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Physics-based algorithm to simulate tree dynamics under wind load
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Rapid development in the different computer science fields during the recent decades has facilitated the creation of new applications in the area of dynamic simulation of plant development. Among these new applications, simulation of trees swaying in the wind is of great importance, as those computer graphics related areas, e.g., computer games, tree cultivation and forest management simulations, help a lot in revealing the mechanisms of tree dynamics under wind load. However, it is a big challenge to balance the effect of visualization in real time and calculation efficiency for any simulation algorithm. A physics-based algorithm to simulate tree dynamics under wind load was proposed in this study. A mechanistic model simulating the bending of a cantilever beam was used within the algorithm to simulate deformation of stems, and the algorithm was integrated with a landscape model in which different types of trees were constructed with an L-system-based formalism. Simulation results show that realistic dynamic effects can be achieved with reasonably high computational efficiency.

Introduction 

Trees are an essential component of the natural environment, and virtual tree models have been widely used in many aspects such as digital games, movies, urban modeling, plant biology, forestry, and agriculture. Given such complex structures, and the large amounts of data coming along with them, it is difficult to construct a model with instant rendering and interaction between trees and the environment. With the continuous development of virtual reality theory and technology, more and more researchers are focusing on the dynamic simulation of trees in the wind [START_REF] Ancelin | Development of an individual tree-based mechanical model to predict wind damage within forest stands[END_REF] . As a non-linear flexible system, it is relatively difficult to simulate the deformation of a tree in the wind accurately and quickly, thus making it a challenging topic in computer graphics. Previous methods [START_REF] Sakaguchi | Modeling and animation of botanical trees for interactive virtual environments[END_REF] can only be used within relatively simple tree models, in which the control nodes and shape fitting patches are relatively small, mostly counted in hundreds of control nodes and thousands of shape fitting patches. Obviously, the use of such a simple model to generate the natural sway of complex trees is difficult; the dynamic deformation of the calculation accuracy and imaging of the realism will be less precise.

Virtual plant technology uses computers to simulate the growth process of plants, and represents the morphological structure of plants with a 3D model. Virtual plants can help us to research plants with a new perspective. It can not only reveal the complex morphological structure and life characteristics of plants but also promote the development of computer modeling and animation theory. Virtual plant modeling approaches include two major categories, i.e. graphical-based approaches [START_REF] Cannon | The fractal geometry of nature[END_REF] and image-based approaches [START_REF] Teng | tree modeling from a few images with very narrow viewing range[END_REF] . Aono and Kunii [START_REF] Aono | Botanical tree image generation[END_REF] made a detailed estimate of the distribution of the stem and the leaves on the parent by using the tree as biological object model, and developed an interactive synthetic tree operating system called A-system. Oppenheimer [START_REF] Oppenheimer | Real time design and animation of fractal plants and trees[END_REF] used fractals to construct a tree model, adjusting the parameters to change the geometric and topological shapes of the simulated object, considering the random effects of the environment to avoid the self-similarity of the fractal, resulting in greater diversity and realism. In order to solve the problems inherent to plant image processing, Shlyakher et al. [START_REF] Shlyakhter | Reconstructing 3D tree models from instrumented photographs[END_REF] used image segmentation and image-based three-dimensional reconstruction techniques to produce the skeleton (trunk and branch) of the plant and L systems [START_REF] Lindenmayer | Mathematical models for cellular interactions in development I. Filaments with one-sided inputs[END_REF] to generate the 3D model of the plant. Based on image rendering technology (IBR, Image-Based Rendering), the rapid visual modeling of plant images was well realized. However, the reconstruction of skeletons mainly depended on the approximate 3D shape of the plant, and the result was different from the actual skeletons of the plants.

