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Abstract— Vegetation in all its different forms is almost
always part of a scenery, be it fully natural or urban. Even in
completely cultivated areas or indoor scenes, though not very
dominant, potted plants or alley trees and patches of grass
are usually part of a surrounding. Rendering and animating
vegetation is substantially different from rendering and animat-
ing geometry with less geometric complexity such as houses,
manufactured products or other objects consisting of largely
connected surfaces.

In this paper we will discuss several challenges posed by
vegetation in real-time applications such as computer games
and virtual reality applications and show efficient solutions to
the problems.

I. INTRODUCTION

Vegetation in computer graphics can be roughly cate-
gorized into the field of modeling the growth of a plant
by generating its geometry, and the field of modelling
the appearance and behavior of plants in an environment.
Though real plants all basically use the same processes to
grow, a plethora of methods can be applied to generate
plants at various ages, ranging from fractals [1], L-Systems
[2] and procedural approaches [3] to full simulations of
ecosystems [4], among others. To display and to animate this
generated geometry interactively, specialized representations,
lighting and shading techniques together with animation
or simulation methods are applied to incorporate the non-
geometric attributes of vegetation. Of course, both fields
are strongly connected since the environment impacts the
growth of a plant [5]. Also, geometric representation and
lighting or shading techniques are heavily dependent on each
other since geometric attributes need to be transported by the
representation in order to have them available for shading.

Though the generation of plants has received more atten-
tion than other aspects of vegetation, only the combination
of accurate geometry, appearance and dynamic behavior
results in a convincing result. Especially under real-time
conditions, all facets of displaying vegetation pose significant
problems, which makes interactive rendering and animation
of vegetation one of the biggest challenges in real-time
graphics.

II. CHALLENGES

The term vegetation is a broad term, covering structures
such as lawns up to complete landscapes covered with a
forest. Many computer games and virtual reality applications
are already very realistic, though most lack a realistic dis-
play of plants and trees due to their inherent complexity.
Especially for trees and grass, many standard acceleration

and simplification methods cannot be applied. This results
in severe compromises in the realism of their appearance
compared to other parts of a scene. There are several reasons
why vegetation is more difficult to display than other objects:

A. Light Interaction

Vegetation is not only complex in geometry, also the light
interaction of leaves or grass blades is highly intricate. A
leaf for example usually consists of different layers and is
strongly structured, which has a profound impact on both
the reflectance and translucency of leaves, an integral part
of the light interaction of vegetation. Additionally, many
leaves differ not only between species but also in their light
transport on the front and back, depending on the nature of
the surface, and no general assumptions can be made.

B. Geometric Complexity

Concerning trees and treelike plants, it is possible to
use a full geometry representation on current hardware,
though only a limited amount of polygons can be spent on
each branch and leaf depending on the corresponding size
and shape, also limiting the number of branches to a few
thousand and the number of leaves to a few ten thousand.

A tree in full geometry representation poses challenges
to create realistic animations under the given real-time con-
straint since every branch and leaf is perceived as a separate
part and thus needs to be treated separately. The structure
of a tree consists of a complex hierarchy of branches to
which leaves are attached, all of which interact with a
turbulent wind field, and every part of the tree must react
consistently to wind in order to achieve a realistic and
convincing animation of a complete tree.

III. LEAF RENDERING

The rendering of leaves in commercial applications such
as games and virtual reality simulations is usually avoided
completely by representing trees as billboards or billboard
clouds. This means that there are no separate leaves and the
textures used for the billboard are rendered with standard
methods, not taking care of special attributes of leaves. This
can already produce somewhat good results if the textures
are generated so they benefit the appearance of leaves [6].
But this approach does not reproduce the behavior of leaves
in light and can therefore provide only very limited realistic
results.

Leaves have a very complex interaction with light and
only few assumptions can be made since there is a large



variety of leaves. They differ not only in shape and color, but
also in surface attributes, ranging from highly glossy surfaces
due to thick wax layers to completely diffuse surfaces due
to micro hairs. Also, leaves usually show very different
light interactions on the adaxial and abaxial side. But the
most defining attribute of leaves differentiating them from
other surfaces is their translucency, which becomes very
apparent in direct sunlight when seen from the unlit side
(see Figure 1).

Fig. 1.

Leaves in sunlight.

Another research area where light-leaf interaction is im-
portant is remote sensing, which is usually done by satellite
or radar. In order to derive values such as vegetation covering
of a landscape, health of plants, water containment of plants,
etc., from measurements, accurate models of reflectance,
translucency and general light transport inside plants or
canopies are required to extrapolate such data. Though those
models are targeted to derive biophysical and agricultural
properties, they can also be applied to computer graphics.
An extensive overview of optical properties in the context of
remote sensing can be found in [7].

