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Abstract

Particle systemswereintroducedby William T. Reewesin 1983asa new method

to model what he called fuzzy objects. Instead of using triangles or even curves
to de ne an object, particle systemsare volumetric represetations composedof

a set of elemernary particles. Each of thesepatrticles hasits own attributes like
position, colour or sizewhich ewlve stochastically through time. One of the main

advantagesof particle systemsover traditional techniquesis their capacity to react
dynamically to a changein parametersor a modi cation of the ervironmert. The

purposeof this thesisis to exploit this capacity through an interactive application

allowing to experimert in real time most of the advancedalgorithms applicableon

particle systems. The proposedimplemenrtation in OpenGL/Java is reasonably
excient, portable and highly modular: ead module (plugin) is responsible for

a speci ¢ task and is dynamically interchangeable. This thesis deals with the

generalissuesasseiated with particle systemslike movemen approximations or
blending methods, as well asthe speci ¢ algorithms usedin the plugins.
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Chapter 1
In tro duction

Traditional techniquesof rendering have proved successfulvhen dealing with all

the well-de ned objects. Howewer, there is a classof objects which doesnot have
not well de ned surfaceand thus cannotbe renderedaspolygonsor even NURBS.

For examplenatural phenomenasud asclouds,smolke or re belongto this class
of \fuzzy" object.

The particle systemswere rst introduced in 1983 by William T. Reewes
with his paper \P article Systems- A Tednique for Modeling a Classof Fuzzy
Objects."[Ree83. Basically, a particle is an elemernary ertity which can move
and appear in di®eren ways, but which is always simple. The particle system
is the set of theseparticles. In fact, the de nition of a particle systemis a little
more complex: A particle systemis a coheent set of particles. This meansthat
the particlesinside a singleparticle systemmust have the samekind of attributes
and be exposedto the sameforces. For example,the particles can have di®eren
colours,but their colourshave to be computedthe sameway. The appearanceof
the particles alsohasto be coheren, aswell asall the other attributes.

Someadvanceshave beendonein the domain of particle systemssince 1983,
as well concerningtheory asin the way they are usedin applications, gamesor
movies. The history of particle systemsand their various domainsof application
are describted in the badkground (chapter 2). This badkground nally preseits
the current \state of the art".

Particle systemsare by essencalynamic structures which have a life cycle
and can interact in real-time with a moving ervironment or a changein param-
eters. The possibilities of con guration of a particle systemare very large: The
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CHAPTER 1. INTRODUCTION

movemer, the colour or the nal represemation on screenare just a few of the

attributes that canbe modi ed at will. Paradaically, only a few interactive par-

ticle systemsoftwaresexist, and most of them are not very °exible or incomplete.
So, my purposein this project is to create a software for the real-time manipu-

lation of multiple particle systems,including the modi cation of every possible
parameter. The aim of sud a program is primarily to allow usersto become
familiar with particle systemsand to understandthe role of ead parameter. The

program can also be usedto test a visual e®ectand re ne its parametersbefore
implemerting it in a more specializedparticle system. Of course,a hon-negligible
interest of this program is that it represems somekind of \state of the art" in

the domain of particle systems. The generaldesignof the software, as well as
implemertation details can be found in chapter 3.

Despitetheir simplicity, particles are very rich structures: They canappearin
totally di®eren ways by modifying someparameters. Among these parameters,
we can nd the sizeof a particle, its colour (including its transparency), its ren-
dering method (as point, line, sprite...) or its lifetime. Eac of theseparameters
can be set individually by piecesof code descrilked in the chapter 3 as plugins.
The chapter 4 dealswith theseplugins and their various tasks.

The main advantage of particle systemsover traditional renderingtechniques
is their dynamic structures which are ableto ewlve smaoothly and naturally. The
movemern of ead particle is relatively independent from the others which does
not give the impressionof a rigid structure. Particles can have a great number
of attributes, from their colour to their lifetime, but the mostimportant of their
properties is that they are exposedto forcesand can move accordingly A force
is somethingwhich in°uencesthe movemert of the particles: It goesfrom gravity
to the bouncing on a solid surface.

Particles are also very suitable to model complex phenomenabecausesimple
physical laws can be applied on ead particle. The reasonof that is the simplicity
of a particle which is submitted to few constraints in comparisonwith bigger
objects. For example, a particle has just a position but no orientation which
simpli es greatly the equations. Although computing the movemer of a complex
structure often requiresto solve di®eretial equations, the physics of particles
involvesno complexmathematics. Chapter 5 is about forcesand the computation
of the movemern of particles from theseforces.

12



CHAPTER 1. INTRODUCTION

Particle systemsalone are not meart to model a complete 3D scene,that
is why they are often included in a 3D engineand needto interact with the
rest of the 3D objects. Theseinteractions can be someforcesimposedby the
ervironmert or collisionswith a solid object. There can also be an exchange of
light betweenthe particle systemand the environment: Depending of the type
of the particle system,it can emit light and thus illuminate the surrounding, or
catch light and then be illuminated by external light sources.Theseinteractions
are the subject of chapter 6.

The conclusion(chapter 7) cortains an auto-ewaluation of the work done, re-
garding performancewith benchmarks, and regardingthe nal renderingquality.
Then, a comparisonwith other softwaresand other works highlights the advan-
tagesand the de cienciesof the preserted program. And, at last, the \future
work and possible extensions" investigatesthe possibilities of ewlution of the
software and gives piecesof referencefor the subjects that hasnot beentreated
in this thesis.

13



Chapter 2

Background

2.1 History of particle systems

The history of particle systemsgoesbadk to 1983when William T. Reewespub-
lished his inaugural paper \P article Systems-A Tednique for Modeling a Class
of Fuzzy Objects."” In this paper [Ree83, Reeesexplains how he inverted the
paradigmof a particle systemfor a computergraphicsbasedspeciale®ectgproject
to be usedin Star Trek II: The Wrath of Khan (the image 2.1 is an illustration

of the visual e®ectobtained by Ree\es). He demonstratedthat by applying some
of Newton's basic laws of medanics to a virtual collection of particles inside
the computer, one could create computer graphicselemerts that exhibited fuzzy
properties [Ree83. Until this invertion, computer graphics consistedmainly of
shapescreatedby polygonsand setvertices. Reees'invertion of particle systems
allowed for the creation of objects that did not have discrete edges. This new
paradigm allowed for the creation of e®ectssudh as snaw, rain, re, clouds,and
swarming bees.

The secondmajor advancemen in particle systemscame once again from
Ree\es,in a paper ertitled, \Appro ximate and Probabilistic Algorithms for Shad-
ing and RenderingStructured Particle Systems"[RB85. In his rst paper, Ree\es'
particle systemsconsistedof independert light sources[Ree83. To model these
sources,no shadingand renderingwas needed.In his secondpaper, Reeesfur-
ther enhancedthe use of particle systemsto create more complex objects like
trees, grassesand bushes[RB85]. To model theseobjects, the behaviour of the
particle systemsneededto be expanded. The most notable changewas that the

14



CHAPTER 2. BACKGROUND

Figure 2.1: GenesisE®ectfrom Star Trek II: The Wrath of Khan

trees that were renderedby the particle systemswere not light generatorsbut
rather, light re°ectors. Therefore,a systemfor rendering these particle systems
and their shadinghad to be implemerted. Sincecorrectly shadingead branch
and leafwould have beentoo computationally expensive, somestochastic assump-
tions neededto be made,in order to save processingtime: In the image 2.2 the
trees and the grassare generatedusing the method descriked by Reewesin this
secondpaper. The secondadvancemen of this paper was that it gave particle
systemsa higher degreeof complexity. Instead of only producing light generating
sourcee®ectsthe implemertation of a more cortrolled dynamic to the particles
behaviour allowed the particle systemsto create more complexobjects [RB85].

Further work with particle systemshas consistedof restricting or modifying
the generalbehaviour of the particlesthat wereinverted by Ree\es. For example,
Teng-Sed.okeet. al., usedparticle systems,alongwith Newton'slaws of medan-
ics, to produce reworks [ea93. Somenew featureslike the implemertation of a
trail or a spin were introduces,but no real advancewas made. Craig Reynolds
used particle systemsto model the °ocking behaviour of birds. He did this by
creating a set of basic rules that the particles within the system followed, and
from theserestrictions the generalbehaviour of °ocking was deweloped [Rey87.
His work alsoshowed that by using the simple dynamicsof particle systemsand
applying a small set of localizedrules that every particle followed, one could cre-
ate larger objects of more complexvisual behaviour without the individual parts
having generalknowledgeof the whole ervironment [Rey87.

The aforemenioned papers dealt with limiting the generalprinciples of par-
ticle systems,in order to model the speci ¢ behaviour that wasrequired of them.

15



CHAPTER 2. BACKGROUND

Figure 2.2: Forest scenefrom The adventues of Andre and Wally B.[Ltd84].
More than 4 millions of particles are presett in this image.

Other papers have beenpublishedthat primarily concerrate on the creation of
general particle systemsthat can be modi ed to create a range of speci ¢ be-
haviours. For example,in 1992, Richard Szeliskifound a way to create particle
systemsthat have a surfaceorientation. From this, he could create objects con-
sisting of particle systems,by specifying key points for the particles and then
having them grow together [ST92. Sud surfacescan split and join automati-
cally using short range interactions between particles. This article openedthe
way to a very proli ¢ domain of researt which is textile and clothesmodeling.

Alex Pangusedparticle systemsto paint, dissect,and modify three-dimensional
objects [Pan94]. He usedparticles with a given property, and sert them through
object modelsin order to createspeci ¢ e®ects.This method nds primarily ap-
plications in the visualization of scierti ¢ data where\smart particles" [Pan94]
can nd speci ¢ featuresof the data set.

2.2 State of the art and examples of use

Today, particle systemsareintensively usedin many domainsof the industry, and
are still an active domain of researti. Somedomainsof application are scierti ¢
simulation, scieri ¢ visualization, movies and video games. The screen-shotsn
the gure 2.3 aretakenfrom video gameswherespecial e®ectdike projectile trail

16



CHAPTER 2. BACKGROUND

Figure 2.3: Projectile trail in the video gameQuake 2 by ld-software’c (left) and
explosionin I-War2 by Particle-Systemsc

Figure 2.4: Clothes simulation in the Im Shrek

or explosionsare renderedin real time using particle systems. Current personal
computers are powerful enoughto compute many simple special e®ectsin real
time, but complex and realistic e®ectsare still renderedon supercomputersto
produce good quality movies.

Apart from the special e®ectsparticle systemsare alsousedto simulate com-
plex interactions like the forceswhich make a textile move in a natural way. The
state of the art in this domain is very promising and photo-realistic simulations
are already possiblealthough they have to be computed o®-line. Somemovies
like Shrek or Final Fantasy demonstratebrightly the current possibilitiesin this
domain. The image 2.4 from the movie Shrekshaws (in a static way) the degree
of realismreaded in dynamic clothessimulation.

17



CHAPTER 2. BACKGROUND

Structured particle systemsare also usedto model the physic properties of
deformableobjects. In this casethe vertex of the object are particles linked to
ead other by springsor rigid links. Someother constrairts, like the consenation
of the volume of the object can be added without troubles. The result is a
very excient model for deformableobject, particularly well adaptedto real-time
applications and virtual reality due to simple computations. This technique is
descriked in Jean-ChristophelLombardo's thesis [LP95] using oriented particle
systems.

18



Chapter 3

Design and implemen tation

3.1 General design

3.1.1 Constrain ts

Designing an excient and °exible particle systemis not an easytask because
thesetwo notions are often opposed. Let us de ne rst what is meart by these
terms:

Flexibilit y: Becauseof its interactivity, the particle system should be able to
modify every parameter\on the °y" (without restarting any process).For
example,the renderingmethod should be changeablewithout a®ectingany
of the other tasks. The °exibilit y alsoimplies that all the conmbinations of
methods and all the parametersshould be possible. This meansthat the
designof the particle systemmust not be an obstacleto the implemertation
of any algorithm, and it also meansthat no speci ¢ method can be \hard
coded" in the core of the particle system.

Exciency: Of coursethe systemhasto be fast. The more particles can be
animatedin real time, the moreimpressiwe the e®ectswill be. Furthermore,
thereis the questionof the memory occupation: Becauseof its high number
of particles, a particle systemcan easily waste memory. So,the conception
should not bring too big penaltiesregarding speedand memory usage.

19



CHAPTER 3. DESIGN AND IMPLEMENT ATION

Particle

- Position

- Velocity

- Acceleration
- Colour

- Size

- LifeTime

- Age

- Luminosity
- Old Position

Figure 3.1: The structure of a particle

In his article \Building an AdvancedParticle System[vdB0Q]", Van der Burg
discusseshe tradeo®sbetweenperformanceand exciency while proposinga gen-
eral design. In the next sections,a solution basedon this designwill be exposed.

3.1.2 Structure of a particle

A particle is no morethan a record cortaining someattributes. Theseattributes
are all the properties which are not sharedby the other particles of the particle
system. For example,the position is an attribute which is proper to ead particle,
whereasthe drawing method is commonin a particle system.

Choosing if an attribute should be proper to ead particle or sharedis ar-
bitrary. It has newerthelessconsequencesn the e+ciency and °exibilit y of the
particle system. Choosing,for example,to sharethe sizeattribute cansave mem-
ory and thus improve exciency, but in the sametime lesse®ectsare realizable
which a®ects’exibilit y.

