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PREFACE

Welcome to the VII Edition of the Brazilian Symposium on Computer
Games and Digital Entertainment, the SBGames 2008. SBGames 1is the
yearly symposium of the Special Interest Group on Games and
Digital Entertainment of the Brazilian Computer Society (SBOC).
SBGames 2008 1is the most 1important event on game research and
development to take place 1in Latin America, promoted by the
Brazilian Computer Society (SBC) with the support of the Brazilian
Electronic Game Development Companies Association (ABRAGAMES).
This year the symposium brings together students, professors,
artists, designers and professionals from several universities,
research centers, graphical design centers and game industry.

This volume contains the 25 full papers accepted for the computing
track, out of 57 submitted, with an acceptance ratio of 43%. Out
of the 25 accepted papers, 16 are in English (64%). We hope this
trend will continue, 1increasing the visibility of the research
work being developed in Brazil by the gaming community. The
selection process was double blind, and each paper was reviewed by
at least 3 experts, enforcing the quality of the reviewing
process. Also, the best papers of this conference were indicated
to be published (an extended version) into a special edition of
IJCGT - International Journal of Computer Games Technology and ACM
CIE - Computers in Entertainment.

The SBGames 2008 1is composed by 4 main tracks: Computing, Art &
Design, Industry and Games & Culture, 2 festivals (Independent
Games and Art Exhibition), Poster Exhibitions, Tutorials, Keynote
presentations, and other satellite events. The papers from the
different tracks, and also, the Posters (short papers) and
complementary material from this Symposium have been included
within the Proceedings of the Computing Track in the SBGames 2008
Conference CD-ROM.

We would 1like to thank all authors, whose work and dedication made
possible to put together an exciting program. Next, we would Tike
to thank all members of the technical program committee and
reviewers, for their time helping us maintain the overall quality
of the program.

We would Tike to wish all attendees an exciting symposium!

Belo Horizonte, November 2008,

Fernando S. Osério & Zenilton Patrocinio
Chairs of the Program Committee - Computing track

\'
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Procedural Animation with Genetic Algorithms and Physics
Simulation

Pedro Luchini

Bruno Feij6

Marco Aurélio Pacheco*

PUC-Rio, Dept. of Computer Science, Brazil
* PUC-Rio, Dept. of Electrical Engineering, Brazil

Abstract

This paper describes a method for automatically
animating a virtual character based on the topology of
its musculoskeletal system. Plausible and realistic
movements can be computed for any kind of character;
no assumptions are made about its body structure.
Arbitrarily-shaped creatures or robots, thus, learn how
to move in the same way real-life animals did: through
evolution.

Keywords: artificial intelligence, biologically-inspired
computing, procedural animation, genetic algorithms,
physics simulation

Authors’ contact:
{pluchini,bruno}@inf.puc-rio.br
*marco@ele.puc-rio.br

1. Introduction

Procedurally-generated content has become important
in the past years as a means of reducing designer
workload and producing games with smaller footprints.
Additionally, these techniques are useful when dealing
with unpredictable input from the player, such as user-
generated content.

This paper proposes a method of animating
characters whose bodies are represented by a series of
constraints (bones, joints) and force actuators
(muscles) driven by physics simulation. The
character’s “brain,” then, will send a sequence of
commands to each muscle, causing the body to move.
This way, the animation can be modeled as a list of
instructions (a program) that is executed by its body.

Clearly, characters with different body structures
will need different programs to animate properly. It is
possible, nevertheless, to establish very simple and
broad goals for a class of animations regardless of the
character’s body structure, such as “maximize
horizontal speed” to describe a running animation.

This approach to character animation has the
following characteristics:

The animation is simple to represent;
Displaying and evaluating the animation is
straightforward;

e  Creating the animation itself, however, is not.

VIl SBGames - ISBN: 85-766-9204-X

These three traits suggest the employment of
genetic algorithms, an optimization technique well-
suited for finding approximate solutions based on
heuristics.

2. Related Work

There is an extensive list of publications related to
character physics. Particularly worthy of note are
[Jakobsen 2001] and [Witkin and Kass 1988] who
focus on constraints capable of simulating bones,
joints, and other structural elements of a live character.

Genetic algorithms have been used by [Machado
and Cardoso 2002] and [Cope 2005] in the field of
artificial creativity with remarkable success. They have
shown that the pseudo-random nature of G.A.s can
create aesthetically-pleasing works in a manner that
traditional algorithms cannot, with surprising results
that often startle the developers themselves.

3. Modeling the Character

Since we are trying to simulate real-life biologic
systems, it makes sense that we use the same
components that are found in real-life animals to
represent the virtual character: bones, muscles, joints,
etc. These components can be divided in two
categories: passive and active.

3.1 Passive Components

Passive components are those that cannot be controlled
by the character’s brain. Just like we are unable to
change our bones’ length, the character should not be
allowed to change his. Some examples of passive
components are:

e Bones can be represented by a simple bilateral
constraint between two particles, which is
easy and fast to implement with Verlet
integration [Jakobsen 2001]. If a more robust
physics simulation engine is available (and
needed), more complex bone structures can be
represented by rigid bodies.

e Joints keep bones connected to each other.
[Baltman and Radeztsky Jr 2004] propose a
method for constraining the angle between
bones, as well as their spatial orientation.
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3.2 Active Components

Active components are those that can be controlled by
the brain.

e A spring applies linear force when contracted
or stretched past its natural length (Figure 1).
To achieve locomotion, the brain can send
commands to change the spring’s natural
length (Figure 2).

K
=

1

Figure 1: A spring exerts a force whenever it is stretched or
compressed. As per Hooke’s law, the force is proportional to
the spring’s deformation ({y - £) and its force constant (k).

STRETCH

@ ) RELAX ﬂN

CONTRACT

Ly

Figure 2: The brain sends commands to the spring, telling it
to change its natural length. This pulls the bones together (by
decreasing () or pushes them apart (by increasing {y).

Springs are a rather crude approximation of
how muscles really work. However, they are
useful as a simulation of abduction/adduction
movements (such as pulling the knees

VIl SBGames - ISBN: 85-766-9204-X 2
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together), which would otherwise require very
complex modeling.

® A torsion spring is the angular equivalent of
a spring. It connects to a joint (the junction of
two bones) and applies a torque when it is
contracted or stretched past its natural angle
(Figure 3). The brain can send commands to
change the torsion spring’s natural angle.

N

Figure 3: A torsion spring exerts a torque whenever it is
stretched or compressed. As per the angular version of
Hooke’s law, the torque is proportional to the torsion spring’s
angular deformation (6 - 6) and its force constant (k).

e A useful (if somewhat unrealistic) component
to have in a character is a claw, that is, an
extremity that is capable of gripping walls and
floors to anchor the body’s movement. When
the brain sends a grip command to the claw, it
will “stick” to whatever surface it is currently
touching (and thus become unable to be
moved from that spot). When the brain sends
the claw a release command, it will cease
being “sticky.” A claw that is in a “sticky”
state but is not touching any surface is
unaffected.

Springs and torsion springs have a theoretically
infinite number of possible states — any real number
can be set as their natural length or angle. Our test
application simplified it down to only three states: The
relaxed state will set the natural length to the value it
had at the beginning of the simulation, the contracted
state will set the natural length to half that value, and
the stretched state will set it to twice that value. It was
a somewhat arbitrary choice; depending on the
application, this set-up might take a lot of tweaking to
achieve good results.

4. Representing the Animation

Because the character moves as a result of the
commands issued by its brain, the animation is
represented by a sequence of commands that are issued
one after the other. This is very similar to imperative
programming languages (such as assembly, or machine
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code), so we will refer to these commands as op-codes.
We can think of the animation as a program that is
executed one op-code at a time.

There is no reason to pre-define the size of the
program — let the genetic algorithm figure that out on
its own —, so the sequence should be allowed to have a
variable length. Depending on the animation being
generated, it may also be necessary to loop the
program — restarting from the first op-code when the
end of the program is reached — to simulate an endless
cycle (such as a walking animation).

Set spring #1 state: RELAXED

Set spring #2 state: RELAXED
Nothing

Nothing

Set spring #1 state: CONTRACTED
Set claw #4 state: GRIPPING

Set claw #2 state: GRIPPING

Set claw #3 state: RELEASED

Set spring #3 state: STRETCHED

Nothing

Figure 4: A short animation with ten op-codes.
5. Playing Back the Animation

Physics simulation systems are notoriously fickle when
it comes to accuracy and consistency. It is often the
case that running the same simulation on different
machines will result in different outcomes.

Numeric methods (such as those used in real-time
physics simulation) are inherently inaccurate, but we
can at least ensure they are consistent by employing
what [Valente et al. 2005] describe as the “fixed-
frequency deterministic game loop.” This technique is
based on the fact that if we always update the game
state at a fixed number of times per second (with the
same delta-time, or df), then the simulation will
consistently produce the same result:

accumDT « 0
function GameTick ()
dt < time elapsed since last frame
accumDT ¢« accumDT + dt
while accumDT > FIXED_DT do
GameStateStep (FIXED_DT)
accumDT ¢ accumDT - FIXED_DT
end while
end function

VIl SBGames - ISBN: 85-766-9204-X
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To play back the animation, one must define a time
interval between op-code executions, and then run the
animation program side-by-side with the physics
simulation:

accumOpDT « 0
function GameStateStep (dt)
// Run animation program:
accumOpDT ¢« accumOpDT + dt
while accumOpDT > OPCODE_DT do
Take next op-code from the program.
Interpret its command.
Modify the state of springs/claws.
accumOpDT ¢ accumOpDT - OPCODE_DT
end while

// Run physics simulation:
PhysicsStep (dt)
end function

The exact values of FIXED_DT and OPCODE_DT
should be adjusted to suit the application. Our test
program used FIXED_DT = 1/500 and OPCODE_DT =
17200 (in seconds), which ensured a high degree of
accuracy in the physics simulation.