Okabe et al. [START_REF] Okabe | Interactive design of botanical trees using freehand sketches and example-based editing[END_REF][START_REF] Ijiri | Floral diagrams and inflorescences: interactive flower modeling using botanical structural constraints[END_REF] designed and implemented a 3D model system using hand-drawn sketches and instance-based editing operations that could be used to generate 3D tree graphics quickly and easily based on the 2D tree sketches, which were also manually drawn by the user.

A number of authors have been working on the simulation of swaying of trees. Stam et al. [START_REF] Jos | Stochastic Dynamics: Simulating the effects of turbulence on flexible structures[END_REF] obtained the turbulence effect by filtering the white noise in the frequency domain space, and then used the finite-element model analysis method to calculate the natural frequency of the branches, to obtain the vibration effect of the branches under wind load. This method simulated various types of trees, but using the white noise filtering simulation model made it difficult to represent the natural wind characteristics faithfully. Shin et al. [START_REF] Ota | A hybrid method for real-time animation of trees swaying in wind fields[END_REF] simulated the wind field by using the 1/fβ noise function. The spring model was used to simulate branch motion, while the leaves were regarded as rigid bodies. The motion was the vector sum of translation and rotation. With this method, the wind field was simulated relatively faithfully, but there was not enough space for the spring model to move with the rigid body, rendering the simulated effect far from elaborated. Akagi et al. [START_REF] Akagi | Computer animation of swaying trees based on physical simulation[END_REF] developed a wind model using the Navier-Stokes equation, and used the "boundary condition map" method to analyze the occlusion of the foliage. Hu et al. [START_REF] Hu | Data-driven modeling and animation of outdoor trees through interactive approach[END_REF] presented an interactive approach for the modelling and animation of outdoor trees from photographs and videos. The fast Fourier transform was used in that study to estimate physical parameters of branches and leaves, which were then applied to a simplified physics-based model to generate animations of trees. In the simulation of a large-scale scene, Fan et al. [START_REF] Fan | The study of real-time animation of forest scene in wind projection[END_REF] used empirical equations from meteorology instead of physical equations to accelerate the computing process. Different kinds of trees could be simulated by changing coefficients in the equations. Ancelin et al. [START_REF] Ancelin | A population approach to study forest stand stability to wind: individual tree-based mechanical modeling[END_REF] introduced a model of wind damage using the Transfer Matrix Method of beams. This model could be used to explore how damage is related to wind speed. For the uncertainty about the appropriate exponent and reliability of the conventional form, Cullen [START_REF] Cullen | Trees and wind: A practical consideration of the drag equation velocity exponent for urban tree risk management[END_REF] reported on modeling of aerodynamic drag equation forms and concluded that conventional form could be appropriate for trees. Gaffrey et al. [START_REF] Gaffrey | The elasto-mechanical behaviour of Douglas fir, its sensitivity to tree-specific properties, wind and snow loads, and implications for stability -a simulation study[END_REF][START_REF] Gaffrey | Modifying the elastomechanics of the stem and the crown needle mass distribution to affect the diameter increment distribution: A field experiment on 20-year old Abies grandis trees[END_REF] developed a complete 3D model to simulate the elastic mechanical behavior of trees under wind and gravity. The stress and strain distribution at the surface of stem could be estimated using this model. Sellier et al. [START_REF] Sellier | A numerical model of tree aerodynamic response to a turbulent airflow[END_REF] presented a dynamic model to analyze the mechanical response of trees in turbulence. The 3D description of tree architecture was integrated in this finite-element model.

In this study, we proposed a new physics-based approach for calculating deformation of trees subject to different ranges of wind loads. Furthermore, a method to develop a 3D scene within the simulation was introduced, as well as a modeling method for different types of trees. The deformation algorithms proposed were implemented and realized together with the modeling approach in a landscaping context for validation.

Materials and methods

Simulation of the scene

The 3D virtual scene contains three modules: a sky model, a terrain model, and a radiation model.

