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Abstract

We present an approach for simulating the natural dynamics that emerge from the coupling of a flow field to light-
weight, mildly deformable objects immersed within it. We model the flow field using a Lattice Boltzmann Model
(LBM) extended with a subgrid model and accelerate the computation on commodity graphics hardware to achieve
real-time simulations. We demonstrate our approach using soap bubbles and a feather blown by wind fields,
yet our approach is general enough to apply to other light-weight objects. The soap bubbles illustrate Fresnel
reflection, reveal the dynamics of the unseen flow field in which they travel, and display spherical harmonics
in their undulations. The free feather floats and flutters in response to lift and drag forces. Our single bubble
simulation allows the user to directly interact with the wind field and thereby influence the dynamics in real time.

Categories and Subject Descriptors(according to ACM CCS): I.3.5 [Computer Graphics]: Computational Geometry
and Object ModelingPhysically based modeling; I.3.7 [Computer Graphics]: Three-Dimensional Graphics and
RealismAnimation

1. Introduction

The demand for increasingly realistic visual simulations of
complex phenomena is tremendous. The ultimate goal is to
bring the graphics and animations alive so that trees are
blown in the wind, flags flap, fluids flow, and hair flies. Faith-
ful simulation of these effects involve three essential ele-
ments: a flow field, object model(s), and the coupling be-
tween them. The approach presented in this paper is mo-
tivated by the recognition that to support interactive simu-
lations or respond to events occurring in the scene, each of
these three elements must be computed in real-time. Further-
more, exhibiting realistic dynamics under the broadest range
of conditions, requires the use of models that are as physi-
cally accurate as possible. And, since boundary conditions
largely define a flow field while also playing an extremely
important role in object dynamics and coupling, it is essen-
tial to be able to handle complex shaped and moving bound-
aries.

In this paper, we present an approach for modeling the
blowing effect of a wind field on light-weight deformable

objects. We model the wind field using the Lattice Boltz-
mann Model (LBM), which is a relatively new computa-
tional fluid dynamics (CFD) method9, 28. Compared to other
CFD methods, LBM has the advantages of being easy to
implement, parallelizable, and able to handle complex and
moving boundaries11, 12. The objects we model include soap
bubbles with spherical harmonics representing their defor-
mation and oscillation and a free feather with thin strip flut-
ter dynamics. We chose these objects to illustrate our ap-
proach mainly because they are visually interesting, how-
ever our method can be applied to any light-weight object.
By considering only light-weight objects, we are able to pro-
duce realistic-looking simulations without having to model
the back-coupling of the object on the flow field. We com-
pute both the wind field and the object dynamics in real time
which allows the simulations to be interactive. For this pur-
pose, we accelerate parallel LBM computation on commod-
ity graphics hardware in a manner similar to that of Li et al.
5.

The remainder of the paper is organized as follows. In
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the next section, we provide an overview related work de-
scribing alternate approaches to flow modeling and object
interactions. The LBM used to model the wind fields in our
simulations is described in Section 3. In Sections 5 and 6,
we present the models used for the soap bubbles, the feather,
and their interaction with the wind field. The implementa-
tion of hardware acceleration and simulation performance
are described in Section 7.

2. Related Work

Over the past decade, researchers have used a variety of ap-
proaches for modeling the interaction of wind with leaves,
trees, grass, and human hair21, 23, 24, 25, 26, 27. Specifically, We-
jchert and Haumann21 developed an aerodynamic model for
simulating the detachment and falling of leaves from trees
in a wind field built from four basic flow primitives. Shinya
and Fournier24 animated trees and grass blown by complex
flow fields by modeling the wind field in Fourier space and
then converting to a time-varying force field. Using similar
methods, Stam23 animated trees in turbulent winds. More
recently, Perbet and Cani25 simulated the movement of the
grass in a wind field which was generated by combining pro-
cedural primitives and an additional time-varying stochastic
component. In contrast to the above, we use a CFD approach
for modeling the wind field and only consider the motion
of free, light-weight objects. However, our wind model and
force evaluation method could also be used with these grass
and tree models.