The purposeof this project is to create a generalparticle systemwhich can
model as many phenomenaas possible. A maximum of attributes will then be
proper to ead particle. In the caseof a specializedparticle system(usedto create
only onetype of e®ect),the situation would have beeninverted.

The gure 3.1is a summary of the common elds usedin a particle record.
Of coursethese elds do not have the sametype: Someof them are 3D vectors
(velocity, acceleration,etc.), someare °oats (size,age,etc.) and someare colours.

Consideringthat many implemertations useObject Oriented languagesit can
seemreasonableto include in the particle somefunctions which achieve a task

20



CHAPTER 3. DESIGN AND IMPLEMENT ATION

using the elds previously descriked. For example, a function render() could
draw the particle. In fact, there are two main problemswith this approad:

1. On onehand, using an inheritance* schemefor the implemertation of these
functions would result in no extra memory consumption, but ead particle
would have a xed type that cannot be changeddynamically: This is a
bad point for °exibilit y. On the other hand, using delegation? is good for
°exibilit y becauseevery particle can changedynamically its methods, but
there is an extra costin memory consumption. Indeed, ead method hasto
be \p ointed" which requiresmemory.

2. Somealgorithms require to operate on all the particles at once, and not
only on the current one. For example, a particle-particle attraction force
will needan accesdo all the particles. Someother algorithms do not require
this accesshut canbe optimized moreezxciently if all the treatment is done
at onceinstead of on ead particle.

Consideringtheseissuesthe methods shouldbe implemerted in the particle sys-
tem itself rather than in ead particle. So, particles are just static structures
which can be manipulated by the particle system: This has the additional ad-
vantage of allowing every form of storage(linked list, arrays, trees, etc.).

3.1.3 Structure of the particle system

Basically, the particle systemis the structure which cortains the particles. But
consideringthe previous section, it is not limited to this role of container: A
particle systemis a structure which contains both the particles and the methods
to apply on them.

The plugins

Becauseof the needfor °exibilit y, the obvious choiceis to implemert thesemeth-
ods by delegation. Concretelythis meansthat an external object will bein charge

!Processby which a classof objects inherits part of its features from a superclassresulting
in a very cleanand corveniert implemertation but where no dynamic change of these features
is possible. See[Mey97] for a complete description.

2Someof the featuresare not implemented by the object itself, but by another object which
is pointed by the current object. The implementing object can thus be changeddynamically.
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CHAPTER 3. DESIGN AND IMPLEMENT ATION

of executingead functionality resulting in the possibility to changedynamically
one ore more method without a®ectingall the others. Theseimplemerting ob-
jects are often called plugins becausethey can be pluggedinto a main object or
unpluggedat will.

The only thing left to de ne is what thesefunctions will do. The main idea
when choosingthe repartition of tasks betweenthe pluginsis to considerthat the
more independert plugins there will be, the more °exible and con gurable the
systemwill be. Indeed,addinga newplugin brings almostno performancepenalty
(becausst is only stored oncein the particle system), but enablesthe possibility
to changethis plugin individually without modifying any other functionality. So,
the rule is to try to minimize the things that ead plugin do.

Here is the list of the main functions to perform, decommsedas much as
possiblewhile keepingcoherencenvhen two functions are inter-dependart:

Rendering: This plugin isin chargeof drawing the particle systemonthe screen.
The drawing method takesthe list of particles in parameter,aswell asad-
ditional data like the graphic cortext. The renderingmethods are descrited
in the section4.1. There can be only one rendering plugin loaded at one
time.

Colour: The role of this plugin is twofold. It hasto setthe initial colour of new
launched particles, and to update the coloursof all others. Thesetwo func-
tions are linked becausehe initial colour is often usedfor the computation
of intermediate colours. The colour change plugins are descriked in detail
in the section4.4. Just like the rendering, there can be only one colour
plugin loadedat onetime.

Size: They are very similar to colour plugins. The two main tasks of this type
of plugins are to set the initial size,and to update it afterwards. For the
“rst task, passingthe single particle in parameteris suxcient, but for the
update, the whole list of particles is used at one time (for optimisation
purpose). The section4.5 dealswith sizeplugins.

Initial Position: Attending that the initial position of new generatedparticles
(also called particles source)is relatively independert from the rest of the
attributes, it canbeinitialized in a separateplugin. Taking a singleparticle

22



CHAPTER 3. DESIGN AND IMPLEMENT ATION

Initial

into parameter, this plugin setsits initial position vector accordingto the
characteristics of the source. Of course,only oneinitial position plugin is
usableat onetime. The description of the algorithms relative to the source
of particles are in the section4.2.

Velocity: Similarly to the previousplugin, this oneinitializes the veloc-
ity vector of the new particles. In fact, in many casesthe initial velocity
is not really independent from initial position: For example,we can easily
imagine a spherical sourcewhere particles are ejectedin the direction op-
posite to the certre of the sphere. This issuecan be solved by introducing
somecomnunication between plugins. The initial velocity plugin will be
ableto get the position of the certre of the sourcefrom the initial position
plugin. The choiceof separatingthe two functionsis justi ed by the greater
number of combinations possiblethat way. The section4.3addressesll the
iIssuedpreviously discussed.

Emission: This plugin doesnot concernthe particlesdirectly, but rather the rate

Life:

at which they are emitted. Becausedi®erern ways of emitting the particles
(constart stream, burst, etc.) are possible,it is corveniert to encapsulate
this functionality in a plugin. Just like the previous plugins, only one can
be loadedat onetime. Di®eren typesof emissionplugins are preserted in

the section4.6

Every particle hasa cycle of life. It is created (with all the initializations
seenbefore) and then die. But, at the di®erenceof the creation, a particle
can die from various causes: The main onesare the old age, the non-
visibility in all its forms or the cortact with an object. The life plugins
(described in the section4.7) are there to decidewhether a particle should
cortinue to live or not consideringits attributes. Given that a particle can
die for more than one reason,more than one life plugin can be loaded at
onetime. In fact, they are storedin a list, and called sequetially on ead
particle.

Shading: Di®ererily from the colourswhich are proper to ead particle indepen-

dertly of the erwvironment, shadingdealswith lights and shadavs a®ecting
the luminosity and colour of particles. For example,a blue sourceof light
will modify the particles' nal colour aswell asan object castinga shadav
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will do for luminosity. Each way of altering the nal luminosity or colour
of a particle is susceptibleto becomea plugin. Of course,more than one
of theseplugins may be presen at once,sothey are called sequetially like
for the life plugins. Shadingis discussedn the section6.2 asan interaction
with the ervironmert.

Force: Oneof the mostimportant aspect of particle systemsis that particlesare
submitted to forces. Indeed, these are the forcesalone which are respon-
sible for particle's movemens. There can be various type of forces,some
acting independerily on ead particle and someother using other particle's
attributes. There are alsospecialtype of forces,like the bounceon the sur-
face of an object. Ead type of forceis implemerted in a separateplugin,
so that the behaviour of the particle systemis conditioned by the list of
forceswhich are loaded. Forcesare described in depth in the chapter 5.

This list was the decomposition | choseof a particle system'stasks into 9 cate-
gories. Others decompositions are of coursepossible,as well as other functional-
ities that can be useful in another particle system. Adding a new functionality
is relatively easy: If the new function doesnot t into these9 categoriesiit just
have to be createdin a new category which is donewithout modifying any of the
other categories'scode.

Data structure for the particles-set

After this description of the plugins, it is time to focuson the structure that will
cortain the particles. Indeed,aswe have seenin the previoussection,particlesare
just static recordswhich canthus be storedin any possibleway. Of course,eah
data structure hasits advantages, but someof them are probably best adapted
to particle systems. The main questionto askis \What operationswill we have
to do on particles?": The answer will be usedto choosethe best data structure.
Here are the operations we needto do:

2 Going through the structure sequetially. This meansthat the particles
can be stored without order aslong asthere is a way to erumerate all the
particles in the structure. This feature is intensively used,and is probably
the most important of all. So, the sequetial accesmeedsto be asfast as
possible.

24



CHAPTER 3. DESIGN AND IMPLEMENT ATION

2 Creating or deleting a particle. New launched particles have to be stored
in the structure, and dead particles have to be removed. There are ways to
avoid the memoryallocationsusinga °ag to di®erettiate the active particles
from the deadones.But in any case,the creation and deletion of a particle
haveto befastand wasteaslessmemoryaspossible. The data structure has
alsoto be growable, which meansthat the creation of many new particles
should not be a problem.

2 Someplugins may requireto have speci ¢ accesseto the particlesstructure,
but this should not be taken into considerationin the choice of the main
structure. Indeed, the plugin can use a local data structure of its choice
with elemerts pointing to the real particles.

The main choicesof data structure available are the arrays, the linked lists, the
hashables and the trees. Someof them can be eliminated from the beginning
becausethey are irrelevant. For example, hashables do not supply an excient
go through method, and furthermore, particles do not needto be indexed. The
problem is similar with trees which provide too much °exibilit y (which means
memory consumptionand lossof speed)for our problem. In fact, treescould be
usedfor speci ¢ algorithms sudh asthe optimization of collision detections, but
the biggestpart of their functionalities would not be usedmost of the time. The
two remaining structures are the arrays, and the linked lists.

The arrays are very simple structures which are fast and excient. Using an
array generatesnot extra costin memory becausethe elemerts are just put one
at the end of the other. Arrays are alsovery fast for goingthrough: The memory
addresshas only to be incremened by the length of an elemen, which is very
excient consideringthat the cadhe memory pre-fetchesnearlby memory cases.In
fact, arrays would probably be the ideal structure if there was not the problem
of growth. Indeed, the arrays are static structures which cannot grow easily (if
no adjacert memory is available, the whole array hasto be moved), which is a
seriousproblem becausdhe number of particlesis often not constart. In the case
of an interactive particle system,the number of particles may even vary a lot,
which meansthat we cannota®ordto allocate an array cortaining the maximum
number of particles supported by the system. Another bad point is the creation
and the death of a singleparticle: The physicalmemorydeallocation is impossible
in the middle of an array, sothe only possibility is to use°ags to identify active
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particles. The problem is not really the memory occupied by these °ags, but
rather the time neededto nd a dead particle to re-laund. The two only ways
are to go through the array sequetially ar to useanother structure referencing
the deadparticles. In ead case,this hasan extra costwhich is not negligible.

Concerningthe exciency, linked lists are just the opposite of arrays. Where
the arrays were static and not growable, the linked lists are a dynamic structure
which can grow without limits. The deletion or the insertion of an elemen is
really fast and requires no extra cost. The drawbad of this °exibility is the
memory consumptionwhich is a little biggerthan with the useof arrays. Indeed,
the pointers neededto link the elemens are presen, but this is not una®ordable
in comparisonwith all the other attributes of a particle. In fact, the biggest
problem of linked lists is that the time neededto go through the ertire list is a
little biggerthan with an array, mainly becauseof the questionof memory cade.
Of coursethe choicewould be a simply linked list instead of a double-linked list
which would require more memory for no desiredextra feature. A double-linked
would have beenusefulif we had to go bad in the list, but most of the tasksare
straightforward.

Consideringthe advantagesof ead structure, it seemghat the simply linked
lists are the most adapted to the realization of an interactive particle system.
Of course,in the caseof speci ¢ applications suc asa particle systemmeart to
produceonly onee®ectthe choiceof an array would be more sensible.The gure
3.2 recapitulatesthe structure of a particle system,with all the choiceswe made
earlier.

3.1.4 The particles Manager

With the structuresdescribedin the two previoussections,it is possibleto achieve
some e®ects,but some possibilities are still missing. Using multiple particle
systemsat onceis an important feature becausesomee®ectcanonly be rendered
with morethan onepatrticle system. For example,a re and its smolke will require
at least 2 particle systems.Other featuressud asthe possibility to save and load
the particle systemsfrom les can be very useful.

The most corveniert way to implemert these featuresis to create a top-
structure which will contain the particle systems,as well as the functions of
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Particle System

Active Particles
(Linked List)

Plugins:

- Renderer

- Colour

- Size

- Initial Position
- Initial Velocity
- Emission

- Life (List)

- Shading (List)
- Force (List)

Figure 3.2: The structure of a particle system

Particle Manager

Y
Particle Particle Particle

System System

System

| I I
[Particlej [Particlej [Particle} [Particle} [Particlej [Particlej

Particle Particle Particle

Figure 3.3: Hierarchy of data structures in a complete particle system

managemeh which apply on them. Figure 3.3 illustrates this hierarchy of data
structures, from the particle managerto the particles.

The way particle systemsare stored is not really important becausethere is
only a few of them which makesthe enumeration very fast. In fact, most of the
functions of the particle manager,suc as the rendering or the position-update
are just sequetial calls to the correspnding functions in ead particle system.
Loading and saving particle systemsis a little more complexbecausehe particle
managerhasto retrieve the con guration parametersof ead plugin: This process
is described in the section3.3.
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3.2 Implemen tation details

3.2.1 The graphic library

Particles are typically things that can be renderedin 2D instead of 3D. Indeed,
ead particle is either a point, a line or a 2D object (billb oard), but scarcely
a 3D object. A method of renderingis to project (by hand) the particles onto

the screen,and then, to draw them in 2 dimensions. Various algorithms have
beendeweloped to perform anti-aliasing, alpha blending and other renderingim-

provemeris. As an illustration, RogerRhudy describesin his article \Rendering

Particle SystemsFast and Accurately"[Rhu99 a software method called A-Bu®er
usedto perform motion alpha blending. In fact, software 2D techniqueswerein-

tensively used before the generalization of 3D libraries, but have disappeared
since. There are many advantagesof using a 3D library instead of renderingthe

particles in 2D, doing the projection by hand:

2 Many advancedfunctionalities sut asdepth test, alphablending, anti alias-
ing or texture mapping are available which is an appreciablegain of time.

