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REAL-TIME FIRE SIMULATION 
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Supervising Professor: Kay A. Robbins, Ph.D. 
 

 Natural phenomena simulations (e.g. fluid simulations) are used in variety of applications 

including game and movie production. Fire simulation, in particular, is extensively used in many 

games. On game systems, interactive response to the user is a crucial constraint, and interaction 

with the environment (including interaction with characters) is also an important property. 

Normally, the time to take for realistic fire simulations to generate a frame can not satisfy the 

timing constraint of games. This thesis develops a new physics-based simulation technique 

which capable of creating realistic (or at least plausible) results in real-time. 

 The simulation technique can be divided into four components: A physics-based particle 

system, fire volume generation, fire rendering, and smoke simulation. The physics-based particle 

system is used to control movement of simulated fire and smoke; each particle in the system is 

utilized as a control point in the later simulating processes. Every particle possesses its own 

physical properties such as acceleration, velocity, temperature, and density. The particle system 

is controlled using the Smoothed Particle Hydrodynamics (SPH) method. SPH manipulates the 

motion of each particle depending on its neighboring particles and its own physical attributes. 

This physics-based particle system can enable the simulation to interact with the environment 

physically. Fire volume generation utilizes particles from the particle system to create small-size 

polyhedra. The final volume of fire from the generation process is the integration of these 

polyhedra. After this process, the generated volume will look relatively like a burning fire; 

however, it consists of only small polygons. Small-scaled detail is needed to make the results 
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more realistic. Fire rendering technique is utilized for this simulation to transform sharp-edge 

polygons into more realistic forms. Naturally, fire can create smoke; therefore, a new smoke 

simulation technique is included in the simulation. The smoke simulation is also based on a 

particle system. For each particle, a grid system is created that depends on the particle’s physical 

properties. The smoke is constructed from these per-particle adaptive grid systems. 

 This simulation is expected to generate moderate-scaled fire in real-time (20 – 30 frame 

per second) on a typical gamer PC. The details of the simulated fire can be controlled by some 

parameters and more particles can be used to create more stable fire or larger fire with higher 

detail. This simulation technique is also expected to be able to generate the fire in game and 

movie production. 
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CHAPTER 1: INTRODUCTION 

1.1 Why Do We Want to Simulate Fire? 

 Natural phenomena simulations, such as fluid, smoke, and fire simulations, are widely 

used in both the movie and game industries. Fire simulation is one of the most common 

simulations of this type. Many interesting techniques are purposed to simulate the fire motion, 

each with advantages and disadvantages. In this paper, we focus on real-time fire simulation with 

PC-level resources because it can be utilized by a large portion of the computing community; 

furthermore, we target the creation of simulations that are interactive, realistic, and controllable.  

 Game and movie simulations have distinctive constraints; the gaming industry needs fast 

(or real-time) simulation with limited resources; on the other hand, the movie industry needs 

realistic simulation using production-level resources with great power of computation. Taking 

minutes to simulate a single frame is acceptable for movie industry but not for games. In this 

thesis, we focus on technique that can simulate realistic fire in real-time. In this simulation 

technique, we also consider smoke as a part of simulated fire. 

 

1.2 Related Work 

 Fire simulations fall into three categories: physics-based, non physics-based and hybrid 

(combination of physics-based and non physics-based). Physics-based simulations extensively 

utilize physical properties and equations – for example, the Navier-Stokes equations – to 

simulate natural phenomenon. Although, physics-based fire simulations generate very impressive 

and realistic results; they need powerful resources and sometimes take minutes to generate a 

single frame. Since this thesis concentrates on real-time simulation with PC-level resources, 
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physics-based simulations of the type described by Nguyen, Fedkiw, and Jensen [19], and Stam 

and Fiume [26] are not suitable.  

 We turn to non physics-based and hybrid-type simulations. Instead of using physical 

properties to control the fire motion, non physics-based simulations use randomization and 

mathematical functions to control these randomized process. This type of fire simulation can 

create plausible results with low computation cost. Finally, hybrid-type fire simulations are the 

simulations that exploit good points of both physics-based and non physics-based simulations; 

this kind of simulation tries to reduce runtime of physics-based simulation by decreasing 

physics-based processes and compensates for the loss of realism by employing non physics-

based techniques. The next two subsections describe researches in non physics-based and hybrid 

simulations.  

 

1.2.1 Non Physics-based Fire Simulations 

 Conventional non physics-based simulations employ a large number of particles to model 

fuzzy objects, such as fire, smoke, and explosions. This kind of simulation is usually called a 

“particle system.” Particle systems were introduced by Reeves [25]. These systems have random 

particle movement and are controlled by stochastic processes. The number of particles in 

Reeves’ system is determined by a function of the average number of active particles or by the 

visible screen size. Each particle has its own attributes including position, velocity, and lifetime. 

Reeves[25] also defines generation shape as a region within which newly born particles are 

randomly placed; moreover, the generation shape also influences the initial direction of new 

particles. The particles within Reeves’ system move and change their attributes over time before 

their extinction – which occurs when the particle lifetime is exhausted or where an attribute falls 
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below a specified threshold. Each particle is rendered as a point light source to simulate fire 

illumination. 

 In two-level particle systems, each particle can itself be a particle system. Reeves uses a 

2-level particle system with 25,000 – 750,000 particles to generate walls of fire and explosions 

with production-level resources. Particle systems can also simulate dynamic fuzzy objects, such 

as explosions, which represent randomness with controllable attributes; however, the system 

needs to use a large number of particles and powerful resources. Pure particle systems are 

suitable only for explosive fire and explosion. The simulation approaches of Perry and Picard 

[24] and Beaudoin, Paquet and Poulin [2] are more suitable for general (and less active) fire 

simulation. 

 

1.2.2 Hybrid Approaches 

 Perry and Picard [24] divide fire simulation into three processes. First, a flame model is 

created by modeling each particle in a particle system using a well-defined polygon instead of 

point particle. In this simulation, wind field is divided into large scale and small scale. The large 

scale wind field is a user-defined wind acceleration field. The small scale wind field employs a 

noise function to simulate the turbulence of the flame. Both wind fields simultaneously influence 

the movement of every particle. Second, fire spreading is modeled as a function of the rate that 

heat is released from the source of fire and the spread speed of the flame front on the source and 

contiguous area. Representative points on the flame front that represent the burning area on 

source surfaces are used to control the fire spreading. This fire spreading method also considers 

the direction of burning comparing to the main direction of the particles motion, thickness of the 

fire source, and heat transmitting property of the source as factors of fire spreading. The 
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simulated fire of this approach is able to spread on the ignitable area continuously. Finally, the 

combination of modeling and spreading is engineered by using the spreading control points and 

additional points inside the burning area as particle sources. Although, the computation is not 

expensive and the results are quite impressive, the method limits the flames model to be 

polygon-looking and in just two dimensions; in addition, it cannot handle the interaction between 

simulated fire and other objects. 

 Beaudoin, Paquet and Poulin [2] also separate the problem of fire simulation into three 

subproblems: fire propagation, fire genesis, and fire rendering. Fire propagation is structured by 

using closed curves on the object as the fire boundary. This boundary expands over time, and it 

is controlled directly by the velocity vector of burning. Second, flame genesis is defined as a 

process to create fire skeletons, chains of connected particles. Each skeleton starts from a point 

on the burning area. Then, the flames skeletons are transformed by user-defined velocity field – 

which could be the combination of effects such as wind gusts and flickering. Every flame 

skeleton can detach from the burning surface if its attributes exceed user-defined thresholds. 

Third, rendering begins with creating smooth implicit surfaces from the flame skeletons. These 

implicit surfaces are reshaped and colored to make the results look like real fire. Marching cubes 

technique is used to create the final surfaces from implicit surfaces. The fire volume also emits 

light to the environment and ray tracing technique is used to render the fire scene.  

 This paper model is controllable through many user-defined functions and variables. 

Although, this method uses condition equations with low cost of computation, the air velocity 

field still exploits user-defined functions. Therefore, the cost of computation could depend on 

these functions. In addition, the rendered fire is based on a number of flame skeletons. 

Connecting these turbulent skeletons can smooth their turbulence. Therefore, this method is 
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appropriate for burning objects and small-scale fire simulation that can be handled by limited 

number of the flame skeletons. To simulate highly turbulent or large-scale fire, this method 

requires a large number of flame skeletons which can slow down the simulation. 

Lamorlette and Foster [12] present a method that starts with a pre-defined 2D fire 

structure (a curve). This 2D curve is rotated around the Y-axis to create 3D control curves. 

Representative points that are evenly distributed to fit the whole curve are used as control points. 

These control points on the 3D curves can emit fire particles. Each particle moves physically by 

a function of its remaining lifetime, ambient temperature and its temperature. Control points also 

move stochastically (controlled by a stochastic function) and physically (same as normal 

particle) over time. The shape of the flame is structured by the 3D curves and changes 

stochastically when a control point reaches a specific height. This change can result in flickering 

and separating effects of the fire. The color of the fire is mapped from a user-selected picture of 

fire. Flow noise and Kolmogorov spectra are utilized to create a more realistic and fuzzy looking 

appearance by displacing sampled particles. Fire volume is rendered using density super-

sampling on the particles. The simulated flames can also emit both heat and light to make them 

interact with the surrounding environment. This method combines stochastic and physics-based 

processes to simulate fire; the result is interactive and realistic-looking. However, the simulation 

needs to manipulate large numbers of particles and performs a lot of calculations including 

physics-based motion and curve deformation; therefore, it is impossible to run this simulation in 

real-time with PC resources.  

 In a more recent fire simulation research paper, Fuller et al. [7] exploit the advances of 

graphics hardware to accelerate fire simulation in real-time. This method combines curve-based 

free-form deformation (as in Lamorlette and Foster [12]), hardware-accelerated rendering and 
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noise functions (improved Perlin noise [22] or M-Noise [20]). First, the user has to specify a 2D 

fire profile texture including the initial color and shape of fire. After that, a cylindrical unit fire 

volume is created by sweeping the 2D representation of fire profile texture around Z-axis (height 

of the cylinder is on Z-axis). This 3D volume is then deformed by curve-based free-form 

deformation to manipulate the shape of fire volume. The deformation sequence can be controlled 

by a physics-based particle simulation (from Lamorlette and Foster [12]) or using a user-defined 

sequence. These methods are used to move control points of the volume during the deformation. 

The physics-based particle system can also enable the simulation to interact with external forces 

from the environment.  

 The simulation of Fuller et al. utilizes approximate functions for deformation, which can 

speed up the time-consuming deformation process. To approximate the deformation function, 

lattices are used to construct a grid around the original unit fire volume. Deformation process 

then performs on the volume along with associated lattice. An approximated association of the 

original and deformed lattices is determined. In the simulation time, this approximation is used 

instead of a real deformation. The lattice is also used to map the fire profile texture to the fire 

volume for the final product. In the rendering process, the final volume is divided into slices and 

each slice is rendered by a pixel shader. In addition, the simulation generates noise in the pixel 

shader to create micro-level turbulence. The noise functions used during rendering are improved 

Perlin noise and M-Noise. For most applications, M-Noise is the better choice but Perlin noise is 

good to create small flames and fire plumes. In presented configurations, this technique can 

create fire simulation in real-time. However, this method requires user interventions, some of 

which are intricate. The user is also expected to be content artist. The performance of this 
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technique is heavily influenced by noise function, which is utilized to create low-level detail of 

the fire. 

 

1.3 Goals and Structure of this Thesis 

 In this thesis, we target the creation of a realistic fire simulation. Our simulation must be 

able to run in real-time (at least 20 frames per second). This simulation must also be controlled 

by parameters and control coefficients. This simulation technique is expected to interact with the 

environment, and it has to provide physics-based controllability. Our simulation technique is in 

the hybrid category. We combine some stochastic processes with some physics-based methods to 

invent controllable, real-time, and realistic fire simulation. 

 We divide the fire simulation into four core processes: physics-based particle system, fire 

volume generation, fire rendering, and smoke simulation. The next two chapters describe the 

techniques used to create the fire structure. Chapter 2 introduces a physics-based particle system, 

and Chapter 3 describes the fire volume generation technique. Chapter 4 discusses noise 

disturbance, Chapter 5 describes fire rendering. Chapter 6 explains a new technique for 

simulating fire-generated smoke. Chapter 7 presents the results of techniques from Chapter 2 to 

Chapter 6 and the evaluation of fire, smoke, and the combination results of the simulation. 

Finally, Chapter 8 describes conclusions of the simulation technique and describes future work 

that might possibly be pursued. 
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CHAPTER 2: PHYSICS-BASED PARTICLE SYSTEM 

 The particle system is the core of the simulation. Fire simulation and smoke simulation 

are based on this particle system. However, fire particles and smoke particles have different 

characteristics of motion, and it is hard to find or design a mechanism that can fit both scenarios. 

In this simulation, the particles are divided into two types: fire particles and smoke particles. 

Each type uses a different approach for controlling the particle system. A random-based system 

with physics-based control is used to manipulate fire particles. For smoke particles, motion and 

properties of the particles are controlled by a Smoothed Particle Hydrodynamics (SPH) method. 

This section is separated into two main subsections. The first subsection represents a (random-

based) particle system with physics-based control that is designed for the fire particle system. 

The second subsection describes an SPH method that is modified from the approach presented in 

Müller et al. [18]. This subsection includes an SPH optimization technique that is similar to the 

method expressed in Teschner et al. [27]. 