A realistic leaf can not be modeled using standard methods
due to the intricate light-leaf interaction, and specialized
methods have to be applied to render convincing vegetation
since an important part of the appearance is dominated by
the scattering of light inside a leaf. Real-time graphics only
tries to model the appearance of objects so fully accurate
models that predict the light transport are not required and
using measured data to reproduce the appearance without
an exact knowledge of the internals is sufficient to display
highly realistic results.

Scattering of light is a wide field in computer graphics,
ranging from scattering in gaseous structures such as clouds
or fog to scattering in fluid and solid material such as
milk, marble, skin or leaves. In fluid and solid materials
which reside inside a non-scattering medium, usually air, the
scattering can be described with a BSSRDF [8]. Compared
to a BSDF, the incident light can be at a different position
than the exitant light, making a BSSRDF an 8-dimensional
non-local function. This high dimensionality poses a com-
putational problem which can only be solved exactly by

path tracing. Practical methods reduce the dimensionality,
compromising on the accuracy of the solution or deriving
analytical expressions for special cases.

Concerning real-time rendering, subsurface scattering is
an active research area with many results. Examples are
skin subsurface scattering [9], scattering in more general
lighting conditions [10] or deformable models [11]. Although
this field can be seen as a complete sub-area of real-time
rendering, only a few publications propose techniques that
specifically deal with realistic leaf rendering.

Many properties of a leaf such as local thickness, optical
density or internal structure have an essential impact on its
appearance. These values are usually not generated synthet-
ically but measured, so data sets have to be created that a
model can be fitted or verified to.

A. Measurements

A realistic result can be achieved by measuring, since
nature contains many small imperfections which are auto-
matically captured. In this case, the surface of a leaf is fully
reproduced so all structures on its surface, including any
bending and bulging are incorporated, resulting in a very
realistic appearance. The acquisition setup allows generating
high-resolution maps (smaller than 1mm) using a very
simple process and off-the-shelf scanning hardware, so even
the smallest details, which have an essential impact on both
the reflectance and translucence, are captured.

The devices used are a 3D scanner operating at an effective
resolution of 0.1 mm (Minolta VI-910), a digital camera
(Canon EOS 20D) with fixed exposure time, two 1,000 Watt
light sources with large box diffusers, and an easy to con-
struct fixing frame for the leaf. The large diffusers are used
to approximate hemispherical illumination, which is required
for capturing the albedo, removing any directionality in the
illumination.

The leaf is sampled by first taking a 3D scan, then the
scanner is replaced with a diffuser and the albedo is recorded
using the camera. To capture the translucency, the front
diffuser is switched off and a picture is taken with the back
diffuser on. The same procedure is done for the back side of
the leaf.

For postprocessing, standard tools are applied. Maya was
used to create a simplified mesh and to generate highly
detailed normal maps [12] and displacement maps for both
sides. Further, the thickness map is generated by subtracting
the displacement maps, normalized to a user-defined maxi-
mum thickness which can also be measured directly on the
leaf. The normal maps are not bound to a specific geometry
but can be mapped to different geometric levels of detail (see
Figure 2). Figure 3 shows a complete data set generated using
this measurement method. In comparison to the acquisition
setup by Wang et al. [13], the per-pixel BRDF or BTDF data
is not captured, requiring a custom-built linear light source
device in order to measure both sides. Spatially varying
roughness or specular intensity according to measurements
cannot be encoded, though hand-produced modulations of
BRDF and BSDF parameters are still possible. On the other



Fig. 2. The scanned geometry, normal-mapped simplified geometry and
the normal map on a quad patch. The highlights have been exaggerated for
visualization purposes.

Fig. 3.

A complete data set of a leaf, consisting of albedo (left),
translucency (middle) and normal map (right) for both sides and a thickness
map (bottom).

hand, high-resolution normal maps are created, which causes
highlights to be placed more accurately according to the
high-frequency structure of the leaf. This is not the case for
the method proposed by Wang et al. [13].

B. Reflectance

The structure of a leaf is mostly perceived in its specular
reflectance properties due to direct sunlight illumination,
revealing its high-frequency structures, which are the most
prominent features in the illumination and need to be mod-
eled correctly to achieve a realistic leaf rendering. There is
a huge variety of leaf BRDFs, ranging from velvet-like due
to micro-hairs to highly specular caused by a thick waxy
layer. In most cases, the front of a leaf has broad specularity
whereas the back of a leaf is diffuse.