2 Almost ewery functions are performed directly in hardware, which gives
performancesmpossibleto read otherwise.

2 The integration of particle systemsinto a 3D scenebecomeseasybecause
all is basedon the samelibrary.

The choice of the 3D library is relatively simple, consideringwhat is available.
We need a complete, fast and multi platform library: The only choice at the
momert is OpenGL, maintained by Silicon Graphics.

OpenGL is available on almost ewvery possible platform from the personal
computersto the multi-pro cessorsseners. Many graphic cards are designedfor
OpenGL andimplemert exciently the renderingprimitiv es. One other advantage
of OpenGL is that, even if it is primarily dewloped in C, it can be usedfrom
many programming languageswithout a big lossin performance.
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3.2.2 The programming Language

Choosingthe good programminglanguageis not really obvious. It shouldcombine
gualities sud as easeof programming, powerful medanisms, portability and of
courseperformance.Concerningthe clarity and easeof programming, an Object
Oriented programminglanguageseemshe mostadapted. Indeed, managinga big
project without encapsulationby objects requiresenormouse®orts. The language
hasalsoto be portable and excient.

The two best candidates (which also have an OpenGL binding) are C++
and Java. Thesetwo languagesare very comparablein features, even if some
useful medanisms are presen in Java and not in C++ (which is far older).
The decisive point may be the speedof execution: Unfortunately, | ran a simple
particle system programmed exactly the sameway in C++ and in Java, and
noticed no real di®erencein speed. It can seemsurprising, but we should not
forget that the Java byte-code is now pre-compiledbeforeexecution, resulting in
very good performanceswith the last Java Virtual Machines.

For reasonsthat will follow, | choseJava as programming language. Java is
a languagedeweloped and maintained by Sun Microsystemswhich is meart to
solve somedefaults of C++. Furthermore, Java doesnot compileinto executable
code, but into an intermediate byte-code which is interpreted by a Java Virtual
Machine. Eac platform has a Virtual Machine, which allows the same java
program to run everywhere. Here are someinteresting featuresof Java:

2 Portability: The possibility to run everywherewithout recompiling is very
appreciable. Running the program as a web applet is also possiblewhich
makesit even easierfor usersto test it.

2 OpenGL Binding: Accesdo OpenGL functionsis easyand fastvia GL4Java
which is a library deweloped by Jausoft. In fact, all the OpenGL 1.2 calls
are presen, and even GLU?® and GLUT # functions are implemerted, which
simpli es the OpenGL programming.

2 Cade Re°ection: It is one of the powerful features of Java, and a great
advantage over older languageslike C++. It allows an executing Java

3http://www.opengl.org/developers/documentation/glx.html
“http://www.opengl.org/developers/documentation/glut.html
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program to examine or \in trospect” upon itself, and manipulate internal
properties of the program. For example,it's possiblefor a Java classto
obtain the namesof all its menbers and display them. The ability to
examine and manipulate a Java class from within itself may not sound
like very much, but in other programming languagesthis feature simply
doesn't exist. For example,thereis noway in a Pascal,C, or C++ program
to obtain information about the functions de ned within that program.
One tangible use of re°ection is to load dynamically a classfrom a Te,
and then to instantiate objects from this classto use them normally in
the program: This enablesthe use of plugins as descriked in the general
designsection. Code re°ection in Java is descriked in an article from Glen
McCluskey[McC99, being part of the Java documertation.

2 Graphic User Interface: Java is bundled with a huge set of classeswhich
make uselesghe seart for externallibraries. The graphicinterface SWING
is provided: It is a full featured GUI which providesall the corntrols needed
to build an application. The only default of SWING is that it is slow in
comparisonwith other native user interfaces, but this seemsto improve
with ead new versionof the Java Virtual Machine.

2 Thread management: The managemen of threadsis directly incorporated
into the Java language: Most of the java classesare \thread safe", which
meansthat they have a mutual exclusionmedanism. Java also balances
automatically the load on multiple processorsf they are available.

3.3 Implemen tation of the particle system in
Java

The description of the implemertation will be very brief, mainly becauseit is
very speci ¢c. For further details, a CD-Rom with the complete sourcecode of
the program is provided. All the functions and the ditcult computations are
commered.
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3.3.1 The Particle Manager

Beginningfrom the top structures, the Particles Managercortains a setof particle
systemswhich are storedin a hashable indexedby their names. The functions of
update and renderingare just sequetial callsto their homologuein ead particle
system. The particle manageralso cortains a pool of dead particles: Eac time
a particle diesin one of the particle systems,the correspnding structure is not
freedbut placedin this commonpool. When a new particle needsto be launched,
then it is taken from the pool in priority which avoids a memory allocation.
This technique is widely usedto limit the memory allocations and deallocations
which can be very expensive depending on the programming languageand the
operating system. With Java, the garbagecollector is smart enoughto make
this optimization a luxury, but with languageswithout garbagecollection, the
performanceimprovemert can be spectacular.

3.3.2 A Particle System

Inside a particle system, we can nd the set of active particles and the refer-
encesto the loaded plugins. This set of particles is a simply linked list which |
implemerted myself becauseof the fact that linked lists are not implemerted in
all versionsof Java. This home-madeimplemertation hasalsothe advantage of
beinglight in comparisonwith a generalpurposelinkedlist, and alsoto allow the
implemertation of speci ¢ algorithms like the sorting of the particles from badk
to front (seesection4.1.1).

The update function of ead particle systemis wherealmost all the computa-
tion takesplace. Hereis the successiorof actions performedby this function:

1. The acceleration(section5) and the luminosity (section6.2) of eat particle
are initialized to 0.

2. The ageof the particlesis updated (section4.7).

3. Ead particle is testedto know if it cancortinueto live, and particles which
fail this test are removed from the system(section4.7).

4. The colour plugin is applied (section 4.4).
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5. The shadingplugins are successigly applied on the list of particles (section
6.2).

6. All the force plugins are then successigly applied to the system (section
5), which updatesthe accelerationof the particles, aswell astheir velocity
in somespecial cases.

7. The new velcocities and positions of the particles are then computed from
the acceleration(section5.1).

8. And at last, new patrticles are launched into the system, invoking succes-
sively the emissionplugin (section 4.6), the initial position plugin (4.2),
the initial velocity plugin (4.3), the colour plugin (4.4) and nally the size
plugin (4.5).

9. Optionally, the particles can be sorted from bad to front dependingon the
chosenblending method (section4.1.1).

The renderingis doneby anotherfunction calledafter the update. The actions
performed by the rendering routine are very simple: The render plugin (section
4.1)is rstly calledon the list of particles, and then ead loaded plugin hasthe
opportunity to draw what it wants on the screen.
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Description of the plugins

4.1 Rendering

The ultimate goal of a particle systemis to produce a visual e®ect,that is why
the renderingstageis very important. The particles can be drawn using di®erert
techniqueswhich are more or lesscomplexand computationally expensie.

4.1.1 Transparency and Blending

Before the description of the various possiblerendering methods and primitiv e,
an explanation about the particles transparencyand the way it can be rendered
on the screenis necessaryAs a referencethe OpenGL FAQ about transparency
[Mar] dealswith the ways of rendering semi-transpareh objects. Let us start

with a few de nitions: A transparert object allows light to passthrough it un-
obscuredand doesnot evenre’ect light. In fact, transparert objects are totally

invisible which is why they are useless.Newerthelessthe notion of transparency
is commonly mixed up with the translucency A translucert object let part of
the light passthrough, re°ecting or absorbingthe other part.

Particlesaretypical casef translucert objectswhich canlet moreor lesslight
passthrough depending on the alpha componert. An alpha value of 1 descrikes
a totally opaqueparticle whereasa value of 0 meansa transparert particle. All
the intermediate valuesare casesof translucency Unfortunately, OpenGL does

33



CHAPTER 4. DESCRIPTION OF THE PLUGINS

not implemert direct rendering methods for translucert objects: The only solu-
tion is to proceedduring the rasterization!. Each time a new graphical primitiv e

is rasterized, it is corverted to a two-dimensionalimage which is combined in

the frame-bu®erwith the part of the scenethat is already rasterized. The fact

of combining theseimagesis called blending The blending function can be pa-

rameterizedin OpenGL: The role of this function is to decidehow an incoming

fragmert? will be combined with the R, G, B and A valuesstored in the frame-
bu®erat the incoming fragmert's position. Generally the alpha componert of

the source(the incoming image) is usedto determinethe strength of the colours
that will be addedto the frame-bu®er. On the contrary, the alpha componert

of the correspnding fragmert in the frame-bu®eris almost never usedbecause
someimplemertations of OpenGL do not provide this possibility.

In his rst paper about particle systems,Reees[Ree8Bconsideredead par-
ticle as a sourceof light that is not obscuredby other particles. The luminosity
of the particles sharingthe samefragmert of the frame-bu®eris then simply ad-
ditive. The result of the combination of an incoming fragmert (source)and the
correspnding fragmert in the frame-bu®er(destination) is:

0 1 0 1 0 1 0 10 1
R As Rs 1 Ry
E-BnEdo b Lifd ol

B As Bs 1 B
Where s standsfor source,and d for destination, and wherethe dots usedin this
formula represem \componert by componernt” products and not scalarproducts.
The blending function is in fact de ned by the two vectors which multiply the
sourceand the destination's colour. In this case the destination factor is the uni-

tary vectorwhich is calledGL _ON E in OpenGL, and the sourcefactor is the vec-
tor composedof the sourcealpha componerts which is calledGL_SRC _ALP HA.

One of the most important properties of this formula is that we can render
the particles in whatever order we want without modifying the nal result. This
allows the list of particle to be unsorted which represeits an enormousgain of
speedin comparisonwith the use of a sorted structure. Indeed, almost all the
algorithms working on particles have a complexity directly proportional to the
number of particles (O(N)) while the better sorting algorithms have a complexity

lRasterization is the processby which a primitiv e is corverted to a two-dimensionalimage.
2Grid squarewith its parameters,including the colour.
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in O(N ¢logN). Consideringthat the number of particles N is usually very big,
we can seeeasilythat the sorting would represen a hugecostin processingime.

Sincethe coloursis simply additive, it can happen that the sum of colours
goes beyond the boundaries. The colours has then to be clamped to an ac-
ceptable range which maximum value is de ned in OpenGL by the command
BlendColor. Another drawbad of this method is that the particles needto be
drawn in a di®eren bu®erthan the rest of the scene.Indeed, sincethe colours
are simply addictive, a white badkground would represem a colour at the limit of
the acceptablerange,and thus would prevent any particle to be visible. The only
solution is then to render the particles in a speci ¢ bu®er,and then to conbine
this bu®erwith the rest of the sceneusing another blending method.

The e®ectproduced by this additive blending is particularly adaptedto py-
rotechnic e®ectdike res of explosionsbecausethe luminosity of particlesis just
additive and there is no obscurationbetweenparticles. The screen-shott.1 shows
a re e®ectand its smoke renderedusingthis additive technique: Sincethereis no
obscuration, the coloursof the particles are very dark to avoid direct saturation.
Another noticeabledetail is that there is no badground dueto the incapacity for
this blending method to handle correctly sceneobjects other than the particles
themseles.

The other alternativeis to considerthat particles can obscureead other asit
is the casein smole, clouds,or other phenomenawhich do not emit light. In this
case the luminosity of the existing fragmert in the frame-bu®erhasto be lowered
asa new fragmert comeson top of it. Just asin the previouscase,the colour of
the incoming fragmern (source)hasto be scaledby the alpha componert of the
source. The di®erences that the colour of the fragmert in the frame-bu®eris
now scaledby the complemenmary of the transparencyof the source(1j alpha).
For example,an incoming fragmert with an alpha value of 0:3 will add 30%of its
colour to the frame-bu®erwhile letting through only 70% of the existing colour.
The generalformula is:

0 1 0 1 0 1 0 1 0 1
R A Rs 1i As Ry
%G§:%A5§¢%Gs§+%11 AS§¢%Gd§
B Ag Bs 1; A By

The correspnding OpenGL function for the sourceis still GL_SRC_ALP HA,
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Figure 4.1: Fire e®ectwith smoke using the additive blending method without
obscuration

but the function for the destination is now GL ONE MINUS_SRC ALP HA.

This time, the addition is not comnutative which meansthat the order of the

renderingis changesthe nal result. The correct order is to render the particles
from bad to front relatively to the position of the camera. As discussedbefore,
the sorting represens a big overheadwhich makesthis method quite slow. The

courterpart is that there is no extra-operation to include particlesin a 3D scene
becausethe badkground is automatically obscuredby the particles.

The screen-shotd.2 is an illustration of this blending method. The particles
are sorted and displayed from badk to front for eat the smolke and the re. The
coloursof the particles are brighter with this rendering method sincethere is no
saturation problem. Furthermore, a white badground do not alter the visibility
of particles.

4.1.2 Rendering as point

This is the simplest way to render particles: Each particle is represeted by a
single point on the screen.Of course,using OpenGL capabilities, eat point can
have a speci ¢ colour, a size,and even be anti-aliased. This renderingtechnique
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Figure 4.2: Fire e®ectwith smoke usingthe \( alpha;1j alpha)®blendingmethod

is not the onethat givesthe nicestresultsbut it is intensively usedbecauseof its
speed. Indeed, when a large number of particle is preser, this is generally the
only possiblesolution.

