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Abstract

We present a novel technique for interactive, intuitive, and efficient modeling of virtual plants and plant ecosys-
tems. Our approach is biologically-based, but shades the user from overwhelming input parameters by simplifying
them to intuitive controls. Users are able to create scenes that are populated by virtual plants. Plants communicate
actively with the environment and attempt to generate an optimal spatial distribution that dynamically adapts to
neighboring plants, to user defined obstacles, light, and gravity. We demonstrate simulations of ecosystems com-
posed of up to 140 trees that are computed in less than two minutes. Various phenomena previously available
for non-realtime procedural approaches are created interactively, such as plants competing for space, topiary,
plant lighting, virtual forests, etc. Results are aimed at architectural modeling, the entertainment industry, and
everywhere that quick and fast creation of believable biological plant models is necessary.

Categories and Subject Descriptors (according to ACM CCS): Computer Graphics [1.3.6]: Picture/Image
Generation—Display Algorithms Computer Graphics [I.3.5]: Computational Geometry and Object Modeling —
Physically based modeling

1. Introduction

Virtual plants and plant ecosystems are important complex
structures that are frequently used in Computer Graphics.
Despite tremendous progress in this area, their modeling
still presents a challenge. Virtual plants usually are not the
viewer’s main focus, but their inclusion significantly en-
hances the realism of a scene. Intuitive methods for plant
modeling should be available. Plant libraries are a common
option, but have problems because the pre-generated models
are unable to dynamically adapt to their environment.
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Virtual plants in Computer Graphics are modeled at dif-
ferent levels, ranging from individual organs to entire plant
ecosystems. Another classification is from the viewpoint of
user interaction. Procedural models, such as L-systems, suf-
fer from a low level of control during the modeling process.
The obfuscated relation between the final shape and the in-
put parameters leave these systems as an option for pro-
grammers or experts in biology, but not for the typical artist.
The second class are interactive systems, which range from

Figure 1: An interactively created virtual 3D plant ecosys-
tem. The user defines intuitive plant parameters, initial posi-
tions, and objects that act as obstacles to the plants’ growth.
A biologically-based plant colonization development method
adapts the plants to the environment automatically.

systems of parametric plant modeling (e.g. Greenwork’s
Xfrog [DL97]) to sketch-based systems [I00I05, 10106].
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They, however, do not have a biological basis and as a result
the plants generated can be unrealistic.

The environment surrounding the plants has a strong mor-
phological effect on them. Our key observation is that inter-
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active systems can be combined with developmental models
in biology to provide fast and intuitive plant models. Growth
models provide plants with the ability to adapt to the external
environment, as well as allow the user to control simple pa-
rameters which significantly shortens the creation time of the
models. In this way, complex ecosystems that grow in both
normal and unusual environmental conditions can be easily
simulated. Figure 1 shows an example of this approach. The
user positions plant seeds, defines plant parameters, adds ob-
stacles, and the position of the light. Interactively, the user
runs the simulation and can quickly verify the results. The
scene was created in less than five minutes and generated in
less than a minute.

We present a new interactive method that allows for
quick and intuitive creation of models of virtual trees and
ecosystems. Our model uses the plant colonization algo-
rithm [RLPO7] and extends it by a biologically based growth
model. The complicated biological parameters are simplified
to a set of intuitive parameters such as plant randomization,
sensitivity to gravitation, and light competition. Moreover,
we use an efficient collision-detection and avoidance method
that assures that no plant organs collide in 3D space. The
principal contribution of our work includes:

e A novel biologically-based algorithm for plant space col-
onization. The competition for light provides better spatial
distribution avoiding overcrowding the plant crown.

e A set of real-time techniques for the creation of
biologically-based virtual plant ecosystems allowing for
quick design of visually plausible ecosystems.

e An efficient system for interactive modeling and design-
ing of 3D models of plants that respect their environment.

2. Previous Work

Plant organs are the smallest plant elements that are typ-
ically modeled in Computer Graphics and have been and
addressed by many authors. [FPB92] describe a model of
a phyllotaxis-based simulation of particles that compete for
space. Phyllotaxis models based on the Golden cut were later
presented in [DLO4]. Distribution and rendering of hair on
the plant surface was described in [FJP06]. Leaf venation
pattern modeling was described in [RFL*05]. Sketch-based
modeling of plant organs was presented in [IOOI05].

