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ABSTRACT

Real-time simulation of physically realistic complex dust behaviors is very useful in computer simulation, training,
education, art, advertising, and entertainment. There is no successful model for realistic dust behaviors generated by
a traveling vehicle. In this paper, we use particle systems and behavioral simulation techniques to simulate these dust
behaviors in real-time. First we analyze the forces and factors which affect the dust generation and the behaviors after
dust particles are generated. Then we construct physically-based empirical models to generate dust particles and
contro] the behaviors accordingly. After that, we further simplify the numerical calculations by dividing the dust
behaviors into three stages, and establishing simplified particle system models for each stages. In addition, we discuss
the methods to simulate the behaviors in a networked virtual environment. Our major contribution includes analyzing
dust behaviors in detail, constructing physically-based empirical models that correlate the behaviors to the dust
generating forces and other factors, and that achieve simulations in a networked virtual environment.
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1 Introduction

In many virtual environments and distributed
interactive simulations, it is desirable to simulate
trucks, tanks, armored vehicles, bulldozers, and other
ground moving objects. However, typically dust
behaviors are not generated when these objects travel
on an unpaved road. Dust behaviors caused by
different factors (such as natural wind and a fast
traveling vehicle) appear everywhere. Simulating
physically realistic, complex dust behaviors is very
useful in interactive graphics applications, such as
computer art, advertising, education, entertainment,
and training. However, due to the lack of modeling and
simulation techniques and methodologies, there is
currently no successful real-time simulation for
realistic dust behaviors. As computers and their
graphics systems become much faster and more
powerful, many natural phenomena (such as the
behaviors of fluids, terrains, trees, fireworks, volcanos,
clouds, etc.) are simulated in real-time [Chen97, Li93,
Oppenheimer86, Reeves83, Reynolds87, Guritz95,
Sims90, Fiume93]. We believe it is appropriate now to
include dust behaviors into real-time simulation. Here
we use real-time to mean that the simulation is
interactive, and the frame rate of generating the dust
behaviors is at an interactive rate of human perception.

Hsu and Wong [Hsu95] introduced a dust
accumulation model. The model presents static
appearance of dust accumulation without animation.
Cowherd, et. al. [Cowherd89, Williams88] studied dust
and the mechanisms of dust generation. Their purpose
was to study and measure the density of the dust in the
real battlefield instead of simulating the dust behaviors
in graphics. Today, military training in graphics and
distributed interactive simulation is one of the major
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research topics [IST94], and generating dust behaviors
in real-time significantly increases the realism of the
simulated training environment.

In this paper, we introduce a method for simulating the
dust behaviors caused by a fast traveling vehicle in real-
time. The method is a combination of particle systems
and behavioral simulation techniques. The Particle
systems technique was first introduced to computer
graphics by Reeves [Reeves83], and is now widely
used to simulate fuzzy or dynamic objects, such as fire,
grass, explosions, clouds, water, trees, etc. These
objects have no fixed shape and sometimes change
their shapes or behaviors stochastically. They have ill-
defined boundaries that make surface-based modeling
impractical. It is apparent that dust behaviors behind a
moving vehicle belong to this category. The
Behavioral simulation technique uses a physically
inspired modeling method to calculate and update the
object’s state, and draw the object repetitively after
each calculations to achieve the behavior animation in
real-time. We also employ motion blur for small and
fast moving particles, particle blending instead of
hidden-surface removal, texture mapping, and other
graphics techniques to achieve better performance and
appearance of the final results.

In order to build up a physically inspired realistic
simulation, we first analyze the forces and factors
which affect the dust generation and the behaviors after
dust particles are generated, and then construct
physically inspired empirical models to generate dust
particles and control the behaviors accordingly.
However, the models are time-consuming and
inefficient. Therefore, based on the models and
analysis of the forces, we further simplify the
numerical calculations by dividing the dust behaviors



into three stages, and establishing simplified particle
system models for each stages. The resulting models
are satisfactory for real-time simulation as well as
achieving realistic dust behaviors.