Using di®eren sizesof points and transparencycan lead to nice e®ectswvhich
are not very expansie in comparisonwith other renderingtechniques. For exam-
ple, a smole e®ectcan be doneusingonly anti-aliased big points. The screen-shot
4.3is an illustration of the e®ectsachievable usingonly the GL_ POINTS prim-
itiv e.

4.1.3 Temporal anti-aliasing: Rendering as lines

One of the properties of a Particle-Systemis that the particles have a stochastic
ewlution, and so, their movemernt is not continuous. If the successig positions
are suzciently closeto ead other this is not a problem, but it canbecomevisible
if the Frame-Rate is not suxcient or if the particles move too fast. Another
problemis that the impressionof speedis not necessarilywell perceived, and can
even becomeconfusingwhen many particles are very closeto eat other. In this
last case,the next position of a particle can be mixed up with the next position
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Figure 4.3: Renderingusing only points: The points of the re and the smole
are anti-aliased, but not the onesof the fountain

of another.

The solution proposedby Ree\es[Ree8Bis to perform atemporal anti-aliasing.
Giventhat part of the animation is missing(all the transition betweentwo succes-
sive frames), the ideais to represem on eat frame not only the current position
of the particle, but also all its successig positions sincethe previousframe. In
the caseof a rendering as points, this technique will draw a curve. In practice,
it is infeasibleto compute all the intermediate positions of a particle: It would
be computationally too expansive. A good simpli cation is thusto considerthat
the particle movesalonga straight line during the time dt betweentwo successig
frames. This approximation has not only the advantage of requiring no extra-
computation, but rendering a straight line is also faster than a complex curve.
The implemertation of this method is relatively simple: We just have to keepin
memory the old position of ead particle, and instead of drawing a point at the
current position of the particle, we draw a straight line betweenits old position
and the currert one.

Using the Alpha Channel (transparency), we can improve the impressionof
speed: The current position of the particle shouldbe brighter than its old position
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becausethe luminosity on the retina tends to diminish with time. So, we can

cortinue drawing a straight line betweenthe old position and the current one,
but setting the Alpha Channelto O (all transparert) for the old position and a

non null value (current transparency) for the currert one. The result is a nice
transition betweentransparencyfor the old position and opacity for the newone,
which tends to enforcethe impressionof speedwhile indicating clearly in which

direction the particle is moving. This technique is illustrated by the screen-shot
4.12, page 52 where particles are emitted at high speedalong a cone. Another

screen-shot( gure 4.4) shows a comparisonbetweenthe rendering of a fountain

as points, lines and the method described in the next section.

The main problemsof this wholetechnique are the handling of slow particles,
and the luminosity. This rst problem occurs when a particle is too slow soits
old and current positions are too close. In this case,the line betweenthe two is
too short to be seenin the screen. The other problem is related: fast particles
have a longerline than the slow ones,sothey are brighter. In somecasesve may
want fast particle to appear brighter than the slow ones,but we shouldalso nd
a way to prevent it. A beginning of solution to theseissuesis detailed in the
following section.

4.1.4 hybrid metho d: lines and points

We have seenin the two previous sectionsthat the points are adapted to the
represemation of slow particles, and the linesto the fast ones.It seemdogical to
combine thesetwo techniques. The problem is that it is very ditcult to decide
wether a particle movesfast or slow: It dependson the sizeof the sceneand of
the position of the camera. We can not set a global threshold for all the particle
systembecausesomeparticle may be very closeto the camerawhile others are
far and seemto move slowver. Computing an individual threshold would probably
be too expansive and would have the side e®ectof changing brutally the aspect
of a particle when crossingthe threshold.

Consideringall theseissues, adoptedthe simple solution of drawing for eat
particle a point AND a line. Of coursethere is the extra cost of drawing twice
the sameparticle, but there are someimportant advantages:

2 Thereis not needto computeathresholdto choosebetweena represemation
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Figure 4.4: Comparison between three rendering methods: Points on the left,
lines at the middle, and the hybrid method on the right

and the other.
2 The transition betweenthe two represemations is automatic and smooth.

2 Theresultis coheren becausehe colour, the sizeand the Alpha Componert
at the current position of eat particle are the samefor the line and for the
point.

The problem of the di®erenceof luminosity betweenthe slov and fast particles
still exists, but at least there is now a minimum luminosity for the slowest par-
ticles. The gure 4.4 shows a comparisonbetweenthe three rendering methods
already descriked: All the drawing is doneusing OpenGL arti-aliased primitiv es.

4.1.5 Using sprites
General considerations

If we want to obtain a realistic visual e®ect,rendering particle as simple points,
or even straight lines can be insuzcient. For example,in the caseof smoke, eah
particle shouldlook more like a di®uselittle cloud than a point. In the caseof a
snowfall, we can even imagine particles having the shape of snonv°akes.

The solution is to draw little pictures to represem the particles. The only
dizcult y is that a picture is a 2-Dimensional object, and we have to place it
correctly in the 3D space.
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Billboard

Billboard

" Eye/Camera
Billboard

Figure 4.5: The billb oards are always facing the camera

Billb oarding

A billboard is a 2D square which always facesthe camera. By \facing" the
camera,| meanthat the plane de ned by the billb oard is perpendicular to the
vector goingfrom the camerato the certre of the billb oard, asshown in the gure
4.5.

In most cases,we can loosenthe constraint that ewvery billb oard must face
exactly the camera. If the opening angle of the camerais not too big, then all
the billb oards can adopt the sameorientation. For example,we can choosethis
orientation so that the billb oards at the certre of the sceneare exactly facing
the camera. This simpli cation savesthe calculation of the orientation for eah
particle without altering the quality of the nal imagein a sensibleway.

The next thing we needto do is to de ne how the billboard is positioned
relatively to the particle. The most sensibleplacemen is to usethe position of
the particle asthe certre of the billb oard, and its current size as the length of
the sidesof the billb oard as shavn in gure 4.6.
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Vertex #1 Vertex #2

N Size ’//

Vertex #4 Vertex #3
Particle Position

-

Figure 4.6: Placemen of the billb oard relatively to the particle

Implemen tation

The renderingplugin hasto know the position and the orientation of the camera
in order to compute the orientation of the billb oards. In fact, there is only one
orientation for all the billb oards (optimization descrikedin the previoussection),
sothe cameracan provide directly the relative positionsof the billb oard's corners.
Thesepositionsbeing relative to the origin of the coordinate system,we just have
to multiply ead of them by the sizeof the particle, and then translate them to
the current position of the particle to obtain the correct billb oard.

Concerningthe OpenGLimplemertation, abillb oardis drawn usingthe GL_QUAD S
directive which drawsa shapewith 4 vertices. The directive GL _TRI AN GLE STRI P
could have beenusedto draw two adjacert triangles instead of one square, but
the performanceis not better on recen graphic cards.

Although many of the screen-shotf this thesis exploit the sprite rendering
primitiv e, one of the most visible example can be seenat the page56 with the
“gure 4.14.

4.1.6 Temporal anti-aliasing with sprites

Just like points, sprites can be anti-aliased along time to addressthe issue of
non-cortinuousmovemen. The problem is that there is no way to draw a \line"

of sprites, sowe will have to draw the sprites multiple times at closepositions.
The ideato stretch the billb oard in order to give it a length proportional to its
speedis not satisfactory becausdt alsoa®ectsthe shape of the picture which is
not what we want.
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The only possibility is to interpolate se\eral positionsbetweenthe old position
of the particle and the new one, and to draw a sprite at ead of these positions.
Of course,the alpha componert can be adjusted to obtain more opacity at the
current position than at the old one.

If the hardware hardware supports it, a possibility is to usethe accurrulation
bu®erto perform easily the motion blur. The accunulation bu®eris a bu®er
with more bits per colour than other bu®ers,which allows the superposition of
multiple colourswithout a lossof precision. Moreover, the accurulation bu®er
is provided with corveniert operationslike the scalingof colours, or the copy to
the badk bu®er.

Newertheless,the use of the accunulation bu®erdoesnot prevernt to render
eat particle multiple times. This represems a big performancepenalty if we
considerthat in most of the caseghe renderingis the slovest stage. Anti-aliased
sprites can be usedin non real-time rendering, for examplewhen a high quality
video is needed.

4.1.7 Rendering as 3D Objects

Using a real 3D object is probably the most natural way to model a particle. It
has someadvantagesover the techniquespreviously descriked:

1. The level of detail can be higher with a 3D object than with a simple
texture. For example,zooming on a 3D object can be donewithout a great
lossof quality.

2. Particles can be orientated. This meansthat new e®ectscan be achieved
using the particles rotation.

3. Particles are shadedpreciselyand automatically by the graphic card using
the scenelights.

The main problem of this techniqueis that it is very expensive. Consideringthat
a particle systemcan cortain se\eral thousandsof particles, we can not a®ordto
draw hundredsof facetsfor ead of them.

With the current power of computers, the only a®ordablecasewhere 3D
objects can be usedis where a very small number of particles is presen. In
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fact this situation happenswhen we are not interestedin modeling an e®ectbut
rather the interactions of particles with other particles or with their environmert.
N-Body simulations and Boids are good examplesof such an application.

4.1.8 3D Rendering using glasses

A particle systemis a 3D object which is typically projected and renderedinto
a 2D screen. This lossof depth can be compensatedby techniquesof rendering
giving the impressionof 3D to the viewer. One very old and cheapmethaod is to
useRed/Green glassedo di®erettiate the imagethat should be seenby the left
eye to the imagethat should be seenby the right one.

The basictechniqueis to draw the scenan greenat the position of the left eye,
and in red at the position of the right eye. The green lter of the glasseshould
let seeonly the greenscene,and the red Tter only the red scene.Renderingthe
scenetwice is not very complicated, we just have to draw exactly the samething
(changingthe colour, of course),with the cameraat di®eren positions.

An illustration of this method is shavn by the screen-sho#.7: We can notice
that when two points from a di®eren cameraoverlap during the rasterization,
their colour is simply added producing yellow which is visible by the two eyes.

4.2 Initial position

These are the plugins responsible for the initialization of the position of new
particles. They can also be called sourcesof particles becausethe new particles
are emitted from thesestructures.

4.2.1 Point source

With a point source,all the new particles are emitted from a single point. This
meansthat their initial position is setto a constart value. The main advantage of
this type of sourceis that it is very simple and fast to compute. The courterpart
is that the possibilities are very limited.

44



CHAPTER 4. DESCRIPTION OF THE PLUGINS

Figure 4.7: Renderingof the fountain in Red/Green 3D

4.2.2 Line source

If we want to emit particles alonga 2D line, then we will choosea line source. It
is mainly usedin caseswherewe want to spacea little the particles (becausea
single point sourcedoesnot seemvery natural).

A line sourcecan be de ned by two points (Py and P;). In this case,the
initial position will be chosenaccordingto the formula:

Position = , £ Po+ (1 ,)E P,

with | being a random value between0 and 1.

This approad hasthe advantage of the simplicity, but it not very appropriate
for interactive manipulations. For example,it is can be dixcult to placea line
sourcewith an inclination of }Z and a length of 1. Moving the sourceonceits
orientation is de ned can alsobe a problem.

| then decidedto de ne a line sourceas a baseposition Py, a direction vector
and a length. The formula becomes:

Position = Py + (random() £ length) £ Dir ection
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Figure 4.8: Fire e®ectwith a line asinitial position

with random() generatinga value betweenO and 1 if we want the baseposition
to be at one extremity of the line, and betweenj 0:5 and 0:5 if we wart it to be
at the certre of the line.

The screen-shot4.8 shows a line usedas initial position for a re e®ect. We
caneasilyimaginethe applicationsof this kind of e®ecin videogamego simulate
for examplea sword of re!

4.2.3 Sphere source

Emitting particles from a spherecanbe usefulin casesvherea singlepoint istoo
small, but wherewe want to keepa spatial repartition. For example,If we have
to model an explosion,a sphericalsourcecan be well adapted.

We can usemainly two typesof density of distribution with a sphere:A uni-
form distribution whereall the particles have equal probabilities of being placed
anywherein the sphereor a normal distribution wherethe probability is higher
near the certre than at the periphery.
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Uniform distribution

Obtaining a uniform distribution is not really easyin sphericalcoordinates, this
is why alittle trick saving CPU time can be used. Instead of working in spherical
coordinates, we can work in cartesian coordinates where a uniform distribution
is easierto obtain. The main ideais to nd a point that ts in the elemenary
sphere(certred on the origin, and of radius 1), and then to usea transformation
to placethis point into the spherewe are interestedin.

Any point which is placedat a distancelesseror equalthan 1 from the origin
belongsto the spherecertred on the origin and of radius 1. Picking randomly a
point P having this property is quite easyusingthe de nition of the distance:

q
P2+ P2+ P2. 1
which is (of course)equivalern to:
P2+ P2+ P71

The easiesttechnique to obtain a random point matching this property is to pick
random points with all their coordinates between 1 and 1 until one of them
ful'Tls the property. This technique can seema little un-rigourousbut it is very
fast if we considerthat the chancesthat a random point (which belongsto the
cube certred on the origin, and of edge 2) has more than 53% of chancesof
belongingto the spheretoo, we seethat the number of iterations will be lessthan
2 in average.

Oncewe have a point belongingto the elemenary sphere,we want to trans-
form it into its nal position in the nal sphere.Becauseof the shape of a sphere,
there is no rotation to perform: A scalingby the radius of the nal sphereand a
translation by the coordinates of its certre are sutcient. In fact, the nal distri-
bution of points obtained is a linear transformation of an uniform distribution,
and is thus still a uniform distribution.