For the sky model, SkyBox [START_REF] Ping | Research and realization of modeling method for virtual geographic scenes[END_REF] was used to construct the background module of the 3D virtual scene. Representing the 3D scenes as a cube, SkyBox does not have the ability to bend texture coordinates. Thus the standard UV coordinate mapping method was applied to handle the corresponding texture, together with Cubic texture technology which was applied to simulate the details of the sky. Unlike normal textures, the six sides (i.e. Back, Front, Up, Down, Left, and Right) of the skybox can be tiled into the entire space using cube texture technology. The skybox texture is generally produced by a panorama, making the whole scene look continuous and realistic.

A rectangle was used to represent the ground to improve fusion with the Terrain model into the background. Then texture-mapping technology was used to map the ground texture image to the Terrain model to enhance simulation of the entire 3D scene.

The virtual sun was simulated as a directional light source. The direction of the incident light was determined by the location of the sun, i.e. its altitude and azimuth [START_REF] Kolivand | ReVitAge: Realistic virtual heritage taking shadows and sky illumination into account[END_REF] .

Plant modeling

The L-system formalism was used to construct the tree model.

A ternary formula can be used to represent the syntax of an L-system [START_REF] Prusinkiewicz | The algorithmic beauty of plants[END_REF] , as follows: G = < V, ω, P > where, V is the alphabet; ω is the axiom or start word, i.e. a symbol or string from V + (the set of all not empty words that can be generated with the alphabet) which represents the initial state of the tree model; P represents the set of growth or production rules of trees, as in the following example:

V : {A, B, C} ω : A P 1 : A  BC P 2 : B  AC P 3 : C  B There are three symbols in the alphabet V. The object A is a start word. Three rules (P 1 , P 2 and P 3 ) are defined in this L-system rule set: A will be replaced by BC, B be replaced by AC, and C be replaced by B. The rule set will be applied repeatedly and in parallel to a series of strings (ω -σ 1 -σ 2 -…-σ n ), which can be further interpreted with Turtle geometry [START_REF] Abelson | Turtle geometry[END_REF] , thereby rendering a developmental series of a virtual tree.

Surface modeling

To enhance the realism of the tree model, Bezier surfaces [START_REF] Hu | Approximate degree reduction of triangular bezier surfaces[END_REF] were used to simulate the trunk surface. The Bezier surface was defined as: ,,
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where, P ij is the space point range; u and v are the parameters of the Bezier surface. Equations ( 2) and ( 3) are the Bernstein basis functions. The space grid (also called feature grid) is formed by connecting the two adjacent points in P ij . The matrix of the Bezier surface is calculated with Equation (4), as follows: 
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Topology modeling

Ranks were used to specify the branches on an individual tree model (as shown in Figure 1). A frustum of a cone was used as the basic unit for tree branches. The branch unit model was defined with the following structure, B(r t , r b , l, r, o) (5) where, r t represents the top radius of the branch; r b is the bottom radius of the branch; l indicates the length of the branch; o denotes the sequence of the branch; r indicates the position of the branches with the same order. Since the growth direction of each branch is not necessarily the same from one branch to the next, parameters to control growth directions for the branches were needed. Three turtle commands, named RU(a1), RH(a2), RL(a3) applying geometry interpretation based on Turtle geometry [START_REF] Prusinkiewicz | Graphical applications of L-systems[END_REF] , were used to accomplish this task.

Branch modeling

The tree model established with L-systems has a modular structure that is recursively generated from simple structures according to the growth and development rules of the tree in question. Taking advantage of this, calculation and realization of deformation for the branches under wind load can be made with low cost by an algorithm representing the relationship between wind forces and branch bending. In this algorithm, a single branch was divided into multiple segments that were connected with several joints. Each segment was considered as a rigid body. Therefore, the bending of the branches can be obtained by calculating the deflection angle of the nodes. A schematic diagram of the branch model is shown in Figure 2. 