In recent years, the application of CFD methods for solv-
ing the Navier-Stokes (NS) equations by graphics and vi-
sualization researchers has led to significant developments
in the visual simulation of gases and fluids. In 1997 Foster
and Metaxas2 presented a full 3D finite difference solution
to simulate the turbulent rotational motion of gas. In 1999
Stam 1 devised a fluid solver using semi-Lagrangian ad-
vection schemes and implicit solvers resulting in an uncon-
ditionally stable method that produces compelling simula-
tions of turbulent flows. Their method can also achieve real-
time speed on a low-resolution grid. Unfortunately, numer-
ical dissipation causes the turbulence to decay too rapidly.
Fedkiw et al.3 addressed this shortcoming by feeding en-
ergy back into vortices using vortex confinement methods.
Recently, a quite different CFD method, the Lattice Boltz-
mann Model, was introduced to the graphics community by
Wei et al. to model a dynamic wind field and moving solid
boundary objects in a simulation of fire and smoke4, 6. We
have chosen to take up this alternate approach because it pro-
vides physical accuracy, particularly with complex boundary
geometries10, while being quite simple to implement and
amenable to hardware acceleration.

3. Simulating Wind

We begin this section with a brief review of LBM.

3.1. Lattice Boltzmann Model

The LBM is a relatively new method for CFD, inspired by
cellular automata, that models Boltzmann particle dynamics
on a lattice28. In the case of a fluid, for example, the Boltz-
mann equation expresses how the average number of flow
particles with a given velocity changes between neighbor-
ing lattice sites due to inter-particle interactions and ballistic
motion. In the LBM, the variables associated with each lat-
tice site are velocity distributions, or “packet distributions,”
which represent the probability of the presence of a flow par-
ticle with a given velocity. The set of velocity vectors in the
model is discrete being defined by the number, orientation,
and length of lattice links. Particles stream along lattice links
from one node to another synchronously in discrete time
steps. Between streaming steps, they undergo collision. The
Bhatnager, Gross, Krook (BGK) model is typically used to
represent the effect of these collisions as a statistical redistri-
bution of momentum which locally drives the system toward
equilibrium 9. As in kinetic theory, the collisions conserve
mass, momentum, and in thermal models, energy. Unlike it-
erative solvers that compute a steady state, the LBM is an
explicit time stepping procedure for modeling time varying
flows. In the limit of zero time step and lattice spacing, the
LBM flow model yields the Navier-Stokes equation for in-
compressible fluid flow. As a kind of explicit finite difference
method, the stability of LBM for flow simulation is limited
to flows with low Mach number (i.e. flow velocities small
compared to the speed of sound). However, the LBM can
be enhanced with a subgrid model representing small scale
energy damping in order to achieve faster flows with high
Reynolds numbers7.

For our LBM model we employ the so called D3Q19 lat-
tice which is a 3D lattice with 18 links representing 19 ve-
locity vectors (including the zero velocity). As illustrated in
Figure 1, this lattice may be represented as a combination
of four sub-lattices: Sub-lattice 0 consists of the center cell
with zero velocity; sub-lattice 1 includes six nearest neigh-
bor links shown with red arrows; sub-lattice 2 has twelve
second-nearest neighbor links shown with blue arrows; and
sub-lattice 3 consists of eight third-nearest neighbor links
shown with green arrows. Stored at each lattice node are 19
packet distributions associated with the 19 velocity vectors.
We denote these asfqi whereq identifies a particular sub-
lattice andi identifies a particular velocity vector within that
sub-lattice. The macroscopic fluid density,ρ, and velocity,
u, are computed from the packet distributions as follows:

ρ = ∑
qi

fqi (1)

u =
1
ρ ∑

qi
fqieqi (2)

Using the BGK single-time-relaxation model, the Boltz-
mann dynamics can be represented as a two-step process of
collision and ballistic streaming. Taken together they can be
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Figure 1: The D3Q19 lattice geometry. On the left side are
shown the four sub-lattices that are defined in a 3D grid and
on the right is the combination of sub-lattices 0, 1, and 2.
The packet distribution fqi is associated with the link corre-
sponding to theeqi velocity vector.

represented as

fqi(x+eqi, t +1)− fqi(x, t) =−1
τ
( fqi(x, t)− f eq

qi (ρ,u)) (3)

where the local equlibrium packet distribution is given by

f eq
qi (ρ,u) = ρ(Aq +Bq(eqi ·u)+Cq(eqi ·u)2 +Dqu2). (4)

The constantτ represents the relaxation time scale which
determines the viscosity of the flow, whileAq throughDq

are constant coefficients specific to the chosen lattice geom-
etry. The equilibrium packet distribution comes in as a con-
sequence of the BGK collision model. It is a local packet
distribution whose value depends on conserved quantities -
the macroscopic massρ and momentumρu. Since the cal-
culation of Equations 1 to 4 only requires local packet dis-
tribution values, their acceleration on graphics hardware is
efficient.

