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Abstract 

 
This work is studying real-time generation of smoke simulation based on a particle system. In 

order to enhance the realism of the effect, we used texture mapping (Perlin noise) and 

transparency disturbance to shade the 3D smoke. Furthermore, it uses simple physical function 

to simulate smoke movement. Classical smoke simulation is using a great amount of particles 

which makes computing more complex. Compared with traditional methods, the method we 

propose can generate realistic visual effect of smoke in real-time and reduce the time 

consumed. 
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1 Introduction 

In recent years, the simulation of fluid animation has become an important challenging 

research direction of Computer Graphics. Comparing with the simulation of other 

natural scenery, such as plants, clouds, hills and water, the simulation of fluid 

animation is more difficult. The molecular composition of smoke is closer to solid 

than gas, but the shape of smoke is closer to gas instead of solid, which led to making 

the simulation of smoke more difficult than other natural objects which have a specific 

form. In addition, the lifecycle of smoke include generation, movement and 

disappearance. Along with the entire cycle, external forces such as gravity and wind 

affect smoke all the time, they change the shape and the direction of movement. 

Which make the form of each smoke unique.  

Taking into account the special structure of smoke, the basic of smoke simulation 

is to simulate the molecular motion of smoke. Smoke generation comes from burning, 

studying flames became a way for people to study smoke. In 1994, C. H. Perry and R. 

W. Picard [1] generated Flame methods based on the knowledge of burning. At the 

same time, N. Chiba
 
[2], J. Stam

 
[3], G. Sakas [4] etc used a stochastic model of 

turbulence flow [5] to simulate different diffusion phenomena of smoke in wind. They 

tried to build smoke by simulating carbon molecules. This method is too complex and 

too expensive for users. After various failed attempts, the researchers found a new 

direction for smoke modeling, the particle system.  

As early as 1983, W. T. Reeves [6] establish a method for the particle system. 

This method is useful to visualize fuzzy objects (such as fire, flames, water, smoke 

clouds, etc). In theory, the particle is understood as the physical molecule, the 

movement of the particle is understood as the molecular movement. In simple terms, a 

particle system is a simple way to simulate physical molecular systems. By definition, 

a particle system [7] is a set of isolated small objects that are set into motion using 

some algorithm. When using this method for simulation, it also requires the 

mathematical calculations for the object simulation in order to achieve realistic 

simulation results.  

The field of Computational Fluid Dynamics (CFD) is devoted to simulating the 

gases and other fluid models such as smoke, clouds, water (they are also called fuzzy 

objects) etc. Obviously, different type of objects can be built by different particle 

system. Classical smoke [8] simulation methods are based on Computational Fluid 

Dynamics (CFD), which is too expensive and can't be used for real-time systems. The 

vision of smoke models has many applications in interactive games, movie 

productions and in military applications.  
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In this work, we are going to simulate smoke with a particle system, using 

texture mapping (Perlin noise) and transparency disturbance to simulate visual smoke. 

1.1 Aim 

In this work, we aim to use 3D reconstruction to simulate a fluid smoke in order to 

provide support for developing computer graphic visual smoke effect. The smoke 

simulation plays an important role in many areas such as in the movie industry and 

game construction. Particle systems are the main technique used to simulate fuzzy 

objects and Perlin noise is procedural texture primitive used to make computer 

graphics more realistic. We are intrested in combining these two techniques to see if 

we can improve the result when creating 3D smoke and make the smoke more natural. 

1.2 Delimitation 

This smoke simulation is based on particle system, the smoke is created by thousands 

of small particles. Revees [9] emphasized that a certain quantity of particle groups can 

represent objects which move irregularly. Even though the particles offer such a useful 

ability, the realism of the smoke is hard to reach perfect result, because smoke is an 

irregular fuzzy object. When simulating the movement of particles, each particle have 

their own properties which generates longer computation, because the computer has to 

assign each particle a random set of values. Using a particle system to simulate the 

smoke requires a more powerful computer. Considering we didn’t use shader in our 

program, the particles look separated, but the real smoke is more continous. Shader 

can be used flexibility to calculate the rendering effect, the program can customize the 

smoke more natural with shader. 