Distributed Interactive Simulation (DIS) requires a
time and space coherent representation of a virtual
environment. Simulating physically realistic behaviors
in DIS presents an extremely challenging problem. The
synchronization of physical activiies such as dust
behaviors in DIS is important to guarantee fast and
accurate simulation. In this paper, we also discuss a
mechanism which uses a uniform time scale
proportional to the clock-time and variable time-slicing
to synchronize physical models such as dust particle
system in a networked environment for DIS. The
advantage of this system is the mechanism of variable
time slice corresponding to each simulator’s own
clock, which reduces the network communication
significantly. We have also developed a time
differential strategy to maintain numerical stability of
the simulation. With this strategy, the physical
numerical calculation will be stable no matter how the
time slice changes.

Our major contribution includes analyzing dust
behaviors in detail, constructing physically inspired
empirical models that correlate the behaviors to the
dust generating forces and other factors, and that
achieve simulations in a networked virtual
environment. Our work is a useful addition to many
applications in simulated virtual environments,
including military simulation and training.

The rest of the paper is organized as follows. In
Section 2 we discuss the dust generation, the factors
affecting the behaviors after the dust particles are
generated, and dynamics of a dust particle. In Section 3
we simplify the models, and divide the dust particle
systems into three stages (turbulent vortex, inertial
momentum, and airborne drift) In Section 4 we
discuss some rendering issues and present some
simulation results with different parameters. In Section
5 we discuss synchronization in a networked virtual
environment. Finally, in Section 6, we summarize our
work, and describe several avenues of future research.

2 Dust Behaviors

In this section, we first discuss and analyze how dust
particles are generated; then we introduce the factors
which affect the dust behaviors, after that we analyze
the forces acting on a dust particle and establish
corresponding physically inspired empirical models to
calculate and update the dust behaviors.

2.1 Dust Generation

As a vehicle passes over an unpaved surface, three
basic forces are developed: vertical pressure, horizontal
stress, and friction. Vertical pressure, which is due to
the weight of the vehicle (WT_,,), will produce ground
surface vibration and/or deformation, crushing large
particles into smaller ones. Horizontal stress and
friction, which are largely due to the driving power
which sustains the velocity (V,,) and acceleration of
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the vehicle, will further comminute the particles and
carry them on the surface of the tire. The slippage
between the tire and the ground will lift particles of
different sizes due to the adhesive and shear forces,
and eject them at different places on the tire surface
due to the centrifugal forces as shown in Fig. 1.

Shear fz‘l]nc;l
centrifug;
forces —>
Driving
Direction

Vertical Pressure »
Fig. 1: Forces between the wheels and the ground

The ground vibration and/or deformation will also eject
fine particles. The dust particles are then either
entrained in the turbulent air behind the vehicle or
return to the ground depending on their properties and
conditions. Bigger particles will fall back to the ground
surface more rapidly while the fine ones will remain
suspended in the air drifting with the current. Small
stones and blocks of muds will fall back to the ground
immediately after ejection from the tires, and will
bounce up and down, also generating dust into the air.

Turbulent air flow
=

Y

Vehicle Body

Fig. 2: Dust generation process

There are many other important factors that affect dust
generation, such as the material of the ground surface
(Mat,), the size and properties of the vehicle (S.,,),

and the conditions of the environment (F ).

The material and composition of the ground surface
(Matp) depend on the density (Dp) and moisture (MO,)
of the ground surface, the average size (S,), mass, and
adhesion of each individual dust particle. If the ground
is wet and the average size of the particles is large,
then there will be fewer particles. If the dust density of
the ground surface is high, then there will be more
particles. We use the following equation to measure
this parameter:

D
= ——P
Mat, ul-Sp+a2-MOp 1
2
where Z o, = 1, and o, is the weight coefficient of
i=1
the corresponding parameter, fori=1, 2.



The size and properties of the vehicle (S,,,) depend on
the weight (WT,,,), height (H_,,), and width (W_,,) of
the vehicle. Heavier and bigger vehicle will generate
more dust particles. We use the following equation to
measure this parameter:

Sc‘ar = ﬂl : |WTlcar+ 52 “H 4 BB “Wear (2)

3

where }' B, = 1, and B, is the weight coefficient of
i=1

the corresponding parameter, for i =1, 2, 3.