3.2. Subgrid Model

Assuming a unit time step and lattice spacing, the kinematic
shear viscosityν in the LBM is related to the relaxation pa-
rameterτ as:

ν =
2τ−1

6
(5)

To reach high Reynolds number flows requiresν to be as
small as possible which implies decreasingτ toward 1/2.
Unfortunately, this leads to numerical instability. The roots
of this instability lie in the inability of the LBM to repre-
sent flow dynamics on scales smaller than the lattice spacing

7. Without these, the energy transfer from larger scales to
smaller scales that is needed to stabilize the model can not
occur. One way to solve this problem is to combine a tradi-
tional subgrid model with the LBM. Note that such subgrid
models have nothing to do with grid refinement. What the
subgrid model does is to represent the physical effects that
the small scale (i.e. unresolved) motion has on the LBM-
scale (i.e. resolved) motion. In particular, the Smagorinsky
subgrid model represents the influence of the unresolved
scales by adding a positive eddy viscosity to the kinematic
shear viscosity. In doing so, the single-time-relaxation ap-
proximation is abandoned and the value ofτ is allowed to
vary over the lattice. The key point, as we explicitely show
below, is that the local variation ofτ, which depends on the
value the local strain tensor, is computed for a given node
only using neighboring nodes. Following the work of Hou et
al.7, the procedure goes as follows:

We compute the nonequilibrium momentum tensorΠ(1)
m,n,

wherem andn represent cartesian components.

Π(1)
m,n = ∑

qi
eqimeqin( fqi− f eq

qi ) (6)

The magnitude of the local strain tensorS, is then given by

|S|=
−ν+

√
ν2 +18C2

√
Π(1)

m,nΠ(1)
m,n

6C2 (7)

The Smagorinski eddy viscosity, given by

νt = C2 |S| (8)

is then added to the shear viscosity to locally adjust the value
of τ as:

τnew= 3(ν+C2 |S|)+
1
2

(9)

whereC is the Smagorinsky constant (typically 0.3). Since
evaluating Equation 9 only involves local packet distribution
values, the model retains its parallelizability.

3.3. Boundary Conditions

Boundary conditions in the LBM may take several forms.
The simplest are periodic boundary conditions for which the
out-going packet distribution value re-enters the grid along
its original velocity direction on the opposite face of the lat-
tice volume. To represent out-flow conditions correspond-
ing to flow that simply leaves the volume, the packet dis-
tributions of the nodes just inside the boundary are sim-
ply copied to fictitious nodes just outside the boundary. For
straight boundaries, the so called no-slip boundary condition
which expresses the requirement that the tangential compo-
nent of the fluid velocity along the boundary be zero, are im-
plemented with a simple bounce-back rule. In this case, the
out-going packet distribution value re-enters the grid at the
same node, but associated with the opposite velocity. An-
other commonly used boundary condition applied to flow
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Figure 2: A slice of a regularly spaced lattice and a curved
wall boundary.

volume boundaries where the flow is largely parallel to the
boundary and the boundary itself cuts through the nodes, is
a kind of bounce-foward condition. The rule is to copy the
mirror image of the packet distributions of the nodes that on
the fluid side of the boundary to those on the solid side. The
net effect on the nodes in between (i.e., the ones directly on
the boundary) is to null out the component of the velocity
normal to the boundary. This bounce-forward rule is mainly
appropriate for flow volume faces that are far from the fluid
region of interest. Discussions of other kinds of boundary
conditions for which pressure or velocity are specified may
be found in the literature (see Maier et al.29 and references
therein).

For no-slip boundaries that can move, or involve complex
geometries, or even that are straight but do not lie on the
lattice nodes, the bounce back rule has been substantially
improved by Mei et al.11. Because of its importance, we ex-
plicitely state it here. As indicated in Figure 2, in order to
compute the packet distribution for a node,xf , in the fluid
next to the boundary we need to know the packet distribu-
tions of its neighbors. Thus, a fictitious packet distribution,
fqi(xb, t), is defined on the nodexb which lies just inside
the object boundary. The fraction of the link that is inter-
sected by the boundary in the fluid region is denoted by
∆ = |xf −xw|/|xf −xb|, where 0≤ ∆≤ 1. The post collision
value of fqi(xb, t) is given by:

fqi(xb, t) = (1−χ) fqi(xf , t)+χ f ∗qi(xb, t)+6Aqρeqi ·uw(10)

where,

f ∗qi(xb, t) = ρ(Aq +Bqeqi ·ub f +Cq(eqi ·u f )2−Dq(u f )2)(11)

Figure 3: Streamlines originating from a vertical plane that
cuts through the most active flow region. See Color Plate 3
in color section.

and for∆≥ 1/2,

ub f = (1− 3
2∆

)u f +
3

2∆
uw and χ =

2∆−1
τ+1/2

(12)

while for ∆ < 1/2,

ub f = u f f and χ =
2∆−1
τ−2

. (13)

Note thatub f represents the virtual speed of the boundary
nodexb in terms of the fluid velocity,u f , at node f , and
the boundary velocity,uw, at xw. Thus we see that this rule
(which has second order accuracy and good stability) ac-
counts for both arbitrarily shaped and moving boundaries.