1.3 Related work 

The previous work about smoke simulation by using particle system was first put 

forward by Reeves in 1983. Particle system is the collection of large amount of small 

separate particles. Each particle should have several properties, such as initial position, 

velocity, size, color, transparency, shape and lifetime
 
[8]. All of the particles generate 

a particle system and the motion of particles is controlled by the attributes which are 

set before, for instance, velocity and lifetime. In other words, the whole system can be 

controlled by means of changing the particle's velocity.  

Later in 1985 Reeves and Rikbi [10] proposed an approximate algorithm for 

shading and rendering structured particle systems. They emphasized that particle 

system is important, there are three main reasons that make particle systems important. 

Firstly, particle systems are much simpler than most graphical primitive, the amount 
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of particles which can be drawn will be more than the others solution in a certain time. 

Therefore, an image with more complexity and details can be generated. Secondly, 

particle systems are both procedural and stochastic which reduce the design time. 

Thirdly, particle system has a strong ability that can model fuzzy object which is 

changing form over time. For 3D dynamic fluid simulation, particle system has an 

extremely advantage.  

Furthermore, there are many fluid simulations developed by using particle 

systems. The paper "Smoke Simulation Based on Particle System in Virtual 

Environments" [11] used the amount of particles to design the density of smoke. The 

realistic rendering of smoke is implemented by combining the texture mapping 

technology which can make the smoke look more natural. In other way, using the 

suitable texture to render the particles is an efficient method to reach the visual result. 

Speaking of which, noise function is a significant texture mapping technique. In 1985, 

Ken Perlin introduced a procedural texture model Perlin noise. He said that noise is a 

texturing primitive that you can use to build a very wide variety of natural looking 

textures. Combining noise into various mathematical expressions produces procedural 

texture. Unlike traditional texture mapping, procedural texture doesn't require a source 

texture image. What’s more, since Perlin noise is a procedural texture which can be 

used directly onto a three dimensional object, this avoids the "mapping problem" of 

traditional texture mapping.  

Recently, real-time simulation and rendering of 3D smoke has already been done 

by others, they used two main approaches which are physical based to simulate the 3D 

smoke. There are Lagrangian viewpoint and Eulerian viewpoint [10]. Lagrangian 

approach is widely used in fluid simulation field, because lagrangian viewpoint is 

based on particles, it treats the continuum just like a particle system. Each point in the 

fluid or solid is labeled as a separate particle, with a position x and a velocity v. You 

could even think of each particle as being one molecule of the fluid. As we know, 

particle is a powerful tool to simulate fuzzy object. By using Lagrangian [12], we can 

start with analyzing the motion of each step of fluid. On the contrary, Eulerian 

viewpoint take a different strategy, instead of following the movement of each particle, 

Eulerian approach [13] focus on a fixed points in space and observe the fluid 

quantities (such as density and velocity) measured at those points change by time.  

2 Theory 

2.1 Smoke movement 

The simulation of realistic smoke movement is very complex. The influencing factors 

include gravity, the speed of smoke, the air density varied by temperature, as well as 
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the effect of wind. When smoke is generated, the friction between smoke molecules 

and air molecules will produce a rotating deformation resulting turbulence flow effects. 

Within the smoke, the high temperature part of smoke speed up by buoyancy, by 

contrast, the low temperature part of smoke get small buoyancy, rise slowly. Due to 

differences in temperature, smoke movement has become more elusive. Beyond that, 

wind and gravity offer acting force to influence smoke movement in the horizontal 

and vertical directions, respectively. Figure 1 shows different acting force of smoke 

molecules. 

 

 

 

 

 

 

 

 

 

Figure 1:  Acting force of smoke molecules 

2.2 Particle System 

The basic idea of the particle system is using a large number of particles with a certain 

lifetime and property. Particles as basic elements, they can describe the irregular fuzzy 

objects. In particle system, each particle has a lifecycle that consists of generation, 

movement (aging and dying) and disappearance. When the old particle die out, a new 

particle will be born and join the system. The key of simulating fuzzy object is to 

control the properties of the particles. Fuzzy object described by the particle system is 

not pre-defined, the properties such as shape, position and moving direction are 

described by a random function. Generally, there are several processes for drawing 

action of particles. First, analysis fuzzy object features, setting the initial properties of 

the new particles. New particles will be generated and join the system. When particles 

die, the system will delete them and new particles will be born. The living particles 

will be changed by their dynamic properties. Through these processes, particle system 

draw fuzzy object by living particles. The lifecycle of particles shows the dynamic 

changing of the fuzzy objects such like animation, which is the most important and 

most complex part of particle system. 