6. Creating the Animation

Now that the animation can be represented, stored, and
played back, all that is left to do is understand how it is
created. This is where genetic algorithms come in.

6.1 An Introduction to Genetic Algorithms

A genetic algorithm is a search technique used to find
optimal (or approximate) solutions to a problem based
on a heuristic measure of the solution’s quality.

Each solution is represented as an individual in a
population of candidate solutions. Each individual
holds a chromosome, a representation of its solution;
the chromosome can be evaluated by an objective
function to determine its fitness (a real number).

At first, a population of individuals is created with
random chromosomes, and each of them is evaluated
by the objective function to discover its fitness. Then,
some individuals of the population are selected to be
modified and included in a new population of
individuals, which forms the next generation of
solutions. These steps are repeated until either a pre-set
number of generations have been evolved, or a desired
fitness score has been reached.

The fitness of an individual determines the
probability that it will be selected for modification and
inclusion in the next generation. Thus, individuals with
high fitness are more likely have their genes included
in the final solution.

Individuals can be modified by either crossover or
mutation.
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e Crossover is an operation where the
chromosomes from two individuals (parents)
are combined. This results in two new
individuals (children) with genetic material
that is related, but not identical, to the
originals’. The children then replace their
parents in the new population.

e Mutation is an operation where a single
individual has its chromosome modified in
some random manner.

Crossover is typically set to occur with a high
probability, usually 80% or more. Mutation, on the
other hand, has a deleterious effect on the evolution if
it happens too frequently; it is usually set to occur with
a low probability, rarely exceeding 10%.

There is an entire field of research dedicated to
genetic algorithms, with several existing techniques to
improve their performance. A detailed look into that
field is beyond the scope of this paper; for a more
thorough introduction we recommend [Davis 1991].

6.2 The Animation Defined in G.A. Terms

The solution we are trying to optimize is the animation
program. In our G.A., then, the chromosome is
represented by a sequence of op-codes. Each individual
in the population can be evaluated by playing back the
animation; the fitness score depends on what type of
animation is being sought. Some examples:

e Walking cycle: Run the animation program
for a few seconds, looping it every time it
reaches the last op-code. The fitness score is
the total horizontal displacement of the
character.

e Jumping animation: Run the animation
program for a few seconds, without looping it.
The fitness score is the maximum height
achieved by the character.

The crossover modifier of choice is the one-point
crossover (see Figure 5). It is useful because it
recombines the two animations without completely
destroying the parents’ sequencing of op-codes.

Mutation modifiers can be as random as the
application requires. Here are some suggestions:

¢  Constructive mutator: Inserts random op-
codes at random points in the chromosome.

e Destructive mutator: Removes op-codes
from random points in the chromosome.

¢ Replacing mutator: Takes an op-code at a
random point and replaces it with another
random op-code.

e Swapping mutator: Takes two op-codes at
random points and swaps their positions.

VIl SBGames - ISBN: 85-766-9204-X
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>«
N

Parents Children

Figure 5: One-point crossover. Each of the parent
chromosomes is “cut” at a random point to create two sub-
sequences. By swapping the sub-sequences, two new
chromosomes are created.

6.3 Encoding Op-Codes in the Chromosome

An op-code can be represented by something as simple
as a single integer number. Let us imagine a character
whose body is composed of 2 springs and 3 claws. The
op-codes can be represented thusly:

Set spring #1 state: CONTRACTED
Set spring #1 state: RELAXED

Set spring #1 state: STRETCHED
Set spring #2 state: CONTRACTED
Set spring #2 state: RELAXED

Set spring #2 state: STRETCHED
Set claw #1 state: GRIPPING

Set claw #1 state: RELEASED

. Set claw #2 state: GRIPPING

10. Set claw #2 state: RELEASED

11. Set claw #3 state: GRIPPING

12. Set claw #3 state: RELEASED

LN YR W=

That is, there are twelve valid op-codes for that
character. Generalizing for a character with Ny springs
and N claws, there will be 3Ng + 2N valid op-codes.
(Naturally, this quantity will be different if the
character includes other active components, such as
torsion springs.) Any integer number greater than the
number of valid op-codes can be interpreted as a
“nothing” op-code.

“Nothing” op-codes are extremely important during
the evolution of an animation program. A sequence of
op-codes that is excessively dense with commands will
cause the character to thrash its limbs in every
direction. At worst, this will prevent the character from
actually moving; at best, the result will be unsightly.

We suggest that one third of the op-codes in the
programs be ‘“nothing” op-codes; this ratio produced
the best results in our test application. Every time a
random op-code had to be created (in the initialization
of the first generation, in the constructive mutator, and
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in the replacing mutator), our application called the
following function:

function MakeRandomOpCode ()
return rand() * 1.5 * (3*Ns + 2*Ng)
end function

where rand() is a function that returns a random
number between zero and one. The return from
MakeRandomOpCode () should then be cast to an
integer type to be stored in the chromosome.

7. Conclusion

We have shown that animations can be represented by
a sequence of commands sent from a character’s brain
to its body. There aren’t any traditional algorithms
capable of deriving this sequence of commands, so we
suggest the use of a genetic algorithm instead. As is the
hallmark of artificial intelligence, the results are
somewhat unpredictable, startling, and require
significant tweaking before they look “just right.” On
the other hand, this approach is extremely versatile,
being capable of animating any kind of character with
very little input from a human operator.

One clear disadvantage of the method proposed is that
the generated animations will only apply to the
environment where they were evolved — a walking
animation that evolved on a flat floor will be useless if
the character is confronted with a staircase. As a
direction for future work, the authors propose
incorporating senses into the model, turning it into an
implementation of the genetic programming paradigm
[Koza 1992]. Specifically, touch (whether a part of the
character is touching a surface) and proprioception (the
angles of the character’s joints) are simple to
implement and can be used as inputs for the animation
program.

VIl SBGames - ISBN: 85-766-9204-X
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Figure 1: Projeto SDK Gameplay. (a) Editor de gameglgyisualizacédo da portabilidade do formato GML.

Resumo de inicio, meio e fim, o nimero de fases, a derrota, as
vitérias, os inimigos, o cenério, os obstaculos, ebclo$
estes elementos demandam um investimento de tempo
consideravel na producdo de um jogo. Algumas vezes,
somente no final do processo de desenvolvimento se
descobre que o jogo ndo € tdo divertido quanto foi
6planejado, 0 que exige um tempo adicional em
desenvolvimento, adaptacdes e testes.

Este trabalho descreve o0 projeto e o
desenvolvimento de um conjunto de ferramentas
para facilitar a implementacdo de qualquer tipo de
gameplay em jogos digitais. Dentre essas
ferramentas destaca-se a criacdo de uma bibliotec
denominada GameplayLihp que auxilia na
importacdo das regras no formato XML para . .
estruturacdo dos dados (e.g. regras, agentes, . Uma pessoa en~carregada de criar as regras de um Jogo
eventos) e um editor dgameplaycom suporte nao tem aot_)rlgaga_o de ,ter um_cqnheumento tecnoldgico
visual para poder simular um jogo em tempo real. _profunclo, poIS um Jogo_e~constltwdo de regras e de suas
Este projeto visa criar uma nova ferramenta RAD interagdes, cuja def|n|(;~ao independe das_ tecnologias
(Rapid Application Developmémtara jogos. usadas na implementacéo. Na verdade, muitas vezes, as

regras sdo adaptadas ou aproveitadas diretamente de jogos
ndo-eletrénicos. Por exemplo, as regras de um jogo de
futebol de simulacdo sdo as mesmas do jogo no mundo
real.

Palavras-chave: RAD; inteligéncia atrtificial;
gameplay

Contatos com Autores:
{fosorio, |nbarros}@mail.com
*juliocontreras@mail.com

Existem pessoas com conhecimento de jogos e de suas
interatividades, mas que ndo dominam o conhecimento
tecnoldgico, e vice-versa. As ferramentas propostas por
este trabalho se encarregam de realizar a jungée entr
ambos para a realizacdo de um jogo. Por exemplo, um
desenvolvedor (programador) poderia ter acesso a essas
Este trabalho tem como fungdo principal ajudar a regras e utiliza-las em um jogo, mesmo n&o conhecendo o
prototipar, automatizar e simplificar a criagdo das autor delas. Esse fator ajudaria a ambos, pois a
regras de um jogo, acelerando a produtividade nonecessidade de uma pessoa pode ser o negdcio de outra.
desenvolvimento de jogos. O projeto foi
desenvolvido de forma que pessoas com menos Depois de construidas as regras, o préoximo passo é a
conhecimento tecnol6gico possam também usufruir prototipagdo de um jogo, utilizando-se um artefato que
das ferramentas por ele oferecidas. O executa as regras e suas interacdes, em conjunto com as
desenvolvimento rapido de protdtipos de jogos tecnologias e seus recursos. As tecnologias utilizadlas n
permite que decisdes de continuacdo, alteragdo ouprotétipo podem ser as mesmas do jogo final, ou podem
descontinuagdo de um projeto possam ser tomadaser mais simples (por exemplo, um jogo baseado em
antes de terminado o projeto por completo. gréficos 2D poderia ter um protétipo apenas em

caracteres, no console). O objetivo de prototipar &esal

Sempre que se desenvolve um jogo € necessarigestes, incluindo a diversdo do jogo, antes de concluido o
pensar em varios elementos e passos, como 0 pont@esenvolvimento, para decidir o andamento do projeto.

