
I. INTRODUCTION

Thousands of years of biological evolution ultimately resulted

in complex structured natural environments which play an

important role for the survival of a wide variety of species and

ecosystems [1]. The modeling of natural environments with

forest trees has many theoretical and practical applications

[2], [3], ranging from conceptual nature studies, to forest-

based visual impact analysis and dynamic landscape synthesis

for computer-based animation [4]. The inherent difficulty of

tree modeling can be handled by using different approaches.

For example, pioneering research methods for the efficient

modeling of plant architecture have become available since

1971 [5], [6]. More recently, Reffye et. al [7] modeled

plant growth and architectures by using stochastic processes

combined with botanical analysis. For the three-dimensional

(3D) modeling of individual trees, a number of methods have

been proposed, including rule-based modelling [8], interactive

parametric modelling [9], image-based 3D modelling [10], and

3D reconstruction based on plant structure data [11]. Software

systems, such as the stand visualization system (SVS) [12], the

forest vegetation simulator (FVS) [13], and Capsis [14], have

been developed for the modeling and visualization of forest

trees.

Despite these advances, existing tree models are still not

sufficient for simulating the full geometry of forest trees. Tree

models in available software often rely on plugins (for e.g:

blender tree plugins). Moreover, simulating the full geometry

of natural trees often involves far more parameters than those

used in simplified tree models. Empirical tree models that are

based on real tree templates are sometimes useful to construct

natural looking trees. Additionally, due to the large variety of

tree species, simulating tree structures of a large family of tree

types is a challenging task.

In this paper, we propose an efficient approach for simulating

natural looking trees by combining probabilistic models with

empirical tree models. In particular, we integrate the com-

monly adopted Lindenmayer systems (L-systems) with 3D

CAD object files, p roducing r andom t ree a rchitectures that

look natural. The L-system [15] is a graphical model com-

monly used to define the branching patterns in trees and other

organic forms [16]. It defines t he b ranching p attern through

recursively applying certain production rules on a string of

symbols. Each symbol in the string defines a s tructural com-

ponent (e.g., branch, terminal). Each recursive iteration creates

an additional level of growth of the string. The final string

represents the branching structure of the grown tree. While L-

systems are commonly used to produce branching structures,

they are not sufficient f or g enerating n atural l ooking t rees in

3D because of over-simplified a ssumptions o n t he geometry

of branches, sub-branches and leaves. We therefore further

improve L-systems by including geometric structures available

in 3D CAD developed object files. The randomization has been

added in all branches, sub branches and leaves placements.

This creates random trees with natural looks. To simulate

a forest, we adopt Inhomogeneous Poisson process (IPP) to

generate random locations of trees. The simulated forest is

plotted in 3D for visualization. Our approach can be used

to create complex structured 3D virtual environment for the

purpose of testing new sensors and training robotic algorithms.

We look forward to applying this approach to test biosonar

sensors that mimick bats’ fly in the s imulated environment.

The rest of this paper is organized as follows. In Section II,

we describe in detail the methods for integrating L-system

with 3D developed CAD files f or t he s imulation o f random

trees, and discuss the random placement of trees in forest by

sampling from the IPP. We elaborate the simulation results in

Section III. Finally, in Section IV, a general conclusion and
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II. MATERIALS AND METHODS

A. The L-system approach

The biologist Aristid Lindenmayer [17] created a simultaneous

rewriting framework in 1968, which uses a set of composition

laws to regulate the evolution of a character string (ω).

This approach is now called the Lindenmayer (or L-System)

system. L-System is initially used to provide a mathematical

formalism for the creation of basic complex organisms like

algae and fungi, and later expanded to mimic the complex

branching systems of large plants found in nature. Further

applications of L-System are also found in fields such as

plant computer imaging. We now formally define an L-system.

Definition 1: An L-system G is a tuple G = (A,ω, P ) where:

• A is a finite set of symbols or variables that fall into 2

categories; (1) that can be replaced by other variables and

(2) remains constant and cannot be replaced ;

• ω is a string of symbols from V that defines the initial

state of the system and is called the axiom;

• P : A → A� is the set of production rules that define how

one variable transform into another. The predecessor is a

single variable and the successor is a string from the set

A.

The recursive nature of the L-System leads to self-similarity,

therefore fractal-like and branched forms are easily generated.