Given that the computation in sphericalcoordinateswould have madeinten-
sive useof trigonometry which is computationally very expansiwe, we can assume
that the previousalgorithm is more e+cient.

An exampleof uniform sphericalsourcecan be found on the screen-shotgl.15,
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page59 shaving an explosione®ect.

Normal distribution

Properly speaking, the distribution presered hereis not a Gaussian,but since
the density of emissionis greater near the certre than at the periphery, | will
refer to this distribution as\normal".

Emitting directly a particle in the sphericalcoordinate system,with the angles
®, and the distanced betweenthe particle and the certre chosenrandomly,
de nesalaw of emissionwhich is not uniform. Following is the rangeof acceptable
valuesfor thesethree parameters:

1

0 1 0
® 0:::2]
%_§2% i Lok %
d 0

1 Radius

This kind of distribution hasthe advantage of being easily computable. Fur-
thermore, it is adaptedto model a wide number of phenomenawherethe particles
have to be densernear the certre of the source.

4.2.4 Disc source

A disc usedas sourceof particles can produce nice and complex e®ectsbecause
it is an orientated surface. The surfaceof a moving °uid, like lava or water can

be modeledusing a disc parallel to the surfaceas particles source. A large based
‘re can alsomake useof a disc with a normal distribution asits source.

Unlike a sphereor a point, a disc hasan orientation which will forcethe useof
alocal coordinate system. The rst axis of this local coordinate systemis directly
de ned by the orientation of the disc, and is perpendicular to the surfaceof the
disc asillustrated by the gure 4.9.

The two other axis just needto de ne a basewith the rst vector becausehe
discis invariant by rotation around its main axis. One simple and excient way
to choosethesetwo remaining basevectorsis to take the vector of orientation
(® + %4) for oneof them: This ensureghat it is perpendicularto the main axis.
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Figure 4.9: Orientation of the main axis of the local coordinate system

And then, we can simply obtain the last vector by vectorial product of the two
“rst ones.

The two basevectorswhich arein the plane of the discde ne a 2 dimensional
baseof the disc from which we can easily computethe location of a new particle.
Indeed, using similar techniquesto the onesdescriked in the caseof a sphere
(section 4.2.3), we can nd a random point which ts in the disc. The only
thing to do is then to transform the coordinates of this point into the global
coordinates.

4.3 Initial velocity

Eadh time a new particle is launched, an initial velocity hasto be a®ectedto it.
This velocity is a 3D vector represeting the direction of the particle's movemert
aswell asits speed. Like almost all the initializations, the initial velocity vector
is picked at a random in a \probabilit y "eld".

4.3.1 Random-direction velocity

This is the easiestinitialization: The direction of the velocity vector is simply
randomly chosen. The processs in donein two stages:Firstly, a unitary direction
vector is chosenand secondlythis vector is scaledto the wanted initial speed.

This secondstageis very simple: Giventhe averagespeedAv gspeeq, the speed
variance Varspeeq and a function Random() returning a number between 1.0
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Figure 4.10: Emissionof particles along a cone

and +1:0, the formula is:

Velocity = (AVQspeed + Random() £ Varspeeq) £ Dir ection

Concerningthe direction, the only constrairt is that the repartition of the
directions should be uniform, this meansthat the particle should have equal
chancesto be launched in ewery direction. One way to adieve this is to a®ecta
random value to eatch componert of the direction vector, and then to normalize
this vector. Working in spherical coordinates would have been possible,but it
would have beenmore complexto obtain a uniform distribution.

4.3.2 Cone emission

In most casesa random direction is not suxcient becausewe want to give an ori-

entation to the particle stream. E®ectslike res or fountains require the particles
to be emitted in a direction with more or lessprecision: If we de ne a reference
direction vector Dy, then the particles should be emitted with a velocity along
Dy plus a random variation.

The amplitude of this variation canbe de ned asthe maximum anglebetween
Do and any velocity vector. Let call this angle ax, then it de nes a coneas
illustrated by the gure 4.10.
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Figure 4.11: The density of repartition is not uniform

Using a spherical coordinate system, we can easily choosea random vector
inside the conehaving the sphericalcoordinates:

0o 1 8
® < Random() £ 2¢Y,

@ " A= ) .
31 (Random() £ “max)

The averagerepartition of theserandomly chosenvectorsis not uniform in
the cone. Indeed, if we considerin a rst time the area swept by the angle
betweenD, and - -, and in a secondtime the areabetween_m% and qax, We
can seeeasily that the outer portion is bigger than the inner one which means
that more particles are emitted at the cerire of the conethan at the periphery.
This is illustrated by the gure 4.11.

This natural repartition of random velcocities is not necessarilya bad thing
becausen somecasest givesbetter looking e®ectghan a uniform distribution.
For example,in the caseof a jet of water, most of the particles are ejectednear
the certre and only someof them at the periphery.

Newerthelessjn casesvherea uniform repartition is neededjt canbe adcieved
by using a di®eren distribution of the randomg function for the  angle. If
random() returns a °oat betweenO and 1, using random() still returns a °oat
betweenO and 1 but tends to give more valuesnear 1 than near 0. As a result
of this, regarding the new formula for the — angle, more particles are ejected
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Figure 4.12: Emission of particles from a single point, along an uniform cone,
and renderedaslines

near the periphery than before, resulting in a uniform distribution. The screen-
shot 4.12illustrates the emissionof particles along sud a conewith an uniform
distribution.

4.3.3 Nested Cones

Nestedconesare an extensionof the the previous simple coneemission. Instead
of emitting the particles along onesingle cone,the particles are emitted between
two nestedcones. This just meansthat there is now a minimum angle ,, as
well asa maximum angle ma .

The sameconsiderationsasin the previous sectionabout the uniform distri-
bution are still available, this meansthat the spherical coordinates of a random

points can be de ned as follow:
0o 1 8
< 1
@ C_@A - - (I;Qandom() £ 2¢_/4 -
E/Ai ( min T ( Random() £ ( max i min )))

This type of emissioncan be usedis speci ¢ casedike fountains or just nice
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looking e®ects.

4.3.4 Ejection from the centre of a shape

Particles can be emitted from various kinds of shapes, and ead of them has a
certral point that is called the certre of this shape. When using random initial

velocity, particles go in a random direction which is not necessarilythe quicker
way to go out the source. If we want particles to exit the sourceas quickly as
possible(for examplefor an explosion), we needto usethe certre of the shape,
and go the opposite way. For examplein the caseof a sphere,particles will no
longer go through the ertire sphereat random, but rather nd the closerexit.

This plugin canbe improved by consideringthat the distanceto the certre of
the shape have an in°uence on the velocity of particles. This can be explained
by the fact that particles were supposedlyall createdat the certre, and so, far
particles are those who go faster.

This plugin is particularly adaptedto the simulation of explosions,usedun
conjunctionwith a sphericalemissionsource.But for non-symmetricalexplosions,
any other shape of emissioncan be used.

4.4 Colour

Colour changeis one of the great looking e®ectsthat can easily be achieved
with particle systems. A colour is a 4-componert structure cortaining the base
channels(red, greenand blue) as well asthe alpha componert which represeis
the transparency Changingthe current colour of the particles must take place
before the rendering, becausethe rendering plugin usesthis data to draw the
particle.

The role of a colour plugin is twofold: It hasto initialize the colour of new
particles, and to update this colour at eath new frame. Having thesetwo stepsis
important becauset allows more °exibilit y in the ewlution of the colour aswill
be shavn in the di®eren examplesof plugins.
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4.4.1 Constant colour

As always, this plugin is the simplestand the fastest. It only initialize the colour
of new particlesto a constan value, and then leavesthis value untouched during
all the life of the particle. This justi es the choice of a two-stepcolour allocation
(initialization and updating) becausethe updating step ,which is is called very
often in comparisonwith the initialization step, can be empty and thus save
computation.

4.4.2 Linear colour change

With this method, an initial value does not needto be a®ectedbecausethe
colour is ertirely recomputedat ead new frame. The current colour is a linear
interpolation betweentwo colourswhich are calledthe initial andthe nal colours.
The initial colour is the colour of the particles at their birth, and the nal colour
is their colour at their death, so the interpolation is done using the age of the
particles as follow:

_age
lif eTime

age

[ eTime £ Colourgina

Colourcyrrent = (1 ) £ Colour nitar +

Most of the screen-shotgreserted in this thesisusea linear colour change.
For re e®ectsa linear interpolation betweenan opaqueyellow and a transparert
red is used: The screen-shotgt.1 page36 and 4.2 page 37 are good examplesof
this technique.

4.4.3 Bezier-curv e based colour change

With the previous algorithms, there was no precisecortrol on the colours vari-
ation. It wasfor exampleimpossibleto setthe alpha componert to zeroat the
birth and at the death of the particle while having a non-null value during the life
of the particle. One solution would have beento de ne a referencecolour at the
middle of the patrticle life and achieve an interpolation between3 points instead
of 2. This reasoningcan be extendedto 4, 5 or any number of intermediate points
we may want, but it would becomequickly very hard to managefor the nal user.
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A more natural solution is to de ne the variation of ead channelindividually.
The red componert value will be de ned by a function of the ageof the patrticle,
the greencomponert by anotherfunction, and soon. Howeer, de ning a general
function is not easyand is probably uselesssincediscortinuities are for example
not wanted. One good solution is to use cortinuous functions (as smaooth as
possible)de ned by cortrol-p oints becauset is easilymodi able through a simple
interface. The computation of the value of a point on the curve has also to
be reasonablyfast becauseit hasto be done four times for ead update of the
particle's colour.

Bezier curves are particularly adapted to this kind of application. A Bezier
curveis a weighted sumof N + 1 cortrol points, Pg; Py;:::; Py , wherethe weights
are the Bernstein polynomials. The generalformula de ning the Beziercurve is:

0 1
N

Pt)= @ i A¢N t)NiT et ¢p
i=0

This formula can be useddirectly to compute a the value of a point on the curve,
but another algorithm is just as fast and more intuitiv e. The DeCasteljaualgo-
rithm consistsin doing successig linear interpolations betweentwo consecutie
points, which reducesat ead iteration the number of points, until only one point
remains. The gure 4.13illustrates this algorithm: A point referencedas P(i,j)
is the point i of the j " iteration.

The image4.14is a screen-shotwhich demonstrateshow °exible this plugin
Is: With only 6 cortrol points per channel,the possibilitiesare already enormous.

4.5 Size

The size of a particle is just a value (generally a °oating point number) repre-
sering the spacethat will be occupiedby the particle. The plugin which uses
this data is the rendererplugin during the drawing stage,but it canuseit asit

wants. For example,the size of a point will not be the samethat the sizeof a
billb oard or the size of a 3D object, but all these sizescan be represered by a
single number.

The size plugin works very similarly to the colour plugin, and for the same
reasons.Its rst function is to initialize the sizeof new particles, and the second
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Figure 4.13: lllustration of the DeCasteljauAlgorithm with t = 0:5

Figure 4.14: Colour changeusing Bezier curves

56



CHAPTER 4. DESCRIPTION OF THE PLUGINS

is to update the sizeat ead frame. | implemerted exactly the sameplugins as
for the colours, working the sameway, so there is no point to descrike them in
detail. Here are the namesof theseplugins:

1. Constart size
2. Randominitial size

3. Linear size

4.6 Emission rate

The emissionrate is the number of particles which are launched by the systemin
a certain amourt of time. This rate doesnot needto be constart, for examplea
constart function will simulate a cortinuousstreamwhereasa crenelatedfunction
will produce a burst e®ect. Becausethere can be many ways of emitting the
particles, the emissionrate should be determinedby a plugin, evenif it doesnot
apply directly to the particles.

The role of an emissionplugin is to determinethe number of particlesto emit
at eat frame. This number can only be an integer becauseat make no senseto
createa fraction of particle. The computation of this number of particles requires
the knowledgeof the time elapsedsincethe last frame: This time is dt.

46.1 Constant stream

Most of the phenomenacan be simulated using a constart stream of particles:
Waterworks, re or smolke are examplesof e®ectsvherethe particles are emitted
in a cortinuous way.

The constant stream plugin is meart to order the creation of a constart num-
ber of particles per second. The emissionshould be as cortinuous as possible:
This meansthat no gap in the stream of particles is to be visible. Given the
number of particles to emit per secondpps and the time elapsedbetween the
currert frame and the last onedt, the number of particles to emit for this frame
is simply pps£ dt.
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In practice, things are not this simple becausedt is a decimalnumber whereas
we needto return an integer number of particles. We cannotjust round the result
to the nearestvalue, becausehis would not give exactly the required number of
particles per second. Moreover, in caseswherea very small number of particles
hasto be emitted at eat frame (for example0:1), approximating the result by
an integer would result in no emissionor to an emissionten times greater than
the expectations.

The solution is not very complicated and excient: We rst calculate the
decimal number of particles to emit (just like before), but instead of returning
directly a result, we add this number to an °oating point accunulator which
will keeptrace of all the decimal parts of particles which have to be emitted.
The number of particles to emit for this frame is then the integer part of the
accunulator, and the remaining accunulator (for the next frame) is the decimal
part.

There are many examplesof useof a constart streamamongthe screen-shots
of this thesis: For instance, all the re and fountain e®ectsare achieved using
this type of emission.

