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ABSTRACT:

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 home-grown 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). The static or dynamic 3D scene is fully described both in terms of geometry and optical properties (eg. reflectance, background illumination, and atmosphere). The scanning system and the platform motion are taken into account. Laser propagation is fully modelled including atmospheric effects such as turbulence, absorption, and backscattering in the forward and backward directions. Target interaction is angle dependent (temporal broadening and directional backscattering). Optical full-wave-form signal is computed in the focal plane of the imaging system. A 3D point cloud is generated using sensor models (including but not limited to APD, GmAPD, SiPM…). In this paper, we describe our MATLIS software and present validation cases. Then, we apply a performance analysis study to design an original concept of LiDAR high altitude surveillance platform.

INTRODUCTION

With shrinking time to market and R&D costs, numerical simulations become a mandatory tool for system designers to quickly assess the performances of future architectures. ONERA develops tools and models to predict operational capacity of new LiDAR instruments.

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. Each physical phenomenon is simulated in a dedicated module where physically realistic models are used. Figure 2 illustrates the links (inputs and outputs) between all the developed modules. 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 generation) 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.

PERFORMANCE ANALYSIS

ONERA evaluates original and complementary imaging LiDAR techniques by comparison with conventional passive systems. MATLIS software is a physical model to evaluate new concepts and developments of specific post-processing for dedicated applications in the field of surveillance and tactical-mapping from aerial platforms. Detecting vehicles and people through dense foliage in extreme climates using only penetration technology is a challenging task. Combining different sensors and technologies embedded in an intelligent, efficient and robust detection platform is a solution developed by ONERA. The performances of such systems are validated by simulation.

For surveillance applications, different scenes containing vegetation, vehicles, persons and reference targets were made. Figure 3 illustrates parts of the 3D shaped model. Detection is performed when 2 or 4 points are detected on a target (respectively 60 for recognition and, 160 for identification). The range is fixed to 35 km (ie 6 µrad/pixel and 20 cm GSD). The scanning system simulated is based on a 532 nm diode pumped solid-state laser, at current state-of-the-art power level (~50 mJ) and repetition rate (500 Hz). Detection is assured by a 256x256 pixels² and ITAR free sensor (f = 5 m, aperture corresponds to 0.3 m, FOV to 30x30 m² and, FOR to a 35 km radius circle).

Figure 3. Example of a 3D scene used in LiDAR simulation (foliage penetration).

A complete evaluation of the performances of such a LiDAR was done. In this document, we illustrate the performance analysis considering the more appropriate system to be embed on the identified aerial platform.

The following figures present the results obtained with the ONERA MATLIS software. To assess the performances of active 3D systems, we numerically simulate the 3D point cloud obtained. The software takes into account the typical platform-trajectory and pose.

TECHNICAL SIMULATIONS

To assess the performance of the system, technical simulations were carried out. These simulations use geometric targets with specific dimensions and reflectance.

Lateral resolution targets

This target is a so-called "star sector target" or "Siemens star", consisting of alternating filled and empty circle sections. The resolution limit is when the detection from 2 adjacent section merges. This test confirmed the lateral resolution to be better than 20 cm, as designed.

Foliage penetration

The target consists of 2 planes separated by 1 m. The topmost plane is progressively moved as to obscure the second plane. The percentage of obscuration admissible (at 1 σ) is when the second plane is detected less than 63% of the times. In this system, the admissible foliage coverage is 21% per pixel. Counter intuitively, in single photon counting system based on single photon avalanche diode, reducing the laser power increases the foliage penetration ratio but reduces the overall detection probability and link budget. The selected laser power is a compromise between foliage penetration and margins for atmospheric and target reflectance variation (figure 4). Noise level is slightly above 1 Mevents/(px.s) for 1.1 kW/m² sun power with typical spectrum, taking into account ground reflections and air column backscatter. This level is compatible with standard denoising algorithm for single photon LiDAR data.

TACTICAL-MAPPING SIMULATIONS

A dense wood scenario was used to illustrate the detection of border crossing in forests. The border is simulated with deciduous trees (oaks) on one side and evergreen trees (pines) on the other side. Simulations were done with static objects representing persons and vehicles at various position before, at, and after the border (figure 5). From this simulation, the number of photons received per pixel were extracted, with a median number of 72 per pixel in occluded area and 582 on bare soil, with typical mid latitude summer aerosols distribution. More than 99.7% of the points (3σ) have 15 or more photons when detected. A minimum of 2 photons per pixel is needed to ensure good performances thus giving a good performance margin for weather mitigation (figure 6). Simulation were carried out for 17 different angles to take into account foliage penetration at different angles. The resulting point cloud was then processed using the denoising filter then detection algorithm.

Figure 6. Illustration of the denoising filter.

Detection was considered successful when at least 3 points pertaining to the target were segmented for a person, at least 3 persons for a group and 10 points for a vehicle. We also simulate dynamic scenarios. This study represents a use case were the LiDAR is actively tracking a target, which was previously detected. Two different type of objects were simulated. (i) Drone flying at low height above the canopy. In this, the drone is deployed from the bed of a pickup truck, takes off and flies at high speed 1 m above the tree line. The object is modelled after a generic 6 rotor rotary wing drone of the 8 kg class, with a top speed of 15 m/s. (ii) Vehicle driving under the canopy. In this instance, the vehicle (a pickup truck) is driving through the forest a relatively high speed (13 m/s).

For these scenarios, two metrics were calculated: 𝑛 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑖𝑣𝑒 is the number of frame where the tracking system has to predict the object position, heading and speed instead of continuous tracking and, 𝑛 𝑡𝑜𝑡𝑎𝑙 is the total number of frames.

For the above-defined scenarios, the results are displayed in the following table.

Metrics

Drone Vehicle 𝜏 100% 87% 𝛾 100% 81% Table 2. Detection for dynamic scenarios.

CONCLUSION

The homemade MATLIS software and validation cases are presented in this document. We apply the end-to-end modelling to Geiger mode LiDAR systems including laser beam propagation in the atmosphere, backscattering targets and signal formation on the sensor. A performance analysis is done to design an original concept of LiDAR high altitude surveillance platform by ONERA. We illustrate parts of this study considering technical simulations and, both static and dynamic scenarios. The percentage of detection is presented. Additional simulations can be conducted to assess recognition and identification of targets in such cases. Various scenarios such as large area mapping, monitoring and anomaly detection are also planned in future works.
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 1 Figure 1. General description of MATLIS software.
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 2 Figure 2. Algorithm of the physical modeling applied in MATLIS software.
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 4 Figure 4. Detection probability vs foliage coverage.
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 5 Figure 5. Pine forest with vehicles from simulated scene.
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 6 Figure 6. Simulation output example.

  is the time which at least 10 points of the object are successfully detected and segmented by the algorithm and, 𝑡 𝑡𝑜𝑡𝑎𝑙 is the total movement time.

Table 1 .

 1 The following table summarizes the results. Detection for dense wood scenario.

			Detection	
	Foliage coverage	Person	Group of person	Vehicle
	0%	100%	100%	100%
	25%	55%	55%	100%
	50%	2.3%	1.1%	100%
	75%	0%	0%	82%