Wind

The wind field was simulated as a uniform flow field. Movement of deformable solid with the effect of fluid loads could exert an effect on the uniform flow field to change the distribution of fluid loads. This phenomenon was named fluid-structure interaction [START_REF] Pei | Fluid-structure coupling effect on periodically transient flow of a single-blade sewage centrifugal pump[END_REF] . Interactions between wind load and trees were considered as a similar phenomenon. Thus, a similar approach [START_REF] Li | Realistic Simulation of three-dimensional trees swaying in the wind[END_REF] could be used to simulate the effect on trees from different wind directions and speeds. Two modules, branch and leaf, were designed in this study, both were considered within the calculation of interaction between tree modules and wind load.

The virtual 3D space was divided into many voxels to calculate the influence of tree modules on the wind field. Assuming the entering wind velocity is V, then it would decay to V i after having travelled through i continuous voxels (Figure 3). 

Occlusion of branches

Only one single branch segment was considered per voxel (Figure 4a). The particles of the fluid around a branch, which latter was regarded as a cylinder, were disturbed. The input wind velocity V of this voxel was decomposed into two components (V s being parallel to the direction of that branch, V n perpendicular to the direction of that branch). Since V s was not obstructed by the branches, the component V s1 of the output wind velocity in this direction would be equal to the component V s of the input wind velocity in this direction. The output wind velocity V 1 could be obtained after calculating the changes of V n . Calculation of V n can be transformed into calculation of a cylinder with circular cross-section (Figure 4b). Ideal fluid around the cylinder is composed of uniform flow and doublet flow. The complex potentials of the uniform flow and doublet flow (W 1 and W 2 , respectively) could be calculated with Equations ( 6) and ( 7):
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where, M is the dipole moment, and r represents the distance between P(x, y) and the origin O. The radius of the cylinder is r 0 . θ is the angle between OP and the X axis. According to the principle of superposition of potential flows, the complex potential W of a new flow formed by the superposition of uniform flow and doublet flow could be obtained as follows:

W = W 1 + W 2 (8)
Then the velocity potential function Φ and the stream function ψ can be calculated as: 
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The velocity components at position P in the flow field are:
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V n1 is obtained from Equation ( 10) and then combined with V s1 to get the output wind velocity V 1 .

Occlusion of leaves

Compared to the rigidity of the branches, the rigidity of leaves is low and the variation in the wind is rather complicated. In this study, a simplified method was used to approximately simulate the effect of the blade on the wind.

As shown in Figure 5, the two-dimensional projection of the blade in the direction of the wind was calculated first; then the input wind velocity V of the voxel interacts with the blade. The output wind velocity V 1 was calculated as follows:
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S l is the area of the leaf in the voxel in question. S v represents the projected area of the voxel in the direction of the wind velocity. 

Application

Depending on the accuracy of voxel partitioning, the number of branches and leaves in a voxel were different. In actual calculation, there might be multiple branches and leaves in one voxel. The branches were discretized (Figure 6), i.e. each branch segment was considered as a node and then could be analyzed using the above-mentioned circular cylinder model. Similarly, the leaves were also discretized into nodes. Assuming that the number of branch segments is m and the number of leaves is n, the output wind velocity V 1 will be:
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where, S b is the projected area of branch segment in the direction of wind velocity. V′ represents the average wind velocity. Deformations can be observed on branches when the wind blows through the trees. In doing so, the deflection angle was found to be the key parameter during simulation of the processes.

Factors affecting the deflection angle of the branches were mainly of three aspects, the wind velocity, branch diameter, and branch rigidity. The rigidity of the branch is in the Young's modulus: the higher it is, the less deformation the branch would be subjected to. As a complex system, the values of Young's modulus for different tree parts vary. To simplify it in the simulation, the branches of a tree were divided into three parts: trunk, branch, and twig. The range of values of Young's modulus for the parts are given in Table 1 (according to US Department of Agriculture [START_REF] Concepts | Wood handbook -wood as an engineering material[END_REF] ).