Following Bousquet et al. [14] and Wang et al. [13], the
Cook-Torrance shading model [15] is used for the front side

of the leaf. A simple diffuse model is applied to the back
side of the shown leaves. This is not a general limitation,
the reflectance attributes of each measured leaf should be
examined to match them for a faithful reproduction. Other
BRDFs such as Blinn [16] or Schlick [17] are also good
choices depending on the physical accuracy required or other
factors such as editability or parameter tuning.

As for the parameters of the Cook-Torrance BRDF, the
measured and fitted specular coefficients of Bousquet et
al. [14] are used. Their measurements define a range of
n = 1.2 — 1.7 for the effective refractive index and o =
0.078—0.5 for the roughness, covering highly specular leaves
(e.g. Laurel) to nearly diffuse specular lobes (e.g. Hazel).
Figure 4 shows leaves with different parameter configuration.

Fig. 4. Quad patches shaded with highly specular (top) and almost diffuse
(bottom) reflectance, and with a directional light at steep (left) and grazing
angle (right).

C. Translucency

One of the main insights of the shown technique is that
while subsurface scattering has only negligible impact on the
appearance of the light-facing side of a leaf, it is the domi-
nant factor for the opposite side. Figure 5 demonstrates the
difference between a simple, yet state-of-the-art translucency
model based on a diffuse BTDF, and a BSSRDF approach.
As opposed to the reflective part of the leaf, where high-
frequency features are conveniently modeled using a normal
map, the same approach should be taken to model the high-
frequency surface variations in the translucent part compared
to a simple diffuse shading model using the geometric normal
of the leaf. By including these variations, depending on the
incident light angle, the leaf appears either smooth at steep
angles or shows the influence of the high-frequency details
from bulges and veins at grazing light angles (see Figure 5).

The main features taken into account by the BSSRDF
model are self shadowing of the leaf before the light pen-



Fig. 5. Physically based leaf translucency (top) with light at different angles
from steep (left) to grazing angles (right) in comparison to the standard
diffuse translucency model (bottom).

etrates into the leaf interior, variations in leaf thickness,
and variations of the reflectance properties over the light-
facing leaf surface. These effects lead to variations in the
amount of light entering the medium and scattering towards
a specific point to be shaded on the opposite leaf surface.
Note that the presented model is local to a leaf, and therefore
light variations due to shadows from other leaves or similar
only modify the resulting radiance, but do not enter into
the subsurface scattering computations. These effects can be
handled using standard real-time shadow algorithms.

A combination of both reflectance and translucency, show-
ing the consistency of both can bee seen in Figure 6.

Fig. 6. Leaf on a tree showing fully consistent reflectance and translucency
at grazing light directions.

IV. TREE ANIMATION

Generally, animating a tree involves a number of compo-
nents. First, a wind model describes the characteristics of
the wind-tree interaction which is coupled with a dynamic
system of some form that describes the reaction of branches
and leaves to the applied wind force. Usually, the dynamic
system incorporates a structural model to define the hierar-
chical organization. Structural elements then define how the

results of the dynamic system affect the geometry of the tree,
the bending of branches for example.

The prevalent structural element model for trees is a
skinned or rigid skeletal joint system analogous to rigid or
smooth skinning of characters([18], [19], [20], [21], [22],
[23]). Many interactive methods simply avoid the problem of
bending by not considering any form of deformation ([20],
[21]). To achieve deformation, a skeletal structure is used
to segment single branches in order to model the smooth
bending of a branch. With segmented branches, a principal
problem occurs since a high number of joints are needed to
get convincing results. Additionally, if leaves are represented
separately, each leaf requires its own joint.

Another approach to model the deformation of branches
is to use a structural mechanics model ([24], [25], [26]).
Structural mechanics is the computation of deformations,
deflections, and internal forces or stresses within structures,
either for design or for performance evaluation of existing
structures. As this is the basis of many engineering sciences,
a number of different and highly developed methods exist,
though the simpler methods are sufficient to accurately model
a branch, as the goal is to achieve a correct appearance
and thus strong simplifications can be introduced without
compromising the realistic appearance of a deformation.

A. Wind Model

To avoid a full fluid dynamics simulation, a stochastic
approach from wind engineering can be applied as proposed
by Shinya et al. [25] which is also used by Zhang et
al. [19]. Instead of solving the Navier-Stokes equation, wind
is modeled as a velocity field with longitudinal, lateral
and vertical components. Each fluctuating component of
the resulting velocity vectors is modeled by a stationary
Gaussian stochastic process. The spatial-temporal properties
of the components in the frequency domain are represented
by the Cross-Power Spectral Density Matrix to model the
coherence of the fluctuations where the FFT (Fast Fourier
Transform) delivers the velocity field. Since the fluid simu-
lation is replaced by an FFT, this approach is much faster
and still can deliver realistic and physically based wind
fields, because turbulent wind can be modeled accurately
through a stochastic process. Stam [24] applies a similar
model by filtering uncorrelated random velocity vectors for
each branch in the frequency domain to achieve a correlation
of loads on nearby branches.