Plant models and other natural-looking forms are easily

attained, as increasing the number of recursions causes the

model to “grow” and generate a more complex self-similar

structure. In our model, we start with an axiom and define a

set of rules to describe branch structures as seen below:

V ariables : A = {g, d}
Axiom : ω = {g}
Rule1 : P (g) → d(d) + d)[d(d) + d)

Rule2 : P (g) → d(d) + d)[d(d) + d)[d(d) + d)

Rule3 : P (g) → d(d) + d)[d(d) + d)[d(d) + d)[d(d) + d)

As seen above, we have 2 variables, where the variable d is

a constant and our axiom is the single character g. It is to

be noted that different rules give rise to different branching

patterns. For example, Rule 1 give rise to a tree with 6

branches and Rule 2 corresponds to a tree with 12 branches.

This L-system can easily be extended and generally applied

to create branch patterns. In Figure 3 (a), we demonstrate

the plot of a simple tree with one level branching structure.

As shown in Figure 3 (a), L-system only provides simplified

branching structure. In order to simulate natural looking trees,

more characteristics such as curvature of the branches need to

be added. We achieve this by modify geometric information

contained in CAD developed files.

B. The CAD developed approach

Computer-aided design or CAD is a way of creating models of

objects using computers. CAD software can be used to design

both 2D and 3D object models, producing digital files that

contain different parameters of the models. For example, a

3D model designed using CAD contains all details required

to make a 3D print of the model. The 3D model is generally

shown as a 2D image with 3D rendering or visualization.

It is worth to note that, although the term 3D model refers

to the object, the 3D file refers to both the object and the

corresponding file type. A SolidWorks file and an STL file,

for example, are both 3D files and can represent the same 3D

object/model, but they do so differently and are thus different

3D files.

Regarding the representation, 3D models are often represented

using the following formats: (1) a solid model that defines the

volume occupied by the object, or (2) a surface representation

model that models the surface of an object. Solid models

are generally used for engineering analysis, for example, in

limit load and failure analysis. Surface models, on the other

hand, are commonly used in computer games and movies. An

example of a surface model is an STL (STereoLithography)

file. An STL file describes mesh surfaces as lists of geometric

features. STL files contain polygonal meshes defined by ver-

tices and normal vectors that represent the surface features of

the 3D model. A solid surface is modeled as a composition of

triangular faces, and each triangular face comprises a normal

and the coordinates of the 3 vertices that form the triangle.

The STL file stores information mostly in the binary form

although a text representation can also be used.

In the first step, the tree with adequate characteristic was

chosen. The information obtained from the measurement of

3D CAD model has been used to visualize the object files

of the trees in freeCAD software. An example is shown

in Figure 1. The information about branches, sub-branches

and leaves can be first extracted based on the coordinates

and the meshes information from the object files. In second

step, this information enables the placement of branches in

accordance with the rules of L-system branching pattern. Since

the coordinates of branches are available, we can randomize

the angles and these geometry of these branches. The sub-

branches can be added and modified by following the same

steps. The leaves are then added by including the triangular

meshes of leaves from object files, as shown in 2. The center

point of each triangle is considered and randomized as per the

change in angle of sub-branches.

C. Inhomogenous Poisson process

Inhomogeneous Poisson Processes (IPPs) are flexible stochas-

tic processes that model random points in space or random

”events” in a time interval. IPPs can be used to model a

multitude of spatial and temporal phenomena, such as the

number of cars passing through a junction or the timing/place

of animal sightings. Based on a random tree simulator, we

are able to generate a forest consisting of a random number

of trees. By sampling from the IPP, we can determine the
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Fig. 1: Tree model visualized in a CAD viewer. (left) A 3D model of a pine tree with trunk and branches. Triangular meshes

can be seen in the zoomed in view. (right) Tree is visualized with the leafs, which are modeled as triangular meshes.

Fig. 2: STL files displayed as 2D images. 2D images are generated by 3D rendering or visualization of the corresponding STL
files.

number of trees as well as the positions of these trees in a

2-D region.

Specifically, let D ∈ R
2 denote the region in which the group

of trees will be built. The random locations (i.e., (x, y) coordi-

nates) of the trees will be denoted by S = {si, i = 1, . . . , n}.

We assume that S follows an IPP with intensity function

λ(s) : D → R+, where λ(s) is a parameter that control the

tree density on D. Small values of λ(s) indicate sparse regions

whereas high values indicate dense regions. Given the region

D and the intensity λ(s), the number of trees, n, follows a

Poisson distribution with mean
∫
D
λ(s)ds. To simulate S given

n, we adopt a thinning approach, and details can be found in

[18].