 

2.1 Fire Particle System 

 To begin the simulation, a user needs to provide a two-dimensional primitive (such as a 

rectangle, a circle, and a general polygon) to represent the fuel source of the fire. The user also 

needs to specify a point on the two-dimensional fire source to be the center position of the fire. A 

randomly-selected point on the source is used as the starting point of each just-initialized 

particle. The selection of an initial position on the source is controlled by a band-limited 

Gaussian distribution within a specified range, which makes the particles flock around the center 

position of the source. 
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Figure 2.1: Distribution of particles on the fuel source plane. The green square plane represents 
the fuel source, red spheres represent particles, and black sphere represents the center position. 

  

 In this particle system, movement of the particles is manipulated by three main factors: 

thermal buoyancy, Brownian motion, and a user-defined force field (or user-defined wind). 

Thermal buoyancy controls vertical movement of the particles. If a particle is hotter than its 

surrounding environment (and buoyancy overcomes its gravity force), it will move upward. 

Brownian motion mainly manipulates horizontal planar movement of the particles (its vertical 

component is overwhelmed by thermal buoyancy) and Brownian motion also represents 

turbulence of the particle system. For the fire particle system, the fire particles possess very high 

temperature; consequently, thermal buoyancy normally dominates vertical Brownian motion in 

each particle’s motion. In this simulation, both thermal buoyancy and Brownian motion are 

represented by random-based functions that can be controlled by control variables. The 

acceleration of each fire particle in each frame is defined as: 

 

     ai = cbr i + ctTi j  + w   (Eq. 2.1) 

     

where ai is the particle ith’s acceleration, cb is control coefficient of Brownian motion, ct is 

control coefficient of thermal-buoyancy-based motion, r i is random vector (which each of its 
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XYZ-components can be positive or negative), Ti is the temperature of particle ith, and w is wind 

force or external forces at the particle’s position. The random values are picked from a uniform 

distribution on -1 and 1. i, j, k  are unit vector in positive X, Y, Z directions. The orientation of 

axes is shown in Figure 2.2. 

 

 

Figure 2.2: The orientation of axes. 
 

 At each step of a particle’s movement, the temperature of the particle is reduced to 

represent the fact that fire particles lose energy to the surrounding environment. Every particle 

loses a small amount (randomly 0.2 - 0.5 % in our implementation) of its temperature at each 

time step (frame). In addition, a particle that resides far away from the center position of the fire 

source is more open to the environment, and it should release more energy to the surrounding 

environment. Let n be the total number of particles. First, we define maximum distances in the 

X, Y, Z directions as: 

 

     mx = 
},...1{

max
ni=

|xi – xC|    

     my = 
},...1{

max
ni=

|yi – yC|    (Eq. 2.2) 

     mz = 
},...1{

max
ni=

|zi – zC|    

X 

Z 

Y 
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where xi, yi, zi are coordinate components of particle ith, and xC, yC, zC are coordinates of the 

user-defined center position on the fuel source. A particle also loses its temperature in each time 

step base on its position by: 

 

  Ti, k+1 = 
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−
−
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1 m

zz

m
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m

xx
c1 Ti, k  (Eq. 2.3) 

 

where Ti, k is the temperature of particle ith at frame k, Ti, k+1 is the temperature of particle ith at 

frame k+1 (the next frame), c1 and c2 are control coefficients that are less than 1. This function 

(Eq. 2.3) is designed to emulate the situation that the particle that is far way from the center 

position of the fire is more open to the surrounding environment and should lose more energy 

(and temperature) to the environment. The result of this function is illustrated using 3D graph in 

Figure 2.3. 
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Figure 2.3: 3D graph of the temperature reducing function (Eq. 2.3). Y-axis is the value of new 
remaining temperature of a particle regarding to its position on XZ-plane assuming that all points 

have yi = yc, xc = 0, and zc = 0 (color figure is displayed in Figure A.1). 
 

 There are three control variables for particle temperature-related control: the initial 

temperature of the (fire) particles, the lowest fire particle temperature, and the lowest 

temperature of the (visible smoke) particles. Each particle starts as a fire particle with the 

specified initial temperature (1300 - 1700 °C in our implementation). A fire particle stays in the 

simulation and moves until its temperature is less than the lowest fire particle temperature (500 

°C in implementation). At this point, the particle is possibly transformed to be smoke particle or 

reinitialized as a fire particle at the source. Smoke particles with temperature less than the lowest 

temperature (20 °C in our implementation) are reinitialized. 

 The simulation uses a probability threshold to roughly control the number of smoke 

particles in the system, which are more resource-consuming than fire particles (in the 

implementation, a threshold of 0.8 is used). At transformation time, a random number between 0 
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and 1 is picked and compared to the specified variable. If it is greater than the threshold, the 

particle is changed to a smoke particle. Otherwise, the particle is reinitialized as a new-born fire 

particle. Every smoke particle has a short lifespan and a much lower temperature than a fire 

particle. 

  

2.2 Smoothed Particle Hydrodynamics (SPH) 

 There are two categories of smoke simulations: grid-based and gridless. Particle-based 

smoke simulation is a method in the gridless smoke simulation category. For this paper, we use a 

particle system as a basis component for fire simulation. It would be beneficial to use the same 

component to generate the smoke simulation. Fast smoke simulation is needed for this work to 

satisfy real-time constraint; smoothed particle hydrodynamics is an emerging technique for fast 

realistic fluid simulation. 

 Originally, smoothed particle hydrodynamics was presented by Gingold and Monaghan 

[8], Lucy [14], and Monaghan [17] to solve astrophysics problems. Desbrun and Gascuel [3] 

utilized an SPH method to animate deformable objects. Müller et al. [18] modeled real-time fluid 

simulation using an SPH method. For more details about the SPH method in fluid simulation, 

Müller et al. [18] and Vesterlund [28] are highly recommended. 

 This description is based on Müller et al. [18]’s SPH system for particle-based fluid 

simulation. The basic concept of the SPH approach is that of a particle system: field quantities of 

a particle can be determined by the quantities of neighboring particles (within drop-off distance) 

using radial symmetrical smoothing kernels. A scalar property, A, of a particle at location r can 

be determined by: 
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     A(r) = ∑
j j

j
j

ρ

A
m W( jr-r , h)  (Eq. 2.4) 

 

where mj and ρj are mass and density of the jth particle, rj is position of the jth particle, Aj is the 

scalar property of the jth particle, h is drop-off radius, and W is a smoothing kernel function. 

Smoothing kernels will be described later in this section. According to the scalar property, 

temperature of the particle, T, in SPH system is defined by: 

     T(r) = ∑
j j

j
j
ρ

T
m W( jr-r , h)  (Eq. 2.5)  

where Tj is temperature of the jth particle. 

 Normally in fluid simulation, two main equations are utilized to manipulate the system: 

conservation of mass equation and conservation of momentum. Conservation of mass is defined 

by the equation: 

 

     ( )vρ
t

ρ
⋅∇+

∂
∂

 = 0   (Eq. 2.6) 

 

where ρ is a density field, and v is a velocity field. A formulation of the Navier-Stokes equation 

for conservation of momentum is: 

 

    






 ∇⋅+
∂
∂

vv
v
t

 ρ = vg 2µρp ∇++∇−   (Eq. 2.7) 

 

where p is a pressure field, g is an external force density field, and µ is viscosity of the fluid.  
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From Müller et al. [18], the conservation of mass equation of the particle system can be 

omitted because we fix the number of particles and each particle has fixed mass; therefore, the 

total mass of the system is always static. They also reduce Navier-Stokes equation into a form of: 

 

     ai = 
dt

d iv
 = 

iρ

if     (Eq. 2.8) 

 

where ai is acceleration of the ith particle, vi and ρi are velocity and density field of the ith particle, 

and f i is force density field acting on the ith particle. In Müller et al. [18], f i is modeled as a 

combination of pressure, viscosity, surface tension, and external forces. 

 The function to determine scalar property in SPH (Eq. 2.4) is designed to handle general 

scalar property. It might not suitable for the value that has its own characteristics and physics 

properties to be satisfied. For the pressure force calculation, action and reaction forces of each 

pair of particles need to be equal, so we can not use equation (Eq. 2.4) to determine these forces. 

In addition, viscosity is a function of velocity differences, not of the absolute velocity. Müller et 

al. identify these problems and modify equation (Eq. 2.4) to be able to satisfy the properties of 

pressure force and viscosity. 

 To obtain the symmetric property of the pressure force, Müller et al. structure the 

pressure force as: 

 

pressure
if   = ∑ ∇

+

j j

ji
j 2ρ

p p
m W( ji r-r , h) (Eq. 2.9) 

 

where pi is a pressure of the ith particle which is determined by: 
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     pi = k(ρi – ρ0)    (Eq. 2.10) 

 

where k is the gas constant, ρi is the density of the ith particle, and ρ0 is the rest density. This 

model of pressure (force) works in the same way as spring mechanism. It tries to push the 

particles into the area with lower particle density. 

 To capture the actual concept of viscosity, Müller et al. defined the viscosity force as: 

 

viscosity
if   = ∑ ∇

−

j

2

j

ij
j

ρ

 
mµ

vv
W( ji r-r , h) (Eq. 2.11) 

 

Surface tension is also used to make the fluid look more realistic. Surface tension is defined as: 

 

    surface
if   = ∑ ∇−

j

2

j
j
ρ

1
mσ

i

i

n
n

W( ji r-r , h) (Eq. 2.12) 

 

where σ is tension coefficient, and ni is the surface normal field of particle ith which is 

determined by: 

     in   = ∑ ∇
j j

j
ρ

1
m W( ji r-r , h)  (Eq. 2.13) 

 

 External forces also affect the motion of every particle in the system. The forces that we 

use in this technique are wind (or user-defined) force, thermal buoyancy (combined with gravity 

force), and drag force. Wind force wi is a user-specified force that directly affects the ith particle. 
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Thermal buoyancy is modeled as a function of the particle’s age and the particle’s temperature. 

Thermal buoyancy also includes the force of gravity g. Thermal buoyancy is defined as: 

 

     buoyancy
if   = ( i

2
ie Tec ⋅⋅ )j  – cgg  (Eq. 2.14) 

 

where ei is age of the ith particle, Ti is the temperature of the ith particle, j  is a unit vector in 

upward (positive Y) direction, and ce and cg are constant coefficients. Drag force is also utilized 

to reduce the turbulence of the particles and to make them more likely to stay together. In this 

simulation, drag force is defined as: 

 

     drag
if   = – cd vi    (Eq. 2.15) 

 

where cd is a constant coefficient, and vi is velocity of the ith particle. The total force on the ith 

particle is given by: 

 

  f i = pressure
if  + viscosity

if  + surface
if  + buoyancy

if  + drag
if  + wi (Eq. 2.16) 

 

 In SPH computation, Müller et al. utilize a set of three smoothing kernels, each of which 

has different characteristics. The first kernel is defined as: 

 

  Wpoly6(r, h) = 
( )





 ≤≤−

otherwise0

hr0rh
h  π64

315
322

9
 (Eq. 2.17) 
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This kernel is used for almost all of the cases except for the pressure force calculation and the 

viscosity force calculation. The next kernel is designed by Desbrun and Gascuel [3] to solve the 

problem of repulsive force vanishing when particles are very close to each other. The second 

kernel is structured as: 

 

  Wspiky(r, h) =
( )



 ≤≤−

otherwise0

hr0  rh

h π

15 3

6
  (Eq. 2.18) 

 

Müller et al. also designed a third kernel to resolve instability of the Laplacian (2∇ ) for the 

viscosity force calculation. The last kernel is defined as: 

 

 Wviscosity(r, h) = 









≤≤−++−

otherwise    0      

hr0 1
2r

h

h

r

2h

r

h 2π

15 2

2

3

3

3
 (Eq. 2.19) 
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Figure 2.4: The graphs of three models of the smoothing kernel with h = 10 (r value needs to be 
positive; so, absolute value is used for this graph). 

 

2.3 SPH Optimization 

 In SPH techniques, every particle has to find the other particles residing within a drop-off 

distance (h). A naïve loop simulation would take O(n2) time. We reduce the running time of the 

simulation by using a method that is similar to one proposed by Teschner et al. [27]. 

 This optimization approach consists of two passes: setting up a grid array and fetching 

particles. In the first pass, the lowest point Li of the grid box containing the ith particle is 

determined by: 

   Li = ( 





h

x i , 





h

y i , 





h

zi )  (Eq. 2.20) 
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where xi, yi, zi are the position coordinates of the ith particle, and h is drop-off distance. The grid 

box position is linearly indexed using: 

  N = (xi mod 100)×104 + (yi mod 100) ×102 + (zi mod 100) +    

   6

i

ii6

i

ii6

i

ii 105.0
z

zz
101

y

yy
102

x

xx
××









 −
+××









 −
+××









 −  (Eq. 2.21) 

where N is grid box (linear) index. The resulting number (index) is used to access the list of 

particles in each grid box (used as grid array index); then, the particle is added to the end of 

particle lists of the grid box. After the first pass, lists of the particles in all grid boxes are 

obtained. Linked list of particles is used to store the particle information in each grid box, and it 

is updated in every frame of the simulation. 