Plant models can be generated using many existing ad
hoc techniques. The common approach is to define a set of
parameters that are input into a procedural generator which
then outputs the plant geometry. One of the first papers
describing tree modeling with detailed geometry was the
Bloomenthal’s Mighty Maple [Blo85] that presents useful
techniques for modeling branches and the ramifications on
the plants. Another example of procedural techniques is the
strand model of [Hol94], where users provide a number of
virtual strands that are divided according to user supplied
stochastic rules. An user-driven technique for plant model-
ing with different levels of detail was presented in [WP95].

Plant model simulation using growth variation was described
in [SFS05]. An user-assisted ad hoc approach for 3D plant
structure reconstruction using flow fields was recently pre-
sented in [NFDO7].

L -systems are the most important plant modeling frame-
works. Named after Lindenmayer, the L-systems were first
described as the simulation of cell division in [Lin68].
Prusinkiewicz later extended this basic concept by brack-
eted L-systems that allow for branching topology [Pru86].
L-systems present the most complete mathematical and the-
oretical framework for plant modeling and simulation and
allows for both endogenous factors and for exogenous inter-
actions [PJM94, PMKLO01, MP96].

Plant ecosystem simulation on the level of individual
plants competing for space was presented in [LP02]. A plant
competition algorithm is used to resolve collisions between
plants and the emergent phenomenon is the spatial plant dis-
tribution. A similar approach is used in [DHL*98] where
a great effort is devoted to actual plant ecosystem render-
ing. Branch competition for light and space was addressed
in [AK88, Gre89] and [BMO02].

User manipulation of the modeling process can vary sig-
nificantly. The Xfrog software [LD96, DL97] system pro-
vides a great level of control over virtually any parameter
of the plant. Even though it is fast to use for a trained per-
son, the learning curve to fully understand the application
is rather steep. Recently, several sketch-based techniques for
plant organs [ASSJ06, I0O0I105] or entire plants were pub-
lished [10106]. These methods, however, do not provide bi-
ologically faithful plants or plants that respect neither the
competition nor exogenous factors such as obstacles and
light and they are also not suitable for ecosystem modeling.

The environment surrounding the plants has a strong
morphological effect on them. The three most important
external factors are light, physical obstacles, and the pres-
ence of other plants. In Computer Graphics the plant in-
teraction with light was studied in [COMN94], where a
plant’s response to the light was calculated from sampling
the sky from each leaf. [Ben96] introduced a hardware-
assisted approach to efficiently calculate direct illumina-
tion of plants and [HFBRO4] used ray-casting to calcu-
late plant illumination. A radiosity-based approach was
presented in [SSBDO3]. Interaction of plants with physi-
cal obstacles was described as an extension to L-systems
in [PIM94, MP96] and an advanced algorithm for simula-
tion of plant development to reach a predefined shape was
described recently in [RLPQ7].

The following section describes the overview of our
framework. Section 4 describes implementation and dis-
cusses in depth results presented in this paper. The follow-
ing Section 5 concludes the paper with questions for future
work.

(© The Eurographics Association 2009.
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3. System Description

An overview of the user interaction with the system is de-
picted in Figure 2. The user first defines the simulation scene
which includes the ability to save existing ecosystems or im-
port common graphics objects such as meshes. Next, plant
distribution and plant parameters are defined. Finally, the
simulation is executed.

scene definition

growth engine result

plant
distribution
definition

A

Figure 2: Overview of the system. After reviewing the result
of one simulation step, the user can change either the scene
configuration or the plant parameters.

A single simulation step is performed, after which the user
verifies the results and can either continue or change the
plant parameters and the scene definition. In this iterative
loop the scene is interactively refined.

Plants naturally do not grow toward obstacles and we
achieve this behavior by testing against the collision using
the associated voxel grid. The growth engine in the first step
discretizes the scene into voxel space that is used for colli-
sion detection similarly to [BMO02, Gre89].

Each plant is seeded as a single bud that has a special tis-
sue, called apical meristem that provides plant elongation at
its tip. The bud is sensitive to gravity and tends to grow in the
opposite direction. This behavior is called gravitropism and
is one of the primary causes of the plant’s vertical growth.
Heliotropism or photropism is the bud’s response to light and
presents itself as the bud orientation towards the brightest
spot on its "visible" horizon. The amount of light controls
the growth rate.