1. Introdugéao

VIl SBGames - ISBN: 85-766-9204-X 6
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Como as ferramentas criadas neste trabalho ndo sédd@odas as experiéncias de um usudrio durante a interacédo
dependentes das tecnologias do jogo, elascom um jogo sdo denominadasgiemeplay Geralmente,
favorecem a prototipacdo, permitindo que este termo na terminologia dos videogames é usado para
diferentes artefatos possam ser utilizados nadescrever a experiéncia total de jogar, ou seja, a
realizacéo do jogo. jogabilidade, que exclui fatores como graficos, som e
storyline (linha de histéria). Quando se esta pulando, se
Visando aos beneficios para aquele que vai esquivando dos ataques do inimigo ou acelerando um
construir o jogo e ndo as regras, as ferramentascarro de corrida, todas essas acdes e experiéncias estdo
desenvolvidas permitem a automatizagdo no incluidas na jogabilidade, @ameplayRollings 2004].
gerenciamento das regras do jogo, a separagdo das
tecnologias externas com as regras e o aumento da Para incorporar o anteriormente dito, neste trabalho
reusabilidade para futuros projetos. criou-se uma estrutura de linguagem, de forma que
qualquer tecnologia pudesse interpretar as regras dentro
Duas das principais ferramentas desenvolvidas de um jogo. Esta estrutura se armazena em arquivo no
sdo um editor de regras e uma biblioteca que formato XML, que foi dividido em areas para oferecer ao
permite utilizar as regras criadas com este editor. Ocriador das regras uma facilidade na organizacdo das
gerenciamento das regras do jogo € proporcionadoidéias de forma simples, definindo seus elementos, acdes,
pela biblioteca e suas respectivas classes, que irad@ercepcdes, estados de jogo e interacoes.
importar os arquivos gerados pelo editor.
O gameplay participa desta estrutura ajudando nas
As ferramentas apresentadas sdo capazes denteracBes por meio de eventos sendo ativadoagioms
promover uma separacdo das tecnologias externagcomo pular, atirar, correr, etc.) gerceptions(como
com as regras de forma transparente, pois osacertar, pegar item quando colidir, etc.), modificando
arquivos gerados pelo editor sdo interpretados pelaattributes (forca, pontos de vida, etc.) ebjects
biblioteca como uma caixa preta, somente se (personagens, carro de corrida, etc.).
preocupando com as entradas e saidas, que no caso
sdo adActionse Perceptiongdo jogo. 2.2 Mecénica de jogo

O aumento da reusabilidade de codigo para A mecanica de jogo é uma construcdo de regras pré-
futuros projetos também pode ocorrer, pois, Uma determinadas para produzir um entretenimento agradavel
vez desenvolvido o jogo com a biblioteca, na ou gameplay Todos o0s jogos usam uma mecanica;
construcéo do proéximo jogo muitas classes poderdoentretanto, as interacdes e os estilos os tornaredtes
ser reusadas. Pode-se inclusive, caso necessarigRollings 2004].
realizar a constru¢do de um conjunto de cédigo de
programacao para a reusabilidade em outros jogos, Um exemplo é o jogo de Xadrez, que tem a
denominado déramework No caso deste trabalho  ajternancia dos jogadores em turnos como um importante
isso acabou ocorrendo, pois ha dergines(um elemento de mecanica de jogo. Isso quer dizer que um
com graficos 2D, outro em console) para 0 mesmo jogador deve esperar a jogada de seu oponente para jogar.
jogo, usando o mesmdramework Caso se  Essa metodologia se usa em alguns jogos famosos do
desejasse portar 0 jogo para terceira dimensao, serigggnero de estratégia, como Civilization. Esta é uma
preciso usar ou construir uemginepara esta, mas  mecanica diferente dos jogos eletronicos de combate em
as regras permaneceriam as mesmas; €asO (rimeira pessoa, em que as regras sdo executadas em
framework fosse compativel, poderia ser usado tempo real, podendo os dois ou mais jogadores realizar
tambem. tarefas ao mesmo tempo.

Considerando ~ os  problemas  descritos ~ Em geral, a mecanica do jogo € um projeto que visa

anteriormente e considerando que as regras € Zermitir que pessoas joguem, tendo uma diversdo e/ou
mecanica do jogo sdo elementos fundamentais,ganhando uma experiéncia.

pretende-se, por meio deste trabalho, apresentar

uma proposta de solucdo: parte do peso e da2_3 Engine
complexidade da programacdo pode ser retirada,
trocando-se por uma ferramenta que seja mais
intuitiva e que ajude a compor e editar a
jogabilidade.

Engineou motor de jogo € um conjunto de bibliotecas que
auxiliam no desenvolvimento de jogos, para videogames
e/ou computadores rodando dentro de sistemas
operacionais. Este conjunto de tecnologias pode incluir
L. gréaficos 2D e/ou 3D, deteccao de colisdo, linguagem de
2. Embasamento Tedrico script, sons, fisica, inteligéncia artificial e redes [MCRO
DE JOGO 2008].
2.1 Gameplay
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Um motor de jogo pode ser denominado também de desenvolvimentos relacionados a este trabalho de
game enginepu engine. concluséo.

2.4 XML Analisando esse modelo estudado, o método de
estruturacdo do arquivo em relagdo a outros arquivos

XML (extensib|e Markup Languagé um formato XML, foi encontrado um modelo intuitivo que Contém

para representacdo e armazenagem de contetido delementos e interacoes para criacdo das regras de um

forma hierarquica, conhecida pela sua criacido delogo. Isso foi de grande importancia para a construgao d

nodos sem limitacdo, validacdo de estrutura, facil Nossa estrutura, visando uma simplicidade visual, sendo

entendimento humano e portabilidade [Harold que uma pessoa com menos conhecimento tecnologico

1999]. pudesse entender o documento, ndo perdendo a
complexidade das regras e suas interagoes.

Esse formato permite que uma aplicagdo possa

criar um arquivo XML e que outro aplicativo 3.2 No mercado de games

distinto possa ler esses mesmos dados sem

restricdo. Por essas razGes foi escolhida esta No mercado existem diversas ferramentas RAD

estrutura para o desenvolvimento da linguagem das[Martin 1991] ou ferramentas de desenvolvimento rapido

regras. usadas para o desenvolvimento sieftwares Dentro
desse nicho devem ser destacadas as que incluem a

2.5 SDK mecanica de jogo no seu sistema, como os aplicativos
Game Factory [CLICK 2007] e Game Maker [YOYO

A sigla SDK Goftware Development Kijgnifica 2007]. Com essesoftwaresRAD podem-se criar jogos

kit de desenvolvimento deoftware Estes kits ~ Por meio de uma interface simples e intuitiva,
normalmente contém documentagdo, codigos, Praticamente sem a necessidade de programacao.
bibliotecas e ferramentas para o auxilio no Entretanto, essas ferramentas sdo limitadas, ppisnals
desenvolvimento dsoftware§SDK 2008]. desenvolvem somente jogos em duas dimensdes, além de
serem desenvolvidas como pacotes fechados, o que
Empresas de grande porte desenvolvem SDKs dificulta a combinagéo destes com outras tecnologias.
para que programadores externos, que ndo tém uma ) ) )
ligagéo direta com a empresa, possam usé-las parao No mercado de jogos em terceira dimensao, pelo que
de desenvolvimento dmftwares foi constatado, existe a ferramenta Dark Basic, que
necessita de um conhecimento de programacao
No trabalho desenvo|vid0, houve a necessidadefundamentada em Basic. H4 também o Game Maker, com
de criar uma biblioteca de gerenciamento das Sua interatividade para pessoas que tém menos
regras, um editor para a edicio das regras e umconhecimento; porém, pela sua proposta comercial acaba
engine para a demonstracdo dos dois jogos, Crfiando uma dependéncia da tecnologia com as regras,
atribuindo a esse conjunto de ferramentas o nometornando o usuario dependente da tecnologia
de SDKGameplay desenvolvida pela empresa criadora desta ferramenta,
diferente da tecnologia proposta.
3. Trabalhos Relacionados _ .
Existe, portanto, uma caréncia de ferramentas RAD
modulares e abertas (para 2D ou 3D) que permitam

f tas RAD dit tino. d programar e testar 0os processos, ou uma ferramenta que
erramentas ou editores para um 1po de permita automatizar amplamente o desenvolvimento de
mecanica especifico, mas usualmente essas

ferramentas ndo sdo genéricas. Este Capituloqualquerjogo.
apresenta alguns desses trabalhos e ferramentass_3 Game Maker
destacando que, neste trabalho, ao contrario dos

outros, buscou-se a criacdo de uma ferramenta
genérica, tipo RAD, voltada para a edicdo de
gameplay

Existem outros trabalhos relacionados com

Game Maker (que significa “criador de jogos”) € um
engine proprietario. Com suporte a uma linguagem de
script renderizagdo 2D portiles isométricos e
retangulares e suporte limitado a 3D. Todos 0s recursos
dos jogos sdo organizados em pastas dentro do programa,
que inclui pequenos programas para criar seus recursos,

Na literatura foi encontrada uma proposta de .,mq editores de imagens, sosstiptse fases [YOYO
modelagem de dados para a criagdo das regras d§007].

jogo, por meio de arquivos em formato de XML
[CAMOLESI; MARBT IN 20025]* enI; artlgob ho. . O Game Maker permite ainda salvar os recursos
apresentao!o nOAS _Games 005. Esse trabalhog g gog para que possam ser usados em outros jogos ou
reforga a importancia do tema aqui abordado, e

também serviu de referéncia para os estudos e

3.1 Regras de jogo em XML
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fora do programa e importar acdes adicionais paradeve ser conectado junto ao jogo com a biblioteca de
estender as funcdes do programa [YOYO 2007]. controle de gameplay podendo assim controlar os
elementos do jogo e jogar (executando a simulacéo, visto

Foi analisado o funcionamento desta ferramenta que o jogo é considerado uma aplicacédo de simulacdo em

em comparagdo com outras descritas; verificou-se tempo real).

gue pessoas que ndo tém um conhecimento técnico

profundo podem desenvolver 0s jogos simples.