 This indexing function can be used only in the situation that the xi, yi, and zi values of the 

i th particle (for all particles) are less than 100. We assume that xi, yi, zi values of all particles (i = 

1 to n) are less than 100. Therefore, xi, yi, and zi values can be written using two digits. The first 

part of our indexing function ((xi mod 100)×104 + (yi mod 100) ×102 + (zi mod 100)) is used to 

store the values of xi, yi, and zi into N using two digits for each value. Thus, N = xxyyzz where 

xx represents the two-digit values of xi, yy represents the two-digit values of yi, and zz represents 

the two-digit values of zi. In addition, xi, yi, and zi can be positive or negative. So, we need to 

record their signs (positive or negative) into our index number N. A digit of 107 (seventh digit) is 

designated to store these values bit-by-bit. The first (lowest) bit is for sign of zi (0 for positive zi, 

1 for negative zi), the second bit is for sign of yi (0 for positive yi, 2 for negative yi), and the third 

bit is for sign of xi (0 for positive xi, 4 for negative xi). This digit has to have its value from 0 to 

7. Therefore, index number N is in the form of sxxyyzz, where s is a digit to store the signs of xi, 

yi, zi of the ith particle. An important good point of this function is that it is easy to interchange 

between index value and the coordinate values (xi, yi, zi) of a particle. 
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 The second pass finds all other particles within drop-off distance of each particle by first 

using equation (Eq. 2.20) to determine grid box that this particle is residing in. Then, all 26 

directions around the particle are checked by first finding the closest point on the next grid in 

each direction and then determining distance between this point and position of the particle. If 

the distance exceeds the drop-off distance, the grid in that direction will be omitted. Otherwise, 

the grid in that direction is added to the list of interesting grids. 

 

 

Figure 2.5: 26 directions around a particle. The left picture is 2-dimension view, and the right 
picture is 3D view. The black dots represent the particles, the white dots represent the points  

to check, and the red dotted lines show six basic directions. 
 

 Actually, seven grid boxes, one that particle is residing in and six more adjacent grid 

boxes (up, down, front, back, left and right), are directly added to the list of interesting grids 

without using distance evaluation because the distance from the particle’s position to closest 

point in those grids would not exceed drop-off distance (drop-off distance is larger than or equal 

to grid size). From the list of interesting grid boxes, all the particles in each grid box are retrieved 

from the indexed array. If the distance between a particle and the retrieved particle is no more 

than the drop-off distance, the retrieved particle will be used in the SPH calculation. This 

optimized method runs in O(nm) where n is number of particles and m is mean number of 
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particles in a grid box. For faster speed, only the seven primary grid boxes are considered. This 

speed-up method reduces accuracy of the SPH method but can decrease the runtime of the SPH 

by more than 50% (only seven interesting grid boxes from possibly up to twenty-seven grid 

boxes for all directions).  

 The particle system serves as a core component of our fire simulation technique. The 

particles are normally used as control points to generate fire and smoke structure. In the next 

steps, simulated fire is constructed on the fire particle system (a part of the particle system that 

consists of only fire particles), and simulated smoke is constructed on the smoke particle system 

(a part of particle system that consists of only smoke particles). Chapter 3 through 5 describe the 

process of constructing simulated fire, while Chapter 6 describes the rendering of simulated 

smoke. 
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CHAPTER 3: FIRE VOLUME GENERATION 

 For the volume generation technique purposed in this thesis, fire volume is defined as the 

integration of many small pyramid-like polyhedrons. The combination of a large number of 

small components can make the whole volume look fuzzy. This generation technique is based on 

a fire particle system; each particle from the particle system is used as a control point (to create a 

polyhedron) during the generation process. The resulting volume is not physically accurate, but it 

interacts with its environment using physics-based rules. All the connected components and 

connections in this technique are created for every frame; no connection data are stored between 

each time step. The final generated volume has the shape of a burning fire; but, it consists of only 

polyhedrons. In a later process, all of the polyhedrons will be transformed to make these small 

components look more realistic.  

Let S be the set of n particles in the particle system. The coordinates of the ith particle are 

(xi, yi, zi). Let (xC, yC, zC) be the coordinates of the center point, C, of fire source. Then, the 

maximum distance between the center point of the fire source and particles in the three 

coordinate directions is defined by: 

 

     mx = 
},...1{

max
ni=

|xi – xC|    

     my = 
},...1{

max
ni=

|yi – yC|   (Eq. 3.1) 

     mz = 
},...1{

max
ni=

|zi – zC|  

   

Each particle in set S also possesses its own properties, such as age, temperature, and velocity. In 

this stage, we consider only position, age and lifetime. The age of a particle is the number of 
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frames that the particle stays alive and moves since the latest initialization. Let the age of ith 

particle to be denoted as ai. The lifetime of a particle is the number of frames that the particle can 

move before being reinitialized (from initialized to reinitialized). Let the lifetime of the ith 

particle be ei. 

This method starts from a particle system; it considers only the position of each particle 

and its lifetime properties. After the XYZ-coordinates of all particles are obtained, the particles 

are sorted by their Y-coordinate values in decreasing order. The particle with highest Y-

coordinate value is selected and processed. After that, the next highest particle is selected. This 

selection is repeated from the highest to the lowest particle until all particles are picked. In the 

other words, this technique uses a sweeping method along the Y-axis to select every particle 

from the highest position to the lowest position. 

 After a particle P – the coordinates of this particle are (xP, yP, zP) – is selected, the 

particle’s possible volume of connection is calculated. This area is defined as a cone-shape and 

referred to as the ‘visible cone’. The shape of each visible cone is identified by using two cone 

components: cone height (h) and angle size at the apex of the cone (θ), as shown in Figure 3.1. 

 

 

Figure 3.1: Visible cone and its components. 
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These two values are determined by functions of the particle’s age, lifetime and displacement 

from the center of the fire: 

 

 h =c1my
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     θ = c4 
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where c1, c2, c3, c4, and c5 are constant values. aP and eP are the age and lifetime of the particle P. 

 Particles inside the visible cone can be connected to particle P to form polyhedron. The 

approach to connect the selected particle (P) and the other particles inside the visible cone 

depends on the number of particles inside the cone. There are three cases that we consider: less 

than three non-colilinear particles, three non-collinear particles, and more than three non-

collinear particles inside the visible cone, Figure 3.2 shows some examples. Let B be a set of 

points inside the visible cone, B = {b1, b2, b3, … bm}.  If one or two particles reside in the visible 

cone, they are connected to particle P to form a line or a triangle which is not our expected 

results. So, the case that there are less than three particles in the visible cone is ignored. If three 

particles are inside the visible cone, all the particles inside the cone and the selected particle are 

connected together to from a polyhedron. The connected result is stored in the polyhedron list 
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and will be used later in fire rendering process. Degenerate cases (e.g., all particles are coplanar 

with particle P) are excluded from this process. 

 

 

Figure 3.2: The connection in the cases of (a) one particle, (b) two particles, and (c) three 
particles inside the visible cone. 

 

 If there are more than three particles inside the visible cone, all particles will be vertically 

projected down to the base of the cone. A quick hull [1] algorithm is used to select only particles 

that are part of the convex hull on the projected plane. To make this selection faster, the quick 

hull method selects no more than eight particles to approximate the convex hull. Normally, a 2-

dimension convex hull algorithm (sweepline variation) starts from finding maximum and 

minimum points in each dimension (X-direction and Z-direction) – this gives us four points (or 

three points in some cases). Then, adjacent points are connected together to create a quadrilateral 

(or triangle in the case of three points). On each edge of the polygon, the outward normal vector 

is determined, and the furthest point on each normal vector direction is selected to be part of the 

convex hull – this possibly adds four more points. At this point, at most eight points are selected 

by the algorithm and this modification stops. Note: the actual quick hull algorithm repeats the 
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last process until there are no points outside the convex hull. In our technique, only an 

approximated result of the convex hull is used; so, the number of maximum points is limited to 

be at most eight points. 

After the particles are chosen, all particles are connected to the selected particle P. Each 

particle is also connected to two adjacent particles to create a (possibly not planar) polygon at the 

base of pyramid-like polyhedron. Although the actual positions of the particles of this base are 

not in the same plane; this base is easily triangulated to make the base (3D) polygon to be a set of 

triangles that is the only primitive shape this technique uses to render the result (as shown in 

Figure 3.3). The connection data of this pyramid-like polyhedron are stored in the polyhedron 

list. All the degenerate cases (such as all particles are co-linear) are eliminated, and this step only 

considers the case that at a least tetrahedral shape can be created. 
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Figure 3.3: Steps of connection in the case that there are  
more than three particles inside the cone. 

 

 The volume generation algorithm is designed for generating approximate volume of fire 

from particle system. This algorithm is quite fast and simple with O(n2) complexity – each 

particle need to check at most all other particles within its visible cone. However, the result from 

this technique just consists of the connection information between pairs of particles inside the 

particle system. If this information only is used to render the fire volume, the resulting simulated 
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fire will compose from a large number of triangles. Consequently, we need technique to render 

this connection information into realistic simulation. Noise is also used to add realism to our 

simulated fire. 
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CHAPTER 4: NOISE DISTURBANCE 

 In the computer graphics world, an object is constructed by a set of polygons. Round-

shaped or complex three-dimensional objects possibly need a large number of polygons for their 

representation. One solution for keeping the object representation small and still having a 

convincing visual result is to use a texture mapping technique. This technique maps a 2-

dimensional image onto the polygonal primitives for a better visual effect. Instead of selecting a 

specific image from a file, noise functions are used to generate texture from a set of inputs 

especially for photorealistic natural phenomena modeling and simulation. We would like to 

select noise that is able to produce realistic results and runs fast. The noise function must only 

use a set of points as input and must be able to produce 2-dimensional or 3-dimensional realistic 

results.  

 Noise is a function f: nR  � R. In computer graphics, three-dimensional space is utilized, 

so the noise function is in the form f:R3 � R. The important characteristics of noise are that it 

can provide randomness, smoothness, continuity, and controllability at the same time. The noise 

functions that we consider in this paper are purposed by the computer graphics community: 

Perlin noise [4][21], improved Perlin noise [22], corner noise [20], modified noise [20], and flow 

noise [23]. These five noise functions are described in the next section. 

 In this chapter, we study the five noise functions (mentioned above) with four different 

turbulence models. We generate 21 combinations of noise functions and turbulence models. We 

evaluate these using different criteria to find an instance that is suitable for fast and realistic 

natural phenomenon simulation (fire simulation). 
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4.1 Static Noise Algorithms 

4.1.1 Perlin Noise 

 In Perlin noise [4], for a given point (x, y, z) in R3, a new point (i, j, k) is determined by: 

 

     i =  x , j =  y , k =  z    (Eq. 4.1) 

 

The cubic corners around the point (x, y, z) are (i, j, k), (i + 1, j, k), (i, j + 1, k), (i + 1, j + 1, k), 

(i, j, k + 1), (i + 1, j, k + 1), (i, j + 1, k + 1), and (i + 1, j + 1, k + 1). Let G = (Gx , Gy , Gz ) be a 

randomly selected point normalized to be on the surface of a unit sphere so that 2
Gx + 2

Gy + 2
Gz = 1. 

All 256 random gradient values G are pre-computed and stored in a 256-entry table. Let P be a 

random permutation of the values 0 to 255. The gradient index of a point (i, j, k) is given by:  

 

  si, j, k = P[(P[(P[i mod 256] + j) mod 256] + k) mod 256)]  (Eq. 4.2) 

 

The index is used to select a pre-computed gradient.  

 The relative values (u, v, w), which are the differences between the original point (x, y, z) 

and the floored position (i, j, k) are given by: 

 

    (u, v, w) = (x – i, y – j, z – k)    (Eq. 4.3) 

 

The relative values are weighted using a dropdown function. Perlin purposed a cubic dropdown 

function, drop(t): 
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     3t2 –  2t3  when |t| ≤ 1 

     0   otherwise  (Eq. 4.4) 

 

This dropdown function can make the noise result look smoother and more continuous. The 

weight function Ω, which is used to control the values from the selected gradient, is defined as: 

 

   Ω(u, v, w) = drop(u) drop(v) drop(w)    (Eq. 4.5)   

 

This weight function is designed to be zero at the position (i, j, k) and also when the value of u or 

v or w is equal to 1 or -1. The noise contribution from the position (i, j, k) to the original position 

(x, y, z) is defined as: 

 

   sub_noise(i, j, k) = Ω(u, v, w) (G[si, j, k] · (u, v, w)) (Eq. 4.6) 

 

The final value of noise at the point (x, y, z) is determined by: 

noise(x, y, z) = sub_noise(i, j, k) + sub_noise(i+1, j, k) + … + sub_noise(i+1, j+1, k+1)  (Eq. 4.7) 

 

4.1.2 Improved Perlin Noise 

 The original Perlin noise had 2 important deficiencies: exaggerated randomness and 

second-order discontinuity of dropdown function. Perlin presented a method to improve the 

original noise in [22]. The 256 random gradients of the original Perlin noise function are 

replaced by 12 predefined gradients values: (1, 1, 0), (1, 0, 1), (0, 1, 1), (-1, 1, 0), (-1, 0, 1),       





=drop(t)
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(0, -1, 1), (1, -1, 0), (1, 0, -1), (0, 1, -1), (-1, -1, 0), (-1, 0, -1), and (0, -1, -1). The function to 

determine the index of these gradients is modified to be: 

 

  si, j, k = P[(P[(P[i mod 12] + j) mod 12] + k) mod 12]  (Eq. 4.8) 

 

This modification can reduce the needed space drastically and retain the randomness of the noise 

function (as will be showed in evaluation results). 

 The original cubic interpolation function in Perlin noise, 3t2 – 2t3, has first-order 

derivative 6t – 6t2 and second-order derivative 6 – 12t. The second order derivative (6 – 12t) has 

nonzero values at t = 0 and t = 1, which can cause discontinuities in some situations. Perlin 

[4][22] purposed a new interpolation polynomial, 6t5 – 15t4 + 10t3, with first-order derivative 

30t4 – 60t3 + 30t2 and second-order derivative 120t3 – 180t2 + 60t. This new function has zero 

values of both derivatives at t = 0 and t = 1. It can solve the discontinuity problem. 

