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Dynamic 3D Model of a Tree for High-Resolution SAR Imaging

Trees, due to their multiscale structure, induce significant backscattering in several frequency bands. Besides, trees, due to wind displacement, induce a Doppler shift that can cause trouble to detection and identification algorithms. Here, we will present a dynamic 3D model to be used in EM simulation, notably for high-resolution SAR imaging. First, a realistic 3D model is created, then, ray-tracing is used to determine visibility and, finally, an animated EM model is computed. In the end, the model is incorporated in a simulation pipeline in order to form SAR images.

Introduction

The evaluation of operational SAR imaging systems requires the use of realistic electromagnetic simulations of complex scenes. Besides, such simulations also need to be very efficient to model scenes with different extents, varying complexities, changing compositions and, thus, account for inherent uncertainties. One of today's favored approach consists in splitting the scene into different entities (sea, soil, buildings, forests...) to simulate them independently and, then, recombine them accordingly. Forests are a key element of electromagnetic simulations for two reasons. First, they represent around 30 percent of earth's surface. Second, unlike buildings, trees are not still and produce a non-zero Doppler shift. Movements of leaves and branches thus entail a defocus of SAR images [START_REF] Billingsley | Impact of experimentally measured Doppler spectrum of ground clutter on MTI and STAP[END_REF], which can be a significant obstacle to detection or identification algorithms. Over the past decades many clutter models of forests have been elaborated [START_REF] Eom | A scatter model for vegetation up to Ku-band[END_REF]- [START_REF] Martinez | Measurements and modeling of vertical backscatter distribution in forest canopy[END_REF]. For low frequencies (UHF, VHF, L), the foliage's transmission coefficient is high, it is the socalled FOPEN ("Foliage Penetration") domain [START_REF] Edward | Foliage penetration radar : de-tection and characterization of objects under trees[END_REF]. Different methods exist to compute the backscattering for this domain such as the use of the radiative transfer equations [START_REF] Karam | A microwave scattering model for layered vegetation[END_REF] or the discretization of the medium with layers and the application of the Foldy's method [START_REF] Lin | A Monte Carlo coherent scattering model for forest canopies using fractalgenerated trees[END_REF]. For intermediate frequencies (up to C band [START_REF] Thirion | Modélisation de l'interaction cohérente des ondes électromagnétiques avec des couverts forestiers[END_REF]), when the wavelength is greater than the scatterer dimensions, many approximations are made to evaluate the scattered field [START_REF] Karam | Leaf-shape effects in electromagnetic wave scattering from vegetation[END_REF]- [START_REF] Sarabandi | Electromagnetic scattering model for a tree trunk above a tilted ground plane[END_REF]. For higher frequencies (from X-band upwards), little literature exists on the topic. In the VHF band, a radar will mainly see the trunk of a tree. In the P-L bands, branches will start to contribute to the signal (smaller branches will contribute to higher frequencies). In the X-band, mostly the foliage of the tree will have an impact on the signal. In our case, we are interested in X-band high-resolution SAR imaging, down to 10cm, and, therefore, our model has to take into account all parts of a tree (trunk, branches, leaves). The outline of the paper is as follows. In the first part, a realistic 3D model is created with the help of a 3D mod-elling software. In the second part, visible elements of the 3D model are determined from a dedicated ray tracing software. In the third part, each element of the tree is animated jointly and the global electromagnetic response simulated. The last step is the computation of several SAR images to validate our assumptions and, thus, our overall simulation pipeline. 

Tree generation

In the literature, different approaches exist to generate 3D models of trees. Some are based on observation of real trees, either with a multitude of 2D images or with lasers measurements [START_REF] Margarita | Rendering of Wind Effects in 3D Landscape Scenes[END_REF]. A widespread one is based on Lindenmayer's-system, a ruled-based iterative system [START_REF] Lindenmayer | Mathematical Models for Cellular Interactions in Development I. Filaments with One-Sided Inputs[END_REF]. A last approach is the use of a geometrical system based on real observations [START_REF] Weber | Creation and rendering of realistic trees[END_REF]. Different modelling softwares were designed based on one of those process [START_REF] Zhang | A Survey of Modeling and Rendering Trees[END_REF]. These softwares are mainly used in computergenerated-imaging (CGI) for cinema or video-games' conception, some examples are SpeedTree [START_REF] Idv | Speedtree[END_REF], Arbaro [16] and Meta-Elements [17]. In our study we used the Arbaro software due to its straightforwardness and open source aspect. It uses the geometrical system based on real observations.