Buoyancy 

Gravity 

Wind 

Vortex 
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2.3 Smoke simulation based on particle system 

Each particle in particle system has dynamic property and drawing property etc. The 

main properties of the particles are initial position, velocity, size, color, transparency, 

life-time and so on. In this work, the following properties of a particle are defined:  

‘V’: velocity 

‘P’: position 

‘c’: color 

‘A’: transparency (alpha value of particle) 

‘t’ : time  

‘g’ : gravity 

‘m’ : the quality of the smoke particle 

2.4 Perlin noise 

The basic Perlin noise needs a couple of conditions, noise function and interpolation 

function are needed. As Ken Perlin said, noise is a texturing primitive you can use to 

build a very wide variety of natural looking textures which means you can simulate 

many natural sceneries and make them more realistic by using noise function.  

In fact, many natural things are fractal, they have many levels of details to them:  

like the patterns of boulders, the tiny movement of a branch and the undulate surface 

of water. These natural things offer a series of parameters for Perlin noise function. 

Simply, Perlin noise is used to enhance details of natural things.  

3 Method 

3.1 Particle life cycle: Generation 

Generally, the emitter of particle system determines where particles are born. To 

simplify the process of generation, we take a plane form as particle emitter in our 

program. On this plane, new particles are going to be generated by a random function. 

The random function allows the particles to be born evenly, and make sure each 

particle has its own moving direction and initial velocity. For each fresh particle, the 

generation process can be described as following: 

 t0 : initial time of particle system working 

Initial P  =  rand (emitting plane)                                      (Ⅰ) 

Vx(t0) = Nx * rand( )                                               

Initial V      Vy(t0) = Ny * positive(rand( ))                      (Ⅱ)                                    

Vz(t0) = Vz * rand( )                                            
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Figure 2:  Particles are generating from an emitting plane. They have random initial positions and 

initial velocity. The green lines shows the particles motion track. 

The function called ‘rand’ is abbreviation of random function in C++ language. 

In function Ⅰ, ‘rand (emitting plane)’ means get random position on emitting plane. 

In function Ⅱ, ‘rand()’ is used to generate a random number from range -1 to +1; 

‘positive( rand( ) )’ is use to get random number from range 0 to 1. We set vector 'N' 

( N(Nx, Ny, Nz) ) as normal vector of emitting plane, which length is equal to '1'. 

Function Ⅰ is keeping to generate random positions for new particles on emitting 

plane ; function Ⅱ is using vector 'N' multiple with a random function then get a new 

vector, this vector becomes the direction of a fresh particle. Figure 2 shows a 

simulative scene of the generation of particles. 

3.2 Particle life cycle: Movement 

After the particles are given their initial properties, the velocity and position of 

particles will be changed over time. The space of particle movement is based on three-

dimensional coordinate system. We try to add gravity and wind factors to affect the 

particle movement. According to real scenes, we set the direction of gravity 

acceleration along the negative direction of the y-axis and parallel to the y-axis. In 

physics, we must think over air resistance which is the force of gravity, but actually  

we can consider air resistance is almost close to zero. So in this work, we don't set any 

data about it. On the other hand, we try to reduce the complexity of wind. We set the 

wind vector to move on the horizontal plane ( X-Z plane in 3D coordinate system). 

For each moving particle, position ( P(Px, Py, Pz) ) and velocity ( V(Vx, Vy, Vz) ) of 

moving process can be described as following:  

                          △t : interval time (a frame as one unit) 

                  Time       t-1: last time 

                 t= t-1 + △t : update time  

Vx(t) = Vx(t-1 ) + Vw * cosθ                               (Ⅲ) 

Velocity     Vy(t) = Vy(t-1)  -  ∫ (g/m) d△t                              (Ⅳ) 
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Vz(t) = Vz(t-1)  + Vw * sinθ                                (Ⅴ) 

 

Px(t) = Px(t-1) + ∫ Vxd△t                                     (Ⅵ) 

Position      Py(t) = Py(t-1) + ∫ Vyd△t                                     (Ⅶ) 