Using the above no-slip boundary condition rule, we are
also able to implement flow inlets in an interesting way.
Imagine a tube attached to the flow volume wall. We could
force fluid through the tube and into the volume by sliding
a plunger through the tube. If the tube were also part of the
LBM flow volume, we would model this process by apply-
ing bounce-back rule to the tube and the moving plunger
where the plunger velocity would play the role ofuw. Un-
fortunately, the amount of fluid that we could push into the
volume by this method would be limited by the extent and
volume of the tube. However, we can avoid this complica-
tion and achieve the same effect by considering the plunger
just as it reaches the flow volume wall. We apply the bounce-
back rule on the plunger, which implies that it is moving, but
we do not actually move the plunger in the next time step.
Repeatedly pushing the plunger without actually moving it,
would have the effect of a propeller. We have used this kind
of propeller boundary to create inlets in many of our simula-
tions.

3.4. Wind Field Generation

To facilitate the creation of a wind field with interesting vor-
tex structures, we built an interactive GUI with controls that
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allow us to position various obstacles in the flow. For exam-
ple, Figure 3 and Color Plate 3 show snapshots of the flow
structure that results in our LBM model when two balls, a
cube, and a odd-shaped object (goblet) are placed in the flow
volume. Prior to their insertion, a horizontal flow (from left
to right) was established by setting a velocity boundary con-
dition on the left vertical face of the flow volume. In addi-
tion, we used periodic boundary conditions on the left and
right vertical faces of the flow volume. On the remaining
faces of the flow volume we used a simple bounce-forward
rule, as described in the previous section. As can be seen
from the figure, complex flows can be generated by placing
obstacles in the flow to create interesting vortices.

3.5. Coupling Wind to Objects

To simulate the effect of wind blowing on an object, the cou-
pling of the wind to the object must be modeled. For the
simulations presented here, we achieve this by evaluating the
force exerted by the wind. Various approaches to LBM force
evaluation have been presented in the CFD literature (see11

and references therein). Of these, the momentum-exchange
method is probably the simplest to implement and most com-
putationally efficient. The force on a boundary node of the
object is computed as the net momentum exchanged with
neighboring fluid nodes. The total force is then obtained
by summing the contributions associated with all the ob-
ject boundary nodes. In other words, the force exerted by
the flow on an object results from the change in momentum
of the flow particles that collide with the object.

The momentum-exchange method clearly takes into ac-
count the modification of the flow due to the presence of the
object. This is overkill for light-weight objects like the soap
bubbles and feather that we have chosen to model. For ob-
jects of this kind, it is reasonable to assume that the flow is
unperturbed by the object but not vice versa. Under this as-
sumption, the object presents no real boundary to the flow
and the momentum exchange model cannot be applied di-
rectly. We take therefore, a different approach by consid-
ering the “virtual force” that would appear if we imagined
the object surface to be embedded in the flow. From this
perspective, the effect of the flow is two-fold: It advects
the object along the flow stream lines and, as those stream
lines converge and diverge, it causes deformation. The for-
mer exerts no force on the object in the moving frame of the
object/fluid. Thus, we compute our virtual force from the
change in velocity of the flow at the object surface in the
object’s moving frame of reference.

4. Computational Procedure

The computation procedure underlying our simulations in-
volves the following series of steps:

0. Initialize LBM. Specifically set all packet distribution
values equal to the equlibrium distribution value (Equa-
tion 4) with zero velocity and constant density.

1. Perform collision and streaming (Equation 3).
2. Apply boundary condition rules.
3. Compute macroscopic density (Equation 1) and velocity

(Equation 2).
4. Adjust relaxation time according to subgrid model (Equa-

tion 9).
5. Compute object physics (forces and deformation).
6. Advect object.
7. Render scene.
8. Return to step 1.

In interactive simulations, when the user modifies or
moves boundary objects, a GUI listener directly updates the
boundary geometry data. This means that the LBM calcu-
lations always use the current boundary configuration, al-
though the packet distributions at nodes that have changed
from fluid to boundary or vice versa may not be immediately
updated. In other words, a fluid node that suddenly becomes
a boundary node may be used in step 1 before its packet dis-
tribution has been properly updated. Fortunately, provided
that objects in the LBM move slowly compared to the LBM
speed of sound, such errors are small and heal rapidly with-
out having adverse effects on the simulation.