The conditions of the environment (F,,,) including
humidity, air pressure, and many other environment
damping forces will also affect the dust generation.

In summary, most dust particles are generated right
behind the wheels. Some fine dust particles are lifted
from the ground surface because of the turbulent wake
behind the vehicle. Each particle is generated with its
own initial mass, size, and velocity. The number of
dust particles generated by the vehicle for each
simulating frame is calculated as follows:

- ‘Vcarl(yl ) Matp +Yq- Scar)
P IFf”V‘

3

2

where )"y, =1, and v, is the weight coefficient of
i=l

the corresponding parameter, for i =1, 2.

Once the particles are entrained in the turbulent wakes
behind the vehicle, their behaviors are affected by
similar factors which will be discussed in the next
section.

2.2 Factors Affecting Dust Behaviors

There are numerous factors that affect the dust
behaviors caused by a fast traveling vehicle. Here we
summarize the important factors that have more serious
effects on the dust behaviors.

Table 1: Parameters affecting the dust behaviors

Items Parameters u Description
|l Vehicle || Velocity — Vear Decide the size of the
Height— H_,, 3D volume behind a car
Width— W, where the turbulent
car wake is generated.
—H
Dust Size—S§, Affect how an individ-
particle || Mass —m ual particle will react to
4 the external forces
—3F —
Environ- || Wind—V,;, Influence the dust
ment Moisture — MO ;, behaviors in general.
Damping — parti-
cle movement
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When a vehicle travels quickly, it produces a 3D
volume behind where the atmosphere pressure is lower
than that of the other areas. The turbulent wake is
mostly inside this volume and generates vigorous dust
behaviors. The shape and size of the 3D volume are
mainly decided by the velocity, height, and width of
the vehicle. At the same time, the properties of each
individual dust particle will affect its own behaviors.
These properties include the shape, size, mass, and
initial conditions. Intuitively, a particle will fall back to
the ground faster if it is heavier and smaller. In
addition, the humidities, wind, and environmental
damping forces have an effect on the dust behaviors
also. We summarize the parameters which have the
greatest influence on the dust behaviors in table 1.

2.3 Dynamics of a Dust Particle

Computational fluid dynamics could be used to
calculate the exact turbulent wake behind a vehicle.
However, this approach is computationally complex
and prohibits achieving simulation in real-time. In
order to describe the dust behaviors caused by a fast
traveling vehicle, here we simplify the dynamics of a
dust particle, analyze all the important forces, correlate
these forces with the parameters affecting the dust
behaviors, and establish analytical models which can
be used to simulate the dust behaviors in real-time.
Here we first analyze the forces behind a traveling
vehicle, then we study the effects of these forces on an
individual particle.

As the vehicle travels forward quickly, it produces a
3D volume behind the vehicle where the atmosphere
pressure is smaller than that of the other areas. To
simplify the situation for our analysis, let’s assume that
the vehicle does not turn, and the area affected by the
vehicle is a box. That is, our particle systems’ range is
a box moving at the speed of the vehicle. The box’s
height and width are the same as those of the vehicle’s
(H.,, W,,), and its length (L) depends on the
vehicle’s velocity. Because of the fast movement of the
vehicle, different places within the box have different
atmosphere pressures. The differences among the
pressures will generate turbulent wakes, and the dust
behaviors accordingly (Fig. 3).
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Fig. 3: The pressures (forces) generated

There are five kinds of forces acting on any particle
inside the box area:



« The pressure or attraction force F g, towards the rear
side of the vehicle

* The atmosphere pressure force Fp,,, from the two
sides of the box area

* The atmosphere pressure force Fp,, from the top and
bottom of the box area

 The atmosphere damping force F;, against the
particles relative movement

+ The dust particle’s gravity F,,

F 4 is a function of the vehicle’s velocity (V,,,), the

size of the vehicle (S,,,), and the distance between the
dust particle and the rear side of the vehicle (I). As the
vehicle moves ahead, ! becomes larger, and therefore
F 4, is reduced rapidly. Its direction is approximated
by the direction which the vehicle travels. We have the
following equation:

Foy = Ly eer) @

where { is a constant scale parameter.