Porém, caso se queira criar alguma idéia mais SDK

complexa, ela precisara ser programadasenpts

Este engine contém entrelacadas as regras de i
jogo. Esse fator é negativo, pois o codigo é fechado,|| GamePlay Editor || = . Game
ndo permitindo acesso a modificacfes e alteracbes
Essa caracteristica cria uma dependéncia da
tecnologia para o usuario, que nao pode
acompanhar as novas tecnologias emergentes. Se
usuario criou um jogo no Game Maker e quiser Figura 1 — Organizacdo do SDK e comunicagéo do editor com 0

portar para outras tecnologias terd que desenvolverjogo; pode-se ver que o editor esta exportando o arquivo XML
a légica do inicio. para o jogo, que o utiliza em conjunto com a biblioteca
GameplayLibe oengine

3.4 Dark Basic 4.1 GameplayLib

Dark Basic é umsoftware proprietario para o . - ; Ari
desenvolvimento de jogos para computador. Tem A bibliotecaGameplayLib(Figura 2) contém uma série de
uma linguagem propria baseada em BASIC com componentes que ajudam a desenvolver regras dinamicas,
instrugdes proprias. Possui suporte para Pixel Sendo usada para a criagdo das regras de forma genérica.
Shader e Vertex Shader, suporta modelos animadogPessa formg pode-se importar um arquivo em formato
de muitos formatos e usa os recursos do DirectX 9 XML, que € traduzido para este conjunto de classes

para renderizacdo grafica [HARBOUR; SMITH (representado na cor verde na Figura 2). Depois disso, as
2003]. tecnologias externas podem fazer uso de seus recursos por

meio da classgameplay podendo escutar as execucdes

Neste trabalho foi analisado o funcionamento da (&tivacoes) das regras, as criagoes e destruicoes dos
ferramenta Dark Basic em comparagdo com outrasobjects tudo isto por meio da classtener Com isso, o
descritas. Nesta ferramenta, o usuario precisa terd€senvolvedor tem um controle completo do jogo,
um conhecimento na area de programagcio, a_brlndo uma série de p935|blll_dades; _cada tecnologia
descartando pessoas que ndo dominam a aredliferente, inclusive, poc,le_ra ter uratenerdiferente para
técnica, mas tém o desejo e o conhecimento de criarorganizar melhor seu cédigo.
as regras e suas interatividades. -

P ActionCollection j—b Action |

Este engine contém os mesmo problemas de

. [ TriggerCallection L
entrelagamento com as regras de jogo que o Game Command j—
Maker, sendo um fator negativo. O Dark Basic | etaverColiscton [~
contém técnicas avangadas de renderizagéo, — GamePlay (—

P
[ StateCollection }—} State J

podendo criar jogos com melhor aparéncia; por
outro lado, tem menos recursos automaticos de

regras e interatividades que o Game Maker, [
deixando-o0 menos interativo.

o~
[ ObjectCollection J—b Object J

: )
[ ClassCollection J—} Class J

12
b G ollection G J

4. Metodologia %
L) Listener =

Este trabalho se divide em trés projetos: uma

bibli g Figura 2 — Organizacdo da biblioteGameplayLibh a classe
iblioteca que contro_la as regras, @mgine que gameplayé a responsavel pelo gerenciamento da biblioteca,
controla as tecnologias externas e um editor de pogendo usar as classes conectadas istimeré a classe que
JOgos. interage com as tecnologias externas.

A construgéo do SDK -Software Development
Kit (Figura 1) estéa dividida no editor dameplaye
na bibliotecaGameplayLib Por meio do editor
pode-se criar e alterar a mecéanica de jogo, gerando
um arquivo em XML. Uma vez exportado, este

VIl SBGames - ISBN: 85-766-9204-X 9
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denominado degenerator que percebe que quando

Engine and Gameplay comunication. morrem quatro fantasmas deve nascer um numero
randémico entre um e quatro, mas nunca deve-se
| Perception | | Trigger | ultrapassar quatro fantasmas.
4.1.1 Trigger

Triggers sdo eventos ativados, de modo automético ou
manual, quando houver uma acaaction) em relacdo a
Update Generator um state gamgou ao ocorrer uma interagdo com o mundo
[ Listener | < | Uocate senavior virtual, ou vindo de umobject secundario com uma
perception Uma vez ativado, executa csmmandsque
posteriormente desativam-se automaticamente.(Figura 4).

Figura 3 — Ciclo de comunicag&o doginecom a classe
gameplay Inicia com oengineativandogameplay que
por sua vez atualizageneratore obehavior que por sua
vez escuta osommandsexecutados, gerandoemgine
perceptiongde volta para trigger.

Engine and Trigger comunication.

EOUGEEI

Como exemplo, pode-se tomar o jogo do
Pacman. O criador das regras deve se preocupar em
criar elementos de interatividade, como Pacman,
Fantasma, Ponto, Vitamina e Parede, que s&o aqui -
denominados delements Cadaelementpode ou
ndo se ligar com umelass caso haja necessidade
de criacdo de variaveis auxiliares. No caso, 0 - J
Pacman necessita das variaveis auxiliares para

realizar a contagem de pontos e verificar se ele esté':igulra 4~ Ciclo de comunicagdo dmgine com o evento
em um estado em que consegue matar os fantasmatsﬁgger_ Inicia com a entrada de dados ativando waoton

(apds pegar a vitamina). Cadementpode conter sendo enviada para umgger. O enging por sua vez, escuta 0s

acdes que s&o usadas na interacao com 0 jogo. N@ommandsxecutados gerandwerceptions que voltam para o
exemplo, o jogador pode realizar agdes como trigger.

movimentos para cima, para baixo, para a esquerda

e para a direita, denominadasad#ions As actions Dentro deste evento podem existicommandsque
normalmente sdo ativadas pela entrada de dadosontém as regras do jogo. Estas regras serdo expglicada
(teclado, mousejoystick etc.), que oferece 0 melhor na sessdo (4.1Gomman)yl Tanto asactions
enginee enviada para a biblioteca que contém as como asperceptionspodem ser executadas com um ou
regras do jogo denomina@ameplayLib Esta, por ~ com n objects podendo realizar mdltiplas interacées.
sua vez, executa as regras que se referem a ativacdgabe ainda destacar que cadgger pode ainda acionar
daaction e aoelementjue a ativou (no exemplo, 0 outrotrigger, ativando multiplos eventos.

Pacman é celemente aaction é andar para a

frente). A biblioteca avisa aengineque o Pacman Os eventos podem ser filtrados por um determinado
andou, e este move o personagem na tela. CasGtate game perception action e object Assim, o
existia uma parede na frente e ele ndo possa andardesenvolvedor tem controle para ativar eventos somente
0 engine envia umaperceptionpara a biblioteca  para um determinado estado. Por exemplo, em um jogo de
avisando que o Pacman colidiu com a parede, RPG combate, perceptionso se ativa quando recebe um
podendo gerar ou ndo unaation de volta para 0 ataque e se este ataque é deelementdo tipo inimigo.
engine Isso vale para os eventos do tiggger e behavior

Este é o elo de comunicacgéo entrenginee a 4.1.2 Behavior
GameplayLib Todas agerceptionssédo enviadas

mediante  eventos do tipotrigger (evento Behaviorssdo eventos ativados automaticamente quando
instantaneo). Exemplo deerceptione o Pacman  m gpjecttem escolhido sebehavior Assim, cadabject
colidindo com a parede, fantasma, 0 ponto Ou a poge ativar somente urbehavior por vez. Uma vez
vitamina. Dentro dosriggers pode-se modificar 0 4ijyado, executa csommandsndo se desativando logo a

state gameas variaveis daslassese a ativacdo de  geqyir. E necessario ordenar a desativacdo por meio do
behaviors Caso o Pacman pegue uma Vitamina, gpiect behaviorou trigger.

ativa-se umtrigger, que por sua vez ativa um
behavior (evento néo-instantaneo) de 30 segundos  peantro desse evento podem existicamamndsque

durante os quais ele pode matar os fantasmas. Acgniem as regras do jogo. Essas regras serdo explicadas
cada ciclo de jogo existe um gerador de agenteselhor na sessio 4.1Cdmmand
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Por meio de umbehavior podem-se ativar n  pode controlar trés personagens. Isso pode ser
triggers dando uma maior flexibilidade das regras. representado, no contexto deste trabalho, pela criedo
Um exemplo debehavior € o planejamento e tréselementsPersonagem A, B e C. A mesma coisa vale

execucao de trajetérias (e.g. AA-Stal). para inimigos: existem diferentes tipos de inimigos,
podendo ser classificados por sua raca, dificuldade, ou
4.1.3 Command pelo fato de ser um chefdo. O mesmo ocorre com

obstaculos como parede, chao escorregadio, etc.
Commandsséo regras de estados que interagem

com um object primario ou secundarioObject ~ Cadaelementpode ser ligado com um componente do
primario é aquele que executa o evento, e o tipo class Essa ligacdo € realizada quando se necessita
secundario é usado somente no evetnigger, atribuir variaveis a urelement

guando for executada uraation ou perception o _ _
No caso do conhecido jogo do videogame da Atari

Todas estas regras interagem conatsbutes denominado Pacman, etementssédo Fantasma, Parede,

de um object, podendo modificar o jogo. Um  Ponto, Vitamina e o préprio Pacman.
exemplo é ganhar pontos em um jogo, O

personagem deve ter urattribute deniminado

ponto. Ele s6 pode alterar essdfibutes através 4.1.5 Action

dos operadores.

Actionrepresenta as agfes queobgectspodem realizar.
Existem operadores do tipo somadores, No caso do Pacman, pode ser exemplificado como andar
multiplicadores e divisores. Esses operadores sdopara a esquerda, para a direita, para cima e para baixo, no
UsadOS juntO ao&ttributesde UmObjeCt pl’imél’io caso do jogador; para 0 Fantasma1 as ana'sns Sao
ou secundario, ou mesmocommandinteragindo perseguir 0 Pacman ou fugir dele.
com dois tipos deobjects seja alterando ou

comparando seuattributes Exemplo: O simbolo As actions podem ser ativadas pelo correspondente
‘@+@S” significa que “@" éattribute primario, enginecomunicado com &ameplayLib No exemplo, o

“+” € igual a mais e “@S” € igual attribute jogador, por meio de, por exemplo, um tecladonowse
secundario, traduzindo para a forma humana dessgode mover o Pacman. J& no caso do Fantasma néo é o
forma: attribute do object priméario maisattribute jogador que manipula, entdo a entrada de dados é
doobjectsecundario (Figura 5). substituida pela inteligéncia artificial para encontrar o

menor caminho até o Pacman para captura-lo.