The shape of a plant forms distinct envelopes that are ap-
parent from a distance. This phenomenon is visually impor-
tant and it is hard to achieve by growth models. The space
colonization model [RLPO7] uses attraction particles that are
generated inside a user-defined envelope that forces the plant
growth to stay within the defined area. This model generates
randomized plant models that tend to overfill the crown area.
On the other hand, the biologically inspired models [MP96]
tend to generate plants that are regular, which is typical for
young shoots, but is not generally true for old branches. By
blending both techniques we provide great control over the
final shape of the plant (see Figure 6). The user defined en-
velope forces the plant to stay within the desired volume,
the attraction particles randomize otherwise regular biolog-
ical plant development, the competition for light optimizes
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the number of branches, and the set of biological parameters
provides good control over the process.

3.1. Scene Definition

Each plant grows inside an envelope that defines its target
shape. Without loss of generality we use a surface of revo-
lution as the bounding object that defines the plant’s enve-
lope. Plants look symmetric when viewed from a distance
and this property is naturally captured by the surface of rev-
olution. Moreover, collision detection with the surfaces of
revolution can be calculated efficiently and this property is
used in the next step where the envelope is filled by the at-
traction particles that are used for the shape randomization
(see in Section 3.2).

S g

Figure 3: User-defined surface of revolution envelope de-
fines the targeted shape of the plant.

Figure 3 shows two examples of a plant grown in different
envelopes. This "synthetic topiary" [PJM94] can be achieved
in nearly real time. However, compared to the original model
of [PIM94] we do not perform traumatic reiteration caused
by the deletion of the apical buds.

Additional parameters of the scene are the gravity direc-
tion and the Sun’s position. This is then extrapolated to the
Sun’s trajectory that is used for illumination calculation. We
use the concept of attraction particles from the algorithm
presented in [RLPO7], but instead of dealing with the di-
rections and the points independently, we use a generalized
concept of homogenous coordinates that encapsulates the di-
rections and locations as a unified representation.

3.2. Growth Model

The growth model used in our system is a hy-
brid model between biologically-based plant develop-
ment [PIM94, dREF*88] and stochastic plant colonization
algorithms [RFL*05, RLPO7].

Plant development is simulated at the level of organs,
which are also called plant modules. The basic plant module
is an internode, which is a short branch segment with api-
cal bud and several leaves (see Figure 4) and can be easily
identified on real plants.
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Figure4: The basic plant element of our simulation is an in-
ternode. The apical bud grows which produces a new branch
and sprouts lateral buds with leaves.

The actual unit that performs the growth is the plant bud
that is sometimes called "the plant engine". The growth is
performed using discrete time steps that allow each bud to
grow a certain distance in the direction that is computed to be
the most beneficial to the bud. This direction is determined
using user defined parameters that describe the influence of
gravity, light, and the nearby attraction particles. Each bud
also produces a user-defined number of lateral buds.They are
oriented according to the phyllotaxis angle that defines mu-
tual orientation of successive buds on an internode. Each bud
produces auxin, a growth hormone that inhibits neighboring
buds from growing, and maintains apical dominance. When
the apex moves to a certain distance, the level of auxin drops
enough so that the lateral buds are able to grow. Buds that
have just been created are dormant for a certain period of
time and become active later.

The entire simulation algorithm is centered around the
bud activity. The secondary growth can have a form of the
branch elongation, that is not visually relevant, and branch
thickening that is described in Section 3.9. The algorithm
for bud activity is described by the following steps.

