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Abstract. This paper presents a quasi-physically based approach for
interactively simulating large-scale dynamic forest scenes under different
wind conditions. We introduce theories from the wind engineering, and
model the natural wind field as a stationary stochastic process. To re-
duce the geometry complexities without sacrificing much image quality,
we adopt a hybrid geometry/image representation scheme to faithfully
model the appearance of trees. Some simplified mechanical rules are em-
ployed to compute the movement of such tree models. Three kinds of
level of details concerning the scene geometry, the movement of trees
and the wind field, are exploited to accelerate the simulation. For for-
est scenes with tens of thousands of animated trees, our implementation
with programable graphics hardware achieves visually plausible results
at interactive frame rates on consumer PC platforms.

1 Introduction

Over the past decade, simulation of natural phenomena has become an indis-
pensable requirement for a wide variety of applications including environment
assessment, video games and virtual reality. One of the hot research topics is
the modeling and rendering of large-scale forest scenes. Although lots of ap-
proaches have been extensively studied, the rapidly growing demands on the
scene complexity, the physical fidelity and the visual realism, still overwhelm
the capabilities of current solutions.

The major difficulty of the simulation of large-scale dynamic forest scenes
is of course due to the high complexity in both geometry and appearance. Few
previous approaches can simultaneously meet the requirements of both interac-
tive rendering speed and high image quality. In time-critical applications such
as video games, one common way is to represent trees with billboards. This
technique provides extremely high rendering speed yet poor image quality, and
apparently, cannot support animations of trees. On the other hand, if the image
quality is of primary importance, one may rely on detailed geometric models of
trees. However, as millions of triangles are required to faithfully represent the
shape details of one tree, accurate simulation of physical behavior of a forest
under the wind seems to be a formidable task on today’s PC.
�� The corresponding author.



In this paper, we propose a quasi-physically based approach for interactive
animation of large-scale forest scenes under adjustable wind conditions. Our con-
tributions lie in several aspects. Firstly, we introduce a physical fidelity model of
the wind field for realistic tree animations. Secondly, we provide simplifications
for both the geometric model and physical rules, which greatly reduces the sim-
ulation cost. Lastly, we exploit novel LOD techniques which efficiently simplifies
the computation involved in tree animations.

2 Related Work

There are a variety of well-established approaches for modeling trees. Linden-
mayer and Prusinkiewicz[1] introduced the L-system to construct the geometric
models of plants. Thereafter, Aono and Kunii[2] improved this method for 3D
cases. The fractal approach by Oppenheimer[3] provides another solution for
plant modeling. All these methods are based on the common assumption that
complex plant geometry may be approximated with simple rules plus stochas-
tic variation. Emphasizing the overall geometrical structure of tree, Weber and
Penn[4] presented a parameterized procedural model which provides a more di-
rect and intuitive control interface over the shape of trees.

Image-based rendering techniques have demonstrated advantage that the
resultant models are independent of the geometric complexity. Recently, the
Billboard Clouds technique was introduced to simplify the plant models by
Bromberg[5]. Though they achieve high image quality, they cannot support dy-
namic simulations of large-scale forest under different wind conditions.

Much work has been conducted well on the dynamic simulation of trees.
Ono[6] proposed to adopt Perlin noise to generate the turbulence and calcu-
late the motion of tree based on mass-spring model. Sakaguchi et al [7] assumed
branch segments as rigid sticks, calculated the rotation of each branch indepen-
dently and integrate all movements for the motion of a whole tree. By represent-
ing the wind forces as 1/fβ noise, Ota et al [8] modeled branches as cantilever
flat-springs and computed the rotations of leaves by using 1/fβ noise function
directly. Coupling stochastic approaches and dynamics equation, Shinya and
Fournier[9] synthesized realistic motion of trees, grass and snow under the influ-
ence of the wind field. Likewise, Stam[10] synthesized turbulence by filtering a
white noise in the Fourier domain and solve the displacements directly. Giacomo
et al [11] combined procedural approach and physically based method to animate
a moderate sized forest. Recently developed commercial software SpeedTree[12]
provides appealing results for real-time walk-through of large-scale forest scenes.

3 Construction of The Wind Field

We derive a wind field model from the wind engineering. The key component of
our model is a stochastic process that faithfully mimics the stochastic properties
of the wind field. This contributes to the visual and physical realism of the trees



swaying in the wind.