5. Soap Bubble Simulations

Soap bubbles do several amazing things that make them fas-
cinating to watch. They stunningly illustrate Fresnel reflec-
tion and refraction. In large swarms they reveal the invisible
structure of the flow field in which they travel. And, larger
bubbles display the spherical harmonics in their undulations.
The soap bubble simulations that we present to illustrate our
method display all of these features (except refraction) and
the observed dynamics appears as a natural consequence of
the interaction between physical models.

Much of the work on soap films, bubbles, and foams fo-
cuses on the properties of bubble clusters (see14, 15, 16 and
references therein). In contrast, we focus on the advection
and deformation of individual bubbles influenced by an ac-
tive wind field, ignoring collisions and other bubble-bubble
interactions. We consider the soap film thickness to be uni-
form and idealize the bubble shape dynamics in terms of the
spherical harmonics which represent the normal modes of
the sphere.

We represent the bubble dynamics in terms of three inde-
pendent phenomena - advection, body force, and deforma-
tion. The bubble is advected by the flow according to the
local velocity, at its center of mass, obtained from the LBM.
The body force, due to gravity, modifies the advection veloc-
ity by the addition of a vertical component. And, the bubble
deformation is caused by its being squeezed along the di-
rection of the flow. The magnitude of this squeeze is made
proportional to the gradient of the flow velocity in the bub-
ble’s frame of reference along the direction of the flow.

In general, any square-integrable functionr(θ,φ), such as
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(a) (b) (c) (d)

Figure 4: Soap bubble deformation and dynamics in response to the spray from the green air-can. See Color Plate 1 in color
section

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

Figure 5: A sequence of snapshots taken from our multi bubble simulation video, as we move the viewpoint position from right
to left. See Color Plate 2 in color section

the one representing the bubble surface, can be uniquely rep-
resented as a superposition of spherical harmonics,Ym

l (θ,φ),
whereθ ∈ [0,π] is the angle with respect to thez-axis and
φ ∈ [0,2π) is the angle measured from thex-axis in thex−y
plane:

r(θ,φ) = ∑
l

∑
m

ρl ,mYm
l (θ,φ) (14)

Inverting allows the expansion coefficients to be computed
from the shape:

ρl ,m =
∫ 2π

0
dφ

∫ π

0
r(θ,φ)Ym∗

l sin(θ)dθ. (15)

For example, the shape of a bubble slightly squeezed along
thez-axis has the following representation in terms of spher-
ical harmonics:

r(θ,φ) = (r0−
δ2

6
)
√

4π Y0
0 (θ,φ)− 2δ2

3r0

√
π/5 Y0

2 (θ,φ)(16)

where the coefficientr0 is the unperturbed radius andδ is the
magnitude of the deformation. The development of this ex-
pansion relies on the small-amplitude condition thatδ� r0,
hence “slightly” squeezed. Note that in the case of no defor-
mation,δ = 0, we recover the unperturbed spherical bubble
shape sinceY0

0 (θ,φ) = 1/
√

4π.

Each spherical harmonic in the superposition represents a
natural vibrational mode of the sphere. In terms of these it is

easy to represent the shape oscillations:

r(θ,φ, t) = ∑
l

∑
m

ρl ,mYm
l (θ,φ)e−βl t (17)

The mode frequencies and their decay rates, given by the real
and imaginary parts ofβ respectively, depend on the physi-
cal properties of the soap film17. In general terms however,
the mode frequencies increase withl , and modes having the
samel but differentmoscillate with the same frequency. For
the bubble, for which the volume does not change as it oscil-
lates, the spherically symmetricl = 0 “breathing” mode does
not occur (i.e.β0 = 0). The next higher order mode,l = 1,
the dipole oscillations, also do not appear since the center
of mass of a freely oscillating bubble (i.e., subject to no ex-
ternal forces) does not move. Thus, we find that the lowest
order allowed mode for the free bubble isl = 2.

As can be seen from Equation 16, thel = 2 mode is clearly
involved in the oscillations of the slightly squeezed bubble.
Although relaxing the small amplitude approximation that
led to that equation does introduce higher order modes, they
appear with smaller amplitudes. Hence, we capture most of
the oscillation dynamics by considering only thel = 2 mode
in our simulations. Its frequency and decay rate are simula-
tion parameters with values chosen to approximate the be-
havior of real bubbles observed in the laboratory.