 

4.1.3 Corner and Modified Noise 

 Perlin noise and improved Perlin noise need many table lookups for the gradient table G 

and permutation table P. Table lookup works well on a CPU, but is not suitable for execution on 

a GPU. Moreover, in some situations, improved Perlin noise can create too smooth effects – 

which are undesirable. Olano [20] purposed two new noise functions, corner noise and modified 

noise, to solve these problems. 

 Olano [20] changed the 12 predefined gradients of improved Perlin noise to be 8 

gradients representing 8 cubic corners: (1, 1, 1), (-1, 1, 1), (1, -1, 1), (-1, -1, 1), (1, 1, -1), (-1, 1, -

1), (1, -1, -1), and (-1, -1, -1). Olano named this noise as corner noise. This noise enables lower-
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dimension noise to be constructed from slices of higher-dimension noise by deleting the higher-

dimension components. For example (1, 1, 1) in 3D, (x, y, z), is reduced to (1, 1) in 2D, (x, y), 

and (1, 1) in 2D is reduced to 1 in 1D, X-component. Olano [20] called this property dimension 

reducibility. With this property, to determine a lower-dimension noise from pre-calculated 

higher-dimension noise, we just need to select a part of a higher-dimension one instead of 

recalculating for the lower-dimension one. 

 Olano also purposed a new method to calculate the gradient index without table lookups 

by using a hash function. He derived the hash function from a modification of the Blum Blum 

Shub (BBS) pseudo-random generator in term of: 

 

     xi + 1 = xi
2 mod M 

 

where M = pq, for large primes p, q. In [20], Olano utilizes this function as a hash function 

 

     hash(x) = x2 mod M   (Eq. 4.9) 

 

where M = 61 in his implementation. The gradient index si, j, k from the point (i, j, k) is: 

 

    si, j, k = hash(i + hash(j + hash(k)))  (Eq. 4.10) 

 

However, the modified noise and corner noise can create clumping results, especially for the 

modified noise.   
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4.1.4 Turbulence Models 

 These noise functions by themselves can produce fuzzy and moderately realistic results. 

Turbulence models are used to create more convincing results from these noise functions. A 

turbulence model is defined as a way to combine several scales of the same noise (octaves) with 

different coefficients of the inputs (frequencies) and different coefficients of the noise outputs 

(amplitudes). The model can also be referred as the combination of different scales of noise. 

Each octave of noise is differentiated by two control coefficients: frequency or input coefficient, 

and amplitude or output coefficient. Each octave of point p can be rewritten in the form: 

 

    octave(p, f, a) = noise(f p)a   (Eq. 4.11) 

 

where f is frequency value, and a is amplitude of the octave. 

 For the four turbulence models, we start with the traditional Perlin turbulence model [4], 

which is defined as: 

 

     bi(p) = 
i

i

2

 p) noise(2
 

     tN(p) = p)(b
N

0i
i∑

=

   (Eq. 4. 12) 

 

where bi is value of noise in ith octave, tN is the turbulence model’s value at point p, and N is the 

total number of octaves. In this paper, all of the values of tN are defined in the same manner as in 

(Eq. 4.12). We use six octaves (N = 6) to create all turbulence values. We also examine the easier 
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form of the traditional model by using a constant value of the amplitude. The second model of 

turbulence is designed as: 

 

     bi(p) = noise(2i p) c   (Eq. 4.13) 

 

where c is a constant value. The other two models are the absolute values of the first two models. 

The octave values of these two models are defined as: 

 

     bi(p) =
i

i

2

p) noise(2
   (Eq. 4.14) 

 

and 

 

     bi(p) = p) noise(2i c   (Eq. 4.15) 

 

These four turbulence models can produce results with different characteristics. 

 

4.2 Flow Noise 

 All noise functions mentioned before are static. Whenever they get the same input point, 

they will produce the same output every time without considering the state of the system. Perlin 

and Neyret [23] solved this issue by adding two modifications to improved Perlin noise. First, 

the selected gradients (G[si, j, k] from (i, j, k) and similar values from the 7 other positions) 

derived from the point (x, y, z) are rotated by the same angle (in a plane of two-dimensional 



 

 37

texture). The rotation angle changes over time. This active rotation can make the noise results 

look more lively and realistic. To make this noise resemble natural phenomena, the finer noise 

with smaller frequency (input coefficient) is designed to rotate faster than the noise with larger 

frequency; this is very useful in the turbulence models.  

 A second approach is to use a new turbulence model to simulate the flow effect. Each 

octave in the new model at point p is determined by: 

 

    bi(p) = 
i

1-i
i

2

 (p)))IMt  (p noise(2
  (Eq. 4.16) 

 

where I is the control amplitude, M is the activeness control coefficient (1 = very active, 0 = very 

inert), and ti – 1 is the summation of b0 + b1 + … + bi – 1. The final value of noise is calculated in 

the same manner of the other turbulence model by: 

 

     tN(p) = p)(b
N

0i
i∑

=

   (Eq. 4.17) 

 

where N is the total number of octaves used for this turbulence model. This turbulence model is 

used to construct texture by utilizing a displacement texture function, which is defined as: 

 

     color(p) = C(p + ItN(p))  (Eq. 4.18) 

where C is a color table. 
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 This noise can produce various kinds of realistic textures. But, the final results rely on the 

final texture function, which might need to pre-define the color table C. In this paper, we use a 

simplified version of the texture function: 

 

     color(p) = ItN(x)   (Eq. 4.19) 

 

without the pre-defined color table to make the comparisons with the other cases. 

 

4.3 Noise Evaluation 

 In this section, we study the four models of turbulence, which are derived from the 

models purposed by Perlin’s chapter [4]. We associate these models with the four noise functions 

(Perlin noise, improved Perlin noise, corner noise, and modified noise). Sixteen combinations of 

the models and noise functions are evaluated. In addition, we also include the four noise 

functions without any turbulence model, and flow noise in this evaluation. Therefore, we have a 

total of 21 instances to be evaluated. 

 First, we compare all 21 instances by creating a 2-dimensional texture with black-and-

white color. This first evaluation is used to compare the visual results of all 21 instances using 

images from our program.  
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Figure 4.1: Noise without a turbulence model: (from left to right) Perlin noise, improved Perlin 
noise, corner noise, and modified noise. 

 

    

Figure 4.2: Noise with first turbulence model (Eq. 4.12): (from left to right) Perlin noise, 
improved Perlin noise, corner noise, and modified noise. 

 

       

Figure 4.3: Noise with the second turbulence model (Eq. 4.13): (from left to right) Perlin noise, 
improved Perlin noise, corner noise, and modified noise. 
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Figure 4.4: Noise with the third turbulence model (Eq. 4.14): (from left to right) Perlin noise, 
improved Perlin noise, corner noise, and modified noise. 

 

    

Figure 4.5: Noise with the last turbulence model (Eq. 4.15): (from left to right) Perlin noise, 
improved Perlin noise, corner noise, and modified noise. 

 

    

Figure 4.6: Flow noise in different time. 
  

 From these pictures (Figure 4.1 to Figure 4.5), the undesirable clumping effect can be 

visible in many instances of the modified noise. From Figure 4.6, flow noise without a good 

color table can not generate realistic flow effects. Therefore, if we consider simplicity and visual 

results, at this point the best noise is corner noise. 



 

 41

 The textures created by noise functions are mapped to pyramidal objects to see effect of 

the noise. In this chapter, we used an alpha mapping technique to map the texture to the object. 

The alpha mapping is a compromise solution between normal and bump mapping. The texture 

value is used to set the transparency at each point. First, we test Perlin noise with its original 

version and four turbulence models. The results of texture mapping of Perlin noise is shown in 

Figure 4.7. 

    

   

Figure 4.7: Alpha mapping on pyramids with Perlin noise. (a) The pyramid without texture 
mapping. (b) Original noise. (c) The first turbulence model (Eq. 4.12). (d) The second model  

(Eq. 4.13). (e) The third model (Eq. 4.14). (f) The last turbulence model (Eq. 4.15). 
 

 From Figure 4.7, the first three are overly detailed on the pyramid. The last case is too 

smooth. Consequently, we use the third turbulence model (Eq. 4.14) to create textures for four 

noise functions: Perlin noise, improved Perlin noise, corner noise, and modified noise. The 

(a) (b) (c) 

(d) (e) (f) 
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results of these four instances are displayed in Figure 4.8. The visual results of these noise 

functions are not much different. All of the approaches can alter the appearance of the pyramids.  

 

         

     

Figure 4.8: Alpha mapping with noise functions and bi(p) = 
i

i

2

p) noise(2
turbulence model (third 

model) (a) Perlin noise. (b) Improved Perlin noise. (c) Corner noise. (d) Modified noise. 
 

 The next criterion to evaluate the noise functions is execution time. The execution time is 

measured on a laptop with Intel® Core™ Duo processor 1.66 GHz, 2 GB DDR2 RAM, ATI 

Radeon mobility X1600, and Windows XP SP2. Every noise is implemented in C++ using 

(a) (b) 

(c) (d) 
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OPENGL library for visualization. All of the average execution time results of all noise 

combinations on 40,000 points are displayed in Table 4.1.  

 

Table 4.1: Noise functions’ execution time. 

Execution time 
(milliseconds) 

Perlin noise 
Improved 

Perlin noise 
Corner noise 

Modified 
noise 

Flow noise 

No turbulence 
model 

13.172 13.470 13.500 30.250 1034.031 

i

i

2

 p) noise(2
 

turbulence model 
69.968 72.579 72.595 190.438 - 

noise(2i p)c  
turbulence model 

68.766 71.516 71.500 190.532 - 

i

i

2

p) noise(2
 

turbulence model 

84.281 88.250 88.375 206.672 - 

p) noise(2i c 

turbulence model 
84.985 88.094 88.109 206.282 - 

 

 From these results, Perlin noise, improved Perlin noise, and corner noise can be 

processed within the execution time very close to each other. However, from the techniques 

themselves, we know that the corner noise is slightly better than the other two (in term of 

memory utilization and continuity). These three noise functions outperform the modified noise in 

this scenario. The modified noise is designed specifically for GPU; therefore, without shader 

program (the program that commands GPU directly), the combination between CPU and GPU 

might not give the modified noise any advantage. Flow noise’s modifications add much more 

work on the improved Perlin noise, and its execution time is much more than the first three noise 

functions. Flow noise without a good color table is not suitable for this circumstance.  

 From the evaluation, flow noise and modified noise are outperformed by the other three 

noise functions. Flow noise turbulence model utilizes a large number of summations, and 
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modified noise is designed specially for GPUs. Considering only three noise functions: Perlin 

noise, improved Perlin noise, and corner noise, the best version of these techniques is corner 

noise. From the criteria in this paper, corner noise would have slight advantage over the other 

two. For fast and realistic simulation, corner noise is the best solution to generate texture for the 

simulation. The best turbulence model for texture generation is bi(p) = 
i

i

2

p) noise(2
 (Eq. 4.14) 

regarding to the alpha mapping results. 

 After corner noise is selected for our simulation technique, we will use this noise in 

rendering process (which will be described in the next chapter). The rendering process with noise 

is designed to render a pyramid-like polyhedron into a fire-tongue structure, because just texture 

mapping can not completely alter the polygonal structure of the fire volume (from Chapter 3). It 

is also able to satisfy the real-time simulation constraints. The noise is able to add realism to the 

final structure in the rendering process. 
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CHAPTER 5: FIRE RENDERING TECHNIQUE 
 

5.1 Introduction 

 After fire volume generation algorithm (described in chapter 3) performed, the 

approximate fire structure is generated from the combination of pyramid-like polyhedra. 

However, the structure consists of a large number of polygonal primitives and many sharp edges 

in the structure are visible. These kinds of objects can reduce the realism of the generated fire 

structure. These pyramidal primitives and the triangles that constitute the primitives need to be 

transformed into more realistic structures to improve the fire visual effects.  A rendering 

technique that gets a polyhedron as an input and generates fire-like structure as an output is 

designed to solve this problem. This rendering technique needs to be fast enough to be able to fit 

into the real-time system. 

 The rendering technique has to start with a polyhedron object that is generated in the fire 

simulation system by the fire volume generation algorithm. Additional points are added to the 

polyhedra to render the fire shape. All points are connected together, and this connected point 

network is rendered to be the final output. The next section describes the algorithm of point 

addition, section 3 presents the transformation, and section 4 illustrates the results. Figure 5.1 

summarizes the main processes in this technique. 
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Figure 5.1: (a) Original polyhedron structure. (b) The structure after points are added and 
connected. (c) The final rendered structure. The black sphere represents the top point, and green 

spheres represent base points (color figure is displayed in Figure A.2). 
 

5.2 Point Addition 

 To render the polyhedron into a more fire-like shape, additional points are needed during 

the rendering process. These added points undergo translation to transform the original shape 

into a more realistic structure. The original points of the polyhedron are kept untouched. These 

additional points can be separated into four groups: added points on the polyhedron’s edges, 

added points around the polyhedron’s base, added points near non-base face’s middle lines, and 

added points on the base of the polyhedron. The top point and the base points of the polyhedron 

are input from the previous stage. 