4.6.2 Bursts

Bursts of particles are usedin speci ¢ e®ectslike explosionsor reworks. The
principle is just to launch a big number of particles at once,and then to launch
nothing until the next burst. The duration of a burst can be a single frame or
a few successig frames (represening a constart small amourt of time). The
duration between two successig burst is a constart amourt of time which is
generally a lot bigger than the burst itself. The three parametersnecessaryto
de ne a burst emissionare thus the following:

2 The number of particles to emit per burst
2 The duration of the burst (in a small scaleof time)

2 The duration betweentwo successig bursts (in a larger scaleof time)

Using a timer to launch the bursts at constart intervals of times would not be
appropriate becausethe creation of particles would occur at any time in the
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Figure 4.15: Evolution of an explosione®ect: The particles are emitted by bursts
from a uniform sphere

executionof the program, which is dixcult to handle. The only possiblesolution
is to use an internal time courter, and to launch the particles eat time this
courter hasreaded the appropriate value.

Happily, the time betweentwo frames(dt) is available, which meansthat we
just have to incremert a courter with this value at eatch new frame to obtain a
good time courter. The rest of the algorithm is classic: When the courter reathes
the value of the time betweentwo burst, it is decremeied by the samevalue and
then the emissiontakesplace (just like a constart stream).

The screen-shot4.15 shows the ewlution of an explosion produced using a
burst of particles. In this example, 700 particles are used, but this number can
easily be lowered using bigger particles.

4.7 Life

4.7.1 Role of the Life-Plugin

Particles are submitted to a cycle of life: New particles are created while other
particles are dying. The creation of new particles is the task of the emission
plugins while the life plugins decide whether a particle should die or cortinue
to live. Functionally, a life plugin takesa particle into parameterand returns a
booleanindicating if the particle should be killed. The causeof the death can be
age,but alsoother reasondlike collisions.
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Ead possiblecauseof death hasto be implemerted in a separateplugin to
keepa maximum of °exibilit y, which meansthat more than one life plugin has
to be usableat once. In practice, this is not a problem: ead particle hasjust to
be tested successigly by ead life plugin, the nal result being the conjunction
of all the responses.

There is at least one life plugin which cannot be removed from the system:
This is the plugin responsiblefor the ageof the particle andits lifetime. Thesetwo
attributes are intensively usedby other plugins like the sizeor the colour plugins,
sothey needto be initialized and updated correctly. Moreover, we cannot a®ord
to have immortal particles becauseit would lead the systemeither to be static
or to crash,sothe particles must have at leastonereasonto die and the ageis a
good one.

Following is a short description of the variouslife plugins which are often used.

4.7.2 Life time

As explained earlier, this plugin cannot be removed from the systembecauseit
is responsible for the initialization of the lifetime. The update of the agetakes
placein the core of the particle systembecauseét is a thing that hasto be done
the sameway in ead case,and moreover this allows the plugins to be called in
whatewver order we want without wonderingif the agehasalready beenupdated.

To summarize,the lifetime plugin is the only oneto implemert the function
of initialization of the life time. The function deciding of the death for a particle
is simply:

return(age > lif €jme)

The lifetime is chosenrandomly in a speci ¢ window de ned by an average
lifetime, and a variability as follow:

lif etime = lif etime,y + Random() £ lif etimey,

Where Random() is a function returning a random value betweenj 1 and 1. Of
course,other typesof initializations can be usedinstead of this simple random
repartition. For example,the lifetime can depend on the initial velocity of the
particle, or its position: We canevenimagineatime-dependert lifetime. However
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in most cases,a simple initialization in suxcient if we considerthat other life-
plugins can be usedto adchieve complexe®ects.

4.7.3 Collision

Particles can die becauseof the collision with a solid object. For example, we
can imagine rain drops falling on the °oor and disappearing. The detection of
collisionsis discussedn the section6.1, page72.

Oncethe collision is detected,the plugin just hasto return a value indicating
that the particle hascollided and shoulddie. Of course,we canimaginesomeim-
provemeris like a con gurable delay betweenthe collision and the disappearance
of the particle but it implies an internal courter in ead of the particles which is
relatively expensiwe.

Apart from the generalcollision with objects from the scene this plugin can
be usedto bound the particle systemto a reducedportion of space.For example,
de ning collision planeswill forcethe particlesto live only betweentheseplanes,
saving computation if we are not interestedin the particles outsidetheseplanes.
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Chapter 5
Particles movement and forces

Without forces,the movemert of the particleswould be a straight line conditioned
only by their initial positions and velocities. So, simulating usual forceslike
gravity or air resistanceis a necessy to obtain realistic e®ects.

5.1 General movement computation

The movemen of the particles is not cortinuous but stochastic. This means
that the trajectory of a particle is not de ned by an equation but rather by a
successiorof states, ead state depending only on the previous one. Regarding
only the movemen matter, a state is de ned by a position and a velocity. The
accelerationdoesnot erter into accourn becausat is ertirely re-computedat eat
turn without consideringits previousvalue.

Newton's laws of movemert are the following:

X
Acceleration(t) = mass£ Forcet)

VA t
Velocity(t) =  Acceleration(t) dt
to

Z t
Position(t) =  Velocity(t) dt
to

The computation of the accelerationis very easy: The only simpli cation | made
is to considerthat all the particles have the samemassof 1. So, the formula of
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- dt) Lo
f(t) F---------------- ‘

dt t

Figure 5.1: The integral of length dt can be appraximated by the rectangle of
areaf (t) ¢dt

the accelerationbecomes:
_ X
Acceleration(t) = Forcq(t)

Concerningthe two other laws, the things are a little more dizcult. We have to
considerthat the time betweentwo successig states of a particle is very small.
In fact, it must even be consideredasthe in nitesimal amourt of time which we
call dt.

Let us work only with the formula of the velocity for the momert. Splitting
the integral in the original formula gives:

Ziid

t
Velocity(t) = l Acceleration(t) dt +
to ti d

Z t
Acceleration(t) dt
t

which is equivalert to:
Z t
Velocity(t) = Velocity(tj dt) + G Acceleration(t) dt
Graphically, the integral Rtti 4t Acceleration (t) dt represems the area under the
accelerationcurve for an interval of time equalto dt. As shawvn by the gure 5.1,
it can easilybe appraximated by the squareof areaAcceleration(t) £ dt: This is
usually the way integrals are computed.
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Finally, the formulae for the velocity and the position are exactly what we
wanted becausehey depend only on the previousstate (at the time t j dt):

Velocity(t) = Velocity(t j dt) + Acceleration(t) ¢dt
and the equivalert for the position:

Position(t) = Position(tj dt) + Velocity(t) ¢dt

Assumingthat we have a constart dt which represets the time betweentwo
successig states, the generalalgorithm for updating a particle's position is the
following:

1. Acceleration = P Forces
2. Velocity = Velocity + Acceleration ¢dt

3. Position = Position + Velocity ¢dt

5.2 Global forces

Theseare probably the simplest forcesto compute: All the particles of a same
particle systemare submitted to the sameforceswhich depend only on external
parameters®. Gravity or air resistanceare good examplesof global forces.

Becauseof this independencetoward the other particles, a global force can
be computedindividually for ead particle. Consequetly, the complexity of the
application of this force to the entire particle systemis directly proportional to
the number of particlesin this system.

Here are someexamplesof global forces:

5.2.1 Gravity and constant forces

Simulating gravity is a very easytask: The gravity forceis just a top-down vector
with a constan value (9:8 on earth). But other natural forcescanalsobe modeled

!parameterswhich do not depend on the state of the particle system
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the sameway, even if their completecomputation would be much more complex.
For example, using a constart down-top vector simulates the archimedesforce
and using an horizontal vector can simulate the e®ectsof the wind.

In fact, all the constant forcescan be applied at onceto ead particle by
summing all of them into a resultant vector, and then adding this vector to the
accelerationof eat particle. The gravity in the various fountain e®ectsand the
Archimedesforcein the re e®ectsare simulated using a constart force.

5.2.2 Attractor points

An attractor point is a point in spacewhich attracts all the particlesin its direc-
tion. The power of the attraction canbe proportional to the distancebetweenthe
particle and this point, or vary accordinglyto another function of the distance.

An attractor point is de ned by its position and by its power of attraction
which is a scalar. Setting a positive value for the power of attraction de nes an
attractiv e point and setting a negative value resultsin a repulsive point.

To compute the in°uence of the attractor on a particle, we can usedi®erert

functions of the distance. For example, a function equal to Disémce will have a

linear cortribution soeventhe far particle will be in°uencedin a sensibleway. A
function equalto 1, hasa great e®ecton closeparticles but this e®ectfades

Distance 2
quickly with the distance. Gravitational or electro-magneticforceshave such a

variation. Other functions of the distanceare also possible(r Di;ance ' Tog Diitance ,

1 -3), letting us modeling exactly the type of attraction we need.

Distanc

The method for computing the force on a particle is the following:

1. Dir ectionyecior = ALtr actorygsiion i Particl eposition
2. Normalize(Dir ectionyector)
3. Power = Attr actionpower ¢f unction(Distance)

4. Force= Power ¢Dir ectionyector

The action of asingleattractor point (represened by a blue cross)isillustrated
by the screen-shob.2.
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Figure 5.2: E®ectproducedusing a single attractor point with linear attraction

5.3 Contact forces

5.3.1 Limitations of the previous model

When a collision with a solid object occurs(seesection6.1, page72), the particle
canbounceon the surfaceof this object. This type of interaction is a very strong
one, becausehe velocity of the particle is modi ed in a very brutal way.

When a particle erter into collision with a surface,we expect it to bounce
with a velocity which is symmetrical to the velocity beforethe contact against
the normal to the surface (Figure 5.3). The velocity vector after the collision
can have a norm attenuated in comparisonwith its norm before, simulating the
bouncing property of the surface.

According to Newton's laws of movemert, the velocity should be a corntinu-
ous function as being the integral of the acceleration. In the real world, this is
e®ectiely the caseevenif the repulsionforcesbetweenatoms are extremely pow-
erful. The problem is that it would be too complexto model the atomic forces,
especially whenwe only want a simple interaction.

Working only on the accelerationof the particles would result in dealing with
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Normal to
the surface

Velocity vector
before collision Velocity vector

after collision

Kond object\

Figure 5.3: The bounceis symmetrical to the normal of the surface

very big values, and instead of really computing a force, we would have to nd
the force that producesthe good velocity vector. Becausethe calculation of the
velocity dependson dt, we would have to include dt in the computation of the
force which is really not consisten.

The solution | choseis to work directly on velocities, introducing a discorti-
nuity whena collision occurs. This discortinuity canbe justi ed by the fact that
the time is not cortinuous, taking valuesspacedby dt.

5.3.2 Bouncing on common shapes

The method for detecting a collision with a generic shape is descriked in the
chapter 6. It is the casebecausaheseshapesare external to the particle systems
and the bouncing is an interaction with the ervironment more than an internal
force.

Once a collision is detected, the current position of the particle is used as
a starting point for the bounce. This is not accurate at all since we should
compute the real trajectory of the particle, colliding the surface of the object
and then bouncing. The reasonsfor using this appraximation id that is savesa
big amourt of computing and also avoids someproblemswe would have to face
otherwise. The real trajectory and the approximation areillustrated by the gure
5.4.

In fact, this appraximation could have beenavoided by modifying directly the
position of the particle: Placing the particle somewherenside the object could
have given an accurateresult, but it would have introducedmany other problems
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position

Current position Real position

after the bounce

Figure 5.4: Approximation of the trajectory during a bounce

including the fact that a false collision would be detectedin the next time-step.
In practice, this approximation is not visible becausewhen a collision happens,
the particle is very closeto the surfaceof the object.

The only thing left to determine for the computation of the bounceis the
vector normal to the surfaceof the shape at the point of impact: This vector is
usedas axis of symmetry for the ingoing and outgoing velocity of the particle.
In fact, the normal vector is computed at the current position of the particle
instead of the point of impact, in orderto stay consister with the approximation
described earlier. This hasalsothe advantage of avoiding the computation of the
point of impact which can be complexdepending on the shape.

Determining the normal vector can be relatively easyfor commonshagpes. For
example,it is immediate for a plane or a disc becausehe normal vector is part of
the de nition of theseshapes. For a sphere,the normal vector is just the vector
from the certre to the point of impact.

The screen-shots.5 make use of the cortact forcesdescribed in this section.
It can be noticed that the bounceon the discis not perfect becausethe margin
of error (described in the section6.1) has not beenadjusted speci cally for this
example.

5.4 Particle-particle forces

5.4.1 Di®erent types of interactions

Until now, the only descriked forcesare external constrairts to the particle sys-
tem. This chapter focuseson internal forcesexertedby the particles themselhes.
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Figure 5.5: lllustration of contact forces: The particles are bouncing successigly
on a sphere,a disc and a plane

This type of force nds primarily an application in scierti ¢ simulations: For
example particles can be usedas stars in a galactic-collision simulation as was
done by Lars Hernquist and John Dubinski [HDOQ] using more than 24 millions
particles on an 1,152-pracessoiBM RS/6000 SP supercomputer. In this caseof
gravity interactions, ead particle in°uencesall of the other, which leadsto an
enormouscomplexity of O(N ?) whereN is the number of particlesin the system,
that is why this type of simulation can only be run on supercomputers.

Other typesof particle-particle forcesexist, which do not imply the interaction
of eat particle on all others. For example,imaginary springs can be placedbe-
tweenadjacert particlesto model a surface,or a deformableobject. Thesesprings
give a structure to the particle systemwhere particles are no longer anorymous
ertities. This type of interaction is the basisof surfacemodeling [ST9Z and cloth
modeling [BHG94].