1. Evaluate illumination

2. Evaluate proximity of attracting particles

3. If the bud is within the particle kill distance eliminate the
bud and the particle and quit

4. Bend the bud growth direction against gravity, towards
the light, and towards the nearest particle

5. Attempt to grow

. If a collision occurs kill the bud and quit

7. Sprout lateral buds and set their dormant time

(o2}

3.3. lllumination

Illumination (step 1) of the bud is affected by the irradiance
of its adjacent leaves which are the primary source of en-
ergy for the plant. If the leaves are in a shadow they will
not be able to provide enough nutrients and could eventu-
ally die. Various methods exist for light calculation, with ap-
proaches that range from being hardware oriented [Ben96],
a ray casting approach in [HFBRO04], and a radiosity-based

method described in [SSBD03]. We use a GPU-friendly ap-
proach [Ben96] where the plant is viewed from the position
of the light and each bud is rendered with a unique color.
If the bud is present in the image rendered from the light,
it is also illuminated. The irradiance of the i—th bud E; is
then approximated as a ratio Ej = nj/m where nj is the num-
ber of "positive" samples (bud is visible from the position
in the sky) and m is the number of all samples (m = 20 in
our simulations). This simulation provides two values, the
bud illumination E; and the direction of the "brightest spot"
on the sky denoted by 5. The brightest spot is used for pho-
totropism i.e., it is the direction where the bud will grow
(see Section 3.5) and is the maximum from the intensity of
the samples. The illumination defines the growth ratio. If
there is enough illumination the bud slows down the growth
and sprouts lateral buds, if there is not enough light, the bud
will increase the speed of growth (the light search phase) at-
tempting to leave the unfavorable area. A branch will be shed
if the majority of their buds have their relative illumination
less than a predefined threshold (80% of buds must have less
than 20% of illumination). In this way, the plant maximizes
the areas exposed to the light.

(2%
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Figure 5: A tree influenced by no (left) or strong (right)
light sensitivity that causes the plant crown to shed ineffi-
cient branches and avoids overcrowding the crown.

Figure 5 shows plant morphology as the function of
increasing phototropism. The left image shows an over-
crowded crown that is not affected by the light at all. The
right image shows a plant that grows toward the light (see
the shadows in the image).

3.4. Space Colonization

Space colonization (steps 2 and 3) is simulated using the
attraction particles as described in [RLPO7]. The attraction

(© The Eurographics Association 2009.
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particles indicate the space available to the buds and attract
the buds to grow in their direction. Each particle has its ra-
dius of influence that defines the distance from where the bud
can see the particle. Particles attract the growing branches
that are within their radius of influence using tropism (Sec-
tion 3.5). Each particle has also associated a kill distance that
is used to eliminate particles that are too close to at least one
bud. The example in Figure 6 shows a plant grown under the
influence of an increasing number of attraction particles.

Figure6: A virtual plant simulated using biologically-based
growth and competition for space (left) is randomized by
the plant colonization algorithm using attraction particles
(black - active, blue - inactive).

Our growth model is discrete. Each branch is extended
by a certain length in each step. The growth length is deter-
mined by the amount of the incoming light. It is important to
maintain the size of the growth step smaller than the sizes of
the kill radius and the radius of influence, so that the growing
branch always interacts with particles. In the original work
of [RLPO7], different strategies for seeding the particles are
presented. In our work, we use homogenous random distri-
bution of particles in the space, where the user can control
the number of particles.

3.5. Tropism

Tropism (step 4) is a tendency of a plant to grow toward
or against some external impetus. We simulate phototropism
(Figure 5), gravitropism (Figure 7), and the attraction by par-
ticles (Figure 6).

Let’s denote an active bud by bj, wherei=1,2,...,n. The
growth direction of bj is vj and gravity is denoted by g. The
brightest spot (result of the illumination algorithm) for each
bud is located in the direction 5 and finally the closest attrac-
tion particle is in direction p;. The updated growth direction
V/; of i—th bud considerers the external influences and is

V'i =58 +09+ ppi + Vi

where s, g, and p are coefficients of phototropism, gravit-
ropism, and the effect of plant colonization. These coeffi-
cients are 0 < 's,g,p < 1 and the actual value defines the
particular influence. The updated growth direction is then
normalized.
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Figure 7: Increasing the value of gravitropism causes the
plant to grow more vertically.

3.6. Callision Detection

Collision detection and avoidance (steps 5 and 6) cause the
bud to stop growing when there is not a sufficient amount of
space. We implement this phenomenon in a geometric way
by killing the bud that has collided with an object. To simu-
late branch competition for resources, we have implemented
the model of Honda (described in [MP96]). Here the branch
apices have associated radii of interest which are then used
for computing collisions.