Fppe is a function of the vehicle’s velocity (V,,), the

distance between the dust particle and the rear side of
the vehicle (I), and the distance between the particle
and the horizontal cross section in the center of the box
(d,). As the vehicle moves ahead, [ becomes larger, and

therefore F,,; is reduced rapidly. Its direction is

towards the center cross section and parallel to the
ground, which is approximated by the direction of d;.

Here we use bold to represent the vector direction as
well as magnitude. We have the following equation:

V. . -d
Fores = ﬂlc ca;l s) &)

where 9, is a constant scale parameter.

Fpy¢ is similar 0 Fp,. It is a function of the vehicle’s
velocity (V,,), the distance between the dust particle

and the rear side of the vehicle (I), and the distance
between the particle and the horizontal cross section in
the center of the box (d,). Its direction is towards the

center cross section and perpendicular to the ground,
which is approximated by the direction of d,. We have

the following equation:

F,, = 02(M) ©

pret 1
where 9, is a constant scale parameter.

F,;, is a function of the particle’s velocity (V,), the
particle’s size (S,), the environment wind (V,;,), and
the air moisture (MO,,;,). Its direction is against the
particle’s movement in opposite to V,. We have the
following equation:

Foyp = (51‘Vair‘82‘vp)m1 -Sp+n2-M0m.,) M
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where §,, 8,, n,, and n, are constant parameters.

In summary, all the forces acting on a particle are
shown in Fig. 4. Here we ignore the collisions among
the dust particles.

Car traveling
Direction

Moving Direction
Fop + Fpror
Fig. 4: Forces acting on a dust particle

Let F), be the force acting on a dust particle, P the
position, Vp the velocity, Ap the acceleration, and m,

the mass of the particle. Then a dust particle’s behavior
is described by the following equations:

Fp=Fattr+Fpres+Fpr¢t+Fgrv+Fair ®
F
S
A=t ©
1
V, = Vor [ 4 (10)
1
P- P0+£0Vpdt (1)

To simplify the calculation, we use Euler's method to
approximate the particle's next state:

V=V, |+A, A 12)

P,=P,_,+V;-At (13)
The algorithm to compute the solution to the dust
behaviors then is as follows. For the known current
state of a particle (V, ;, P;;), the next state {V; ;, P;.
7}, after At time, is calculated by Equation (12) and
(13). These equations use functions (4) to (9). Equation
(1) to (3) are used to generate a number of dust
particles. We have frames of the dust behaviors as in
Fig. 5. Changing the parameters and conditions, we can
achieve different behaviors and appearances to suit the
needs of the applications. The simulation is at about 8
frames per second.

Fig. 5: A frame of dust simulation



3 Simplified Dust Particle Systems

The above physically inspired dust particle model is
time-consuming for a large number of particles. There
are too many factors in the equations, and the forces on
each individual particle have to be calculated during
the whole simulation period. There are redundant
calculations because when the particles are further
away from the vehicle, the forces Fyyy Fpppq and Fprp
are all reduced to near zero. Based on the above
analysis (equation 4-7), we can divide a dust particle’s
behaviors into three stages to further simplify the
simulation. We assume three different particle systems
(models) working together to simulate the dust
behaviors. The three stages are called turbulent vortex,
inertial momentum, and airborne drift, respectively.

3.1 Turbulent Vortex (the First Stage)

Once a particle is generated, the initial forces Fyy,
F,,, and Fp,, acting on it are very large (see Fig. 3,
Fig. 4, and equation 4-7). F,,, causes the particle to
move in the forward direction, F,,, causes the particle
to move up and down, and F, causes the particle to
move left and right. All other forces are relatively
small at this time. Suppose the particle is located in
side 1 of the box area, because the particle has a side

pressure force Fp,, pointing towards side 2, the

particle will move from side 1 to side 2. Once the dust
particle goes across the center section into side 2, Fp
will change its direction, and the particle will
accelerate and move back from side 2 to side 1. It is
similar for Fp,, but in a perpendicular direction. At
this stage, the forces acting on the dust particles are
relatively strong. Overall, depending on the initial
velocity, the particle will behave as in a turbulent
vortex shown in Fig. 6.