Although a standard ray tracing algorithm could be used
for rendering bubbles, attempting to capture the thin film
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(a) (b) (c) (d)

Figure 6: Several bubbles blown by a flow as large vortices develop. Streamlines show the flow pattern originating from a plane
cutting through the most active flow region. See Color Plate 4 in color section.

reflection and refraction effects would make it complicated
and slow. Instead we use Cube Environment Mapping which
computes reflections in computer-synthesized environments
without tracing a myriad of secondary rays. Implemented in
graphics hardware, this method is fast and provides amaz-
ing reflection effects for the bubble which is constructed as
a polygonal surface model.

Snapshots from our single bubble interactive simulation
are shown in Figures 4 and Color Plate 1. The size of the
LBM lattice is modest: 51× 27× 27. On the faces of the
LBM flow volume we have defined out-flow boundaries to
simulate an open volume. Initially the flow is quiescent. The
user perturbs the flow by moving and triggering a spray-can.
The can itself is implemented as a texture-mapped polygonal
surface model which presents a no-slip (curved and moving)
boundary to the flow. The can’s nozzle is represented as a
small tube approximately 6 lattice units in length and 3.6
units in diameter. The disk of nodes located half way down
its length present a propeller-type inlet boundary to the vol-
ume. Texture splats are used to make the air-jet produced by
the spray-can somewhat visible. They provide visual detail
without requiring a high resolution grid. The splats are in-
troduced at the nozzle when the sprayer is triggered and ad-
vected by the LBM along the flow stream lines. When their
velocity decreases below a threshold value, the splats are re-
moved. The user may “blow in the wind,” from any location
and orientation (by positioning and spraying the spray-can)
and observe the bubble’s response to the changes in the flow.
In particular, the bubble may be deformed and pushed away
by a nearby burst of air. The magnitude of the deformation
(δ in Equation 16) is made proportional to the gradient of
the wind velocity along the direction of advection. This de-
formation excites thel = 2 mode which subsequently decays
as the bubble drifts away from the can. If the bubble drifts
outside the flow volume, it pops by simply disappearing.

Snapshots of our multiple bubble simulation video are
shown in Figures 5, 6 and Color Plates 2 and 4. This sim-
ulation demonstrates a cloud of bubbles being blown by a
flow as large vortices develop. Again, the LBM lattice size
is a modest 51×27×27. We chose to make all the bubbles

the same size so that the viewer may better judge their rel-
ative positions in the scene. The flow pattern results from a
low speed, horizontally directed, propeller type inlet bound-
ary defined over the entire left vertical face of the flow vol-
ume. Another smaller, but faster propeller inlet located in the
center of the floor of the flow volume and directed vertically
upward serves to create large vortices in the flow. A second
small propeller inlet with a diameter of 4 lattice units located
near the lower edge of the left face of the volume directs ad-
ditional flow into the volume at an angle of 45 degrees with
respect to the horizontal. This inlet also serves as the source
of new bubbles during the simulation. To help the viewer
visualize the time varying flow, we show streamlines orig-
inating from a plane passing through the most active flow
region. Away from this plane the flow is weaker. The pink
(light green) streamlines indicate upward (downward) flow
and gray streamlines indicate horizontal flow shown in Color
Plate 3. As seen in the simulation video, bubbles near the
strongest flow regions show large acceleration and deforma-
tion. In less active regions the bubbles drift due to advection
and slowly fall under the influence of gravity.

6. Feather Simulation

A feather is a branching structure developed on a spine
called therachis. From the rachis a number ofbarbsorig-
inate. The collection of the barbs on each side of the feather
comprise twovanes22. Following Streit and Heidrich8, we
model the shapes of the rachis and the contour of the left
and right vanes with three different Bezier curves. In order to
construct each individual barb, four control points are used:
P0, P1, P2, andP3. PointsP0 andP3 are located on the
rachis and the vane contour. PointsP1 andP2 are generated
by perturbing the positions of two points lying on the line
betweenP0andP3using a noise function. Finally, a texture
is mapped onto the barbs to give the feather the desired color
and quality.