Figure 8: An interactively created virtual 3D plant ecosys-
tem. The user defines intuitive plant parameters, initial po-
sitions, and the objects that act as obstacles to the plants’
growth. A biologically-based plant colonization develop-
ment method adapts the plants to the environment automati-
cally.

In each simulation step we assume a bud could grow to a
new location that is calculated in the previous steps. Before
the actual geometry is actualized, we examine the associated
voxel space for collisions. We perform two tests, first we
check the bud trajectory using 3D DDA algorithm [FT186]
for branch collision. Then we check a box of n x n voxels in
the potential new bud location for collisions. The second test
makes sure the generated bud has enough space to grow and
branch so that no branches are either generated too close to
each other or too small. The voxel space collision detection
has O(n) complexity. However, we can efficiently exploit
the advantage of the first-failure detection; if a single voxel
is set to occupied, we stop further testing and mark the actual
bud as dead. In our implementation, we have found the case
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of bud collision more common than the case of the branch
collision, so it is more efficient to perform the second test
before the first one.

3.7. Branching

Branching (step 7) is the most biologically-related part of the
algorithm and the principal difference with the space col-
onization algorithm. The buds have the principal influence
on the resulting plant shape. De Reffye et al. [{REF*88]
described various visually important plant structures that
are commonly used in Computer Graphics. Without loss of
generality, we have implemented the Leeuwenberg and the
Raugh structural models.

3.8. Plant Parameters

The principal disadvantage of the existing biologically-
based plant modeling systems are their large amount of
parameters which makes it very difficult for the user
to predictably control the plant generation. To address
this problem, we provide multi-level parameter manipula-
tion that provides intuitive controls for people of various
skill/knowledge levels. At the highest level, the user sim-
ply adds a plant with an implicit set of parameters and the
biologically-based growth and space competition will adapt
the plant to its environment. An example in Figure 8 shows
a forest with a roadway created in this way. The roadway
has associated cylinder that avoids trees from invading it.
Optionally, the user can provide control envelopes for the
plants. This level of control would be very beneficial to ar-
chitects, game designers, urban planners, etc.

On a finer level, the user manipulates intuitive but not bi-
ologically oriented parameters. As an example, the random-
ize parameter applies Gaussian noise to the growth of the
internodes and branching angles. This parameter also adds
the attraction particles, which are abstracted and do not need
to be displayed to the user. Another parameter is the plant
density which is used to control the amount of buds that are
generated per each internode. Users can also control the type
of branching, twist of the plant (phyllotaxis), etc. These in-
tuitive parameters serve as quick input that allows for rapid
and efficient plant design.

On the lowest level, the user can control all parameters
of the system via the application’s interface or by editing an
xml scene description file.

3.9. Plant Geometry

The 3D model of the plant is calculated by spline interpola-
tion of the successive location of the growing bud. A branch
is associated with the trajectory of a single bud. When the
bud sprouts lateral buds, new branches are created. We use
generalized cylinders to approximate the branch and the

ramification pattern is simulated by overlapping the geom-
etry as described in [Blo85] or [Hol94].

The end branches have fixed width associated with them
and the other branch widths are calculated recursively. The
branching pattern can be calculated using n branches bj,
i=0,1,...,n—1 that result from the branch b. The radius
of each branch is denoted by d;. The radius d of the parent
branch is then

Leaves are approximated by two quadrilaterals and are
textured with a semitransparent texture. The leaves are ori-
ented horizontally.

4. Implementation and Results

We have implemented the entire system in C++ using
OpenGL and Cg. All tests were performed on a Dell H2C
720 with a Quad core Intel Q6600 running at 2.4GHz, 4GB
RAM, and NVIDIA GeForce 280 GPU with 1 GB of graph-
ics memory. As our principal objective is the generation of
plant shape, no special attention has been paid to the level of
detail for rendering. The main limitations therefore are the
size of the scene and the speed of rendering.