GML Operators

#s =& 4.1.6 Perception

Perceptionrepresenta as percep¢fes que interagem com
um object ou mundo externo. No caso do Pacman pode
ser exemplificado como colidir com um fantasma, com

um ponto, com uma parede ou com uma vitamina.

Aprofundando o assunto, engineé responsavel por
enviar essas percepcdes para a biblioteca por meio de
eventos do tiptrigger. Nesse momento, a biblioteca pode
modificar as varidveis daslasses dos behaviorse do

¢ ¢ state gameO engineescuta esses eventos e 0s executa,
Figura 5 — Exemplo de operadores no padrédo GML gerando processos e respondendo geroeptionsAssim
(Gameplay Language ele continua até o estado de fim de jogo, podendo se
tornar uma vitéria ou uma derrota.

@ ®
[T

A cada execucdo de utommangsao enviados
eventos para oslisteners que posteriormente 417 Gameplay
repassardo essas mensagens para as tecnologias

xtern rian ma ponte de conexao. ;
externas, criando uma p O gameplaygerencia as classes e une todos os elementos.

Por meio dele pode-se usar todos os componentes para
usufruir as regras do jogo. Existe uma funcdo denominada
updateStep que serve para atualizar dsehaviors

No componenteelementestéo representados oS (comportamentos dasbjecty e osgenerators(geradores
elementos que compdem a interatividade do jogo, deobjecty.

z

pois todo jogo € constituido de um ou mais

jogadores, inimigos e obstaculos — tudo isso S80  Egte gerenciadogameplayfoi construido para ter
elementsExistem jogos em que um Unico jogador gomente uma instancia, ndo possibilitando  ao

4.1.4 Element
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desenvolvedor cria-lo duas vezes. Em padrdes dedestreza. Sem contar que ainda podem existir muitos
projeto isto é denominado dsingleton Esta finais diferentes dependendo do caminho que o0 jogo
decisdo foi tomada para simplificar o entendimento tomar em seu desenrolar, por exemplo, acabando de uma
dessa biblioteca e diminuir a margem de erros, maneira se matou o oponente ou de outra caso néo tenha
como criar componentes desvinculados. Isso conseguido mata-lo.

facilitou no proprio desenvolvimento da biblioteca,

diminuindo a quantidade de testes. 4.1.100bject

4.1.8 Class Objectguarda osttributes o elemente obehaviora ser
usado. Por exemplo, coobjectdenominado Herdi Joao
Por meio daglassse criam o®bjects Elas foram ~ pode se ligar a varioattributes como pontos de vida,
criadas para nao perder a referéncia ao gerar Oufor(;a, magias, entre outros itenselementdo t|p0 Heréi,
inicializar as regras. Aclass é constituida de OU ainda inserir velocidade, marchas, turbo representado
element behaviore attributes Caso seja desejado, Jjunto a umelementdo tipo carro. Resumindo, esses

o desenvolvedor tem acesso para modificar asattributespodem significar qualquer coisa, de acordo com
atribuicdes iniciais. a necessidade do desenvolvedor, para a criagdo de seu

jogo.
Essas atribuigBes iniciais referem-se atisbutes
daclass Por exemplo, quando se criarhjectsda 4.1.11Attribute
class carro, pode-se definir que é uma Ferrari ou
um Fusca, mas ele sempre nasce Fusca, pois ndttribute € um componente constituido de um nome e um
class Carro esta selecionado attribute “tipo de valor do tipo inteiro, existente dentro dbject e class
carro” para Fusca. Pode-se tanto modificar o Com isso mbjectpode conter uma série déributesque
attribute inicial daclasscomo doobject Isso da um vao interagir com as regras, abrangendo as relagbes d
poder de customizagéo, realizando modificagbes eminteratividades de um jogo.
cima dosattributese aumentando as possibilidades

de criacdo das regras. Um exemplo séo os jogos de RPG, que necessitam de
uma grande quantidade d#ibuttespara a customizagéo
4.1.9 State Game do personagem, criando um maior numero de

possibilidades de interagdo com as regras de um jogo.

State Gameepresenta um estado do jogo, sendo

que um jogo pode ter n estados (implementando de4-1.12Generator

certa forma uma FSM Finite State Machine Os

jogos mais simples contém inicio, meio e fim. Generatoré um gerador debjectsem que se pode
Outros jogos mais complexos podem ter n estadosescolher o nimero de geracdes a serem geradas, pois a
de inicio, meio e fim. Em alguns casos, dependendocada ciclo podem morrerobjects sendo criados

do state gamatual, mudam as regras do jogo. Esta Novamente em um determinado intervalo de tempo. Pode-
ferramenta também proporciona funcionalidades Se escolher, por exemplo, que a cada 5 segundos nasca um
como geréncia de contextstdte gameatual) e =~ Nnumero pre-determinado debjects ou que uma

mudanca dstate game quantidade indeterminada (aleatéria) dbjects seja
gerada. Sendo assim podem-se criar geracoebjdets
Um exemplo de aplicacdo desate gameé o no state gameyue inicializa o jogo, ou mesmo durante a

caso de jogos de RPG. O agente inicia em um execugéq do jogo, caso se deseje estar sempre criando
estado de “navegar’, em que pode andar por um novosobjects

vilarejo. Dependendo de onde ele caminha, é

ativado um modo de combate aleatério, mudando o NO jogo do Pacman, por exemplo, quando inicializa ja
estado do jogo para “em combate”. Caso o agenteexistem trés fantasmas, nunca mais, isso porque foi
perca a batalha, o jogo ndo termina, voltando ao estipulado assim pelo criador das regras. Quando morre
estado de “navegar’, em que pode andar peloUm ou mais fantasmas a cada ciclo podem nascer de um
mundo até encontrar um ferreiro e mudar de estadoaté trés fantasmas.

para “comprar itens”. Sendo assim, a cada mudanca

de estado mudam as regras do jogo. Quando se est4.2 Formato GML

navegando so6 interessa andar; quando se esta em

combate s6 interessa ver os atributos de forca,A formatacdo GML Gameplay Languagéoi baseada no
destreza e magia para decidir quem ataca primeiro,artigo denominado “Um Modelo de Interagbes para
a chance de acertar, a quantidade de dano causadRefinicao de Regras de Jogos” [CAMOLESI; MARTIN

no oponente, etc. E quando acaba a batalha, aind&2005], sendo escolhido o formato XML, envolvendo
se pode navegar até uma taverna, entrando nd:omponentes com as SegL”nteS eSpECIflca(;ﬁeS: ator,
estado de comprar itens e escolhendo os objetos qué@bjeto, atividades, espaco e tempo. Estes elementos fora
deseja comprar para ganhar vida, forca, magia econtrolados por um livro de regras.
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idElement e idAction). Antes de ativar as regras, a
A teoria foi fundamental para dar inicio a biblioteca verifica se o estado de jogo € o indicado em
criacdo das regras do formato GML, tendo como idStateGamgse oobjectprimario ativado pelo evento € o
definicdesElements Objects ClassesState Game, mesmo que O presente edElement se aperception
Generators Triggers Behaviors Actions e ativada confere condPerceptione se actionativada é a
Perceptions mesma que a indicada edAction Caso se deseje ativar
a trigger para qualquer valor de uma determinada
Nao se optou aqui pela mesma especificacdo dopropriedade, usa-se o nimero “-1". Para queigger
artigo citado, pois foi encontrada dificuldade na nunca seja ativada, usa-se “-2”. Um exemplo da opcéo “-
criacdo de uma aplicagdo digital; existem muitas 2" é criar umatrigger somente para o tratamento de
relacbes entre os nodos, ndo proporcionando umaactions nesse caso erceptionfica com a opgéo “-2".
arquitetura adequada para uma biblioteca.
Um fator que diferencia dsehaviorse ostriggers é
Com o objetivo de criar regras genéricas, 0 que osbehaviorssdo sempre executados a cada ciclo de
formato GML teve de ser testado com diferentes jogo e tém uma restricdo a mais, que € o tempo estipulado
tipos de jogos, compostos por diferentes regras, pelo criador das regras. Outro diferencial é que elés est
géneros e tecnologias. Para isso foram analisadodigados aosobjects Cadaobject contém uma possivel
quatro jogos de tipos diferentes — Super Mario ligacdo para unbehavior sendo assim, caddbjectpode
World, Pacman, Chrono Trigger e Need For Speed ter umbehaviordiferente.
—, a fim de encontrar um padr&o na formatacéo de
regras que pudesse comportar tanto um jogo 4.3 Como desenvolver um gameplay
simples como um complexo.

Ao longo do trabalho, passou-se por diversas experg@ncia
Depois de analisados os jogos, descobriu-se queno desenvolvimento das regras, até conseguir deixa-las

existe um padrdo entre todos eles, possibilitando atotalmente genéricas. Por esse motivo devem ser
criacdo de regras genéricas. Foi constatado queobservados alguns tdpicos, como simplicidade,
essas regras podem suportar qualquer tipo de jogopersonalizacdo,agneplaye tecnologia externa.
mas se devem seguir algumas recomendacdes para
criar as regras no item “Como desenvolver um 4.3.1 Simplicidade
gameplay.