y Fattr: Fpres and Fp,p are redu

- .
Car traveling
X pirection

y Particle’s initial position

Fig. 6: Dust particle traveling trace (the first step)

Instead of calculating all the forces, we can simplify
the model by just simulating the turbulent vortex with
some random behaviors at this stage. Particles are
rotating around the center of the vortex. Here we
assume the center of the vortex is the center of the
cross section in the box area (Fig. 3). Its height is

H
——;ﬂ. The angle of rotation (RotAngle) for each frame

of simulation can be calculated by the following
simplified equation:

RotD

' Rthghtness

RotAngle = 14
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where R = d; + d,, which is the distance from the
particle to the center of rotation (we use bold to
represent vectors). Its initial value is a function of N,

(equation 3). We use the following equation to adjust d
for each simulation frame:

|R|,' = |RI’-_1-(1+AI‘) (15)
m

Ar = dR+k, - S—p -myRandom(- ,0, ) (16)
P

where dR is a constant related to the initial velocity
towards the center of the rotation, k; is a constant
coefficient, m, is the mass of the particle, Sp is the size
of the particle, function MyRandom(a, b, ¢) returns a
random pick of the numbers enclosed, and is a
comprehensive weight parameter reflecting the
vehicle’s properties:

- 81 ) scar+ 82 ’ ’erl

an
scar + |V

carl

2
where Y 8, =1, §; is the weight coefficient of the
i=1

corresponding parameter, fori=1,2; 0< <1.

The value Tightness is usually between 1.0 and 2.0.
Higher Tightness causes RotAngle to fade away more
quickly when the distance becomes larger.

RotD is the distance the particle traveled at each time
frame around the vortex circle, perpendicular to the
center of vortex. We use the follow equation to
calculate this value:

RotD; = RotD;_, - (1+AD) (18)
m

AD = dD +k, - §£ - myRandom(- ,0, ) (19)
P

where dD is a constant related to the initial velocity
perpendicular to the center of the rotation, and k; is

small constant.

A dust particle may be below ground as its rotating
radius increases. In our simulation, we just remove
those particles which hit the ground.

The particle’s translation distance (TransD) along the
vortex axis is calculated as follows:

TransD; = TransD, _, - (1 + ATD) (20)

m
ATD = dTD +k, - 3—" - myRandom(0, ) (93}
p

where dTD is a constant related to the initial velocity
parallel to the center of the rotation, and k3 is a small

constant.



3.2 Inertial Momentum (the Second Stage)

As the vehicle travels and time passes by, the forces
For, Fprep and Fpp, reduce rapidly, and finally
disappear. At this moment, the particle will continue its
movement at its current momentum. The forces Fgp,
and F,; are the primary forces governing its behavior
(acceleration.) We call this stage the Inertial
Momentum stage. This stage will continue until dust
particle’s velocity is reduced such that the particle’s
velocity becomes a small constant.

Every dust particle has a lifetime parameter, which is
used to decide when its motion enters from the first
stage into the second stage, and from the second to the
third. We use the following equation to simulate the
dust particle movement at this stage. The initial
velocity is calculated from the first stage’s values.

A; = A(m,, S, V, ) (22)
V,=V,_(+A;- At 23)
P,=P,_ +V,-Ar (24)

where A is a function to calculate the acceleration
from the particle’s mass, size, gravity, and velocity.

Here we use A(m, S, V) = leg

When A; becomes very small, we get into the drifting
stage, as discussed in the next section.

3.3 Airborne Drift (the Third Stage)

When the total force on a particle becomes very small,
the dust particle begins to drift with constant velocity.
The forces acting on the particle are balanced. Most of
the dust particles will drift with the wind and
eventually fall back to the ground. In this stage, the
particles stay in the air are those with very small mass
quantities. We simply keep the constant velocity with
some random disturbances. If a dust particle touches
the ground, it is dead. If a dust particle drifts from the
range of the particle systems to the outside area, it is
considered dead. Dead particles are faded away after a
few frames of simulations.

