. The Cook-Torrance model parameters are not as intuitive as those used in other models (experimental issues).

Walter [START_REF] Walter | Micro-facet models for refraction through rough surfaces[END_REF] proposes a BSDF (Bidirectional Scattering Distribution Function) called GGX model. BSDFs can be considered as a superset of the BRDF and the BTDF (Bidirectional Transmittance Distribution Function). BSDFs model both reflection and transmittance: sum of a BRDF and a BTDF. We can restrict the study to the BRDF component. The GGX BRDF is heavily inspired by the micro-facet model of Cook-Torrance. Note that this is exactly the same as the Cook-Torrance specular BRDF, except that the normalization factor for the Fresnel term has been changed. More recent literature agrees with this new normalization factor. The GGX normal distribution function and the Smith shadowing-masking function are also adapted in that case. This last function approximates bidirectional shadowing and masking by splitting it into two separable mono-directional shadowing. The GGX distribution has much stronger tails (or a longer slope) than the Beckmann and Phong distributions. Walter describes that the GGX distribution, at least for some surfaces, provides a closer match to their measurements than the Beckmann distribution. The GGX model was developed to simulate transmission through rough surfaces such as etched glass.

Schlick [START_REF] Schlick | An inexpensive BRDF model for physically-based rendering, Computer graphics forum[END_REF] proposes a new inexpensive BRDF model as well as the optimization technique that was used to develop the model. Schlick briefly reviews several BRDF models (Cook-Torrance, HTSG and Ward) and notes several unsatisfactory points. (i) BRDFs are formulated as linear combinations with constant weights between diffuse and specular parts. The proportions of diffuse and specular components should not be constant, but rather a function of incident angle. (ii) The geometrical attenuation terms in micro-facet BRDFs do not model reflection towards any directions other than the outgoing light direction (in micro-scale). (iii) Theoretical BRDF models that are physically plausible involve complex mathematical expressions that can be expensive to compute. Based on these unsatisfactory points, the Rational Fraction Approximation technique has been used to approximate the Fresnel term, the geometrical attenuation term (from the Smith formulation) and the normal distribution function (from a Beckmann's distribution). These approximations lead to an optimized Cook-Torrance model. This approach tackles the third unsatisfactory point that was noted, but leaves the others unresolved. Schlick proposes two new BRDF models dedicated to homogeneous material surface reflection, and heterogeneous surfaces using a two layered model. A single material layer is defined by the following set of properties: reflection factor at wavelength λ, roughness factor (0 for perfectly specular and 1 for perfectly diffuse), isotropy factor (0 for perfectly anisotropic and 1 for perfectly isotropic). The first model assumes homogeneous optical properties of the materials. The second model assumes heterogeneous optical properties (eg. translucent layer on top of opaque one). The Schlick's BRDF model fits with both homogeneous and heterogeneous material surfaces with few parameters that have intuitive meaning. It can be used for a large variety of materials.

Oren and Nayar [START_REF] Oren | Generalization of the Lambertian model and implications for machine vision[END_REF] suggests a more general diffuse model than the Lambertian one. It is suitable for rendering very rough surfaces. This model does not compete with the other specular BRDF models discussed above in this paper. It can be used in combination with other specular BRDFs replacing the diffuse BRDF term.

All of these models are reciprocal. The Cook-Torrance model is not energy conserving under all angles in comparison with the other described models.

MATLIS SOFTWARE

We describe the end to end modelling of Geiger mode LiDAR systems, from laser beam propagation trough turbulent atmosphere to target interaction and signal formation on the sensor. Various examples such as large area mapping, monitoring and anomaly detection are used to illustrate the subject.

To assess the performances of active 3D systems, ONERA had previously developed numerical simulation codes. The MATLIS software is a homemade simulation tool to predict the quality of the data generated by both scanning and focal plane array (camera) of active imagers. To define the characteristics of a given 3D scanning LiDAR system and its performance, we adapted a model to simulate the entire process. Many related papers deal with the acquisition of a distance but few accounts for the entire imaging process (from the laser source to the detection). Our model allows simulating three-dimensional point clouds obtained by a static (for terrestrial applications) or a moving laser scanner (for aerial applications) with an arbitrary scan law. The general description is shown on figure 1.

Figure 1. General description of MATLIS software.

Each physical phenomenon is simulated in a dedicated module where physically realistic models are used.

We can describe the 3D geometry of the scene with more than 10 million facets including the optical properties of materials at the wavelength of the laser, coordinates of facet vertices, directions and positions of normal vectors. This description is commonly used for various applications. The scene can be static or dynamic. The simulationparameters box corresponds to the description of the LiDAR system (wavelength, apertures, FOV, trajectory…). We also add the identification of the atmospheric parameters in terms of transmission, turbulence effects (Cn² profile), column and target solar luminance.

To simulate the effect of the target shape, the laser pulse is separated into a temporal (in the direction of propagation) and a spatial (perpendicular to the direction of propagation) contribution. The beam's irradiance profile is defined by the user (in this study we use a square "top-hat" profile). The temporal shape of the pulse is an adaptable parameter that can be changed by the user.

A performance optimization is done by considering the geometric representation of the volume visible to the virtual sensor. Objects outside this volume will not be visible in the image, so they are discarded. Sensor iFOV / beam oversampling, ray-triangle intersection and distance / angle are computed by path tracing.