For big particles, we can alsoimagine cortact forcesbetweenthem, or short
range repulsion. In this caseonly a small number of particles will interact but
unlike the \springs and mass" method, theseparticles are not known in advance.
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Consideringonly the nearestparticles can also be usedas an appraximation for
the forceswhoseintensity decreasesjuickly with the distance (like ).

5.4.2 A ‘rst approach

The obvious approad is to compute the interaction of all the other particles on
ead particle, which meanscomputing approximatively N 2 interactions where N
is the number of interacting particles. If only a small number of particle is presen
this could be the fastest solution but it becomequickly uncomputable when N
grows. Newertheless,when no simpli cation can be done and a preciseresult is
wanted, this method is the only possibleone.

5.4.3 Optimization using BSPs or Octrees

Most of the interactions betweenparticles decreasen intensity with the distance
betweenthose particles. From this constatation we can deducethat the bestway
of appraximating (and thus simplifying) the computation of the particle-particle
interactions is to simplify in priority the force exerted by distant particles. De-
pendingon the optimization we need,distant interactions can be either neglected
or approximated by a commonforce.

The remaining problem is to locate particle in spacewithout having to eru-
merate ead of them and test their relative distance. BSPs (Binary Splitting
Planes) and Octrees are data structures which partition spaceinto organized
subspaces.Ead of thesestructures is built as a tree which makesthe seart of
a particular portion of spaceas fast as possible: The particles are the leaves of
thesetreeswhile the nodesrepresen the partitions. In a BSP the partitions are
planesseparatingrecursively spacein two halves,the correspnding tree is then
a binary tree. In the caseof an Octree, spacein recursiwely separatedin 8 equal
subspacesorrespnding to a splitting along ead of the three main axis.

The main ideawhen using thesestructuresis to be able to determine quickly
which particles are near the current one,and which onesare too far to be taken
into accour precisely In fact, oncethe tree is built the condition on eat node
allows to nd quickly the portions of spacewe want, and in the sametime, the
particles in theseportions of space.Two main solutions are then possible:
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2 The too distant particles cansimply be ignoredin the computation, result-
ing in a unpreciseappraximation which can newerthelessbe sutcient when
the force decreasesgjuickly with the distance.

2 The other solution is a little more complexbut givesa better appraximation
than the simple\ignore” method. The main ideais to considerthat a far
group of particles can be approximated by the certre of gravity of this
group endaved by the massof all the group. Of course,this approximation
is only possiblefor distant groups of particles becauseit implies that all
the particles of a group are seensuzciently closefrom ead other by the
obsener.

The secondidea of this method is to exploit the \tree" structure of the
BSPs or the Octreesto store the certres of gravity of ead subspacein
the correspnding node. This processis done recursiwly just after the
construction of the tree, beginning at the leaves(the particles themsehes)
and climbing to the top of the tree while updating all the nodes.

Oncethe tree is properly lled, we can simply chooseto go down more or
lessdeeplyin the tree, dependingon the distancebetweenthe current node
(ant its correspnding subspace)and the currert particle.
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Chapter 6

In teractions with the
environmen t

6.1 Collision with a solid object

6.1.1 General issues

Particle systemsshouldbe ableto interact with their environment which is mainly
composed of solid objects. When a patrticle erters into collision with sud an
object, it shouldstopits current trajectory and reactaccordinglyto the properties
of the object (and of the particle, of course). When a collision occurs, the main
possibilities are:

2 The particle dies
2 The patrticle sticks to the surfaceof the object (snow)
2 The particle bounceson the surfaceand cortinuesmoving (waterfall)

2 The patrticle changesits properties or launchesa new particle system(rain
on a hot surfacewhich producessteam)

The common rst stepin all thesecaseds the detection of a collision. Oncea
collisionis detected,the di®eren reactionsare more or lesscomplexto implemert
but still dependonthis rst step. The detection of collisionscanbe very complex
depending on the object we needto test and the optimizations we want to add.
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We are moreover confrorted to another problem: The movemert of the particle
is not cortinuous, which meansthat a particle will never be exactly in contact
with the surfaceof the object. At the time-step beforethe collision, the particle
is still not in cortact with the object, but at the next time-step it is alreadytoo
late becausethe particle has penetrated the object. We cannot a®ordto have
particles penetrating the objects (even just a little), becauset can causevisible
artifacts during the rendering.

The only solution we have is to detect the future collision beforeit occurs:
This is not an easytask becausewe do not know preciselywherethe particle will
be at the next time-step, and thus, we do not know if it will e®ectiely hit the
object. The reasonwhy we don't know where the particle will be at the next
time-step is that all the forcesare not necessarilyalready applied to the particle
when the collision detection takes place. Moreover, in the caseof an adaptable
time-step (dt), we cannot guessthe value of the next time-step which makesthe
precisecomputation of the next position impossible. So, the only solution we
have is to guessthe future position of the particle from the data we have:

2 The current position of the particle.

2 The current velocity, which may have already been modi ed by another
collision but which newerthelessdescrikesthe real velocity of the particle.
Indeed, this just meanthat the particle has changedits direction during
the current time-step.

Someother data like the old position of the particle may be available, but they
do not bring any additional information.

The only possibility we have is to assumethat the velocity vector will not
be modi ed too much from this time-step to the next, and to useit to pre-
dict the future position of the particle. The approximation is the following:
Position g ywr e = POSItioNcyrrent + VelOCitycyurrent £ dt. Of coursethis formula
is not very accurate,but it hasthe big advantage of being very fast to compute.
Moreover the precisionof the result dependsmainly on the value of the time-step
dt: A small time-step resultsin a small error.

Oncewe have the current position and an appraximation of the next position
of the particle, detecting a collision is just a geometrical problem. A collision
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Figure 6.1: Prediction of the future position of a particle

occurswhenthe current position is at one side of the surfaceof the object when
the future position is at the other side.

6.1.2 Collision with a sphere

A Sphereis a closedvolume, which meansthat a point canbein the sphereor out
of the sphere. The condition of belongingto the sphereis just that the distance
betweena point and its certre hasto be lessthan its radius. Given than the
current position of a particle can newer be inside the sphere,we just have to test
the future position of the particle and determineif it is inside. Howeer, it can
happen that the prediction of the future position is not preciseenough,and a
particle is trapped inside the sphere. If the particle dies at the contact of the
object, this is not a big problem, but if it is supposedto bounceit becomesnore
delicate: Without speci ¢ measuresthe particle will endlesslyinvert its velocity
vector and stay trapped. The solution is to test alsoif the current position of the
particle is inside the sphere,and if it is so,to forcethe velocity of the particle to
go from the inside to the outside.

6.1.3 Collision with an innite plane

Di®erertly from a sphere,anin nite planeis not a closedvolume: A particle can-

not be inside the plane. This makesthe detection of collisionsuncertain, mainly

becausethe prediction of the future position of the particles is not necessarily
precise. The gure 6.1 illustrates a common casewhere no collision is detected
although the particle passeghrough the plane.

One solution would be to introduce a margin of error: If the distancefrom a
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particle to the plane is lessthan this margin, then we considerthat a collision
has occurred. Unfortunately, there are two problemswith this method:

2 The error margin hasto be chosenvery carefully: A too big margin will
resultin excessiely far collisions,and a too small margin in collision misses.
Moreover, the precision of the prediction depends of dt which makes the
choice of an error margin very dizcult.

2 The computation of the distance betweena point and a plane is not very
complicated, but is computationally expensiwe.

A better solution (although more restrictive) is to considerthe plane as a
closedvolume: Only one of the halves of spacedelimited by the plane is autho-
rized. In fact, this is not a very restrictive assumptionbecauseall the particles
are supposedto stay on the sameside of the plane exceptif they are emitted
from the both sides: This casebeing very speci ¢, we canignoreit in a general
purpose. Once an orientation of the plane is chosen(this is generally done by
picking a vector normal to the surface),we just have to determinein which half
of spaceare the current and the future position of ead particle.

Given a vector N normal to the plane and oriented to the direction of the
authorized space,and a point Ppane 0N the plane (which canbe a random point,
aslongasit is on the surfaceof the plane), a simpledot product givesthe position
of a particle relatively to the plane.

8

iti < - 0 Ppuane 2 unauthorized subspace
N ¢(POSItI0n particl e i Pplane) - : plane p

> 0 Ppiane 2 authorized subspace

As for the sphere,if the current position or the future position is in the unautho-
rized subspacethen a collision has (or will) occurred. If the action is a bounce,
then the velocity vector hasto be orientated from the unauthorized subspaceto
the authorized one.

6.1.4 Collision with a disc

A disc can be usedto produce elaborate e®ects like for examplethe baseof a
fountain. It is a complexshape in the sensethat it is a nite portion of plane
which has no inside. There is no way to de ne a forbidden subspaceas for the
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in nite plane,becauseparticles cangoboth sidesof the disc: If we want to forbid
this, a cylinder can be usedinstead of the disc. To avoid the problemsdescriked
in the caseof the plane, we have no other choicethan to usea margin of error:
With this margin, the disc will behave like a very thin cylinder instead of a °at
disc. Hereis the algorithm usedto decidewhether a collision occurs:

1. let N be an unitary vector, normal to the surfaceof the disc, and C the
certre of the disc. We compute the product deyrrent = (Peurrent i C) ¢N
which is the signed distance betweenthe current position of the particle
and the plane which supports the disc. Replacingthe current position by
the future position of the particle in the previousformula givesds yy -

2. deyrrent @nd de e are signeddistance, which meansthat if they have oppo-
site signs,then the particle will crossthe planein the next time-step. The er-
ror margin is usedhereto prevent detection misses.So,if deyrrent £ O yur <
Error then we go to the step 3, otherwisethere is no collision and we can
stop the tests.

3. We know that the particle will crossthe plane cortaining the disc: the next
thing to test is the distancebetweenthe particle and the certre of the disc
to know if the collisionwill occurin the discor not. To be precise,we should
test the distance betweenthe point of impact and the certre of the disc,
but giventhat the particle is very closeto the plane of the disc, the current
position is a good enoughapproximation. So, if Distance(Pcyrrent; C) <
Radiusgisc then the collision will occur, otherwisenot.

Depending on the radius of the disc, it canbe more advantageousto swap the
steps1 and 2, resulting in the use of a di®eren bounding volume. In the case
\1 then 2", the planeis usedas primary condition which is excient if the discis
large becausat will cover a big part of the plane. In the case\2 then 1", a sphere
is usedas bounding volume which is very excient if the discis small becausgust
a few particles will be in this sphere.

With a careful choice of the error margin, this algorithm gives acceptable
results. But when the use of a real volume is possibleit should be chosenin
priority.
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6.1.5 Collision with complex objects

Someobjects are not de ned as geometricalvolumesbut rather as setsof facets,
or even NURBs. To detect a collision with this kind of objects, we needto test

individually ead of the facets which composethe object: This can be a very

expensiwe process.Of course,someoptimizations can be achieved depending on

the properties of the object. The useof bounding volumes(for examplespheres)
can be a very excient way of skipping tests. We can evenimagine a hierarchy of

bounding volumeswhich will save even more tests.

6.2 Shading

6.2.1 Role of the shading

The colour plugins (section 4.4) in°uence the internal colour of the particles
with no concernabout the external factors like light sourcesof shadavs. This
is speci cally this issuethat will be addressedby the shadav plugins. The nal
colour of a particle (the onethat is drawn on the screen)is the conjunction of
its internal colour and its luminosity: The internal colour is a 4-Channel eld (as
seenbefore) and the luminosity is a 3-Channel eld. These 3 channelsare the
Red, Greenand Blue componerts of the lighting becausea sourceof light can be
coloured. A luminosity equalto (1:0; 1:0; 1:0) will then represemn a bright white
light source,and (0:1;0:8;0:2) is a light sourcewhich is closeto green. The nal
way of conbining the internal colour of the particle and its luminosity is simply
to multiply ead corresppnding channel by ead other asfollow:

0 1 0 1 0 1
Red‘ inal Redcolour Red uminosity
Green‘ inal — Greerl:olour Greerluminosity
Bl UE€s inal Bl U€colour Bl ueIuminosity

Al phaf inal Al phacolour 1

This is a very simplistic model, but it is fast and gives realistic results. For
example,a white particle lighted by a blue light sourcewill appear blue, and a
red particle lighted by the sameblue light will not be visible. We can seenow
more clearly the role of the shadingwhich isto 1l the luminosity data eld.
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The luminosity of a particle is de ned by the ambient light, the local light
sources,and the shadavs projected by the objects of the sceneor the other par-
ticles. In fact, ead light sourcegeneratedts proper luminosity on the concerned
particles, so the plugins will correspnd to the di®eren types of light sources.
The luminosity of theselight sourcesis additive, sowe just have to add the lu-
minosity castedby ead light sourcein order to have the total luminosity of the
particle. Of course,with this method, we needto limit the nal luminosity to a
maximum value in order to ensurethe coherencyof the nal colour.

6.2.2 Ambient light

The ambient light is a non-localized sourcewhich illuminates all the particles
exactly the sameway. There is no consideration of shadav with sud a light
becausethe light rays are supposedto comefrom ewery direction making the
conceptof shadav seamlessUsing a small ambient luminosity, evenif other light
sourcesare presen, canbe a good ideabecausat is a very simple appraximation
of the radiosity. The Radiosity is the phenomenonby which an objects can be
lighted indirectly by the di®usere’ection of the light on the environmert.

