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Abstract Recently, computer graphics has been used in many applications, such as computer games
and movies. In the field of computer graphics, physically based simulation of fluids is one of the
most important research topics and it allows us to synthesize highly realistic images of fluid phe-
nomena. However, one of the problems with the fluid simulation is the high computational cost,
making its applicability limited. This paper proposes a method for efficiently synthesizing smoke
animations by applying the idea of image morphing to the simulated density distributions of smoke.
We precompute a set of dynamic density distributions by numerical fluid simulation and then create
inbetween density distributions by deforming and blending the precomputed density distributions.
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1 Introduction

Recently, we often see synthetic images created by computer graphics techniques in many applica-
tions, such as computer games and movies. Synthesizing realistic animations of fluid phenomena,
such as smoke and water, has been an active research area in computer graphics and many methods
have been proposed [2]. Most of the recent methods are based on the numerical analysis of the gov-
erning equations of fluid motion called Navier-Stokes equations. Since the numerical analysis of the
equations is generally time-consuming, many acceleration methods have been proposed. However,
creating realistic and high-resolution animation of fluids is still expensive. Moreover, the user has
to adjust many parameters involved in those methods repeatedly until the desired visual effects are
obtained. The expensive computational cost makes this adjustment process extremely tedious.

In this paper, we present a method for efficiently synthesizing realistic animations of smoke by using
the idea of image morphing. We develop a method for morphing dynamic density distributions of
smoke that are obtained by numerically solving the Navier-Stokes equations. In a preprocess, we
simulate the smoke with different parameter settings by using the grid-based method [5]. Our method
then synthesizes inbetween dynamic density distributions from the precomputed distributions of
smoke. In order to achieve the morphing of smoke, we need the following three components:

• a method to determine corresponding points between different density distributions of smoke,
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• a deformation method for the smoke distribution, and

• a blending method between smoke densities.

For the corresponding points, we ask the user to interactively specify a representative path of the
flow for each of the precomputed smoke density distributions. We call the representative path a flow
curve. Next, the grid storing the smoke densities is deformed by using the flow curve. The densities
are then linearly interpolated. We apply our method to synthesize dynamic smoke blown by wind
and demonstrate the efficiency of the method.

The overview of the paper is as follows. In Section 2, we discuss some of the related work. Section 3
describes an overview of our system. Section 4 briefly explains the numerical fluid analysis that are
used in our preprocess for creating dynamic density distributions of smoke. Our morphing method
is then explained in Section 5. In Section 6, some experimental results are shown. Finally, Section 7
concludes the paper with discussion on limitations and future work of our method.

2 Related Work

Stam [17] addressed the stability problem in solving the Navier-Stokes equations and made the fluid
simulation practical. After this work, many methods have been proposed for simulating various
fluid phenomena. Readers can find details of those methods in [2]. One of the problems with the
fluid simulation, however, is the expensive computational cost. Many methods have therefore been
proposed to reduce the cost [9, 3, 1, 4, 8]. However, high-resolution simulation is still costly and
tuning simulation parameters with repeated simulations is time-consuming. Some researchers use
2D fluid simulations for efficiently creating high-resolution animations of explosions [13] or fire
[6][14]. These methods can reduce the computational cost significantly compared to high-resolution
3D fluid simulations. However, these methods are limited to the simulation of fluids that can be
roughly approximated by a set of 2D simulations.

Recently, several methods have been developed to create high-resolution results from a low-resolution
simulation. Nielson et al. [11, 10] proposed methods for simulating high-resolution fluids that
resemble a reference low-resolution simulation result. Yuan et al. [20] proposed a method that
regulates high-resolution fluid simulation with flow patterns extracted from a low-resolution fluid
simulations. Although these methods can generate high-resolution results with desired fluid be-
havior, costly high-resolution simulations are required to produce final animations. By combining
low-resolution fluid simulation with turbulent noise functions, high-resolution results can be synthe-
sized without conducting any high-resolution fluid simulations [7, 16, 12]. These methods can add
small scale details but the results are not very realistic when compared to the results obtained by
fluid simulations.

Treuille et al. [18] and Wicke et al. [19] proposed data-driven methods for accelerating the fluid
simulations. However, one problem with these methods is that the methods require significantly
long precomputation time ranging from twenty to thirty hours.

3 Overview of Our Method

The input to our method is multiple dynamic density distributions of smoke that are simulated by
numerically solving the NS equations. For the simulation of smoke, we use the method developed
by Fedkiw et al [5]. The density distribution is then represented by using a grid and is stored at
discrete time step t(= 1, 2, · · · ). Our goal is then to synthesize inbetween density distributions by
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Figure 1: Overview of our method.

interpolating the precomputed dynamic density distributions. The simplest way to achieve this is to
simply blend the precomputed density distributions but it does not work very well. It is obvious that
the so-called ghosting artifact appears.

In order to address this problem, we borrow the idea from the image morphing; the precomputed
density distributions are deformed first and then blended. Fig. 1 shows an overview of our method.
We first ask the user to specify the center line of the smoke or flow curve for each of the precom-
puted dynamic density distributions. These curves allow us to make corresponding points between
the precomputed density distributions. Next, an inbetween curve is generated by linearly interpo-
lating the corresponding points of the user-specified flow curves. The grid storing the precomputed
density distribution is deformed such that the flow curve coincides with the inbetween curve. For the
deformation of the grid, we use the method developed by Schaefer et al [15]. The deformed density
distributions are then blended together to create the final density distribution that are visualized by
using a volume rendering technique.

4 Smoke Simulation

We assume the inviscid, incompressible flow for creating the input density distributions of smoke.
The motion of the smoke is then calculated by solving the following Navier-Stokes equations.