4 Rendering Techniques and Results

4.1 Motion Blur

We use motion blur to achieve better animation. We
record every dust particle’s several continuous
positions. Each dust particle has a head pointer which
is the current position, and a tail pointer which is the
fading position. A particle is drawn a number of times
into the buffer with bigger and bigger fading
coefficients. The head is drawn at its current position
with the particle’s original color, and the tail is drawn
at the earliest position with a much dimmer color. We
let these smaller particles to have more blurring effect.
That is, the smaller the dust particle is, the longer blur
process will be. This simple technique seems to make
the simulation more realisticc We also use the
comprehensive parameter (equation 17) to control
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the blurring process. Larger  value causes particles
having more blurring effects. We can modify different
parameter for blur according to the simulation
applicable for certain application.

4.2 Blending

Dust particles can obscure other particles that are
behind them, or they can be transparent and can cast
shadows on other dust particles. We uses Reeves’s
method to deal with this sitmation. Bvery particle is
treated as a point light source when it is displayed.
Each particle adds a bit of light to the pixels that it
covers. A particle behind another particle is not
obscured but rather adds more light to the pixels
covered.

In order to speed up the rendering process, we restrict
our rendering area to be the box area shown in Fig. 3.
As the vehicle travels ahead, the box area moves ahead
the same distance. Any dust particle outside the box
area is treated as dead. This method allows us to have a
background texture which is not updated. So we only
need to calculate and render the dust particles within
this box area. This approach reduces the number of
dust particles needed and also reduces the memory
volume needed.

4.3 Particles

For each calculated particle, we generate a number of
particles that have movement similar to this particle,
with some random behaviors. This way we only
calculate one particle, but a system of particles will
behave accordingly. It saves time for calculating all the
particles and enhances the richness of the picture at the
same time.

4.4 Results

Fig. 10 and Fig. 11 are the simulation results under the
same circumstances with different vehicle velocities
(30 miles/hour and 60 miles/hour.) The number of
particles and the density of the dust are greatly affected
by the vehicle’s velocities. Fig. 12 and Fig. 13 are the
simulation results with different dust densities. There
are many other parameter which affect the simulation.
In most cases, the simulation looks better with more
dust particles, but the simulation is much slower
because all the particles must be calculated in the
particle systems.

5 Synchronization in DIS

An entity is an object such as a particle system, a boat,
a piece of changing terrain, or even a piece of fluid
surface simulated in a DIS. Each entity has a local
variable (say lastTime) used to record the last time this
entity updated its state. So when an entity begins to
update its state, it can read the simulator’s clock to get
the current time (say currentTime) and subtract the
currentTime by lastTime to determine the period
between the current time and the last time when the
state was updated. This is the time slice passed and its
value together with the old state uniquely determines
the new state. At the same time, lastTime is updated to
currentTime. So each entity proceeds at its own pace
synchronized by a uniform time scale of our clock. The



whole system is synchronized in the sense that, at a
certain instance, all entities have advanced
approximately the same amount of time. For a
simulator with a fast simulation cycle, the time slice
tends to be small and the fidelity high; for a simulator
with a slow simulation cycle, the time slice tends to be
large and the fidelity low. This synchronization ensures
that all entities use the same time scale.

When an entity updates its corresponding entities on
different hosts, it sends its current state to them and
they update their states by the received state and the
network delay. So when an entity receives a message,
it must be able to compute the network delay between
the time when the message was sent and when it is
received. When the sender sends a message including
the current time information of the sender’s clock, the
receiver can decide the network delay of the received
message by looking at its own clock and the time
information sent with the received message. For
example, if we know that the time difference between
simulator 1 and simulator 2 is exactly 3 seconds
(simulator 1 is 3 seconds ahead of simulator 2), then if
simulator 2 sends a message to simulator 1 at 12:00:04
pm (of simulator 2’s clock) and simulator 1 receives
the message at 12:00:03 pm (of simulator 1’s clock),
we know the network delay is exactly two seconds.