Free feathers dancing in the wind illustrate beautiful and
complex dynamics. In response to lift and drag forces they
float and flutter. The dynamics of a falling feather is non-
trivial not only because the forces of lift and drag couple the
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(a) (b) (c) (d)

Figure 7: A sequence of snapshots taken from our feather simulation video.

downward and side-to-side motions, but also because of the
production and influence of vortices in the surrounding flow.
Even for the simplified system of a thin, flat strip, the effort
to construct faithful physical models continues to challenge
researchers (see Belmonte et al.18 and references therein).
To capture the essential flutter dynamics for our simulation,
we use the thin strip model of Belmonte et al., which in-
cludes the effects of gravity, lift, and inertial drag. The scaled
equations of motion in this 2D model are given by:

v̇x =
V2

Fr
[A⊥ sinφsinθ−A‖ cosφcosθ∓4π|sinφ|sinγ](18)

v̇y =−V2

Fr
[A⊥ sinφcosθ+A‖ cosφsinθ

∓4π|sinφ|cosγ]− 1
Fr

(19)

ω̇ =±Aω
12ω2

Fr2 −6πV2sin(2φ), θ̇ = ω (20)

Here,V = (vx,vy) represents the velocity of the feather
relative to the flow with they axis pointing vertically up-
ward. The angleθ is that of the rachis with respect to the
positive x axis, andγ is the angle similarly defined byV.
The angleφ = γ−θ. The constantsA‖ andA⊥ represent the
parallel and perpendicular drag coefficients, respectively. Fi-
nally, the dimensionless quantityFr is theFroudenumber
which represents the ratio of downward and side-to-side mo-
tion time scales. For an explanation of the sign convention
we refer the reader to Tanabe and Kaneko19.

To use this 2D thin strip model in our 3D simulation
we employ standard fourth-order Runge-Kutta integration
within a reference frame that follows any rotation of the
feather about thex-axis. Such rotations may arise due to
unbalanced torques exerted on the feather by the wind. We
model this rotational dynamics in terms of a damped rotator.

Since the thin strip model defined above assumes that the
strip falls through a motionless medium, to capture the ef-
fects of a gusty wind, we simply add a term proportional to
the appropriate component of the wind force to Equations 18
and 19. This force is obtained from the LBM by considering
the change in the flow velocity at the center of mass of the
feather over consecutive time steps.

Snapshots from our feather simulation video are shown
in Figures 7 and Color Plate 5. A gusty wind field was pro-
duced using out-flow boundary conditions and the methods
described in Section 3.4 with several additional propeller in-
lets defined on the left and bottom boundaries. The LBM
lattice size is 51×31×31. Although we did not include de-
formation dynamics in our current feather model, the feather
is seen to flutter and dance in wind as it slowly falls under
the influence of gravity.

7. Hardware Acceleration

We accelerate the computation of the flow field using the
graphics hardware (GPU) as a SIMD computer in a fashion
similar to that of Harris et al.20 and Li et al.5. The process
involves transforming the LBM nodes into stacks of 2D tex-
tures and computing the LBM equations on the rasterization
pipeline of the hardware. Specifically, the packet distribu-
tions fqi from each node are grouped into stacks of 2D tex-
tures according to their velocity directions. The macroscopic
densityρ and velocityu, and the equilibrium distributions
are stored in a similar way. The packet distribution textures
then serve as input to the computation of density and veloc-
ity. The equilibrium distribution valuesf eq

qi are computed in
a similar fashion using the density and velocity textures.

To perform the LBM streaming step, the distribution tex-
tures must propagate in the direction of their associated ve-
locity. For those velocity components within the slice, we
simply translate the packet distribution textures appropri-
ately in the direction of the in-slice velocity. For those ve-
locity components orthogonal to the slice, we re-number the
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distribution textures to achieve propagation in the direction
of the orthogonal velocity. To reduce the overhead of switch-
ing between textures, multiple textures representing packet
distributions with the same velocity direction are stitched
together into one larger texture. In addition to packet dis-
tribution translations, streaming on this larger texture then
requires copying sub-textures to other stitched textures.

Next, we apply the boundary conditions and update
the distribution textures. Implementing Mei et al.’s no-slip
boundary condition on the GPU requires evaluating the
boundary rule using two nodes, a real one near the bound-
ary, such asxf shown in Figure 2, and a fictitious one,xb, lo-
cated inside the boundary object. For each such pair of nodes
we load two “node-sized” textures with the corresponding
packet distributions, velocities, and densities as well as pa-
rameters, such as∆ and uw. These texture pairs are then
streamed through the GPU pipeline to evaluate Equation 10.