3D model

Arbaro is a geometry-based tree-generation software. To define various trees several parameters have to be specified such as : tree height (scale), pruning shape (conical, spherical, cylindrical...), number of branches levels, trunk radius, leaves dimensions (shape, length, width...), number of leaves per branches, etc. Besides, many parameters have two entry fields, one fixed and one variable, which makes possible the generation of various trees from the same exact initial architecture. Arbaro can also generate models in different exchange formats (POV-Ray, WaveFront, OBJ...). Since we decided to use the POV-Ray software for ray-tracing we selected the corresponding format. Two files are generated, one with default Ray-tracing parameters for POV-Ray .pov and one with the tree mesh .inc (Figure 2).

The .inc file generated by Arbaro is composed of two distinct triangular meshes : one for branches and one for leaves. Each mesh contains different datas, three for branches and two for leaves : the coordinates (X,Y,Z) of the nodes, the nodes' indices for triangle vertices and for the branches the nodes' normal. Leaves normals are not given but they can be calculated afterwards for each face.

To add a texture it is possible to associate UV-coordinates to the mesh. A point to note is that POV-Ray's coordinate system is left-handed, with Y as the height direction for Arbaro's imported tree. With the development of CPU, GPU, multi-threaded and parallel computing, several ray-tracing softwares were developed (POV-Ray, OptiX, V-Ray...). In our investigation, we decided to use POV-ray [START_REF]Persistence of Vision Raytracer (Version 3[END_REF], because it is a free, opensource software and, data from Arbaro can easily be imported in the POV-Ray format.

POV-Ray

In order to compute the visibility of our 3D model with ray-tracing, the position of the transmitter needs to be specified. Each model also depends on the resolution of the ray grid. The resolution of the model increases with the number of rays traced but it also increases the computation time and the memory usage. In our simulations, we used a 2048 by 4096 ray grid. Its pixel resolution is 3.4 mm in height and from 4.8 mm in width (in the plane orthogonal to the ray and containing the origin of the tree centered frame, see Figure 3 ). In the X-band, this amounts to a resolution of approximately λ /9 by λ /6, respectively. Our model is also characterized by two angles, the angle of azimuth and the angle in elevation (depending of the position of the transmitter ( Figure 4 ). To access data from the ray-tracing process, we used the built-in trace function. This function compute the coordinates and normals of all intersection points between the rays launched and the 3D model considered.
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Simulation and movement

Movement model

Trees are not a still element of the scene, they move in the wind. More specifically, all elements of a tree do not react to the wind in the same way depending of their relative positions and the tree's mechanical properties. We distinguish three elements, namely the trunk, branches and leaves. As a first step, we decided to elaborate a simple model. It is composed of three sinusoidal components, one for each element. In addition, each movement is correlated to its parent in this order : trunk, then branches, finally leaves. The model can be represented as such :

M(t) :   x 0 y 0 z 0   +   a at 1 (h) a ct 1 (h) 0   sin (ω 1 t) +   a at 2 (h) a ct 2 (h) 0   sin (ω 2 t) +   a at 2 (h) a ct 2 (h) 0   sin (ω 3 t + φ 3 )
[1] : Only for along track movement [START_REF] Eom | A scatter model for vegetation up to Ku-band[END_REF] : Only for cross track movement 7 parameters with M the position of the point, M 0 the static position of the point, ω 1 , ω 2 and ω 3 the pulsations of the oscillations, a 1 , a 2 and a 3 the amplitudes of the oscillations,φ 3 a random phase shift, h the height of the point with 0 being the ground, r its distance to the trunk. Because we do not have any heredity relations between the trunk, the branches and the leaves, we chose to move the branches and the trunk in phase. Indeed, we do not know to which branches does a point belongs to so we move the points all together.

Movement parameters

Studies in geoscience, biology, and physics have focused on evaluating and modelling trees' natural frequencies. In that regard, many measurements were made in the last decades : Baker [START_REF] Baker | Measurements of the Natural Frequencies of Trees[END_REF] measured the global natural frequencies for limes trees whereas a more recent study focus on the foliage's motions [START_REF] Tadrist | Foliage Motion under Wind, from Leaf Flutter to Branch Buffeting[END_REF]. These papers give a range of values for the natural frequencies of either the tree (which we will assimilate to the trunk), the branches and the leaves. We used those for our model to make it more representative. The default values we chose for each movement parameters are as follows :

• a 1 = 0.5 * h h_max m • a 2 = 0.1 * r r_max m • a 3 = 0.05 m • ω 1 = 2 * π * 0.5 Hz • ω 2 = 2 * π * 1 Hz • ω 3 = 2 * π * U (5, 10) Hz • φ 3 = U (0, 2π)
h_max and r_max refers respectively to the tree's height and the tree's half-width in meter, U (a, b) refers to the uniform law distribution between a and b. In this study, h_max = 10 m and h_max = 2.5 m. In addition, we made the approximation that the movement is uni-directional for most of the simulations. That way, only one coordinate varies in time. Two cases were considered : either along-track or cross-track (compared to the carrier trajectory). 