There are two major advantages of this synchronization
mechanism. One is that it needs very little network
information. The synchronization is not achieved by
sending messages across the network. The other is that
activities can be predicted and time elapses of events
can be recorded. For example, if we know the speed of
a vehicle, then we can predict its position ahead of the
simulation. Thus, the simulated environments provide
a better perception of real world time.

Existing efforts in physically inspired modeling have
used different approaches and employed different
physical laws (e.g. Newton’s second laws, energy
equations, etc.) to achieve the modeling and
simulation. All these physical laws are functions of
time. The numerical simulations of these physical laws
include calculating current state from last state and the
time passed between last and current states. In a stand-
alone simulation, At, is often a chosen constant
allowing the same numerical stability for all n's. In a
real-time DIS, there are three major activities between
states of simulation as shown in Fig. 7: processing
(network) messages and other information, calculating
next states of the (physical) entities, and rendering the
calculated entities graphically. To achieve reai-time
simulation, all the activities cannot be slower than
certain thresholds. Within the thresholds there are
problems which need to be solved.

[ Aty e Aty N
N iy ”
state n-1 state n state n+1

M«:

TSI T T I time

proc.

Fig. 7: Activities between states of simulation
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The network synchronization method introduced
earlier is aimed at synchronizing the network activities
as well as minimizing the network trafficking in DIS.
However, it could happen that the varying time slices
between states are so big that the numerical
computation for physically inspired modeling diverges.
As we know, in physically inspired modeling and
simulation, the time slice must be smaller than a
certain criterion to retain numerical stability and to
limit the numerical offset error. For example, the
numerical calculations of the dust particle system need
very small time slices to retain numerical stability.
Here we provide a time differential solution for this
problem. The idea is that, instead of using a big time
interval At,, we differentiate it into smaller time slices
satisfying the numerical calculation requirements of
the physical equations. For example, if we know that
At is satisfying these requirements, we still use it to
calculate the physical equations regardless of the
varying time slice between simulation states, yet we
can also synchronize the activities of all physical
models in the network. When we get A, which is
larger than At, we can divide At into a number of Af’s

and calculate the activities of the physical phenomena
LAt /At] times. The residue of the time division can be
added to the next simulation period. If At is smaller
than At, we can consider it as a residue time and add it
to the next simulation period. This is illustrated in Fig.
8. Notice the difference between the time slice used to
calculate the state changes and the time slice between
state changes.

l Aty N

™~ et |
state n state n+1

3 e
proc. i calc. ¥ calc. { calc. irender.|

m time
Fig. 8: Physical models need small time slice

In the case where the time slice is small but the
physical phenomena evolve so fast that the animation
appears jumpy (temporally aliased) after a series of
calculations, we can render every frame after each
numerical calculation (Fig. 9). This situation occurs
when we simulate fast particle movements such as dust
behaviors.

L At, N|
N 'l
state n state n+1

3 0
proc. calc. frender. { calc. irender.|

Fig. 9: models need small time slice but evolve fast

time

6 Conclusion and Future Work

We have introduced our approach to simulating dust
behaviors behind a traveling vehicle. We have two
primary goals: one is realism of the simulation, the
other is real-time computation. In order to achieve
realism, we analyze the forces and factors and



construct physically inspired empirical models to
generate particles and control the dust behaviors
accordingly. In order to achieve real-time, we further
simplify the numerical calculations by dividing the
dust behaviors into three stages, and establishing
simplified particle system models for each stages. We
employ motion blur, particle blending, texture
mapping, and other techniques in computer graphics to
achieve better results. Our work is a useful addition to
many applications in simulated virtual environments.

Our model is a physically inspired empirical model.
Using CFD to calculate the turbulent vortex behind a
vehicle would yield an accurate physical model, which
could be integrated into our work. The problem is that
CFD models are too computationally complex. We
have succeeded simulating fluid flows in real-time
[Chen97]. We hope to find a solution for dust
behaviors also. We plan to further consider the
interaction between the dust particles and the
environment.

Fig. 12: Vehicle Speed=30, Dust Density=10, BlurN=2
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Fig. 13: Vehicle Speed=30, Dust Density=60, BlurN=2
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