We also accelerate the Smagorinsky subgrid model on the
GPU. Considering Equation 6, we see that the adjustment
of the relaxation parameter,τ, is only necessary for nodes
where the nonequilibrium momentum tensor is nonzero. For-
tunately, we have found that it is enough to use the subgrid
model to adjustτ in regions where the velocity is relatively
large. We therefore divide the LBM nodes into blocks and
down-sample the corresponding velocity textures using the
frame buffer with themaxblending function. Several passes
of down-sampling are executed. On each pass, the size of the
texture was halved along each dimension until every pixel
contained the max velocity of the sub-texture defined by the
corresponding block. These max velocity values determine
whether the sub-textures are needed for the subgrid com-
putation. Once blocks requiring sub-grid computation are
identified, the hardware computation is straightforward. In
our simulations, it turned out that less than 10% of nodes
per time step required relaxation time adjustment. Thus the
inclusion of the subgrid model did not significantly affect
execution time.

We compute the force of the wind field and the object
physics on the CPU. This requires accessing the velocity
data calculated on the graphics hardware. We make this effi-
cient by dividing the velocity field into blocks. Based on the
object position, only the needed velocity blocks are trans-
ferred from the GPU to main memory. In general, pixel
read-back to the CPU would represent a potential bottle-
neck for our hardware acceleration. Fortunately, Nvidia’s
pixel data rangeand similar extensions, allow copying the
pixels in the frame buffer directly to a vertex array residing
in the graphics memory without going through the AGP bus.

Because most graphics hardware supports only 8 bits per
color channel, accuracy is always a concern when using
graphics hardware for general computation. Fortunately, the
packet distributionsfqi, velocitiesu, and densitiesρ in our
LBM simulations tend to fall into a small numerical range
which makes the use of range scaling and range separation

effective. Thus, we use scale factors to map all variables into
[-1, 1] or [0, 1], taking care that all intermediate values also
fall within this range. The scale factors are carefully chosen
so that clamping errors do not occur while the full precision
of the hardware is exploited.

While fixed point precision is less of an issue with the new
generation of GPUs, such as ATI’s R300 and Nvidia’s NV30,
which have floating point computation available throughout
the fragment shader, floating point computation does require
more memory and is slower than its fixed-point counterpart.
Thus, even when floating point computation is available, for
those simulations where speed is more important than preci-
sion, it may still be preferable to employ range scaling and
use fixed point computation.

Table 1 reports running times on a 2.53GHz Pentium IV
with an Nvidia GeForce 4 Ti 4600. The average calculation
time of the wind field per step on the CPU (LBM on CPU)
and accelerated on the GPU (LBM on GPU) are shown in
the table. The computation of the soap bubble and feather
dynamics, the evaluation of the body forces on the bubble
and feather and the object rendering are all implemented on
the CPU and are included in the last column of Table 1.

Table 1: Running time per frame measured in milliseconds.

Simulation Lattice LBM LBM Rendering
Size on on & Object

GPU CPU Physics
on CPU

Bubble 51×27×27 10.1 93 16

Bubbles 51×27×27 10.1 93 47

Feather 51×31×31 14.7 125 50

8. Conclusions and Future Work

In this paper, we animated free, light-weight and mildly de-
formable objects blowing in the wind. To model the flow
field, we used the LBM because it is easy to work with, can
accommodates complex and moving boundaries, and can
achieve real-time speed via graphics hardware acceleration.
We demonstrated our approach with detailed simulations of
soap bubbles and a feather. For the bubble we used the low-
est order, physically relevant, spherical harmonic to repre-
sent deformation and oscillation. A thin strip model was
used to represent the dynamics of the free falling feather. We
coupled the flow to these models by considering the forces
arising due to changes in the flow velocity in the reference
frame of the moving object. We demonstrated how interest-
ing flows can be created in an intuitive way by simply plac-
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ing obstacles in the flow and defining inlets and other bound-
ary conditions. We also implemented a hardware accelerated
version of the Smagorinsky subgrid model to achieve faster
flows and the no-slip boundary condition rule. Our results
illustrate the interesting dynamics that emerge from the cou-
pling of a time-varying flow to light-weight and deformable
object models.

Of course, much more can be achieved. In particular, we
would like to employ more general object models, such as
mass-spring and finite element models, and explore tech-
niques for computing their dynamics in another pass on the
graphics hardware. In the future, we will incorporate the
perturbations induced in flow by the objects. Including this
back-coupling will make possible the inclusion of heavy ob-
jects and the use of the momentum exchange method for
computing the flow forces. Finally we will adopt the new
generation of graphics hardware on which floating point op-
erations are possible. Exploring the tradeoffs between speed
and precision will provide valuable insights on the LBM
method and its potential for both visual and scientific sim-
ulation. Moreover, using Nvidia’spixel data rangeor sim-
ilar extension to copy pixels in the frame buffer directly to a
vertex array residing in the graphics memory will enable us
to perform both simulation and rendering completely inside
the GPU.
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