Manter a simplicidade é saber entender as regras na sua
4.2.1 Projeto esséncia, precisando entendé-las de uma visdo abstrata,

esquecendo os algoritmos que fazem o jogo funcionar. A
Foi criada uma biblioteca para importacdo e pessoa responsavel pelo desenvolvimentayameplay
exportacdo em XML no modelo GML, para ndo deve detalhar o tipo de algoritmo de colisdo ou de
interpretar a estrutura do arquivo e inserir na renderizagdo, mas de como os elementos devem interagir
biblioteca GameplayLib Exemplos de arquivos entre si resultando em uma vitéria, derrota ou empate.
com a descricdo XML adotada t@amePlayXML Um exemplo € o jogo do Pacman. O criador das regras
podem ser encontrados neite da internet deve se preocupar em criatementsde interatividade,

desenvolvido para este projeto como Pacman, Fantasma, Ponto, Vitamina e Parede;
(http:/itinyurl.com/4uvbam) e nos anexos deste actions que o jogador pode realizar, como movimento
trabalho. para cima, para baixo, para a equerda e para a direita,;

perceptionsque o0 jogo responde referentesed@mente
O modelo GML é representado por nodos, suasactions como o Pacman pode colidir com a parede,
propriedades e valores. Existem nodos organizadoscom o fantasma ou com o ponto, e como ird afetd-lo
por elements actions perceptions state game trocando destate gameomo vitéria ou derrota.
initializes  triggers  comands  behaviors
generators objects e classes Propriedades 4.3.2 Personalizacdo
especificas para cada nodo permitem criar,

modificar e destruir estados conforme as regras doA medida que se desenvolvem as regras, pode-se perceber
jogo. Cada propriedade contém valores padrdes,que alguns elementos ficariam mais bem incorporados
usados em operadores e identificadores dosdentro doengine seja porque facilita na programacéo ou
componentesobjects elementsetc.), e os valores  por questdes de performance. Quando for necessaria essa
inseridos pelo desenvolvedor do jogo para criar as decisdo, deve-se perguntar se fara diferenca na hora de
regras. personalizar depois de terminado o jogo, pois em caso
afirmativo havera dificuldade de personalizacdo, tendo
Cada evento tigger ou behavio) necessita  que abrir o cédigo-fonte e compilar e entrar em ciclo de

cumprir alguns requisitos para poder ser executada.pygs perdendo tempo de uma mao-de-obra de alto custo.
Como se pode ver na, em todos 0s eventos existem

propriedades (comaddStateGame idPerception 4.3.3 Gameplay e tecnologia externa

VIl SBGames - ISBN: 85-766-9204-X 13



SBC - Proceedings of SBGames'08: Computing Track - Full Papers Belo Horizonte - MG, November 10 - 12

her6i mais fraco vencer um inimigo mais forte e vice-

As regras devem ser criadas separadamente da¥ersa, tornando o jogo mais divertido. o
tecnologias, pois do contrario havera dependéncialSto € feito em cima doattributes do object primario e
entre ambOS, impedindo migragéo para outras secundario em Conjunto com uma rand0m|za§a0 nesses

tecnologias. valores.

E um erro comum incorporar as regras com a  Para a execucéo de cada evento,olmject primario
posicdo do jogador com duas dimensdes x e y.deve ser referenciado para a execucdo das regras e, caso
Nesse momento esta havendo ligagéo da tecnologias€ deseje, podem ser referenciadbgects secundarios.
com as regras, e isso acarreta a dependéncia de um0 caso do evento “atacar_forca”, necessita-sebgiect

biblioteca de duas dimensdes. No momento em quePrimario e secundario para a realizacdo de um ataque,
se trocar para uma que tiver trés dimensdes tera dd?0is nas interacoes destas usanaisigbutesdosobjects

haver mudanca nas regras. como forga, vida e chance de acertar.

Em vez de dizer “o botdo A", diga “acelera o UM ataque pode ser usado de aljectprimario para
carro”; em vez de dizer “X + 1”. diga “para frente”. UM object secundario ou de urobject primario para
Isso facilitara o entendimento dos programadores Muitos objects secundarios, permitindo a realizagdo de

para a implementacéo do jogo. ataques simultaneos. Isso pode ocorrer de um herdi para
inimigo, ou vice-versa, tendo em vista que, para realizar
4.4 Resultados este feito, necessita-se de uma organizagéo das ordens do

atributos. Se os atributos desejados para a interagio for
0S mesmos e na mesma ordem, independentemente dos

O principal resultado que permite validar e avaliar ~>. 3
objects o evento executara as regras sem problema

este trabalho é o desenvolvimento de dois jogos.
Cada jogo teve suas regras analisadas, pensadas %gum.
criadas no formato GML. Posteriormente, as regras

foram ligadas a biblioteca com engine, para o
funcionamento do jogo.

Os dois jogos desenvolvidos foram uma verséo
do Pacman (rodando em console) e um jogo estilo
RPG (que possui duas versdes, uma com graficos
em duas dimensdes e outra em console).

Console

RPG.GML

SDL
4.4.1 Jogo estilo RPG 4-
O jogo de RPG foi desenvolvido com base nos

jogos de Super Nintendo, como Chrono Trigger. Figura6 — Jogo de RPG de console em estado de navegac&o; um
Este jogo de referéncia foi importante para 0 fator importante é ques trésenginesestdo usando o mesmo
entendimento da mecénica de jogo, pois em um arquivo GML.

RPG, dependendo do estado de jogo, as regras

mudam. 5. Considerag0es finais

Em uma visdo geral a mecénica de jogo A principal motivagdo deste trabalho era criar um
funciona da seguinte forma: no momento inicial, 0 conjunto de ferramentas para o auxilio na criacdo de
personagem pode andar pelo mundo, mas quandaegras de jogos digitais de uma forma genérica, focada
chega perto do inimigo, entra-se em estado de para as pessoas que ndo tém um profundo conhecimento
combate, no qual as regras do jogo sdo modificadas.na area tecnolégica. Para isso, foi necessaria gloride
Durante o combate o personagem n&o pode maisuma estrutura usando o formato XML, proporcionando a
andar pelo mundo até terminar a batalha. Se o jogoseparagdo dgameplaye doengine por meio de uma
estiver no estado de navegacéo, € possivel aindaiblioteca que gerencia as regras. Esta separagdo ajudou
entrar em uma loja, que faz o jogo entrar em modo na prototipagdo de jogos podendo usar motores mais
de compra, permitindo comprar itens que v8o simples para testes de jogabilidade.
ajudar no combate.

Visando a criagdo do editor, foram estudadas trés

Os eventos permitem a realizacdo de atribuicdes ferramentas no mercado de jogos: Game Maker, Dark
randdémicas em cima dstributes ajudando para a Basic e RPG Maker. Concluiu-se que, para obter uma
criacdo das regras referentes a chance de atingir mao-dependéncia das tecnologias, era preciso se desligar
adversario durante o combate, pois nos jogos dedos recursos de um jogo, como imagens, sons e modelos
RPG existe o fator sorte: existe a chance de um2D ou 3D, focando o pensamento somente nas regras.
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No desenvolvimento do engine 0 HARBOUR, Jonathan S.; SMITH, JoshuaBeginner’s Guide
desenvolvedor ganhou beneficios utilizando a To Dark Basic GamProgramming. Portland®remier Press,
ferramenta como: automatizacdo das regras, 2003.
separacdo das tecnologias. Resultando em um

cdigo robusto e organizado. HAROLD, Elliotte Rusty.XML Bible IDG Books Worldwide,

1999.
Depois de desenvolvido o editor e,d_e exportadas mARTIN, James. Rapid Application Developmentndiana:
as regras para engine era necessario criar os Macmillan Coll Div Publisher, 1991.

resultados, que no caso sdo o0s jogos para verificar a
mecanica de jogo. Foram desenvolvidos dois jogos: MOTOR DE JOGO (Definicdo) - Wikipedia. Disponivel em:
Pacman, usando uﬂ'nginede Cor‘|so|e7 e um jogo <http://pt.wikipedia.org/wiki/Motor_deJogo>. Acesso em:
estilo RPG com doigngines(um em 2D e outro 20 maio 2008.
mais simples para prototipacdo em console). ESDK Definicio . Wikivedia Disponivel  em:
importante destacar que 0 arquivo em XML com as <http:(//pt.wiﬁipe)dia.org/Wiki/SrI?)K>. Acesso em: 20 maio
regras do jogo estilo RPG era o mesmo em ambos  5qg’
engines Isso demonstra que foi atingido o objetivo
de independéncia de tecnologia. YoYo Games -  Gamemaker. Disponivel em:
<http://www.yoyogames.com/gamemaker/>.

Todo o processo de desenvolvimento do
trabalho esta disponivel na internet, rdog
http://sdkgameplay.blogspot.com. No  mesmo
endereco também se pode realizatosvnloadda
ferramenta sob licenca LGPL.

Este trabalho tem potencial ndo s6 de ajudar as
pessoas que tenham menos conhecimento técnico,
mas também de integra-las com as pessoas que
dominam a tecnologia. Isso permite que essas
pessoas possam realizar parcerias pra a construgéo
de jogos, criando um elo entre os conhecimentos.
Isso antes ndo era possivel porque as ferramentas
estudadas ndo permitiam que pessoas com mais
conhecimento tecnoldgico tivessem a oportunidade
de wusar, modificar, alterar ou adicionar as
tecnologias existentes.

Este trabalho vai ajudar a comunidade de jogos,
pois, parametrizando as regras de uma forma
genérica, possibilita-se o compartiihamento no
mundo digital usando um formato popular
denominado de XML. Une-se, assim, profissionais
técnicos e desenvolvedoresgiameplay

O proximo projeto seria explorar gameplay
utiizando as tecnologias construidas para a
realizacdo de experiéncias cientificas referentes aos
tipos de mecéanicas de jogos existentes, resultando
na diversdo, para futuramente o programa poder
ajudar na construcdo desses jogos.
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Abstract

This paper presents a new and effective method for
parallel octree culling and sorting for multicore
systems using counting sort and based on a new
balancing algorithm, called adaptive delayed static
balancing. The adaptive nature of the method is
governed by a dynamic split level that can adjust the
algorithm to new camera positions keeping a well-
balanced workload amongst the processors. Also this
paper introduces the concept of n-dimensional
resource space as a discrete Euclidean space. This
work presents a simple and effective thread
management system called MinTMS.