The most time critical part of the simulation is the col-
lision detection. Various techniques could be used and we
had to consider that the scene is dynamically updated as the
plants grow. We use an associated regular grid of cells (vox-
els) that encompasses the scene as it can be accessed in O(1)
for both read and write operations. Each cell is initialized to
empty. The input scene is defined as a set of polygonal ob-
jects that are loaded, intersections of their volumes with the
corresponding cells are evaluated, and the cells are set to
full. The plants allocate corresponding cells as they grow.
We use the 3D Digital Differential Analyzer [FTI186] to eval-
uate occupied cells and we have tested scenes in resolution
ofupto 10242 cells in our implementation. The minimal grid
resolution is difficult to determine as it depends on many
aspects. For example, special attention must be paid to the
growth step of the plant (internode elongation) and the size
of the cell. If the growth step is set too small, it can attempt
to grow within the same cell which is already be marked as
occupied. The algorithm will incorrectly detect a collision
and as the result, the bud’s growth will be terminated.

Another important aspect is the randomization of the ac-
cess of the buds to the additional data structure for collision
detection. A simple for cycle gives preference to the bud at
the head of the list and the result is not realistic as this first
plant has preference in competition. Instead, we generate a
list of active buds for the entire ecosystem. The list is ran-
domly accessed and the selected buds perform their growth.
This process results in semi-continuous development as can
be seen in the video.

(© The Eurographics Association 2009.
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We use the following parameters in most of the simu-
lations. The simulation arena is set to [—100,100] meters.
The typical growing step is one meter, the particle kill ra-
dius is set to two meters, and the attraction radius is equal to
the growing step. The parameter of phototropism s = 0.01,
gravitropism g = 0.5, and attraction to the particles depends
on the user choice. Having the scene embedded in a grid of
10243 gives approximately three cells per internode.

We have used two different modes for displaying the
plants. A preview, where each plant is visualized as a set
of lines, and a full 3D visualization with textures and leaves.
The rendering time for the preview is negligible so that is
why we mention only the simulation times. The generation
and the rendering of the full geometry takes in average 50%
to 70% of the simulation time.

The complex scene in Figure 8 has nearly 50,000 active
buds, 224,000 branches, 238,000 leaves. The scene was sim-
ulated in 14 steps. The total simulation time was 20 sec-
onds, not including the time to generate and render the plant
model. The scene simulates a roadway inside of a forest
where passing cars and trucks trim colliding branches. The
vegetation forms a layer of an almost homogenous canopy
that is commonly observed in nature.

The scene in Figure 1 has sixteen closely seeded plants
and obstacles that are shown in Figure 9. The simulation
time of this scene was close to 40 seconds.

Figure 9: Scene definition for the ecosystem from Figure 1.

Figure 10 shows a scene with multiple plants situated
manually. The house, sidewalk, and the roadway have as-
sociated obstacles so that the plants will not grow into them.

Figure 11 shows plant morphogenesis by competition.
Three plants compete for resources and the combined
crowns create the appearance of a canopy for a single plant.
After separating the plants, you can see each plant’s individ-
ual contribution. The plant in the middle has strong vertical
growth, whereas the other plants tend to grow to the sides.

5. Conclusions

We have presented a novel technique for the interactive mod-
eling of virtual plants and plant ecosystems. Our approach is
biologically-based, but shades the user from overwhelming
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Figure 10: A virtual scene where the house, sidewalk, and
the roadway have associated obstacles so that the plant does
not grow into them.

Figure 11: Three plants competing for resources. The plant
in the middle (down) has strong vertical growth, whereas the
side plants tend to grow into the empty space.

input parameters by simplifying the input to intuitive and
easy to control interaction. Users are able to create scenes
that are populated by virtual plants. Plants communicate ac-
tively with the environment and attempt to generate an op-
timal spatial distribution that dynamically adapts to its sur-
roundings. The plant sensitivity can be controlled by intu-
itive parameters. Our system allows for quick creation of
complex ecosystems. We have demonstrated the simulation
of an ecosystem composed of 140 trees that is computed in
less than one minute on the CPU. The scene definition takes
less than five minutes to be created by the user.

The future work should address the actual importance of
each of the parameters on the final shape of the plant. Cer-
tain parameters, such as phototropism, can change the shape
significantly, but the mutual interplay of various parameters
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remains an open problem. One of the key problems in struc-
tural plant modeling is the verification of the final shape.

Even though our method is a significant improvement in
computational times, there still is room for improvement.
We plan to see how using different spatial structures affects
the simulation speed. Making use of the GPGPU or multi-
ple CPU cores is also a possible area of investigation. The
growth of each bud can be executed in parallel, but the pro-
cessing of collisions in parallel may be challenging.
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