Table 1 The value range of Young's modulus for a tree [START_REF] Concepts | Wood handbook -wood as an engineering material[END_REF] Different parts of the tree Young's modulus value/GPa trunk 5-12 branch 1-5 twig 0.5-1

Force analysis of branches

As shown in Figure 7, the branch segment was connected with its father branch at point A, and there might be a child branch at the end B. The branch segment was affected by the wind force F 1 and the force F 2 exerted by the rear segments at the end B if there was a child branch attached on end B. The point of action of the wind force F 1 is at the center of mass of the branch segment. A moment of couple m is attached to the branch according to the force translation theorem to move F 2 to O. m = F 2 ×L BO (13) where, L BO is the center of mass of the branch segment relative to the end point B of the branch segment. The relationship between wind velocity and wind force can be calculated with Equation ( 14). where, C d represents the resistance coefficient; C t , the lift coefficient; ρ, the air density; V, the velocity of wind; F d , the resistance of the branch, and F t the drag force of the branch.

Figure 7 Force analysis for a branch segment. The force F 2 was exerted by the rear segments at the B end in the case of a child branch attached to B

Calculation of deformation

The end of a branch which attached to its father branch was considered as fixed on the upper branch and the other end was free to move. Thus, deformation of the cantilever beam from the mechanics of materials can be applied on this matter. Since uniformly distributed loads were acting upon the beam, the bending moment on the full length of the beam could be described by a function. As shown in Figure 8, it was cut off from any cross section, with a uniformly distributed load permanently present on the left side of the section, and a reactive force F RO on the fulcrum generated by the wind load q, but only a uniformly distributed load existed on the right side of the section. The balance of all the forces on the right part was used to calculate the bending moment, as follows:
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where, q is uniformly distributed load; L is the length of the beam; M represents the bending moment. The deflection differential equation is:
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where, E represents the Young's modulus of the branch, and I is the area moment of inertia. Equation (15) and Equation ( 16) are integrated in the following equation:
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where, C is an arbitrary constant. The constraints at the fixed end are as follows: 0 () 0
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Then C is calculated as Equation ( 19):
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Combining ( 17) with ( 19), the following equation can be obtained:
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Finally, the deflection angle can be calculated as:
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Figure 8 Diagram showing the stress analysis of cantilever beam.

Uniformly distributed loads q are applied to the beam. F RO is a reactive force on the fulcrum generated by the wind load q 3 Simulation Results

Using the method described above, a dynamic simulation system with 3D tree model was implemented in the Eclipse development environment using Java programming language and JOGL graphics engine. The computer hardware used in the simulation was configured with Intel (R) Core (TM) i7-6700HQ CPU, 8GB memory, and NVIDIA GeForce GTX 970M graphics card.

Since the entire 3D space was divided into multiple voxels, the division accuracy would have a direct influence on the simulation results. With higher division accuracy or more voxels designed, the results would be more accurate, but also be more time consuming. Therefore, it was necessary to find a division model with a relatively high computational efficiency and which at the same time would meet the requirement of simulation accuracy. For a tree model, the total number of discretization nodes was set to a fixed value, which meant the number of nodes within a certain voxel would be different when the total voxel number was changed. For a tree model with 23,684 triangles, Table 2 shows the relationship between the division accuracy and the calculation time for each frame. It can be clearly observed that the calculation took much longer when the space was divided into more voxels, among which the 80×80×80 voxels took the longest time to calculate, while the 40×40×40 only took about one third of the former, which, compared to those lower division settings, meant that it gained enough accuracy but with acceptable calculation time. The simulation results were verified on three aspects: 1) movement of a single branch under different wind velocities; 2) movement of the same tree under different wind velocities; 3) movement of different trees under the same wind velocity.