Pz(t) = Pz(t-1) + ∫ Vzd△t                                      (Ⅷ) 

In these functions, Vw is velocity of wind, θ is the degree between the wind 

vector and X-Z plane. All these equations are complex, which are derived based on the 

physical theory. In order to facilitate the computation, we simplify the functions: 

V(t) = V(t-1) + a * △t                                                             (Ⅸ) 

P (t) = P(t-1) + V(t) * △t                                                         (Ⅹ) 

Wherein simplified functions, △t is a discrete function of stationary time interval, 

‘a’ is the abbreviation of acceleration function ( a(ax, ay, az) ). We can easily  

compute the velocity and position of a particle at a certain point-in-time by using 

function Ⅸ and Ⅹ. 

In fact, if acceleration is a fixed value, it is hard to produce a rotating deformation. 

Real smoke molecules are randomly dispersed in the air molecules, which means that 

the acceleration of the movement of smoke molecules are changing all the time, it 

can’t be a fixed value. We use the random function ( rand() ) to amend the 

acceleration function ( acc(ax, ay, az) ):  

acc= rand()*a                                                                       (Ⅺ) 

Replace the acceleration in function Ⅸ , and collate the final function as 

following : 

V(t) = V(t-1) + acc * △t                                                       (Ⅻ) 

P (t) = P(t-1) + V(t) * △t                                                      (Ⅹ) 

To make the particles motion track close to a vortex, we take all particles as a 

whole object, then set up a rotating degree to it. When particle system is working, the 

rotating degree will be output by a random function, which makes the particles look 

more natural and vivid. 

3.3 Particle life cycle: Disappearance 

Normally, the process of disappearance of particle is also called the death of particle. 

In some specific conditions, we can decide the particle is 'dead'. In our program, each 

particle is given a value about alpha, it is used to decide the lifestate of particle. At the 

same time, alpha is also controlling the transparency of the rendered color of texture, 

the value of alpha more close to 1, the effect of color more close to opaque. Opposite,  

the value of alpha more close to 0, the effect of color more close to transparent.  

A(t)= Ai – fade*t                                                                (ⅩⅢ) 

We set the initial value of alpha (Ai) equal to 0.1, the initial state of particle is 
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animate and visual. Then, the alpha value will reduce by a fade function (fade*△t) 

until the alpha value is reduce to 0. The particle will die out and be deleted by the 

system.  Figure 3 shows the disappearance of particles. 

 

 

  

 

 

 

Figure 3:  The disappearance of particles. Their alpha value will be reduced to 0, at the 

same time, their life-time counts backwards to 0.  

3.3.1 Generation of Perlin noise 

The main steps of generating Perlin noise can be expressed as follows: 

 Noise function:  

Generate a set of random numbers based on parameters.  

 Interpolation function: 

Connect random numbers then generate smooth noise curve.  

 Smooth function: 

Reduce squareness before output noise image. 

 Sharpness function 

Enhance contrast effect of noise image. 

A noise function [14] is essentially a seeded random number generator. It takes 

an integer as a parameter, and returns a random number based on that parameter. It 

means one parameter only can output one specific random number, if not, output data 

is null. For one set parameters, noise function will output one set random numbers. 

More important, random numbers are isolated with each other [15].  

The role of interpolation function is to connect random numbers. Linear 

interpolation, cosine interpolation and cubic interpolation are three main kinds of 

interpolation function. Linear interpolation is most simple, it takes less time for 

computing. Compare with linear interpolation, cosine interpolation gives better result, 

but it takes more time. Cubic interpolation takes much time, without doubt, it offers 

the best smooth result. In this work, we are trying to compute Perlin noise in real-time, 

linear interpolation is the optimal choice.  

There are three inputs of interpolation function: bottom value, top value and scale 

value [15]. Scale value is between 0 and 1, or equal to 0 or 1. The input value decides 

the return value of the interpolation function. When the scale value is bewteen 0 and 1, 

the return value is bewteen the bottom value and the top value. If the scale value is 
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equal to 0, the return value is the bottom value. If the scale value equal to1, the return 

value is the top value. In brief, return value function can be writen as following:  

Return Value =  Bottom Value +  Scale Value∗ (Top Value –  Bottom Value) 

 

 

 

 

 

 

 

 

Figure 4:  Left: sin wave; Right: noise wave.  