III. SIMULATION RESULTS

The primary intent of this study is develop a stochastic model

to simulate random trees. We achieve this by integrating L-

systems with CAD developed analytical tree models. In this

section, we demonstrate results from several scenarios.

The first scenario is demonstrated in Figure 3. In this scenario,

we simulate a tree with only eight branches. The starting

points of the first level branches have been simulated using

the L-system. The geometry about the branch lengths and sub-

branches is obtained from the 3D developed CAD models.

The second scenario is demonstrated in Figure 4. In this

scenario, we simulate a random tree with 12 branches. The

starting points of were simulated by using L-system. The

branch lengths and sub-branches were then simulated by

adopting the geometry of 3D developed CAD models. In this

case, we added information about leaves, which is obtained

by using the same geometry information of CAD model as

shown in Figure 1. Each leaf is a triangular mesh, but only

the center points of the leaves have been plotted.

We show the third scenario in Figure 5, which is similar to

scenario 2, but with 16 branches simulated.

The above results demonstrate that it is feasible to simulate

random trees with different number of branches, sub-branches

and leaves. To simulate a forest with multiple trees, an IPP

approach has been considered. Figure 6 shows the simulated

locations of trees sampled from an IPP. Based on this results,

we can generate multiple number of trees and plot them in a

3D environment.

We further simulated forests with multiple trees. Results are

plotted in Figure 7.

These plots demonstrate the effectiveness of our approach in

generating natural looking trees in simulation environment. As

many other 3D developed tree models are available online,

our approach can be used to simulate a large community

with different tree species. This work can be used in any

application when a simulation model is needed for the testing

of algorithms. For instance, one can simulate the motion of a

robot in various scenarios such as obstacle avoidance and path

following.

IV. CONCLUSION

We have developed a new way of simulating and analysing 3D

trees in simulated environment. By integrating the branching

patterns generated by L-systems and the geometries of 3D
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(a) (b) (c) (d)

Fig. 3: Different stages of simulating a tree. (a) 8 different branches generated according to L-system rule. (b) The L-system

model is used as a base to create a CAD, to mimic naturally occurring branches. (c) Sub-branches are added. (d) A top view

of the final tree without leaves. The trunk, branches and sub-branches are modelled using triangular meshes.

(a) (b) (c) (d)

Fig. 4: Simulating a tree with 12 branches. (a) The branch locations and their orientation with respect to the trunk is seen.

The branching pattern is in accordance with L-system rule 2. (b) 3D CAD model that mimics the L-system branching pattern.

(c) Sub-branches added to the model. (d) Shows the complete 3D model with the leaves. Leaves are modelled as triangular

meshes, but only the midpoint of the meshes are shown (green) for better visualization.

Fig. 5: Different stages of simulating a tree with 16 branches.

CAD developed object files, our approach results in natural

looking trees with full geometry about branches, sub-branches

and leaves. Our approach also provides a way to simulate a

forest by sampling the random locations of trees from an IPP

model.

Our approach can be used to create complex structured 3D

virtual environment for the purpose of testing new sensors

and training robotic algorithms. One of the most prominent

application of this research is the study of smart sonar sensors

that mimic the biosonar system of bats. More than 800 species

of echolocating bats use ultrasonic waves to detect their

surroundings in forest. The highly efficient sonar systems of

bats allow them to detect objects as thin as human hairs

in complete darkness. They also enable them to efficiently

navigate through dense vegetation by using echoes. To learn

these impressive abilities from bats, it is imperative to simulate

foliage echos data in a dense natural environment. Simulating

real world trees is the first step towards achieving efficient

navigation in forest. Future work, can be an extension of this

work in robotic applications where a drone is flying with on

board monocular camera and knowing the position of foliage

using Inverse perspective mapping [19] and hence generating

echos.
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Fig. 6: Different number of trees sampled in a region to create a forest. The tree locations are sampled from an IPP. The

number of trees in a region depend on the IPP parameter.

(a) (b) (c) (d)

Fig. 7: Simulating 2 trees in a region. (a)-(b) 3D model of the 2 trees with trunk and branches and their corresponding side

view. (c)-(d) Sub-branches are now added and the side view are also visualized.
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