A branch from Koelreuteria paniculata was used for simulation to demonstrate the results of the algorithm described for a single branch, of which the bending was affected with four settings of wind velocity values, i.e. 0 m/s, 4 m/s, 8 m/s, and 12 m/s. The Young's modulus of the branch is 3.4 GPa, and the maximum curvatures of the branch bending under different wind velocities are shown in Figure 9. The dynamics of two tree species (Koelreuteria paniculata and Ulmus pumila) under four different wind loads, i.e. 0 m/s, 4 m/s, 8 m/s and 12 m/s, were simulated as the second step. The maximum curvatures were captured and compared (as shown in Figure 10). Different dynamics of bending and swaying of the branches between two trees and among different wind velocities on the same tree could be observed. Physical properties of the two trees are different, including tree architecture, Young's modulus, etc. This is the main reason why the two trees reacted differently under the same wind load. Concerning the same tree under different wind velocities, it was clear that it became more bent as the wind velocity increased. Finally, the method proposed by Akagi and Kitajima [START_REF] Akagi | Computer animation of swaying trees based on physical simulation[END_REF] was applied to the same tree models, as shown in Figure 11, and the result shows that there was no significant difference between dynamic reactions from their method and the algorithm proposed in this study. Figure 11 Snapshots of the maximum bending state of the two tree models, Koelreuteria paniculata (a1-d1) and Ulmus pumila (a2-d2), under four different wind loads with algorithm discussed in the paper [START_REF] Akagi | Computer animation of swaying trees based on physical simulation[END_REF] . Velocity of wind: a1, a2: 0 m/s; b1, b2: 4 m/s; c1, c2: 8 m/s; d1, d2: 12 m/s

Discussion

A physics-based algorithm to simulate tree dynamics of two different tree species under various wind loads was proposed in this study. By considering the physical properties of the trees, i.e. branches and leaves, the wind field and forces on trees can be simulated. Leaf shedding under high wind load has not yet been considered in our model, which should be considered in the simulation in further study.

One of the applications of the algorithm lies in tree cultivation and forest industry. In the forest, the strong wind can affect the growth process of the trees, resulting in structural deformation of the trees, even affecting the structural layout of the forests and the tree species diversity [START_REF] Dupont | Wind damage propagation in forests[END_REF] . In urban areas, trees on both sides of a road are always at risk to be ruptured by strong winds, often causing harm and damage to people, vehicles or houses [START_REF] Kennethr | Mechanical stability of trees under dynamic loads[END_REF] , all this representing substantial financial risks for insurance companies. In a forestry context, the simulation algorithm can used to predict storm damage or to optimize planting density and row orientation in a stand in certain geographical locations, and it can also be used to simulate and quantify the financial risks for urban landscaping. Currently, only the morphological effects of the trees under wind load were considered in the algorithm, while the impacts on physiological processes of trees were not. It is also essential to combine the effects of the wind load on biomechanics of the trees in order to better simulate its dynamics. We will do this in the near future.

Another application of our model could be in the context of ecological modelling, more particularly bioclimatology and photosynthesis models: it is well known that the rate of photosynthesis depends on the concentration of CO 2 inside the leaf, which in turn depends on stomatal conductance [START_REF] Nikolov | Coupling biochemical and biophysical processes at the leaf level: an equilibrium photosynthesis model for leaves of C3 plants[END_REF] . The latter process is controlled by a number of plant and biophysical processes, amongst which features wind velocity. Detailed information (at a fine spatial resolution) about the speed and direction of air movement around the leaf would greatly improve estimations of the CO 2 concentration and relative humidity in the leaf boundary layer, which latter serves as the base for estimating the amount of CO 2 available for photosynthesis, and which currently cannot be very well quantified.

Conclusions

A method for simulating the movement of trees in the wind based on physics was presented in the study. The L-system formalism was used to construct a tree model and a whole branch was divided into multiple segments. Considering the wind load acting on each branch, we calculated the deflection of each branch of the tree in the wind, and then superimposed the deflection of all the small segments to obtain the movement of a whole branch. The experimental results show that the method is more realistic and greatly reduces the computation time.