 

5.2.1 Points on the Polyhedron’s Edges 

  To eliminate the long straight lines of the polyhedron’s edges that can reduce realism of 

the simulation, three equally-spaced points are added on each edge between the top point and the 

respective base point as shown in Figure 5.2. The number three was chosen as the fewest number 

that would accommodate the needed curvature of the flame shape. 

(a) (b) (c) 
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Figure 5.2: Added points on the polyhedron’s edges. The black sphere represents the top point, 
blue spheres represent added points, and green spheres represent base points. 

  

Let a be the top point, r be the base point, and b1, b2, and b3 be the added points on a 

polyhedron’s edge. The point b1 is the closest added point to the top point, and b3 is the furthest 

away from the top point. These three points are determined by: 

 

     b1 = a + 0.25( r - a ) 

     b2 = a + 0.50( r - a )   (Eq. 5.1) 

     b3 = a + 0.75( r - a ) 

   

 

5.2.2 Points around the Polyhedron’s Base 

 The base of the polyhedron is a possibly non-planar polygonal shape, which should be 

rendered in more circular shape to make the result look more natural. Three points are added 

a 

r 

b1 

b2 

b3 
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between each pair of adjacent base points to approximate the circular shape around the original 

shape-edge base. Let r1, r2, … rn be the vertex points of the polyhedron, where n is total number 

of base vertices. Let rc be: 

 

    rc = 
n

 ) r    r  r ( n21 +…++
   (Eq 5.2) 

 

Let c1, c2, c3 be added points around two adjacent base points ri and ri+1, where c1 is closest to ri 

and c3 is closest to ri+1. These three points are determined by: 

 

   c2 = 
 2r - r r 

2r - r r

c1ii

c1ii

+

+

+

+

2

  r - r     r - r c1ici ++
 

   c1 = 
 2r - c r 

 2r -c r

c2i

c2i

+

+

2

  r - c     r - r c2ci +
  (Eq. 5.3) 

   c3 = 
 2r - r c 

 2r - r c

c1i2

c1i2

+

+

+

+

2

  r - r     r - c c1ic2 ++
 

 

These points are illustrated in Figure 5.3. 



 

 49

 

Figure 5.3: Added points around the polyhedron’s base. The small black dots represent the 
points that are used to determine the added points. 

 

5.2.3 Points near Non-base Face’s Middle Lines 

 To make the polyhedron’s faces more realistic (than just flat triangles or polygons), three 

additional points are added on every face of the polyhedron except the base of the polyhedron. 

As before, a denotes the top point, and ri and ri+1 are adjacent base vertices. Let d1, d2, d3 be the 

added points near the non-base face’s middle line. The point d1 is closest to the top point, and d3 

is the furthest away. These three points are determined by: 

 

     d1 = a + 0.25( c2 - a ) 

     d2 = a + 0.50( c2 - a )   (Eq. 5.4) 

     d3 = a + 0.75( c2 - a ) 

 

c2 
c3 c1 

ri+1 ri 

rc 

• 
• 

• 
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where c2 is given by (Eq. 5.3). Figure 5.4 illustrates the position of these added points. 

 

 

Figure 5.4: Added points near the non-base face’s middle line. 
 

These three types of added points combine together to create an approximate cone shape around 

the original pyramid-like structure, and all of these points are connected to create the 

triangulation as displayed in Figure 5.5 on each face of the polyhedron, this triangulation is used 

later in the render stage. 

a 

d1 

d2 

d3 

c3 c2 

c1 
ri+1 

ri 
 



 

 51

 

Figure 5.5: A triangulated face. Black dots represent the top point and base points, blue dots 
represent added points near the non-base face’s middle lines, red dots represent added points on 

the edges, and green dots represent the added points around the base. 
 

As in Figure 5.5, added points on the edges and added points near a face’s middle line are 

separated into three layers, which will be described later in this section.  

 

5.2.4 Points on the Base of the Polyhedron 

 After the upper part of the polyhedron already has added points, the base of the 

polyhedron is still relatively flat because the base consists of only three to eight vertices (from 

volume generation technique). To solve this problem, a part of a sphere is selected to cover this 

base of the polyhedron. Added points are needed to approximate the part of a sphere that has a 

center point sc defined as: 

 

     sc  = a + α ( rc – a )   (Eq. 5.5) 

a 

ri ri+1 

b1 

b2 

b3 

c1 
c2 

c3 

d1 

d2 

d3 
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where a is the top point of the polyhedron, rc is the center point of the polyhedron base from (Eq. 

5.2), and α is a constant that should be more than 0.5. An α = 0.8 is used in the implementation. 

The radius of this sphere, r, is determined by the mean value of the distance from the sphere 

center to each base vertex. A total of 4n + 1 points (where n is the number of original base 

vertices) are added into the bottom.  

 The added points on the base of the polyhedron can be separated into three groups. The 

first group consists of a point ec on the same line as sc and rc. The position of ec is determined 

using vector rc - sc as in Figure 5.6. The position of ec is given by: 

 

     ec = sc +  r
 s - r 

s - r

cc

cc     (Eq. 5.6) 

 

 

a 

r1 

r2 

r3 

r4 

ec 

sc 

rc 
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Figure 5.6: The position of the added point on the base of the polyhedron ec. 
 

 The second group of added points, also referred as the first layer of this type of added 

points, consists of 2n points. All of these points reside under the base of the polyhedron. 

Directions to determine the points in this group are vectors from the point sc and middle position 

between the point ec and 2n selected points on the base of the polyhedron. These 2n selected 

points are the n base vertices and the n points of type c2 associated with all non-base faces of the 

polyhedron. Figure 5.7 illustrates an example of the positions of this group of added points on 

the polyhedron’s base. Let e1,1, e2,1, …, e2n,1 be the added points in this first layer, these points 

are defined as: 

 

    e2i – 1,1  = sc +  r
 2s - er 

2s -er

cci

cci

+

+
   

    e2i,1  = sc +  r
 2s - ec 

2s - ec

cci2,

cci2,

+

+
  (Eq. 5.7) 

 

where i = 1, 2, ..., n and ri is the ith base point. c2,i is the added point around polyhedron’s base of 

the ith face of the polyhedron, which is constructed by the top point a, and two base points ri and 

ri+1. 
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Figure 5.7: The first four added points on the base of the polyhedron in the first layer. The small 
black dots are the middle positions of the line segments between the point ec and the selected 

points around the base of the polyhedron. 
 

 The next group of points, also referred to as the second layer, has 2n points. After adding 

the first layer, the space between the base of polyhedron and the first layer is still noticeable. 

This second layer is added to reduce the observable gap. Figure 5.8 shows an example of this 

group of points. Let e1,2, e2,2, …, e2n,2 be the added points for layer 2. These points are given by: 

 

    e2i-1,2 = sc + r
 2s - er 

2s - er

c1,1-2ii

c1,1-2ii

+

+
  

    e2i,2  = sc + r
 2s - ec 

2s - ec

c2i,1i2,

c2i,1i2,

+

+
  (Eq. 5.8) 

 

a 

r1 r2 

r3 

r4 
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c2 

c2 

c2 

c2 

e1,1 
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• 

• 
• 
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Figure 5.8: The first four added points on the base of the polyhedron in the second layer. 
The small black dots are the middle positions of the line segments between first layer points and 

the selected points around the base of the polyhedron. 
 

All these point are connected into the form that is shown in Figure 5.9. 

 

    

a 

r1 r2 

r3 

r4 

ec 

sc 

c2 

c2 

c2 

c2 

e1,1 

e1,2 
e1,3 
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• 
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Figure 5.9: Two views of the triangulated structure of the added part on the polyhedron’s base. 
Green points represent base points, yellow points represent added points around the base, and all 

pink and purple points represent added points on the base. A red point represents point sc. 
 

5.2.5 Added Point’s Temperature 

 In this system of added points, each added point possesses its own temperature. This 

temperature will be used to determine the color of each point during the later rendering process, 

which will be described in section 5.4. The temperatures of the top points and all of the base 

points are inputs of this technique. Let ta be the temperature of the top point a, and 
ir

t  be the 

temperature of the base point ri where i = 1 to n. The temperatures of the added points on the 

polyhedron’s edges and the added points around the polyhedron’s base are calculated using 

linear interpolation of its relative position of the two input points it resides between and the 

temperature of these two points. The temperatures of these types of added points are defined as: 

 

     tb = ta + kb(ta - ir
t ) 

     tc = 
ir

t   + kc( ir
t  - 

1ir
t

+
)   (Eq. 5.9) 

 

where tb is temperature of an added point on an edge of the polyhedron, tc is temperature of an 

added point around the base of the polyhedron, kb is an approximately relative position of the 

added point between the top point and the selected base point (kb = 0.25 for b1, kb = 0.5 for b2, kb 

= 0.75 for b3), and kc is an approximately relative position of the added point between two 

selected base points ri and ri+1 (kc = 0.25 for c1, kc = 0.5 for c2, kc = 0.75 for c3). 
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 For added points near a non-base face’s middle lines, the temperature of each added point 

is derived using linear interpolation of its of the added point around the base c2 on that face and 

the top point. The temperature of this category of added points is given by: 

 

     td = ta + kd(ta – 
2ct )   (Eq. 5.10) 

 

where td is the temperature of an added point near non-base face’s middle line, 
2ct  is the 

temperature of the added point around the base c2 on the selected face (determined by (Eq. 5.7) 

using kc = 0.5), and kd is an approximately relative position of the added point between the top 

point and the point c2 on the selected face (kd = 0.25 for d1, kd = 0.5 for d2, kd = 0.75 for d3). 

 For the added points on the base of the polyhedron, the added point ec has its temperature 

as an average temperature of all the base points. Let 
cet  is the temperature of the added point on 

the base ec, it is defined as: 

 

     
cet =

n

 t    t t
n21 rrr +…++

  (Eq. 5.11) 

 

where 
ir

t  is the temperature of the base point ri. For the other points on the base of the 

polyhedron, their temperatures are calculated using the average temperature of the two points 

that are used to determine their position. Let 
i,1et  be the temperature of the ith added point on the 

base in the first layer. The temperatures of this group of points are defined as: 
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1,12j-et  = 

2

 t t
cj er +

 

     
2j,1et  = 

2

 t t
c2 ec +

   (Eq. 5.12) 

 

where j = 1 to n, and 
2ct  is the temperature of the added point around the base c2 which is 

generated by two base points rj and rj+1. For the second layer of the added points on the base of 

the polyhedron, let 
i,2et  be the temperature of the ith added point on the base in the second layer. 

The temperatures of this layer of added points are defined as: 

 

     
1,22j-et  = 

2

 t t
1,12j-j er +

  

     
2j,2et  = 

2

 t t
2j,12 ec +

    (Eq. 5.13) 

 

5.3 Transformations 

 After points are added around the original polyhedron, these points undergo translations 

and are connected together to represent a fire-like structure. All added points on the polyhedron’s 

edges and added points near non-base face’s middle line are combined together to form three 

layers. Figure 5.10 demonstrates these three layers in the structure with three base vertices. 
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Figure 5.10: Layers that are constructed from the added points. The black point represents the 
top point, green points represent the base vertices, aqua points represents the added points on the 
polyhedron’s edges, magenta points represent the added points around non-base face’s middle 

lines, and yellow points represent the added points around the polyhedron’s base. 
 

 As shown in Figure 5.10, each layer consists of added points on the polyhedron’s edges 

and added points near non-base faces’ middle lines. The center point of each layer is used to 

represent the layer. Let i be 1 to 3 for the first, second, and third layer from the top point, the 

center point of the layer pc is defined by: 

 

    pc =
2n

d    d  b    b ni,i,1ni,i,1 +…+++…+
  (Eq. 5.14) 

 

Layer 1 

Layer 2 

Layer 3 
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where n is number of polyhedron’s non-base faces, bi,j is added point on the polyhedron’s edge 

of layer i that is created by the top point a and base point rj, di,j is added point near the non-base 

face’s middle line of layer i, and the face is created by base points rj, rj+1, and the top point a.  

 These layers are resized and moved to create the fire-tongue-like shape. The series of 

translations that are performed in this technique can be separated into three categories: resizing, 

translation, and individual point translation. 

 

5.3.1 Layer Resizing 

 In the first step of this transformation technique, every generated layer is resized to make 

the shape curvier than a normal pyramid. A tear-drop shape is selected to be the target shape 

from the original pyramid shape. The tear-drop shape can cover the original top point and the 

base vertices with a natural-like structure, and the shape is easy to transform from the original 

pyramid structure. The distance between the top point and every layer center is calculated and 

compared to the total length from the top point to the base center point. The distance ratio w is a 

relative distance of the layer center away from the base center point rc , which is defined by: 

 

     w = 1 - 
c

c

r - a 

p - a 
   (Eq. 5.15) 

 

where a is the top point, pc is layer center, and rc is the base center. This ratio has its value 

between 0 and 1, and each layer has its own distance ratio. The actual resizing ratio of each layer 

is calculated from the plane’s distance ratio using a function defined as: 

 



 

 61

     s =  0.733 (
( )

4w

1-4w- 2

e + 0.5)  (Eq. 5.16) 

 

where s is a resizing ratio. Figure 5.11 illustrates the graph of the function s: 

  

 

Figure 5.11: Graph of function s(w). X-axis represents values of w, and Y-axis represents values 
of s. 

 

The resizing ratio of each layer is used to move all vertices on the layer relative to the plane 

center. Let u be a point on the layer. Then 
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     u = pc + s
c

c

p -u  

p -u 
   (Eq. 5.17) 

 

Figure 5.12 demonstrates the result of layer resizing. 