The received power from the target is calculated from the LiDAR equation, which depends on the material and the bidirectional reflectance distribution function (BRDF) associated with each facet. The BRDF takes into account surface and subsurface local light scattering. Then, we add the background solar irradiance (both reflected by the target and column luminance) and the backscattering component to the signal received by the sensor. The received power is modulated by speckle phenomena which are estimated by the diameter of the speckle cells.

Furthermore, atmospheric turbulences affect the received signal in several ways: laser beam expansion and deviation, as well as scintillation (random intensity fluctuation in the atmosphere). When it is possible, instantaneous laser illuminations are modelled according to the Cn² profile. MATLIS software uses simplified models from previous studies to calculate the atmospheric interaction (PILOT and weak codes from ONERA). This simplified approach contains turbulence effects, aerosols absorption and backscattering on the line-of-sight. It limits GPU time and memory size needed for the simulations. The simulation can include inhomogeneous, time evolving absorption and backscattering by airborne particles.

The received signal is degraded by such phenomena and the estimated distance can be affected. We obtain the shape of the reflected signal (full-wave-form by convoluting the shape of the laser output signal with the temporal response of the target.

Different electrical and optical properties of the sensor are simulated. For linear APD / PIN physical model, it involves dark current, excess noise, gain… For Geiger / SPAD / SiPM physical model, it includes random roll for each time bin (signal and noise), dead-time masking, timing jitter, cross talk… We limit this study to single photon counting sensor with different kinds of electronic noise (following the design of our LiDAR instrument).

The output of our MATLIS software is a 3D point cloud (including position). As a result, we model a 3D LiDAR system taking into account the propagation of a laser pulse through the atmosphere, its reflection from a target, and its detection by a focal plane sensor.

MULTI-BAND 3D LiDAR SYSTEMS

To assess the performances of potential technical solutions for the realization of a multi-spectral 3D LiDAR system, simulations were used based on our MATLIS software. We evaluated many concurrent designs to converge to the most optimal compromise, taking into account both the optical performances and the Size Weight And Power -Cost (SWaP-C) of the system. The results presented below only represent a sub-set of the vast parameter space explored during the design phase. For performance evaluation, a synthetic scene was created using measured [START_REF] Rohani | Nonlinear Unmixing of Hyperspectral Datasets for the Study of Painted Works of Art[END_REF] spectral backscattering coefficients (see figure 2).

Figure 2. Synthetic 3D scene including a material

description of each facets.

The simulated system is a two-axis scanning system with a voluntarily limited aperture size to 25 mm for feasibility and size reasons. The illumination beam is provided by a 10 kHz class supercontinuum light-source, providing high spectral pulse energy in the nanosecond regimen. Detection is carried out using a grating spectrometer using parallel Silicon PhotoMultiplier (SiPM) for detection. The sensor model includes the effect of an off-the-shelf readout integrated circuit. As figure 3 illustrates, the spectral response of the material is correctly retrieved by the system.

Simulations were repeated at increasing distance to evaluate the potential range of the system, while still remaining in the "one laser shot per point" range and without compromising the quality the spectral data. For this particular component combination and using conservative estimates of the losses within all components of the chain, range can extend to over 100 m. Minimum range is dictated by two factors, the beam overlap with the receiver field-of-view and the SiPM dynamics (see figure 4). Both effects are fully simulated by the MATLIS software. The distance was found to be around 5 m in this configuration.

This use-case demonstrate the usefulness of numerical simulation tools in the 3D-LiDAR design phase. The tool is capable to predict optoelectronical performance of the system. This approach limits the cost liked to over-designing the system (especially the aperture or the laser power).

It also provides valuable inputs for the design of the processing algorithm, allowing this phase to be concurrently run with the physical design.

Figure 1 .

 1 Figure 1. Definition of the spectral tensors in a spherical coordinate system.
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 1 Figure1illustrates the geometry used in the framework definition in a spherical coordinate system. A generic spectral tensor is defined as a 5order tensor:

,

  These tensors are defined as a power tensor directly measured from instruments over a projected area cos (r1).A. It takes into account the fact that the surface saw by the spectral sensor changes with the observation angle. This is easily seen that the amount of light received by an observer decreases as it rotates around the illumination area. This phenomenon is often call the cosine law or the Lambert law. These tensors correspond to the tensorial representation of the spectral irradiance and the spectral radiance:Bidirectional Reflectance Distribution Function. Modeling reflectance phenomena requires the formulation of a spectral (polarized) Bidirectional Reflectance Distribution Function (BRDF) and an understanding of its importance in surface-volume optical phenomena. The BRDF quantifies how light is angularly and spectrally reflected by a material illuminated from different directions [Erreur ! Source du renvoi introuvable.]. It is a unique optical signature of a material and is one of the crucial functions needed to model radiative transfer, laser imaging, 3D LiDAR and, remote sensing systems.

Figure 3 .

 3 Figure 3. Spectral response of the material retrieved by a muli-band 3D-LiDAR system.

Figure 4 .

 4 Figure 4. Evaluation of the potential range of the system. Range are (from left to right and top to bottom) 20 m, 30 m, 70 m and 150 m