∂u

∂t
= −(u · ∇)u− 1

ρ
∇p+ f , (1)

∇ · u = 0, (2)

where u is the velocity of the fluid, ρ is the density, p is the fluid pressure, and f represents any
external forces such as gravity and wind. We use the GPU to accelerate the computation to solve
the above equations numerically. We also use the vorticity confinement method [5] in order to add
turbulent motions.

For simulating smoke, we simply advect the smoke densities along with the velocity field obtained
by solving the above equations. The smoke density D is therefore computed by using the following
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Figure 2: Deformation of grids. The deformation in 2D (left) is applied to the grid in 3D
(right).

equation.
∂D

∂t
= −(u · ∇)D +Ds, (3)

where Ds is the density of the smoke source.

5 Morphing Method

This section describes the method for morphing the precomputed density distributions. There are
two types of morphing in our method: spatial and temporal morphing. The spatial morphing deforms
the grids so that the shapes of the precomputed smoke roughly match with each other. The temporal
morphing is used to make the speed of the smoke motions become the same.

5.1 Spatial Morphing

Let us explain our method by assuming that we have two input density distributions Da and Db as
shown in Fig. 1. Our system first asks the user to specify the flow curves by drawing spline curves
on the screen. The system then generate a set of sample points on the curve. The inbetween flow
curve is then computed by interpolating the corresponding sample points linearly according to the
user-specified blending factor α. When pi and qi are the sample points on the two user-specified
flow curves, sample point ri on the inbetween flow curve is represented by:

ri = (1− α)pi + αqi (4)

We then deform the two grids storing the precomputed density distributions so that pi and qi coincide
with ri by using the method proposed by Schaefer et al [15]. As shown in Fig. 2, our system first
computes the two-dimensional deformation by using pi, qi, and ri. Then, this deformation is applied
to every cross section of the grid perpendicular to the view direction. The density distribution of the
morphed smoke, Dm, at time step t(= 1, 2, · · · ) is obtained by using the following equation.

Dm(t) = (1− α)Fa(Da(t)) + αFb(Db(t)), (5)

where Fa and Fb represent the deformation operators applied to Da and Db, respectively. That is,
Fa(Da) and Fb(Db) represent the deformed density distributions.
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5.2 Temporal Morphing

By using the method described in the previous subsection, the shapes of the deformed smoke distri-
butions become similar. However, when the speed of the smoke motion is different from that of the
other smoke, the ghosting artifact will appear. That is, we perceive two different overlapping smoke
distributions moving at different speeds. We address this problem by artificially modifying the speed
of the smoke motion in the following way.

During the precomputation process, we record an average speed of the motion at the center position
of the smoke distribution. The center position is specified by the user. In creating the final animation
using our morphing method, the speed of the smoke motion is adjusted so that the recorded average
speed becomes the same. For example, when we have two precomputed density distributions and
their recorded average speeds are va and vb, respectively, we use the following equations instead of
Eq. 5 to obtain the final density distribution at time step t:

Dm(t) = (1− α)Fa(Da(ta)) + αFb(Db(tb)), (6)

ta = ta − 1 + v/va, (7)

tb = tb − 1 + v/vb, (8)

v = (1− α)va + αvb. (9)

Note that ta and tb are no longer integer values and we compute Da(ta) and Db(tb) by linearly
interpolating the temporally neighboring precomputed density distributions.

6 Results

This section shows results obtained by using the proposed method. We used a desktop PC with
an Intel Core i7-3770 (CPU) and an NVIDIA GeForce GTX 660 (GPU) to create the following
examples. The GPU was used for the precomputation only and the morphing process was computed
on the CPU.

Fig. 3 shows an experimental result created to demonstrate the validity of our method. We pre-
computed two dynamic density distributions with and without applying wind forces. The number
of grid points is 100 × 50 × 100. The number of time steps of the simulation was 180 and it took
327 seconds for the precomputation. We then compare the smoke animation created by using our
morphing method (Fig. 3(a)) with the animation created by solving the NS equations by gradually
increasing the wind speed (Fig. 3(b)). Although the small-scale details are different between these
animations, overall motions are the same as shown in Fig. 3. Figs. 3(a) and (b) took 40 and 174 sec-
onds, respectively. Although our method requires a long precomputation process, the computational
cost for creating the smoke animation is approximately four times faster than that by solving the NS
equations. In addition, once the precomputation has finished, smoke animations with different wind
speeds can be efficiently generated by using our method.

In Fig. 4, we apply our method to the simulation of smoke rising from a steam locomotive. The grid
size for the smoke simulation for the precomputation is 200× 100× 200. The precomputation and
the morphing process took 80 and 12 minutes, respectively. Our method can successfully synthesize
realistic and high resolution smoke animation efficiently.
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(a) smoke simulated by using our morphing method 

(b) smoke simulated by solving NS equations 

Figure 3: Comparison of smoke animations created by using our method and by solving
NS equations.

Figure 4: Examples of smoke rising from a steam locomotive.

7 Conclusions

We have proposed the morphing method for smoke simulations. In the method, multiple dynamic
density distributions of smoke are precomputed by numerical analysis of NS equations with different
parameter settings. The smoke animations are efficiently generated by deforming and blending the
precomputed density distributions. We demonstrated the validity and the efficiency of the proposed
method by several examples. Our method can successfully generate realistic animations of smoke.

There are several issues to be addressed in the future. In our current method, the flow curves are
specified by the user. We would like to develop a method that can automatically determine the
flow curves. The corresponding points between the precomputed smoke density distributions are
determined by using the flow curves only. It would be better to determine the corresponding points
so that the differences between the density distributions are minimized. Accelerating our morphing
process using the GPU is also an interesting and important topic for real time applications such as
computer games.
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