1. Introduction

Octree culling is a classical algorithm for reducing
the amount of data sent to the GPU for rendering. The
technique consists of dividing the 3D space into eight
cubes and repeating the process for each cube until a
certain level of the octree is reached (usually, the
leaves) and objects are stored. Rendering is done by
testing the intersection of the view frustum with the
octree nodes and sending to the GPU only the visible
objects. In this case, if a certain node cannot be seen its
entire subtree is pruned from the octree. This process
can be easily parallelized, but the balance of the
workload is not trivial. Another aspect of the rendering
process is resource sorting (e.g. Textures, meshes, and
pixel shading techniques). There is always a cost
associated to resource changes. Therefore, these
changes should be reduced by sorting and grouping
objects with common resources. Most of the methods
for parallel rendering is concentrated on PC clusters
and grids, while the literature on parallel culling for
multicore systems is scarce. This paper presents a new
and effective method for parallel octree culling and
sorting for multicore systems using counting sort
(which is O(n) time) and based on a new balancing
algorithm called adaptive delayed static balancing.
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Tests revealed a performance improvement of the
culling process between 3 and 4 times in relation to the
classical single threaded octree culling process.
However, the most important performance analysis
concerns the capability that the proposed method has to
adapt itself to new camera positions, which are
continuously changing over time.

This paper is organized as follows. In the next
section, previous works are analyzed. In section 3, we
present the concept of the adaptive delayed static
balancing for parallel culling. The algorithm for node
rendering is presented in section 4. Section 5 presents
the adaptive nature of the proposed method. In section
6, we have the entire algorithm. Also this paper
proposes a simple API for thread management called
MinTMS in section 7. Section 8 presents the parallel
sorting method that handles the sorting of multiple
resources of the objects. Finally, some results are
described in section 9 and section 10 presents some
final remarks.

2. Related Work

A lot of research on parallel search and sorting
algorithms has already been done and many techniques
exist in the literature [Grama et al. 2003] [Wilkinson
and Allen]. Also several works have been carried out
in the area of parallel rendering using sorting
techniques. Molnar et al. [1994] proposed a
classification of parallel rendering system based on in
which stage of the rendering pipeline the sorting is
carried out (sort-last, sort-middle, and sort-first).
Humphreys et al. [2002] present a sort-first method for
distributed rendering using a cluster of common PCs.
Abraham et al. [2004] propose a load-balancing
strategy for sort-first distributed rendering using PC-
based clusters. Baxter et al. [2002] present a parallel
rendering architecture using two graphics pipeline and
one processor, including occlusion culling, LOD and
scene graph hierarchy. However, these works
concentrate on distributed rendering using PC clusters
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and/or on global aspects of parallel rendering. The
literature has few works concentrated on algorithms for
parallel culling and sorting using multicore systems.

Octree is a classic data structure used in many
computer graphics applications [Foley et al. 1995],
[Dalmau 2003]. However, parallel occlusion
algorithms using octrees are not usual. Greene et al.
[1993] are the first authors to propose an octree
hierarchy for visibility computation with some
potential to parallelize. Their work had a great
influence on graphics hardware design. Xiong et al.
[2006] present an algorithm for parallel occlusion
culling on GPUs clusters using the occlusion query
function provided by current GPUs. As far as the
authors of the present papers are aware, there is no
previous work on parallel octree occlusion and sorting
for multicore systems based on simple and efficient
static balancing and O(n) time sorting algorithm.

3. Initial Concepts

One of the main problems in parallel culling using
octrees is how to balance the workload amongst the
processors. The simple strategy of equally distributing
the top level nodes between processors (called static
balancing) may result in long idle times in some
processors at certain camera positions. An alternative
solution to the problems of static balancing is the use
of a dynamic balancing strategy, where a processor
asks another one for working when it becomes idle.
The drawback of this solution is the addition of
increasing communication overheads. In this paper, we
propose a new and effective strategy called “adaptive
delayed static balancing” that has the following
characteristics:

1. Instead of distributing the nodes equally
amongst the processors at the start of the
processing, the algorithm waits until a certain
level d (called “split level”) in the octree is
reached and only then it distributes the work as
a static balancing procedure. This characterizes
a “delayed” static balancing strategy.

2. Irrelevant nodes are pruned from the tree before
the work is distributed amongst the processors.

3. The split level d is dynamically adapted to
changes in the virtual environment. This
characterizes an “adaptive” strategy.

The reason for the implementation of the above-
mentioned delay is that the frustum usually interacts
with the nodes in lower levels of the octree. In such
lower levels there is a better chance for a more
balanced distribution of work. In the proposed
algorithm, before the split level d is reached, a
sequence of nodes is visited in a breath-first way and a
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list of nodes (node_list) is prepared for the distribution
stage of the algorithm. Irrelevant nodes (i.e. branches
of the tree with no intersection with the frustum) are
automatically pruned from node_list. The nodes from
node_list are distributed amongst the processors by
creating a list of nodes for each processor and storing it
in a vector called working_list. The implementation of
this strategy requires the following main tasks:
e To visit the nodes until the split-level is reached
e To set up the list of nodes to be distributed
(pruning the octree adequately): node_list
To expand nodes in node_list
To render the leaf nodes of the octree that are
intersected by the frustum

4. Rendering Nodes

The tasks presented in the previous section can be
accomplished by the function RenderNodes(idx, n,
node_list, frustum). In this paper, “to render nodes”
from an octree means to add the objects from a leaf
node to a data structure that should be processed by the
processor idx considering resource optimizations and
GPU communications. The function RenderNodes can
transverse the octree completely or stop after n nodes
(n = 0 means no limit to transverse the tree). In the case
of having a limit (n > 0), this function returns a non-
empty node_list containing the nodes to be distributed
amongst the processors (including the main processor
that is currently setting node_list up). Figure 1 presents
the pseudo-code of the function RenderNodes, where
frustum is a structure containing the coordinates and
orientation of the frustum (which are constantly
moving at each frame in time).

RenderNodes(idx, n, node_list, frustum)
set node_count to 0
while node_list is not empty
node = first node of node_list
eliminate first node of node_list
if frustum intersects node
if node is a leaf
add all objects of node to idx data
else
put children of node at the end of node_list
ifn>0 // i.e.: render must stop after n nodes
increment node_count by 1
if node_count is equal to n
break the loop of while
return node_list

Figure 1 The function to render nodes

The function RenderNodes can be executed by the main
processor (e.g. P1) or one of the secondary processors
(e.g. P2, P3, or P4). In the case of secondary
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processors, RenderNodes is executed by another
function that is controlled by a thread management
system. This later function is
RenderNodesProcessorTask(idx, working_list[idx]), where
idx is the processor index and working_list is the list of
nodes to be processed, as shown in Figure 2. The
global vectors startTime[idx] and endTime[idx] are used
to calculate the idle time of the processors. The task
RenderNodesProcessorTask is controlled by using a new
and simple API for thread management proposed in the
present paper.

RenderNodesProcessorTask (idx,working_list[idx])
get current time and save it as startTime[idx]
RenderNodes(idx,0,working_list[idx],frustum
Get current time and save it as endTime[idx]

Figure 2 Calling RenderNodes for processor idx

5. Dynamic Adaptation of the Split Level

Before presenting the complete algorithm proposed in
this paper, we should consider the dynamic adaptation
of the split level. The best split level (d=0, d=1, d=2,
...) is the one that minimizes the sum of the idle time
of all processors. Our algorithm employs an adaptive
strategy that constantly changes the split level. This
strategy is based on the fact that deeper levels tend to
reduce the total idle time. Therefore, we expect that
each new time frame should increment the split level d.
However, depending on the movement of the camera
through the virtual environment, the tendency for
decaying idle time is broken and decrements in the
value of the split level should be tried until the normal
trend is recovered (i.e. the increase of d causes the
decay of total idle time). This is a process that searches

totalidletime |

trend = true

trend = false
°

trend = true
P B

Figure 3 Trends (decaying idle time with increasing
d) and adjustment periods

d

for the optimum value of d. There is no way of
deducing a function relating d and total idle time.
Experiments have suggested us that trends (solid lines
in Figure 3) can be eventually disturbed by adjustment
periods (dashed lines in Figure 3). This behavior
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inspires us to propose the function split_level to
dynamically adapt d to changes in the virtual
environment based on trends, as shown in Figure 4.

Last sum of the idle time of all processors as a global
variable: last_total_idle_time = 0

Current trend as a global variable: trend = false

Number of levels of the octree as a global variable (already
calculated): num_levels

split_Level(d, total_idle_time)
if total_idle_time is greater than last_total_idle_time
reverse trend // e.g. trend = not(trend)
if trend is true
if d isless than (num_levels — 1)
increment d by 1
else
if d is greater than zero
decrement d by 1
last_total_idle_time = total_idle_time
return d

Figure 4 Function split_Level to dynamically adapt
d to changes in the virtual environment

6. The Proposed Algorithm

Considering the explanation presented so far, the
adaptive delayed static balancing algorithm can be
described by the pseudo-code of the function
ADStBalancingRender(d, octree, frustum) in Appendix A,
where d is the split level (initially zero), octree is a
structure containing the octree of the scene, and frustum
is a structure containing the coordinates and orientation
of the frustum (which are constantly moving at each
frame in time). The function ADStBalancingRender is
called by the main program at each time frame. This
function calls CalculateTotalldleTime() that is presented
in Figure 5.

7. MinTMS

The proposed algorithm considers that the threads are
initialized by the main program. This initialization
procedure together with three other procedures (used in
ADStBalancingRender, Appendix A) are proposed as a
simple API for thread management that hides the
difficulties of using low level system functions. This
API, called MinTMS (for Minimum Thread
Management System) (see Appendix A), is described
as follows:

Init(n)
This method creates n threads that remain blocked
until StartWorking() is called.