Wind Velocity Vector: From the viewpoint of the mechanics, the velocity
vector of a three-dimensional air flow is composed of three orthogonal compo-
nents[13], namely, the longitudinal component U(t) along the mean wind direc-
tion, the lateral component V (t), and the vertical component W (t). U(t) is the
sum of the mean component, denoted by Ū(z) and fluctuating component, while
V (t) and W (t) have only fluctuating components. The wind velocity at point
Q(x, y, z) can be represented as:

U(Q; t)= Ū(z)+u(Q; t), V (Q; t)=v(Q; t), W (Q; t)=w(Q; t) (1)

Cross-Power Spectrum Density Matrix: We model each fluctuating com-
ponent of the velocity vector by a stationary Gaussian stochastic process. Their
spatial-temporal properties in the frequency domain are represented by Cross-
Power Spectral Density Matrix(CPSDM):

Sε(ω) =

⎡
⎢⎢⎢⎣

sε1ε1(ω) sε1ε2(ω) . . . sε1εn(ω)
sε2ε1(ω) sε2ε2(ω) . . . sε2εn(ω)

...
...

. . .
...

sεnε1(ω) sεnε2(ω) . . . sεnεn(ω)

⎤
⎥⎥⎥⎦ (ε = u, v, w) (2)

where ω is the angular frequency, and sεjεk
is the cross-power spectrum density:

sεjεk
(ω)=

√
sεjεj (ω)sεkεk

(ω) Coh(Qj ,Qk; ω) (3)

Each sεjεj is normally represented by various formula which serve differ-
ent applications[14]. After investigating all representations collected by Solari et
al [15], we derive a new unified form: which serves for assessing and choosing the
coefficients suitable to our case.

sεjεk
(ω) =

U2∗Aεν
γ

(ω/2π)[1 + Bενα]β
(4)

where ν =ωz/2πŪ(z) is the Monin coordinate, U∗ is the shear velocity, and Aε,
Bε, α, β, γ are adjustable coefficients.

The coherence function (Coh) in Equation 3 is expressed as follows:

Coh(Qj ,Qk; ω)=exp

{
− ω

∑
r Crε | rj − rk |
π
[
Ūj + Ūk

]
}

(r=x, y, z) (5)

Here, Crε is the exponential decay coefficient.

Evaluation of Wind Velocity: In most cases, CPSDM is real symmetric and
positive definite. Thus we decompose it using the Choleski method:

Sε(ω)=H(ω)H∗(ω)T (6)



where H(ω) is a lower triangular matrix. Then the fluctuating component at
time t can be expressed as:

εi(Qi; t) = 2
N∑

j=1

i∑
k=1

[
hik(ωj)G

(k)
j (t)

]√
Δω (ε = u, v, w) (i = 1, 2, ..., n) (7)

where ωj=jΔω , NΔω=ωu is the upper cut-off frequency. G
(k)
j is a random value.

Finally, the wind force at Q(x, y, z) can be calculated as:

F(Q; t) = 1
2ρ ‖T‖ ·T, T = (U, V, W ) (8)

where ρ is the air density.

4 Quasi-Physically based Animation of Trees

Our quasi-physically based animation scheme is based on a hybrid geometry/image
representation of trees.

4.1 The Hybrid Representation of Trees

Conceptually a tree consists of branches and leaves. Branches are represented
by geometry primitives with associated textures. Leaves are clustered and rep-
resented as a list of billboards. Compared with traditional pure geometry based
or pure image based representations, our hybrid tree representation is a good
balance in terms of rendering quality and efficiency. Figure 1(a) illustrates an
example with the proposed hybrid representation.

Models with the hybrid representation can be derived from existing tree
models conveniently. In practice, we build a parametric modeling system to
generate various tree models. The adopted parameters that control the shape
of the branches are similar to those introduced by Weber and Penn[4]. Leaf
clusters are generated around the branches. Each leaf cluster is tied to a branch
at a hanging point. The distribution of leaf clusters are determined by global
parameters. The textures for the leaf billboards can be taken from real captured
images or created by artists.

4.2 Quasi-physically Based Animation

We approximate the movement of branches with a set of rigid transformations.
Each branch is split into several segments. Each segment is assumed to be rigid
and can only rotate around the joint which links itself either to its parent branch
or to its predecessor. Each joint defines a local frame in which the z axis directs
to its child segment. We animate the branches by manipulating the local frames
of each joint. The damping angular spring model is adopted to compute the
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Fig. 1. Quasi-physically based animation of trees: (a) the hybrid representation of
trees; (b) branch animation; (c) animation of leaf clusters.

transformation matrices. Figure 1(b) shows the distortion of a branch with three
segments during the animation.

The movement of the leaves are primarily driven by that of the host branches.
Furthermore, the leaves may vibrate due to the blowing of the wind. We simply
model this type of motion as a periodically clockwise swaying, i.e., each leaf
swings around its hanging point. Both the frequency and the swing are dependent
on the wind strength, which are estimated with simple empirical formulas. The
animation scheme is demonstrated in Fig.1(c).