 

   

Figure 5.12: (a) The original pyramidal structure. (b) The structure after point added.  
(c) The structure after layer resizing process. 

 

5.3.2 Layer Translation 

 After the layer resizing process, the shape is more realistic than the original shape; 

however, the space between layers, especially for the third layer and the base of the polyhedron 

as shown in Figure 5.10(c), is noticeable, and this large vertical space should be reduced because 

it can produce many long straight lines in the final structure. Therefore, the layers need to be 

moved to better cover the large spaces between layers. In addition, when the top point is not in 

the same vertical line as the base center point, the results of layer resizing might not look like a 

realistic tear-drop, as the result that is shown in Figure 5.12. This case is exhibited in Figure 

5.13. Consequently, the layer translation process is also designed to solve these problems. 

 

(c) (b) (a) 
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Figure 5.13: The case that the top point is not in the same vertical line as the base center point.  
(a) The original polyhedron structure. (b) The structure after point added. 

(c) The structure after plane resizing process. 
 

 To make all layers better cover a vertical space, layers are moved vertically using the 

approximate volume above and under the layer to determine the direction of translation. The 

volumes are approximated as a part of a cone that covers from the top point to the base of the 

polyhedron. The approximate volume is calculated using a cone volume calculation function, and 

the average distance of the points in a layer and the layer center point is used as the radius of the 

approximate cone’s base. The approximate volume v between layer i and layer i+1 is calculated 

by: 

 

     v = 0.33 π ( 2
1il +  hi+1 - 

2
il hi )  (Eq. 5.18) 

 

where li, is the average distance from the layer i’s center point to all points in the layer, and hi is 

the vertical distance from the top point to the center points of layer i. In this technique, only three 

layers are generated; therefore, li = 0 and hi = 0 when i = 0 or i > 4 (i = 4, l and h values are 

referred to the values of the base of the polyhedron). The vertical translation of each layer is 

determined by: 

(a) (b) (c) 
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     my = µ 
c

lu

v

v-v
   (Eq. 5.19) 

 

where my is the vertical direction of translation of a layer, vu is the between-layers approximate 

volume above the layer, vl is between-layers approximate volume under the layer, vc is the whole 

approximate volume of the polyhedron using a cone volume calculation with average distance 

between the base center point and the base points (as radius of the cone) and the vertical distance 

between the top point and the base center point (as height of the cone), and µ is a control 

coefficient. 

 The horizontal translation direction, X-direction and Z-direction, of a layer is determined 

by using the top point projection on the XZ plane of the layer center point. After the top point 

was projected to the same XZ plane of the layer center, a vector from projected point and plane 

center is determined. This vector is used as the direction of horizontal translation. The horizontal 

translation is defined as: 

 

    mxz = 














pc

pc
1

a-p 

a-p
β + ( )( )zx2 k 0, ,k β  (Eq. 5.20) 

 

where mxz is the horizontal translation, pc is the plane center point, ap is the top point projection, 

β1 and β2 are control coefficient which have values between 0 and 1, and kx and kz are random 

number for X and Z component. This translation moves the layer away from the top point 

projection. It moves the plane closer to the base in the case that the top point and the base center 

point are not in the same vertical line. This translation can reduce the pyramidal look of the 
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shape and random values are added to make this translation more realistic. Figure 5.14 illustrate 

a result of plane translation process. 

 

   

Figure 5.14: (a) The original polyhedral structure. (b) The structure after points added.  
(c) The structure after layer translation process. 

   

5.3.3 Point Displacement by Noise 

 Every added point that is not a part of the base, u, and every added point on the polygon’s 

base, e, are translated individually by a noise function (Olano’s corner noise [20]). This kind of 

displacement can add more randomness and realism to the final shape. The final position of an 

added point that is not a part of the base, uf, and the final position of the added point on the base, 

ef, are given by: 

 

    uf = u + nuλucorner_noise( µuu ) 

    ef = e + neλecorner_noise( µee )  (Eq. 5.21) 

 

where nu is normal vector of the added point that is not on the polygon’s base u, ne is normal 

vector of the added point on the base e, λu is a noise amplitude of all added points that is not on 

(c) (b) (a) 
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the base, λe is noise amplitude of all added points on the base, µu is noise amplitude of all added 

points except the ones that are on the base, and µe is noise amplitude of all added points on the 

base.  

 

5.4 Fire Coloring 

 After point addition and translation process, we also need to color the final shape to make 

it more convincing. As mentioned before in section 5.2.5, every point in this system has its own 

temperature. Consequently, we need a function that gets a point’s temperature as an input and 

produces the point’s color as an output. In the real world, there are many factors that affect the 

color of the fire other than the temperature. For simplicity and speed, a simple fire color 

description from [6], which is:   

• Red  
o Just visible: 525 °C (977 °F) 
o Dull: 700 °C (1290 °F) 
o Cherry, dull: 800 °C (1470 °F) 
o Cherry, full: 900 °C (1650 °F) 
o Cherry, clear: 1000 °C (1830 °F) 

• Orange  
o Deep: 1100 °C (2010 °F) 
o Clear: 1200 °C (2190 °F) 

• White  
o Whitish: 1300 °C (2370 °F) 
o Bright: 1400 °C (2550 °F) 
o Dazzling: 1500 °C (2730 °F) 

 

is used to create a simplified fire color function. Figure A.3 illustrates the color bar that is 

derived from the color description. Table 5.1 describes this color function with RGBA values. 
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Table 5.1: Fire color at different temperature values. 

Color Shade Temperature RGBA (0.0 - 1.0 scale) 
Red Just visible 

Dull 
Cherry, dull 
Cherry, full 

Cherry, clear 

525 °C 
700 °C 
800 °C 
900 °C 
1000 °C 

(0.8, 0.0, 0.0, 0.125) 
(0.8, 0.0, 0.0, 0.200) 
(0.9, 0.0, 0.0, 0.025) 
(0.9, 0.0, 0.0, 0.125) 
(0.9, 0.0, 0.0, 0.200) 

Orange Deep 
Clear 

1100 °C 
1200 °C 

(0.9, 0.6, 0.0, 0.200) 
(0.9, 0.8, 0.0, 0.200) 

White Whitish 
Bright 

Drizzling 

1300 °C 
1400 °C 
1500 °C 

(0.9, 0.9, 0.9, 0.025) 
(0.9, 0.9, 0.9, 0.125) 
(0.9, 0.9, 0.9, 0.200) 

 

The function is described as four graphs of RGBA values in Figure 5.16. The rendering results 

are shown in Figure 5.15. 

 

  

Figure 5.15: The rendering results without fire coloring (a) and with fire coloring (b) (color 
figured is displayed in Figure A.4). 

 

As in Figure 5.15 (b), the color of the fire is dominated by red color, this might be too reddish 

than usual fire. We develop another color function that widens the orange period from the 

(a) (b) 
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original color bar, the detail is displayed in Table 5.2. Figure A.5 illustrated color bar of the new 

color function. This modified color function is used in this thesis instead of the original one. 

 

Table 5.2: Another fire color model at different temperature values. 

Color Temperature RGBA (0.0 - 1.0 scale) 
Red 525 °C 

700 °C 
(0.8, 0.15, 0.0, 0.125) 
(0.8, 0.15, 0.0, 0.200) 

Orange 800 °C 
900 °C 
1000 °C 
1100 °C 
1200 °C 

(0.9, 0.30, 0.0, 0.025) 
(0.9, 0.40, 0.0, 0.125) 
(0.9, 0.50, 0.0, 0.200) 
(0.9, 0.56, 0.0, 0.200) 
(0.9, 0.63, 0.0, 0.200) 

Reddish White 1300 °C 
1400 °C 
1500 °C 

(0.9, 0.70, 0.7, 0.025) 
(0.9, 0.70, 0.7, 0.125) 
(0.9, 0.70, 0.7, 0.200) 

 

 The fire structure that is generated by fire volume generation technique from Chapter 3 

can represent approximate visual appearance of fire with large amount of visible triangle and 

straight lines. The fire rendering technique is designed to render the polyhedron-base original fire 

structure into more realistic shape. This rendering technique utilizes a number of added points 

around the original polyhedron and their translation to create fire-tongue-like structure. The 

rendering technique can improve realism of simulated fire appearance drastically. Extra 

calculation and memory are needed of this rendering process, which it reduces fifteen to twenty 

five percent of the average frame rate of the simulation. However, the simulation system with the 

fire rendering technique still can satisfy the real-time simulation constraints with plausible 

realism.  
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5.5 Fire Base Rendering 

 The base of the whole fire system is unstable and changing in every frame of the 

simulation. This artifact is caused by the randomness characteristics of the particle system. It can 

not be eliminated by configuring the parameters only. Fire base rendering technique is designed 

to overcome this problem. This technique starts from a user-defined shape on the fuel plane (a 

circular shape with 16 points is used in the implementation). Every vertex of the user-defined 

shape is connected to the closest particle from the particle system inside a specified height (the 

particles inside 5% - 10% of the height are used in the implementation). Lower bound of the 

specified range must be higher than very low part of the particle system; otherwise, the resulting 

fire base can be too flat and look unrealistic. Instead of connecting the user-defined vertex and 

the closest particle with a straight line, we add three more points between the vertex and the 

particle. Then, these three points are moved to approximate a curve between the vertex and the 

particle as shown in Figure 5.16. Let o1, o2, o3 be the three added point between the vertex f 

(with XYZ-coordinate components of fx, fy, fz) of the user-defined shape and the closest particle 

g (with XYZ-coordinate components of gx, gy, gz) of the particle system. And, q is a projection of 

the particle q onto the same horizontal plane as the vertex f, q has XYZ-coordinate component of 

gx, fy, gz. The position of o1, o2, o3 can be determined by: 

 

    o1 = f + 0.25(g – f) + 0.75(p – f) 

    o2 = f + 0.5(g – f) + 0.5(p – f)   (Eq. 5.22) 

    o3 = f + 0.75(g – f) + 0.25(p – f) 
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Figure 5.16: The position of three added points o1, o2, o3, the right side demonstrates their final 
positions. 

 

Then, the connections of the vertex and particle pair are linked and triangulated. The temperature 

of every point is needed for the render process. All of the vertices and generated points in the 

base rendering also possess their own temperature. Let tg be the temperature of the particle g 

(which is already determined by particle system process), tf is temperature of the user-defined 

vertex f, and
1ot , 

2ot , 
3ot  are temperature of the added points o1, o2, o3. The last four 

temperatures are given by: 

 

     tf = γtg + (1 – γ)kt 

     
1ot = tf + 0.25(tg – tf) 

     
2ot = tf + 0.5(tg – tf)   (Eq. 5.23) 

     
3ot = tf + 0.75(tg – tf) 

 

where kt is a controlled-value initial temperature of the base (randomly picked between 1300 °C 

to 1500 °C in the implementation).These temperatures are used to determine the colors of all 

points during the rendering process. 

f 

g 

o1 

o2 

o3 

f 

g 

o1 

o2 

o3 
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 After the rendering process performed, the simulated fire body is done by itself. 

However, our fire simulation also considers smoke simulation as a part of the fire simulation. In 

addition, this smoke simulation should utilize the particle system of the original simulation 

system, because the smoke simulation can be well-integrated to our existed fire simulation 

system. The next chapter will describe the particle-based smoke simulation that is designed for 

our simulation system. 
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CHAPTER 6: SMOKE SIMULATION  

 This chapter describes a technique to simulate smoke using a particle system. The 

technique can generate real-time and plausible smoke simulation; but the technique is not highly 

physics-accurate. To generate the results, this smoke simulation technique uses only fifty to a 

few hundred particles. Simulations with 50, 100, and 150 particles are tested in this section. 

These numbers of particles are far from (and less than) these of a typical particle system. A per-

particle and adaptive grid system is designed and used instead of a fixed grid system; so, the 

simulation does not need to have a fixed volume. In addition, this method can create plausible 

smoke simulations in almost real-time without GPU exploitation (to speed up the simulation 

calculation). When this smoke simulation is combined with the fire simulation with some 

controls, the final simulation can also execute in real-time. 

 This smoke simulation is particle-based technique (Lagrangian method). The technique 

starts with a physics-based particle system which is managed by the Smooth Particle 

Hydrodynamics (SPH) method (described in Chapter 2). A per-particle grid generation technique 

is used to generate a smoke grid system. The grid system is transformed into a smoke-like 

formation. This grid system is then rendered by a simple rendering method to create the final 

frame. We call this technique “particle grid system.” 

 

Particle Grid System 

 Typical smoke usually looks as puffy as a group of cloud (with darker color). Therefore, 

we hypothesize that a combination of puffy-look small components could create a plausible 

simulated smoke with puffiness and randomness. In this smoke simulation, smoke is constructed 

by integrating the small grid systems for each particle. The goal of the particle grid system is to 
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produce particle modelings that appear as in Figure 6.1. The simulation method can generate 

plausible simulated smoke by combining these little gird system together. Particle grid 

generation is divided into three phases: the initial grid system that will be described in section 

6.1, a grid flow technique that will be delineated in section 6.2, and a smoke rendering approach 

that will be described in section 6.3.  

 

 

Figure 6.1: Expected formation of the particle grid system. 
 

6.1 Initial Grid System 

 Initially, each particle has its own static initial grid system; this grid system has 3 levels 

of grid boxes that cover the particle. The initial grid system consists of 81 grid boxes – 1 box at 

the first level, 26 boxes at the second level and 54 (6 ×  [9 ×  9]) boxes at third level – around 

each particle as showed in Figure 5.2. 