Electromagnetic model

An electromagnetic model, to be efficient, needs to be use within its domain of application. The larger is the domain, the less accurate is the model. A solution is to generate many sub-models for varying parameters such as : frequency, material, angular dependency... For our model there are three main parameters the frequency used, the elevation angle and the azimuth angle. For our model we fixed the frequency (9,6 GHz) and the elevation angle (53 degrees). For the azimuth dependency, two tests were computed, one considered independent across the trajectory, one with 20 different windows of angles.

SAR parameters

We simulated a virtual SAR acquisition composed of three mains components : the carrier, the scene and the waveform. For the carrier, we simulated a linear trajectory with constant altitude and velocity. The simulated mode of acquisition was a stripmap acquisition. The scene is only composed of the tree. We chose f 0 = 9.6 GHz as our central frequency for our pulses with a bandwidth of B = 3 GHz. The theoretical attainable resolutions are greater than 0.05 m in range ( c 2 * B with c the light's velocity) and the same in azimuth.

Results

Static SAR images

All images were formed with the same 3D model (Figure 2). For Figure 5 and Figure 6 the tree was static, the difference between the 2 images resides in the number of ray-tracing computations. For the 1 st image, visibility is computed only once, in the middle of the carrier trajectory (azimuth=0 o ), while for the 2 nd image, visibility is computed twenty times, in between the beginning and end of the carrier trajectory (azimuth=-14 o to +14 o ). For both images, the elevation angle is constant at 53 o . We can observe that the trunk is larger in the multi-views image. There is also less shadows due to the multi-visibility. That way the silhouette of the tree is more detailed because more points are computed (the grids from different views are not identical, there is a small shift between them). In order to use multiple models, to obtain a coherent model, the condition that the resolution of the grid needs to be small compared to the wavelength. 

Along and cross track movement

Movement of the leaves

Figure 9 represents a model with static trunk and branches but with moving leaves in all three directions. The foliage of our tree being sparse, only 20 leaves per smaller branches, the movement of the leaves conceals scattering from smaller branches if these are sufficiently dressed with leaves. Thus, only large branches and the trunk remain focused.

Figure 9 SAR image of the tree with leaves clutter (omni-directional movement)

Conclusion

We presented a high-resolution dynamic 3D model of a tree and applied it to SAR imaging. Usual SAR processing effects were observed on the images such as blurring for along-track movement and delocalization of the signal for cross-track movement. The use of multiple visibility, along the trajectory of the carrier, for the same simulation allowed the formation of a more realistic tree. The latest test enabled us to observe that, even though our model is sparsely populated with leaves, their movements masks the response of smaller branches. An advantage of our approach is the modularity of the global model. Arbaro could be replaced by other tree-generation softwares as long as they remain compatible with the ray-tracing software used, namely POV-Ray. Likewise, POV-Ray could be replaced by another software like OptiX. From this investigation, we are considering two main axes to refine our model. First, the electromagnetic model should be refined to take into acoun multiple bounces and the normalized RCS, based on investigations [START_REF] Senior | Measuring and Modeling the Backscattering Cross Section of a Leaf[END_REF] of the dielectric properties of each elements of a tree. Second, the tree's movements should be refined with a wind model taking into account the natural hereditary-based growth of the tree, with the use of an animated skeleton for instance.
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 1 Figure 1 Model's pipeline
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 2 Figure 2 Arbaro generated 3D model (with apparent mesh)
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 3 Figure 3 Grid obtained with ray tracing
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 4 Figure 4 SAR image of the static tree
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 56 Figure 5 SAR image of the static tree

Figure 7 and

 7 Figure 7 and Figure 8 are SAR images corresponding to along-track and cross-track movements of the tree. While along-track movements only induce blurring to the image (in azimuth), cross-track movements delocalize the signal on the SAR image (in azimuth). The acquisition time being 5s and because the tree characteristics periods being

Figure 7 Figure 8

 78 Figure 7 SAR image of the tree with cross track movement
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