4.3 Level of Details

We introduce three kinds of level of detail representations for the scene geometry,
the movement of trees and the wind field. The appropriate level regarding each
aspect is determined by multiple criteria, including the distance to the viewpoint,
the visual importance and the priority of the image quality.

Geometry LOD We build the LODs for branches and leaf clusters in a separate
way. Geometry simplification of branches is accomplished by dropping relatively
smaller branches. The resultant variance of the overall shapes can hardly be
noticed in practice since small branches are usually covered by the leaves and
hence attract little attentions.

Geometry simplification for leaf clusters are performed by consolidating neigh-
boring leaves, which yields a set of reduced leaves. In order to keep the fullness
of the tree, we enlarge the remaining leaf clusters by an adjustable ratio. For
the sake of performance we use the same leaf textures for lower level models.
Smooth transition of consecutive LODs is obtained using an image-space blend-
ing technique.



Animation LOD Since the main cost to compute the tree movement lies in
updating the local frames, we simplify the computation by deactivating related
joints, whose local frames are not recomputed during the animation. Deactivating
a joint means to omit the local distortions caused by its rotation.

We assign a priority to each joint, which is estimated by the total mass of
the branches it controls. When an active joint is to be deactivated or vice versa,
smooth transitions are performed by blending its transformation matrix with
identity matrix.

Wind-Field LOD We generate the wind fields in a mipmap fashion. For trees
far from the view point, we adopt the coarse version, with which lots of trees
suffer from the same average wind force. This is amenable for instance-based sim-
ulation, which is popular in vegetation rendering. For all instances of one tree
suffering from a same wind force, they share a same distortion. When zoom-
ing in or zooming out, smooth transitions are accomplished by interpolating
corresponding transformation matrices.

5 Experimental Results

We have implemented our approach with OpenGL 1.5. All experiments were
performed on a PC with AMD AthlonXP 3000+ CPU (1.8 GHZ), 512 MB RAM
and NVidia 6600 GT video card.

5.1 Calculation of the Wind Velocity

In our experiments, we employed the Blunt models proposed in[14] to calculate
the wind velocity. The coefficients for the wind power spectrum density are
set to: α=1, β=5/3, γ=1, the other three coefficients for different fluctuating
components are shown in Table 1. The values of exponential decay coefficients
in coherency functions are listed in Table 2.

Table 1. Coefficients for power spectrum density of three components

Au Bu Av Bv Aw Bw

252.625 60.62 53.76 20.16 5.125 4.92

Table 2. Exponential decay coefficients for coherency functions

Cxu Cyu Czu Cxv Cyv Czv Cxw Cyw Czw

3.0 19.7 9.5 6.0 12.0 7.0 0.5 7.5 3.7

We divide the scenes into 100 × 100 cells and compute the wind velocity
vector at each cell. The time for calculating the array of velocity vectors for one
frame is 50ms. It costs 144 MB memory space to store the data of one wind
velocity field for 1000 frames. Normally, we need pre-compute the wind velocity
fields for 1000∼2000 frames and save them as three dimensional arrays.



5.2 Rendering of Forest Scenes

We have tested four forest scenes (denoted by A, B, C and D)with different scene
complexities. The snapshots for C and D are shown in Fig.2. Under given wind
condition, these scenes can be displayed interactively with physically plausible
behaviors. Table 3 lists the performance statistics for the four scenes. The second
row reports the number of trees. The frame rates achieved by disabling one of
the three LOD techniques are reported in the third, fourth and fifth rows. By
integrating all these techniques, our adaptive rendering scheme achieves up to
1000% performance improvement, as shown in the last row.

Fig. 2. The snapshots of one forest scene at the image resolution of 1024 × 768.

Table 3. The rendering performance in FPS. The image resolution is 1024 × 768.

Scene A B C D

#Tree 1000 3000 10000 50000

Without Geometry LOD 15.3 9.5 3.9 1.0

Without Animation LOD 14.9 11.6 7.4 2.1

Without Wind-Field LOD 7.8 3.4 1.1 0.2

With all LODs 20.0 14.5 8.3 2.2

6 Conclusions and Future Work

In this paper we present a quasi-physically based approach for animating large-
scale forest scenes under various wind conditions. Our approach achieves inter-
active frame rates when simulating dynamic forest scenes with tens of thousands
of trees.



In the future, we would like to take the mutual influence of trees into consid-
eration, such as attenuation and reduction of wind forces. In addition, we want
to study more accurate (efficient) animation schemes for close (distant) trees.
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