 

 

(a) (b) 
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Figure 6.2: Initial grid system. (a) A top view of the grid system in 2D. (b) The system in 3D.  
The red dot represents a particle, and the black points illustrate representative points of grid 

boxes. 
 

 For each grid box, the position at the lowest corner is designated as a representative 

position of the box. These initial grid boxes will be translated by surface tension or drag force to 

create the final realistic formation of per-particle grid system. 

 

6.2 Grid Flow Technique 

 In this section we introduce a grid flow technique that utilizes an initial particle grid 

system and the particle’s information to generate a smoke-like grid formation. This technique has 

six steps:  

 1. Find new target position  

 2. Calculate stability values of current and new position  

 3. Generate sampling points  

 4. Calculate stability of sampling points and initial grid representative points  

 5. Sort stability values and move the grids 

 6. Add curvy displacement.  

All of the steps will be described respectively in the next subsections. 

 

6.2.1 Find New Target Position 

 For each particle, grid boxes of the particle migrate from current position Pi of the ith 

particle to a new position Qi as illustrated in Figure 6.3. 
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Figure 6.3: Simple grid migration: the black dots represent positions Pi and Qi, 

and the black line represents iiQP . 
 

The new position Qi, which is just an approximate target position of the grid boxes, can be 

determined by: 

       

    Pi + δ surface
if    if | surface

if | ≥ 10-3 

    Pi + δ drag
if    if | surface

if | < 10-3 (Eq. 6.1) 

 

where δ is a force control coefficient, surface
if  is surface tension force on the ith particle, and drag

if  

is drag force on the ith particle. The surface tension and drag force are derived from Müller et al. 

[18]’s SPH technique (described in Chapter 2). Normally, the new position is determined by 

surface tension; but, if the size of the surface tension force is too small (<10-3), drag force is used 

instead. 

 

6.2.2 Calculate Stability Values of Current Position and New Position 

 After new position Q is determined, the stability of the current position P is evaluated as:  

 

Pi Qi Pi Qi 





=  Qi



 

 76

     








+
−=

1o

e
1S

i

i
Pi

   (Eq. 6.2) 

 

where ei is age of the ith particle, and oi is life span of the ith particle. Therefore, a particle with its 

age far away from its lifespan is more stable than a particle with its age close to its lifespan 

(almost to be reinitialized). The stability of position Qi is given by:      

 

  cQ   if ε | surface
if | < cQ 

   
iQS  =   ε | surface

if |  if cQ ≤ ε | surface
if | ≤ 1 

      1   if ε | surface
if | > 1  (Eq. 6.3) 

 

where cQ is a constant value with cQ < 1 (cQ = 0.25 is used in the simulation implementation), 

and ε is a control coefficient for surface tension. The cQ constant is defined as a lower bound of 

iQS . The stability values 
iPS  and 

iQS (
iPS ≤ 1, 

iQS ≤ 1) indicate which position (Pi or Qi) the grid 

boxes are likely to flock around; more grids will group around the higher stability position. 

 

6.2.3 Generate Sampling Points 

 From the current position Pi and new position Qi, the line segment iiQP  is determined; 

then, the X, Y, and Z components of the line segment are compared to find the axis along the 

longest component mi (which is X or Y or Z). After that, all points on iiQP  that have integer 

value component on the axis mi are calculated by two linear interpolations (each one of the other 

coordinates than mi). In addition, two more points behind the new position Qi on iiQP  are also 
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added to enable the boxes to group smoothly around Qi. Let [Li,0, Li,1, …, Li,j, …, Li,n] be the list 

of all calculated points on line segment iiQP  and two additional points beyond Qi that have 

integer values of the coordinate component on the axis mi as showed in Figure 6.4.  

 

 

Figure 6.4: Points on iiQP  line segment (displayed in 2D). The black points represent position 
Pi and Qi, and white points represent the points on the line and plus the 2 more points behind Qi. 

 

 After that, all-integer-coordinate-component points are calculated from the points on line 

segment iiQP  [L i,0, Li,1, …, Li,j, …, Li,n] by flooring all coordinate components of the original 

points. Let these integer-components points be [Ii,0, Ii,1, …, Ii,j, …, Ii,n]: 

 

     
ji,Ix  =  ji,Lx  

     
ji,Iy  =  ji,Ly     (Eq. 6.4) 

     
ji,Iz  =  ji,Lz      

 

Li,0 
Li,1 

Li,n 

… … 
Pi 

Q 

Li,j 

Li,n-1 



 

 78

where 
ji,Ix , 

ji,Iy , 
ji,Iz  are x, y, z coordinate components of the point Ii,j and 

ji,Lx , 
ji,Ly , 

ji,Lz  are 

x, y, z coordinate components of the point Li,j. These integer points (showed in Figure 6.5) are 

used as representative points of the grid boxes. 

 

 

Figure 6.5: Integer points obtained from points on line segment iiQP  and its extension (showed 
in 2 dimensions). The black dots represent position Pi and Qi, the white dots represent points on 

the line, and the black squares represent integer points. 
 

 From an integer point (Ii,j), 24 more points are generated on a (2D) plane that is 

perpendicular to the axis along the longest component, mi, of line segment iiQP . There are 8 

points on the first layer and 16 more points on the second layer, as shown in Figure 6.6. All of 

the integer points in set I will perform this generation process and 24n more sampling points are 

added, where n is number of original integer points in set I. 

 

Li,0 
Li,1 … … 

Pi 

Qi 

Li,j 

Li,n-1 
Li,n 

Ii,0 Ii,1 

Ii,j 

Ii,n-1 Ii,n 
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Figure 6.6: 24 more points on the plane. (a) 2-dimension plane. (b) Orientation in 3D. The black 
dots represent the original integer points, the white points represent 24 newly added points, and 

the blue line represents the line segment iiQP . 
 

The pseudo code used to generate these 24 more points is shown in Figure 6.7. 

 

  for( i = 0 to n ){ 
    for( a = -1 to 1 ){ 
      for( b = -1 to 1 ){ 
        for( c = -1 to 1 ){ 
          if( not ((a == 0) && (b == 0) && (c == 0)) ){ 
            new_x = xIi + a 
            new_y = yIi + b 
            new_z = zIi + c 
            add_point(new_x, new_y, new_z) 
          } 
        } 
      } 
    } 
  } 

 
Figure 6.7: The pseudo code that generates 24 more points on the (perpendicular) plane. 

 

 

(a) (b) 
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6.2.4 Calculate Stability Values of Sampling Points and Initial Grid 

Representative Points 

 Every generated sampling point possesses its own stability value, and each initial grid 

representative point also has its own stability value. The stability of a point Ai is: 

 

if | iiPA | = 0 

if | iiQA | = 0 

            otherwise (Eq. 6.5) 

 

where 
iPS  is the stability of  particle’s initial position Pi (from (Eq. 6.2), 

iQS  is stability value of 

new position Qi (from (Eq. 6.3), and 
iAd  is distance from point Ai to line segment iiQP (showed 

in Figure 6.8). If 
iAd  is less than 10-2, it will be set to 10-2. 

 

 

Figure 6.8: The distance 
iAd  from point I to line segment iiQP . 

 

For the last case of (Eq. 6.5) (i.e. Ai is not Pi or Qi) the position that is close to the higher stability 

position of Pi and Qi is more stable by the first two terms of the 

iAd  = min( |AiQi|sinα , 10-2 ) 
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A . The last term makes the 

position near line segment iiQP  have high stability by dividing by the low value of the divisor 

|d|
iA . The results of this function will be used to control the movement of the grid boxes into the 

highest stability positions. The method of moving the grid will be described in the next section. 

The resulting grid system looks roughly like Figure 6.9 after the grid system is rendered.  

 

 

Figure 6.9: Approximate representations of the result of stability function. (a) When position Pi 
has higher stability. (b) When Qi has higher stability. 

 

6.2.5 Sort Stability Values and Move the Grids 

 An array of sampling points and an array grid representative points are created, and the 

coordinates of the points are added to the arrays. These arrays are also associated with stability 

values of the points. A merge sort is used to sort both arrays by the associated stability values of 

the points.  From these two sorted arrays, grid representative points will move from the initial 

grid positions with low stability to the positions of sampling points with high stability; this 

movement makes the grids stay in only the high stability position. To do so, the simulation starts 

selecting an element of the sorted initial grid array from the lowest stability point to the highest 

stability point; on the other hand, it starts selecting an item of sorted sampling point array from 

Pi Qi Pi Qi 

(a) (b) 
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the highest stability position to the lowest stability position. In each step, if the selected element 

from initial grid array has lower stability value than the selected item from sampling point, initial 

grid point will be replaced by that sampling point. This process is repeated until an item of the 

grid array has higher stability than an item of sampling point array. Figure 6.10 demonstrates 

how this process works. 

 

 

Figure 6.10: Initial grid representative point is replaced by sampling point with higher stability 
value. The blue line represents replacing, and the red line represents the running sequence of the 

arrays. 
 

Consequently, only high stability points reside in final version of the grid array. 

 

6.2.6 Curvy Displacement 

 After the last step, particle grid representative points group around two positions P and Q 

and the line connecting these two positions. However, the linked line is a straight line that could 

reduce the realism of the simulation result. Therefore, parabolic function is utilized as a 

Min Min 

Max 
Max 

Initial Grid Coordinate Array Sampling Point Coordinate Array 
…

 

…
 

…
 

…
 

Initial Grid Stability Array Sampling Point Stability Array 
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displacement function of grid box position that could make the connecting line of boxes from Pi 

to Qi looks curvy and more natural than straight line. The new position ji,G′  of the jth grid 

representative point of the ith particle is:  

 

    ji,G′ = Gi,j + λ Ci (| iiMP | – | iji, MG |)2  (Eq. 6.6) 

 

where Gi,j is the original position of the jth grid representative point of the ith particle , Pi is 

current particle position of the ith particle, Mi is the middle point of line segment iiQP (M i = Pi + 

0.5(Qi – Pi)) , λ is a control coefficient, and Ci is the direction of displacement. The direction Ci 

can be determined by: 

 

surface
if  + ai   if | surface

if  + ai| ≥ 0.01 and |(surface
if  + ai) • j | ≤ 1.0 

Ci =  -µj     if | surface
if  + ai| < 0.01 and |(surface

if  + ai) • j | < 0.1 

[( surface
if  + ai) • i] i + [( surface

if  + ai) • k] k   

   if | surface
if  + ai| ≥ 0.01 and |(surface

if  + ai) • j | > 0.1 (Eq . 6.7) 

 

where surface
if  is surface tension of the ith particle, ai is particle acceleration of the ith

 particle, i, j , 

k are unit vector in the +X, +Y, +Z directions respectively, and µ is a control coefficient. This Ci 

direction tries to drag the grid in the direction that is nearly perpendicular to iiQP as showed in 

Figure 6.11, and the real simulation results are illustrated in Figure 6.12. 
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Figure 6.11: Displacement directions related to line segment iiQP . The dashed lines represent 
expected grid curve. 

 

   

Figure 6.12: Results of displacement function on grid boxes. The pink spheres represent position 

Pi (left) and position Qi (right), the green line represents line segment iiQP , the small blue 
spheres represent sampling points, and the yellow cubes represent particle grid boxes. 

 

6.3 Smoke Rendering 

 After representative points of highly stable grid positions are obtained by an initial grid 

system and grid flow technique, the points are used as the lowest corner of unit-cube grid boxes. 

Each grid box of the particle is rendered as a transparent unit cube and the opaqueness value (α) 

of all grid boxes in the particle grid system is defined as: 

 

      α = kα 
i

i

o

e
1−    (Eq. 6.8) 

 

Pi 

Pi 
Pi 

Qi 

Qi 

Qi 

Ci 

Ci 
Ci 



 

 85

where kα is control coefficient, ei is the age of the ith particle, and oi is the life span of the ith 

particle. 

 When these transparent grid boxes are overlapped in the whole simulation system, 

opaqueness of each grid is differentiated which could create plausible smoke simulation. And, 

the simulated smoke is the result of overlapping of individual grid system of the particles. 

Actually, physics-based rendering technique (such as photon mapping in Fedkiw et al. [5]) could 

be used with the grid system to create more physics-accurate results. However, this thesis 

purposes to create the simulation in real-time; speed of the simulation is the main concern. As a 

result, this simple rendering technique is utilized to generate plausible results.  

 The results of smoke simulation with 50 particles and 100 particles are illustrated in 

Figure 6.13 and Figure 6.14. In each frame, smoke is colored gray and the aqua plane is a plane 

that smoke starts from, and the smoke effects by constant positive X-direction (�) wind. 

 

    

Figure 6.13: Image series of smoke simulation with 50 particles. 
 

    

Figure 6.14: Image series of smoke simulation with 100 particles. 
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 The smoke simulation is the final touch of our fire simulation technique. This simulation 

technique can be well-integrated into the existed fire simulation (explained in Chapters 3-5) 

using our particle system. The integrated fire simulation can also run in real-time. The 

performance and appearance of the fire simulation are described step-by-step in the next chapter.  
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CHAPTER 7: EVALUATION OF RESULTS 

7.1 Measurement Methodology – Realism and Frame Rate 

 As this simulation is expected to be realistic and real-time, we are mainly concerned with 

the appearance and speed of the simulation. The two main evaluations used in this section are the 

realism of the simulation and the average frame rate of the simulation. Realism is hard to 

measure; consequently, we decided to display step-by-step realism improvement of the 

simulation and the final results of the simulation for this evaluation criterion. For speed of the 

simulation, average frame rate is a standard measurement for this criterion. In this thesis, average 

frame rates are measured with and without code optimization. As a computer application, 

memory utilization and CPU utilization are also interesting evaluation criteria for our simulation 

system. However, memory utilization as does CPU utilization depends on simulation 

implementation, and we are more concerned about speed and realism. So, the memory utilization 

is not included in this evaluation.  