Amplitude and frequency are basic concept of wave graph of physics, they are 

important for noise function. To get a nice complex noise image, combine various 

frequencies and amplitudes are necessary. For sin wave (left part of figure 4), 

amplitude is the height of wave, the distance bewteen two border peak is wavelength. 

The right part of figure 4 is a example of noise wave,  show on  this graph,  amplitude 

is the distance bewteen maximum value and minimum value, wavelength  is the 

distance bewteen two neighbour values. Frequency function is showed as following:  

Frequency =
1

Wavelength
 

The effect of smooth function is similar to interpolation function, it is smoothing 

the noise curve then make the noise image become a little less contrast (this process is  

also called reduce squareness of noise image). To remedy the blured noise image, 

sharpness function is useful. It can adjust the contrast by gray value.  

 

Figure 5:  Left: particle without texture  Right: particle with Perlin noise texture. 

Adding all these functions, combine with different frequencies and amplitudes, 

we get noise pattern. The next step is using texture function to let noise pattem texture 
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on each particle. Now we can see the difference of particles in figure 5: left part shows 

the paticle is before added texture; right part shows particle with a nice Perlin noise. 

4 Result 

 

Figure 6:  Left: the initial smoke (without texture) Right: the integrated smoke (with texture) 

The smoke simulation is realized on an ordinary personal computer (CPU: Intel Core 

i5 1.70GHz, Radeon graphics card, 2G RAM), which is coding with standard OpenGL 

graphics library. The method in this work is offering a simple way to simulate smoke 

with perlin noise,  and the result is close to reality smoke (see effects in figure 6).   

Table 1 shows frame rate with different particle numbers. Frame is the process of 

computer produces unique consecutive images. Frame rate is the frequency of 

computer producing frame, it can be expressed in frames per second (FPS). The higher 

frame rate, the better quality of animation. Specially,  the standard frame rate of TV 

and movie is at least 24 FPS. To get the best result, we found out that optimal particle 

count is around 5000. Higher particle number can generate smoke with various level 

details, at the same time, more render time are required. Relatively, when generating 

smoke with less particles, the particles should have a higher speed value. But even 

when using higher particle speed, the quality of smoke will not be ideal.   

Table 1.Frame rate of particle system 

Particle 

Number 
1000 2500 5000 10000 20000 

Frame rate (FPS) 114.67 48.00 24.89 13.33 6.40 
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5 Discussion 

Smoke simulation is one of the dynamic fluid simulations. In this work, we mainly 

simulated the 3D dynamic smoke by means of particle system and Perlin noise. There 

were many difficulties when we were using particle system and Perlin noise. For 

particle system, we try to imitate the movement of the particles in real smoke. We 

made many attempts to make the particles move more irregularly, like chaos, but the 

big amount of particles made it impossible to notice the small movements. It also 

seemed like the smoke were moving too controlled in an upwards direction. For Perlin 

noise, our first goal was to use 3D Perlin noise function. But after the first tests we 

notice the computer power needed was too much and we choose 2D instead. 

Fortunately the result was perfect for this project and the visual result still looked like 

3D. Since the particles are too small, it’s difficult to see the detail, the visual effect of 

2D Perlin noise is not so clear to see. Perhaps Perlin noise isn’t the best approach for 

this smoke simulation, but the best solution will be sought in the future. 

6 Conclusion 

For the 3D smoke simulation, we have used particle system for modeling the smoke 

and Perlin noise for mapping the texture. The primary work has been efficiently 

shown by the behavior. This approach has been combined perfectly in smoke 

simulating. There are several checkpoints when we using particle system to simulate 

the smoke, the movement of smoke particles which is the most difficult task to 

achieve. As we mentioned above, every single particle is controlled by velocity, 

direction and life-time. First we have all the particles move straight forward. By using 

the random function, moving track can be controlled then has a realistic movement. 

Considering the reality of smoke, this work has presented an appropriate 

approach, however, the model of the smoke has many parameters which we used to 

control the motion of smoke and they are not so easy to manipulate. Hereby, these 

concerns can cause the smoke to look artificial. Creating a more perfect smoke model 

becomes the future work for this work. We attempt to build the smoke model more 

natural by finding the best parameter that can control the model perfectly, but the best 

solution have not complete in this work, we are still looking for it. 
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