An ambient light is just a constart 3-Componert luminosity which is added
to the luminosity of ead particle. Loading more than one ambient light at once
is possiblebut inexcient becauseall the ambient light can be addedinto one
generallight which hasexactly the samee®ect.

6.2.3 Simple multi-directional light

In somecases,we do no needthe shading plugin to compute shadavs because
we simply do not want them. For example,a particle systemwhich is not too

compact will let the light passbetweenthe particles and thus cast no visible

shadav. The simplelight describedin this sectionis a point in spacewhich emits

light of a certain colourin all directions. The intensity of the lighting on a particle

just dependson the distancebetweenthis particle and the source.

The luminosity decrease@roportionally to the invert squaredof the distance
to the source. This is can be easily proved by the fact that the formula giving
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the surfaceof a sphereis:
Surf acepnere = 4 ¢%E radiuss;ee

If we considerthat the light sourceis placed at the cerire of a sphere, then
the light catched by the edgeof the sphereremains constart independerly of
its radius. The power of the light which hits the samesurfaceis then inversely
proportional to the total surfaceof the sphere,which meansthat the power of the
light decreasegproportionally to & whered is the distancebetweenthe light and
the object. Of course,in caseswhere the light attenuated by something (rain,
fog, etc.) we can usea function which decreasesnore quickly, for exampledis.

Each light sourceis de ned by its colour and also by its intensity which is a
number represeting the power of the light. The formula giving the luminosity
of the current light over a particle is:

| ntensity

Luminosity = Distance?

¢C0|0Uf|ight

Three simple multi-directional lights are usedto producethe screen-sho6.2:
Eadh of theselight hasa di®eren colour (red, greenand blue) and is represemed
by a colouredcrosson the image.

6.3 Contribution to the lighting of the scene

In the previous section, we have seenpatrticles receivinglight from the erviron-
mert. This is the casewhen we want to model non-incandescen objects like
smole, cloudsor trees. Howewer, whenwe want to model things like a re or an
explosion,this model is not adapted at all. Indeed,in those casesparticles are
supposedto emit light and then are not lighted by the environment but rather
castlight to the environmert.

Becausethe particles are consideredas small light sources,there is no point
to shadethem. For example,lighting a re is not supposedto make it brighter or
to casta shadav from someparticles over others. So,we can considerthat a sim-
ple particle systemwith no modi cation behavesperfectly well when simulating
lighting phenomena.
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Figure 6.2: lllustration of the action of three multi-directional lights

If the particle systemis aloneon the screenthere is nothing moreto do, how-
ewer this is rarely the case.So, we needto be able to light the sceneaccordingly
to the light that should be producedby the particle system. The lighting of 3D
objects is often done by somelight sourcesmanageddirectly by OpenGL. There
is only a few of theselights available (generally lessthan 10) becausethe hard-
ware hasto be ableto handleall the data, sowe cannotuseonelight per particle
asthe rst ideawould be.

The only viable solution is to usea small pre-determinednumber of hardware
lights for the ertire particle system. Each of theselights will then represem a big
number of particles, and then have to be the sum of all thesesmall light sources.
Summing the cortribution of ead particle is not really dizcult: We just have
to add the colours of the particles, taking into considerationthe transparency
(alpha channel) and the sizeof the particle. We canalsoscaleall the coloursby a
constart factor in order to avoid too big valuesat the end. Hereis an exampleof
formula for the computation of the colour of a light represeting a setof particles:

0 1 0 1

Redignt Red,
g X
% Greenight § = constant £ E@ Green, ¢ £ Sizel £ Alpha,
Bluaight p2 particl es Bluep
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The sizeof the particle corntributes in a cubicway to its luminosity becausdhe
light emitted by a particle is directly proportional to the volume of this particle,
and the volume is proportional to the cube of the radius (which is called size).
The constant factor is chosenarbitrarily and is just a coetcient usedto adapt
the total luminosity to a reasonablevalue.

The next thing to do is to placethe light in space.A light is just a point in
space,soit hasto be placedat the \centre of luminosity" of the set of particles.
This certre of luminosity is a barycertre weighted by the luminosity of particles.
For example,if we imagine a re wherethe brightest particles are at the base,
then the certre of luminosity will be somewherenear the base. To compute this
certre, we needto have an appraximation of the luminosity of a particle which
depends on the colour of the particle, its transparency and also its size. In
this approximation we can considerthat the Red, Green and Blue componerts
cortribute the sameway to the nal luminosity (even if this is not the casein
reality), sowe can compute:

Luminosity (p) = (Red, + Green, + Blug,) £ Alpha, £ size;

And then, the formula giving the position of the light is:

P e . .
p2parficl es P OSition, £ Luminosity (p)

p2 particl es LuminOSity (p)

Lig ht positon —

Of coursemarny optimizations can be done during the computation, using for
examplethe fact that the position of the light is computedat the sametime that
its luminosity and colour.

Now that the luminosity and the position of a light sourceare computedgiven
a setof particles, we needto be ableto determinehow to split the particle system
into sub-setsof particles correspnding to distinct light sources.Of course,using
only onelight is the simplestsolution, but it can be insutcient in the caseof a
complex particle system. We can for exampleimagine the caseof a re moving
with the wind: If we useonly onelight source,then it will be closeto the baseof
the re, and thus not moving as expected. Howe\er, if we usetwo light sources
for the same re, onefor the baseand onefor the top, then the light in the top
will move producing the wanted e®ect.We needto nd a partition that respects
the attributes of the particles aswell astheir position.
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Consideringthat most of the attributes of a particle changewith its age,par-
titioning the particle systemusingthe ageasdiscriminant seemsa good idea. In
somecasedike a re, this is alsoa good spacialpartition becauseall the particles
aregoingin the samedirection. In someother casedike a multi-directional explo-
sion, the result will not be asgood becauselistant particleswill be a®ectedo the
samelight. The discriminant for the partition (age, position, luminosity...) has
to be chosencarefully, becausehe optimal choicedependson the characteristics
of the particle system.
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Chapter 7

Conclusion and possible
extensions

7.1 Evaluation and benchmarks

Concerningthe visual aspect, the e®ectsobtained with my implemertation of
particle systemsare far from being photo-realistic. This is due to the simplicity
of the models used at eat level: For example, a physical simulation of a re
would make useof very complexalgorithms whereasthe approad | usedis more
basedon tricks with no concernabout the real physical laws making a re move.
Newertheless,evenif the nal resultsare not comparablein quality to the reality,
it is still a pretty good approximation which hasthe advantage of running in real
time.

The softwareis alsovery con gurable and allows a wide range of e®ectsvhich
is exactly what was wanted sincethe beginning. Only the core of the systemis
hard-caded whereasall the speci ¢ operationsare delegatedto loadablemodules.
The performanceof the systemis correct without being exceptional: This is due
to the modular conceptionaswell asthe choiceof a high-lewvel languagelike Java.

Following are a few bendimarks obtained on a 600MHzAMD Duron processor
with a NVidia TNT graphic card. The 'fps' acrorym means'frames per second’,
and the '++' symbol is usedwhen the frame-rate is higher than the refreshing
rate of the screen,making the measuremenimpossible.
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Number of particles 100 500 | 1000
Renderingas points, no forces ++ 82fps | 37 fps
Renderingas sprites, no forces 85fps | 28fps | 13 fps

Renderingas sprites, temporal anti-aliasing, no forces| 55fps | 16 fps | 8 fps
Renderingas points, gravity & bouncingon 2 discs | ++ 66 fps | 31 fps

From this table, we can seeclearly that in eat case,the frame-rate vary
almost linearly with the number of particles. This is not astonishingconsidering
that almost all the algorithms on particle systemshave a linear complexity.

We can alsoclearly seethat the renderingis the most expansie stageof the
program. Switching from a rendering as points to a rendering as sprites divides
the frame-rate by 3. In comparison, even the computation of complex forces
like the cortact forcesare cheap (Only 20% of lossin the frame-rate). These
bendimarksjust con rm that evenwith a good graphic card, the renderingstage
hasto be designedcarefully, and that a non-acceleratedendering simply makes
the real-time renderingimpossible.

7.2 Comparison with other works and softwares

The main motivation of my work wasthat no real equivalent seemedo exist, soit
is hard to comparewith other softwares. Of coursemany designingor rendering
softwaresinclude a particle enginein order to model special e®ectslike smolke
or re. Theseparticle enginesare most of the time very powerful and complete,
but they are not designedto run in real time nor to be reactive toward user's
interactions. Professionaldesigningtools like 3D Studio or Lightwave implemert
powerful algorithms like ray-castingon ead particle, or advancedphysicalmodels
but theseare too computationally expensive to be run in real time.

A few small softwaresallowing the real-time interaction with a particle system
exist, but most of them are simplistic and are far from providing a completeset
of parameters. Among those software, Particle Chamler by Richard Bensonis
a fast and excient real-time particle systemsimulator, but it only implemerts
a linear ewlution of the main parameters. Furthermore, no choice is possible
concerningthe sourceshape or the initial velocity.
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The software that is the closestto my own approad is Flow°’c by Mark
B. Allan[At]. Flow’c is an interactive manipulation interface for the Particle
SystemAP| by David K. McAllister[McA]: It allows a ne cortrol over all the
parametersof a particle system,and alsoprovidesa rangeof elaborated functions
like collision with objects of the sceneor shading. The main di®erencebetween
Flow’c and the software | deweloped is that Flow’c aims primarily at obtaining
good performancewhich leadsto a non-madular approad. It is for example
impossibleto experimert di®ere methods of rendering sinceonly a few of the
mostezcient areimplemerted. Flow’c o®ersvery good performancewhich makes
its usesuitable for advanceduserswho want to producea speci ¢ e®ectwhile my
programis more a tutorial for userswhowant to experimert di®eren techniques.

7.3 Future work and possible extensions

The number of algorithms applicable on particle systemsis huge which makes
my implemertation very incomplete. Of course,somealgorithms are only useful
in very speci ¢ casessotheir implemertation is unnecessaryn a general-purmse
application. Nonethelessa number of important featurescould have beenimple-
merted in the software and described in this report.

For example,almost all the performanceoptimizations were intentionally not
tackled becausethey do not really t in the general\in teractive" and \tutorial"
sdheme. Howeer particle systemsarethe idealtarget for all kind of optimizations.
One of the most excient is the adaptation of the Level Of Detail where the
generalidea is to use smaller and smaller particles as the obserer moves away
from the particle system. This method doesnot degradethe visual quality and
even allows more details for the closeparticle systemswhich would have been
una®ordableotherwise. Someinteresting researt about this technique hasbeen
done in the University of North Carolina[DOO01. Other simpler optimizations
sudh as a visibility test could have been performed, making a particle system
inactive whenit is not visible. Of course,all thesealgorithms canbe re ned and
becomevery complex.

The hardware-speci ¢ optimizations also represem a very important domain
which can improve the performancesin a spectacular way. In somecases,this
type of optimization is even the only possibility to achieve a computation in a
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reasonabletime. For example, programming for a multi-pro cessorenvironment
may leadto optimizations concerningthe collaboration of the tasksthat would be
impossibleto reproduceby the compileronly. Another exampleis the support for
the last graphic cardswhich are programmableand capableto perform operations
on vertex and pixels (Vertex Shaders Pixel Shaders):A completeparticle system,
including the movemert and the rendering of particles can be handled by these
cards. An exampleof sud a performanceis provided in the NVidia deweloper's
web site?.

Another interesting way of developmen would have beenthe ability to react
to everts by launching new particles. For example,the possibility to launch steam
particles from a drop of water falling on a hot surfacewould have beengreat. To
adhieve this, eadt particle should have beenconsideredasa small particle system
which would have had the drawbad of consumingmore power and memory A
mini-scripting languagecould alsohave beendewelopedto descrike the succession
of actionsto perform on ead speci ¢ ewven.

Simulating static structures like treesor grasswith particles would have been
possible,but not without major changesin the data structures. Where the sim-
ulation of a re or an explosionusesindependen particles, a static structure
sudh asa tree useslinks betweenparticles to keepits structured shape. Creating
theselinks requiresdata structures wherethe particles are no longer anornymous
ertities, which is a real changeof philosopty. The structured particle systemsare
descriked by Reeesin his secondarticle about particle systemstitled \approx-
imate and probabilistic algorithms for shadingand rendering structured particle
systems"[RB83.

The next step of structured particles is the surfacemodeling and the clothes
simulation. Evenif thesetwo domainsare primarily basedon patrticles, the appli-
cationsare not related to the initial useof particle systems.Clothessimulation is
a very productive domain of researt with a lot of issuesconcerningthe dynamic
of particles, but the particles themseheshave not the importance and the num-
ber of attributes they have in more classicalapplications. For more details about
clothessimulation, the 1994article of Breen[BHG94]is a good starting point.

At the other extremum, boids are smart and independert particles. Eadc
boid has a big number of properties and a behaviour: This behaviour can go

Ihttp://developer.nvidia.com/developer
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from a set of simple rulesto a complexarti cial intelligence. Boids are usedto
model °ock of birds, or more generally group behaviours. Boids can be seenas
an extensionof the particle systemsdescriked in this thesis, but they have not
the samepurpose. Where particle systemsaim at producing a visual e®ect,boids
simulate a group behaviour wherethe visual aspect is a secondaryproblem. The
1987 Siggraph proceedingertitled \Flo cks, Herds, and Sdools: A Distributed
Behavioral Model, in Computer Graphics" by Reynolds[Rey8Y is the reference
in the domain.
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