 To record the performance of this simulation technique, all of the fire simulation 

configurations were executed using Microsoft Visual Studio 2005 Professional Edition on a 

laptop with Intel® CoreTM Duo Processor 1.66 GHz, 2GB DDR2 RAM, and ATI Mobility 

Radeon X1600. We also tested the executions with code optimization and without code 

optimization by Microsoft Visual Studio. 

 

7.2 Step-by-Step Appearance of the Simulation 

 We selected an example in each process of the simulation to compare the realism of the 

simulation and development of the simulation step-by-step. The pictures of the simulation by 

each process are shown in Figure 7.1 to Figure 7.5, in each figure a sequence of the simulation 
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frames is displayed. As shown in the pictures, effective improvement is added in each process of 

the simulation.  

 

       

Figure 7.1: Sequence of frames from particle system process. 
 

       

Figure 7.2: Sequence of frames from volume generation process. 
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Figure 7.3: Sequence of simulation frames from fire rendering process. 
 

    

Figure 7.4: Sequence of simulation frames from smoke simulation process. 
 

       

Figure 7.5: Sequence of frames from fire and smoke simulation (color figure is displayed in 
Figure A.6). 
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7.3 Effects from Control Values on Visual Appearances of Fire 

 In this simulation technique, many control coefficients and parameters are used to 

manipulate the result of the simulation. However, only some of these values crucially affect 

visual appearance of the fire simulation. Four parameters, which are particle number, visible 

cone’s height, XZ control coefficient of temperature loss function, and particle-motion 

temperature loss percentage, are the most impactful variables that strongly influence the 

appearance of the simulation. The results of these values on the appearance are illustrated in 

Figure 7.6 to Figure 7.10.  

 

       

Figure 7.6: Results of the fire simulation with 300 particles. 
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Figure 7.7: Results of the simulation with large visible cone’s height. 
 

       

Figure 7.8: Sequence of frames of fire simulation with low value of XZ control coefficient of 
temperature loss function. 
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Figure 7.9: Results of fire simulation with high value of XZ control coefficient of temperature 
loss function. 

 

       

Figure 7.10: Simulation Frames with increased particle-motion temperature loss percentage. 
 

From Figure 7.6, more particles in the simulation can make the fire appearance more stable, 

especially in the core part of the fire. From Figure 7.7, large visible cone’s height can improve 

the fire to be smoother than smaller height. The rendered results from the large cone’s height are 

more like candle fire. From Figure 7.8 and Figure 7.9, low value of XZ control coefficient of 

temperature loss function makes the appearance look fat and expanding (as in Figure 7.8), and 

the larger value make the simulated fire thinner (as in Figure 7.9). As each step of particle 
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motion, it loses some of its temperature by specified percentage. From Figure 7.10, the higher 

percentage will make the fire structure shorter.  

 Even the appearance of the simulated fire can be manipulated by some parameters, some 

deficiencies can not be completely improved or eliminated. The main problems are inherited 

from the particle system. Randomness of the simulation can not be fully covered by the volume 

generation and rendering method. Even though, we can partially fix this randomness problem by 

increasing the visible cone’s height coefficient and particle number, this problem can not 

completely eliminated. Smooth and stable fire is hardly generated by this technique. In addition, 

there are visible holes inside the simulated fire. This problem is also caused by uncontrollability 

of particle system. Although, the most of the time simulated fire is well structured, visible holes 

still occur at a few frames. On the other hand, this simulation technique offers many good points 

with low cost of computation. Fire flickering and separation effects are well handled by this 

simulation technique. Dynamic aspects of the fire can be generated by this technique. Fire 

rendering and fire coloring also improve the realism of the result with relatively low cost of 

computation. A main selling-point of this technique is its speed; this simulation can run in real-

time with realistic (or at least plausible) result. 

 The standalone smoke simulation with more than 50 particles can produce plausible 

simulated result. In the combined scenario, the fire particles are outnumbered the smoke 

particles. Only small numbers of smoke particles are generated in the combined simulation; and, 

this can reduce the realism of the smoke simulation. Smoke (unrealistic) artifacts are visible in 

many frames with less than 20 smoke particles in the frames. Even some parameters can be 

controlled to make the average number of smoke particles in each frame increased, this 
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drawback still persist because of the randomness of the particle system, and some frames may 

still have 10-20 smoke particles. 

 

7.4 Average Frame Rate of the Simulation 

 Average frame rates of the simulation are displayed in Table 7.2 after processes of the 

simulation. Even without code optimization, the simulation can run more that 20 frames per 

second. This simulation (with 150 particles) can definitely run in real-time.  

 

Table 7.1: Average frame rate of the simulation with 150 particles 

Process of the simulation 
Average frame rate (fps) 

without code optimization 
Average frame rate (fps) with 

code optimization 
Particle System 189.1 416.3 
Volume Generation 35.5 126.7 
Fire Rendering 29.1 96.2 
Standalone Smoke Simulation 
(100 smoke particles) 

29.8 40.3 

Fire and Smoke Simulation 20.2 75.1 
 

However, the speed of the simulation highly depends on the number of particles in the system. 

Therefore, we include the impact of the number of particles to average frame rate of the 

simulation in the next section. 

 

7.5 Average Frame Rate on the Different Numbers of Particles 

 All processes of the simulation have complexity of O(n) to O(n2) relating to the number of 

particles (actual theoretical complexity will be described in the next section). Therefore, number 

of particles is most crucial parameter for the speed of the simulation. It also has impact on the 

realism of the simulation. In this thesis, the simulation with 150 particles is always used to 
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demonstrate its results. In this section, we measured average frame rates of the simulation with 

different numbers of the particles as shown in Table 7.2. Table 7.3 illustrates the speed of the 

simulation (seconds per frame). Graphs of the results of Table 7.3 are illustrated in Figure 7.11 to 

exhibit the tendency of the impact of the number of particles on the speed of the simulation. 

Figure 7.12 displays the semilog graphs from the speed (seconds per frame) information from 

Table 7.3. 

 

Table 7.2: Average frame rate for different numbers of particles 

Different numbers of 
particles 

50 100 150 200 250 300 350 

Complete simulation 
without code 
optimization (fps) 

81.5 33.1 20.2 12.8 9.6 7.7 5.7 

Complete simulation 
with code 
optimization (fps) 

350.8 135.7 75.1 48.4 35.2 26.4 20.4 

 

Table 7.3: Average simulation speed (second per frame) for different numbers of the particles 

Different numbers of 
particles 

50 100 150 200 250 300 350 

Complete simulation 
without code 
optimization (spf) 

0.0123 0.0302 0.0495 0.0781 0.1042 0.1299 0.1754 

Complete imulation 
with code 
optimization (spf) 

0.0029 0.0074 0.0133 0.0207 0.0284 0.0379 0.0490 
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Figure 7.11: Graphs between average speed (seconds per frame) of the simulation (Y-axis) and 
different numbers of the particles (X-axis). Solid line represents the graph of simulation without 
code optimization, and dashed line represents the graph of simulation with code optimization. 
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Figure 7.12: Semilog graphs between average seconds per frame (Y-axis) and number of 
particles (X-axis). Solid line represents the semilog graph of simulation without code 

optimization, and dashed line represents the semilog graph of simulation with code optimization. 
 

7.6 Theoretical Complexity Evaluation 

 This simulation technique can be divided into four processes: physics-based particle system 

(Chapter 2), fire volume generation (Chapter 3), fire rendering (Chapter 5), and smoke 

simulation (Chapter 6). Moreover, the particle system can be separated into two parts: fire 

particle system and smoke particle system. In fire particle system, each particle undergoes 

control process by itself (without interaction with others). So, the complexity of fire particle 

system process is O(n), where n is number of the particles. The smoke particle system utilizes the 

SPH technique and needs O(mn) time, where m is average number of particles within the drop-

off distance. Consequently, the physics-base particle system process has complexity of O(n) + 

O(mn) = O(mn). 

 In the fire volume generation process, each particle needs to check the other particles inside 

its visible cone. The number of particles in the visible cone is a fraction of n. Therefore, 

complexity of this process is O(n2). Fire rendering technique gets the polyhedron list from 

volume generation technique as input, and processes each polyhedron individually. Number of 

polyhedra from fire volume generation technique is a fraction of n (at most n top points for all 

polyhedra). Consequently, fire rendering process takes O(n) time. In the smoke simulation 

process, each particle has to associate with its neighbor particles around. SPH technique is used 

in the step, then per-particle grid generation is performed. So, smoke simulation process has 

complexity of O(mn). The total complexity of this simulation technique is O(mn) + O(n2) + O(n) 

+ O(mn) = O(n2).   
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CHAPTER 8: CONCLUSIONS AND FUTURE WORK 

8.1 Conclusions 

 In this thesis, we combine fast simulation techniques to create each step of the detailed 

fire simulation in real-time. In this simulation, each particle possesses its own physical properties 

enabling the simulation to be physically integrated to other physics-based systems. We selected a 

particle system model because of its flexibility and speed. This method uses only a relatively 

small number of particles compared to a conventional particle system because the particles are 

used as control points. Using particles as control points can reduce the number of particles 

drastically, and this can speed the system up compared to a conventional particle system that 

may require hundreds of thousands of particles. 

 Our simulation needs only the rough bounds of the fire and smoke parameters with some 

distribution information as the inputs to simulate the fire system. The user can add forces that 

directly affect this fire simulation. These inputs are quite intuitive and easy for the user. The 

visual appearance of the fire is mainly controlled by four parameters. The particle number is used 

to control stability or turbulence of the fire. It also directly affects the speed of the simulation. 

The visible cone’s height influences the smoothness of the fire (from candle-fire-like to bon-fire-

like). The thickness of the fire is controlled by the XZ coefficient of the temperature loss 

function. The height of the fire highly depends on the percentage of temperature loss due to 

particle motion.  

 Even the simulation appearance can be controlled by a small number of variables. 

However, there is a deficiency that can not be eliminated in this technique. Irremovable 

randomness, which is inherited from particle system, causes a few problems in this simulation. 

This randomness prevents this simulation from creating highly stable fire, such as candle fire 
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with no wind. In addition, observable holes appear inside the simulated fire because of 

uncovered space in the particle system in some frames of the simulation. However, the dynamic 

properties and effects of the fire (such as flickering) are well handled by this simulation. The fire 

rendering technique can improve the realism drastically with low cost of computation. The 

average frame rate of this simulation is impressive (considering that smoke simulation is also 

included), and the simulation can definitely run in real-time with O(n2) complexity. 

 The randomness of particle system also affects the visual appearance of the smoke 

simulation. In some frames of the combined simulation, only small amount of smoke particles 

are generated from the exhausted fire particles. The average number of the smoke particles can 

be controlled by some parameters; but, the lowest number of smoke particles can not be 

controlled. The smoke simulation with this small amount of the particles can create unrealistic 

smoke artifacts. 

 

8.2 Future work 

 This simulation has controllable parameters, but the implemented program does not 

provide an interface to control. In addition, this simulation is designed for turbulent fire. Static 

fire (such as candle fire) requires more particles to reduce the random characteristics of the 

particle system. Other random motions should also be removed. Collision detection is not 

included but it can be integrated in this system by considering only particles and changing some 

of the connection methods for the particles that reside very near to the other objects. In this 

thesis, we use a two-dimension planar source of fire. A three-dimension source can be used in 

this simulation by setting a three-dimensional source to be the source of particles. All particles 

would then to start from the surface of this three-dimensional object. This simulation should be 
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able to handle more than one center point but the implementation needs some modification to do 

so. 

 The fire particle system in this simulation is only partially physics-based: it is a 

conventional random-based particle system with some physics-based controls. This simulation is 

not physically accurate because we focus on the simulation speed. To make the simulation more 

accurate, a fully physics-based particle system technique is required. The smoke simulation is 

already physics-based. In this thesis, we assume that the fire source emits the fuel and the fuel 

burns without any ignitable objects nearby. Therefore, the simulated fire is static on the source. 

Actually, a fire spreading effect can be smoothly included by expanding the area of the fire 

source and possibly increasing the number of particles.   

 Another possible step is to simulate more energetic and powerful natural phenomena 

simulation such as fast physics-based detonation. In this thesis, we also structure particle-based 

smoke simulation to be a part of the complete fire simulation. Although this smoke simulation by 

itself is real-time, it can not handle a large number of particles. Our smoke simulation needs 

some improvements to be a standalone smoke simulation that can run in real-time with more 

realistic detail. 
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APPENDIX A: COLOR PICTURES 

 

Figure A.1: 3D graph of the temperature reducing function (Eq. 2.3). Y-axis is the value of new 
remaining temperature of a particle regarding to its position on XZ-plane assuming that all points 

have yi = yc, xc = 0, and zc = 0. 
 

   

Figure A.2: (a) Original polyhedron structure. (b) The structure after points are added and 
connected. (c) The final rendered structure. The black sphere represents the top point, and green 

spheres represent base points. 
 

(a) (b) (c) 
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Figure A.3: Fire color bar with different temperature values (without alpha value). 
 

  

Figure A.4: The rendering results without fire coloring (a) and with fire coloring (b). 
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Figure A.5: New color bar with different temperature values from modified color function. 
 

       

Figure A.6: Sequence of frames from fire and smoke simulation.
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