B. Heuristic Animation

Heuristic models do not try to solve the animation problem
by means of a simulation, but rather try to emulate the
appearance of vegetation movement as efficiently as possible
([21], [27]) using noise functions to drive the animation.

This usually does not require dedicated structural ele-
ments, structural models or elaborate calculations but still
can deliver acceptable animation. The simplest approach is
to modulate the position of a vertex by a noise function,
disregarding any correlation to the geometric structure. Ad-
ditional weights, which define the strength and direction of



the displacement, can introduce user-defined constraints and
a high controllability, which makes this approach very artist
friendly and can also emulate the bending of branches on a
coarse level [27].

The key element for real-time performance is to localize
all computations in a vertex shader, leading to so-called
vertex displacement. This is often used to animate simple
vegetation represented as billboards (e.g., grass) or billboard
clouds (e.g. simple tree models). For full geometry models,
this is not straight-forward.

The general approach is to expose all relevant information
of the tree structure, i.e. the hierarchy of the structural
model, to every vertex. Thus, the hierarchical deformations
of all parent branches can be explicitly performed inside the
vertex shader and no information needs to be propagated at
runtime. This can be achieved by assigning each vertex an
index into a texture that holds all necessary information. This
means that every vertex within a branch has the same index.
Additionally, as sub-branches can emanate at any position on
its parent branch, the relations of each vertex to all parent
hierarchy levels are required. To have this data exposed to
each vertex, the normalized local coordinate z € [0..1] of
the vertex is precalculated as a scalar per vertex, where x
is along the principal axis of a branch. Also, the x-values
at parent-branch connections are calculated and propagated
down the branch hierarchy (see Figure 7). These values

(1)

(0

w distribution of branches in a tree.

Fig. 7.

are stored with each vertex in addition to its own z-value.
The shown trees have 4 hierarchy levels, so each vertex
has a vector @ of 4 values associated in addition to the
branch index. A problem that occurs with hierarchical vertex
displacement is that the used deformation model that defines
the structural elements needs to be able to correctly transform
the local coordinate axes between hierarchy levels, so tangent
and normal transformations need to be available in order to
transform local coordinate systems as well.

V. BEAM MODEL

The model used for describing the geometry and physics
of a branch as a beam determines how realistic branches
swaying in the wind appear to the viewer. A common
approximation for realistic animation systems is to model the
beam as an elastic cylinder (uniform beam) using structural
mechanics, and describe the deformation due to a uni-
form traversal force using a polynomial deflection function
depending on the basic physical properties of the beam.
However, uniform beams are not a good approximation for
tree branches, as branches are not uniform beams but thin out
(taper) at their free end, which has an essential impact on the
bending behavior. This taper leads to the effect that tips are
much more flexible than thicker parts, which is not accounted
for in a uniform beam model. Also, the length needs to be
taken care of to achieve a convincing deformation.

VI. SYNTHESIZING BRANCH MOTION

A tree interacting with wind is a highly complex dy-
namic system that is difficult to solve through numerical
simulation while upholding the restrictions of hierarchical
vertex displacement, not allowing access to previous states.
To simplify the dynamic system, it is treated as an uncoupled
system of harmonic oscillators per branch. The basis of this
simplification is that an observer cannot judge the correctness
of the response function of the highly complex dynamical
system because the wind itself is not visible. Thus, the
characteristics of the animation are mainly determined by
the frequencies and amplitudes of branches and not by their
exact functional values.

To avoid explicit integration of the equations of motion,
spectral methods similar to [26] are used to synthesize branch
motion to drive the branch deformation. The principal idea
is to generate noise functions that obey the same frequency
distributions as empirically observed data or results of a full
simulation.

VII. CONCLUSION

The presented method allows efficiently animating and
rendering highly detailed trees with a massive amount of
branches and leaves in high quality. With the stochastic ap-
proach, there are no considerable costs and enough resources
remain free for other calculations such as shading the tree
or other parts of a natural scene.

The shown set of methods are confined to a vertex
shader using hierarchical vertex displacement, leveraging the
performance of GPUs and also making it easy to integrate
into existing frameworks.

In summary, the presented methods provide a simple
and efficient way for high quality animation. There are no
elaborate precomputations required and all parameters can
be changed interactively, both on a high level such as the
damping coefficient of a level, and on a very low level such
as the physical properties of an individual branch.
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