It is true that L-systems are not necessarily the only method to simulate trees with static architecture exposed to wind loads, as other methods of architecture reconstruction would be more efficient in some way. L-systems were used in this study, as it is only the first step to consider the static structure of the simulated trees. Our next step will include the effect of wind load on growth of a tree, and eventually consider the influence on the whole growth period and not only on structure, but also on functional physiological processes.

Admittedly, distribution of the wind field in a 3D space is relatively complicated, not to mention movement of a tree in the wind. To simplify the question, we assumed that the power of the wind within the space stayed the same, in an attempt to control calculation cost, however, simulation results were also less convincing. In order to get more realistic results, analysis of spatial distribution of wind field will be added in the future.

Figure 1

 1 Figure 1 Structure of branches with different ranks designed within the topological models

Figure 2

 2 Figure 2 Schematic diagram showing the structure of a branch and its reaction to the wind force in the model. Points refer to joints connecting different segments, while arrows represent the wind force, which has an impact on the joint to bend the branch

Figure 3

 3 Figure 3 Diagram of squares each represents a voxel. The wind velocity V decays to V 1 after having crossed the first voxel. As before, V 1 decays to V 2 after having crossed the second voxel 2.3.1 Occlusion of branchesOnly one single branch segment was considered per voxel (Figure4a). The particles of the fluid around a branch, which latter was regarded as a cylinder, were disturbed. The input wind velocity V of this voxel was decomposed into two components (V s being parallel to the direction of that branch, V n perpendicular to the direction of that branch). Since V s was not obstructed by the branches, the component V s1 of the output wind velocity in this direction would be equal to the component V s of the input wind

Figure 4

 4 Figure 4 Diagram of a voxel with branch segment and wind load upon the stem

Figure 5

 5 Figure 5 Schematic diagram of occlusion of leaves. The rectangle in the middle represents the projection of a leaf. θ is the angle between the direction of leaf projection and input wind velocity 2.3.3 ApplicationDepending on the accuracy of voxel partitioning, the number of branches and leaves in a voxel were different. In actual calculation, there might be multiple branches and leaves in one voxel. The branches were discretized (Figure6), i.e. each branch segment was considered as a node and then could be analyzed using the above-mentioned circular cylinder model. Similarly, the leaves were also discretized into nodes. Assuming that the number of branch segments is m and the number of leaves is n, the output wind velocity V 1 will be:

Figure 6 (

 6 Figure 6 (a) Branch segments and leaves within a voxel; (b) Discretized nodes within a voxel, a green node indicates the leaf while a black node indicates the branch 2.4 Dynamic simulationDeformations can be observed on branches when the wind blows through the trees. In doing so, the deflection angle was found to be the key parameter during simulation of the processes.Factors affecting the deflection angle of the branches were mainly of three aspects, the wind velocity, branch diameter, and branch rigidity. The rigidity of the branch is in the Young's modulus: the higher it is, the less deformation the branch would be subjected to. As a complex system, the values of Young's modulus for different tree parts vary. To simplify it in the simulation, the branches of a tree were divided into three parts: trunk, branch, and twig. The range of values of Young's modulus for the parts are given in Table1(according to US Department of Agriculture[START_REF] Concepts | Wood handbook -wood as an engineering material[END_REF] ).

Figure 9

 9 Figure 9 Maximum curvatures of the branch (Koelreuteria paniculata) bending under different wind velocities

Figure 10

 10 Figure 10 Snapshots of the maximum bending state of the two tree models, Koelreuteria paniculata (a1-d1) and Ulmus pumila (a2-d2), under four different wind loads with velocities of: a1, a2: 0 m/s; b1, b2: 4 m/s; c1, c2: 8 m/s; d1, d2: 12 m/s, with the physics-based algorithm proposed in this study

Table 2 Calculation time cost within the algorithm under different division accuracies

 2 

	Division accuracy	Calculation time/ms
	5×5×5	5.6253
	10×10×10	8.3641
	20×20×20	13.8216
	40×40×40	34.2537
	80×80×80	113.2165
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