SetTask(idx,task,data)
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This method sets a task and the data to be processed
by the thread idx. The task is executed when
StartWorking is called.
StartWorking(idx)
This method unblocks the thread idx. The thread idx
returns to a blocked state after processing its task.
WaitUntilWorkFinished()
This method implements a barrier and blocks the
main processor until all threads have finished their
tasks.

The starting processing time of each processor as a global
vector: startTime[]

The ending processing time of each processor as a global
vector: endTime[]

Total number of processors
num_processors

as a global variable:

CalculateTotalldleTime()
min = stratTime[0]
max = endTime[0]
for i = 0 to (num_processors -1) stepping by 1
if startTime is less than min
min = startTime[i]
if endTime[i] is greater than max
max = endTime[i]
idle=0
for i =0 to (num_processors -1) stepping by 1
increment idle by (startTime[i] — min)
increment idle by (max — endTime[i])
return idle

Figure 5 Function to calculate the total idle time
8. The Proposed Counting Sort Method

8.1 Sorting Algorithms

The main feature of a sorting algorithm [Cormen et
al. 2001] is the amount of time required to reorder n
given numbers into increasing order. However, there
are other features to be considered. A sorting algorithm
is called in-place if it uses no additional array storage
(buffer) and is called stable if duplicate elements
remain in the same relative position after sorting.
Mergesort is a stable O(n log n) sorting algorithm but it
is not in-place. Heapsort is an in-place O(n log n)
sorting algorithm, but it is not stable. Quicksort is
regarded as one of the fastest sorting algorithm, but it
is not stable and, stickling speaking, it not in-place.

It is a well-known theorem that is not possible to
sort faster than O(n log n) time for algorithms based on
2-way comparisons. Sorting numbers faster than this
lower bound must be done without the use of
comparisons, what is only possible under certain very
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restrictive  circumstances. Under these special
conditions, an entire class of linear time sorting
algorithm arises. For instance, counting sort is a stable
O(n) sorting algorithm, but not in-place, which can
only be used in applications that sort small integers. In

inputlist

A [s]7]s]2]1]1]

01 2 3 45 6 7

= ¢ [o]2]1]ofo]2]0]1]  countingarray
== § H sorted sequence

Figure 6 Example of counting sort

this algorithm, for each integer k found in the input list
A, we increment the value of C[k] by 1 (the size of C is
determined by the largest integer in A), as shown in
Figure 6. C[k] is called counting array. In the next
section, counting sort is presented as the best algorithm
for resource sorting in parallel rendering.

8.2 Resource Sorting

Resources are data, properties, components,
techniques, and programs used by the 3D objects in
order to be rendered properly. Textures, meshes, and
pixel shading techniques are common resources used in
the rendering processes of real-time applications. Each
type of resource defines a discrete axis (i.e. an axis
with integer coordinate values) called dimension (e.g.
textures are identified by the integer values O, 1, 2, ...
in the texture axis). Resource space is a discrete
Euclidean space defined by one or more dimensions.
Therefore, the texture dimension and the mesh
dimension form a two-dimensional resource space. An
efficient rendering strategy is the one that groups
objects sharing the same resources (i.e. it groups the
objects in the same point of the resource space). This
strategy minimizes the costs associated with every
resource change during the rendering process (there is
always a great cost associated to jumps within the
resource space). In this paper, for each point (i,j.k,...)
of the resource space, we define the n-dimensional
resource data array R[ijk,...] containing the
following data:

e The number ¢ of objects sharing the same set of
resources i,j,k, ...;
e Alist L of these objects.

We use the following notation to present this n-

dimensional array:
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o = o

1] v v o

g g2

E E E E textures

012345 gL 2324 3

5 Sol1]0|0|0]3]0 RIi,j/k]
%]
g1|1|ofofo|2]|0

objects objects - shader

withtexture 0  with texture 4 Rli,jl= {cijl Lii}

(listLy) (listLy) texture =~ texture

RIi]={c, L) oot

mesh

(a) one-dimensional
resource data R[i]

(b) two-dimensional
resource data R[ij]

mesh

(c) three-dimensional
resource data R[i,jk]

Figure 7 Simple cases of the n-dimensional resource data array R, where c is the number
of objects and L is the list of the objects. The discrete resource spaces are also illustrated.

L

Rli, j,k,...] = {Ci,j,k,“.’ i,j,k,“.} (Eq.01)
Figure 7 illustrates the simplest cases for R[i,j.k,...]:
one, two, and three-dimensional resource data arrays.
In Figure 7(b) the two dimensions are texture and
mesh. In this 2-dimension example, the rendering
process can fix a mesh and render objects per texture
(e.g. it fixes mesh 0 and renders 1 object with texture 0
and then 3 objects with texture 4).

In the case of one dimension represented by
textures (Figure 7(a)), we can easily identify R[i] as
being an extended version of the counting array C[Kk]
in the counting sort algorithm (Figure 6). The main job
of the function RenderNodes (Figurel) is to add
objects to the resource data array R of each processor.
Therefore, this job is a counting sort process. As
resources can be represented by small integer numbers
(complex 3D scenes hardly go beyond 300 different
textures), the most appropriate sort algorithm for
parallel rendering is counting sort. In this way, we have
the fastest and convenient option: a stable O(n) sorting
algorithm. We should notice that the in-place nature of
counting sort (presented in the previous section) is not
relevant in the present application, because we need a
storage array to distribute work amongst the processors
anyway.

8.3 The Sorting Process

The function RenderNodes (Figurel) builds the
resource data array R of each processor Pi, in such a
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way that the objects are distributed amongst the
processors and grouped according to the resources they
use. In this paper, the proposed algorithm merges the

merged data

ml |1

» Pldata

mo

ml

» P2data mo |

Cm

» P3data mo

ml

|

» P4ddata mo
ml |1

o

Figure 8 The merged resource data array M

arrays R into a single n-dimensional array M, called
merged resource data array, by performing the sum of
the corresponding c; ;.. and transferring the references
to the lists L;;, . Figure 8 illustrates the entire
merging process for the two dimensional case and four
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processors. We should notice that Pi data is not inside
each processor (in fact the sets of Pi data are in a
common structure that each processor can freely
access).

Once the merged data array M is completed we can
scan it and whenever c is greater than zero the list of
sorted objects L can be rendered using the resources
identified by the integer coordinates (i,j,k,...).

9. Some Results

The computer used for tests is a quadcore machine
(Intel Core 2 Extreme Q6850 3.00GHz). The GPU
rendering performance should be isolated from the
performance analysis of the proposed parallel culling
method. Therefore, no fps figures are presented.

Belo Horizonte - MG, November 10 - 12

The first test compares the proposed method with a
classical single thread octree culling for an octree with
8 levels (2.396.745 nodes). The result in Table 1 shows
an improvement of 3.16.

Table 1 The proposed method (4 threads) vs
standard Single Thread for an 8-level octree

ADStBalancing (4 Threads) Single Thread
milliseconds milliseconds
19 60

The second type of test analyses the adaptive nature
of the proposed method by investigating its
performance at several values of the split level (d) and
the number of nodes processed by each processor. The
tests use a camera with FOVy = 30 degrees with a 9-

Table 2 The proposed method with the camera at the centre of a 9-level octree and FOV=30
(intersecting all main nodes right below the root). GPU time is not included.

Split Level number of nodes Average Culling Time
d P1 P2 P3 P4 microseconds

0 2019 482 482 2018 360

1 2025 480 480 2016 362

2 2073 464 464 2000 365

3 897 1880 1880 344 202

4 4761 80 80 80 304

Table 3 The proposed method with the camera at the corner of a 9-level octree and FOV=30
(intersecting only one main nodes right below the root). GPU time is not included.

Split Level number of nodes Average Culling Time
d P1 P2 P3 P4 microseconds

0 4435 2 2 2 288

1 4435 2 2 2 288

2 1945 1888 304 304 214

3 1033 2512 448 448 260

4 4441 0 0 0 292

(a) Camera at center
Figure 9 Two different camera positions used in the tests of Table 2 and Table 3
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level octree, 4 processors, and 5 values of split levels.

Tables 2 and 3 show that the split level scheme
adapts the algorithm for different camera positions. In
Table 3, d = 0 is a bad start for both time (a culling
time higher than the one for the camera at the center)
and workload balancing (number of nodes). In both
cases the system stabilizes around d=3 for case 1
(Table 2) and d = 2 in case 2 (Table 3). Figure 9 shows
the final rendering for each camera position.

10. Final Remarks

This paper presents a new and effective method for
parallel octree culling and sorting for multicore
systems using counting sort (which is O(n) time) and
based on a new balancing algorithm called adaptive
delayed static balancing. Tests revealed a time
performance improvement of the culling process
between 3 and 4 times in relation to the classical single
threaded octree culling process. However, the most
important result is the effectiveness of the adaptive
mechanism based on the dynamic split level that can
adjust the algorithm to new camera positions and keep
a well-balanced workload amongst the processors. The
tests do not consider GPU time and also avoid any
connection with the number of resources (i.e. number
of textures, meshes, ...).

Also this paper introduces the concept of n-
dimensional resource space as a discrete Euclidean
space, in which the resource array is identified with the
counting array of the counting sort algorithm. No other
sorting algorithm can be faster than this O(n) time
algorithm for the culling process. The proposed
adaptive delayed static balancing method naturally
generates points in the n-dimensional resource space in
a counting sort way.

Another important result is the proposed thread
management system MinTMS, which reveals itself as a
simple and effective API.

Future works should cover extensive statistics and
comparisons, including plots of time vs number of
nodes, time vs number of resources, total idle time vs
split level, more complex scenes, and more points in
the camera path. The comparison with related work is
difficult because the literature is scarce on parallel
octree culling for multicore machines and we have no
access to the code of other authors to reproduce the
same test situation. Another future work should be the
investigation of other heuristics and statistics that can
improve the adaptive performance of the method.
Further work should also consider a parallel merging
process (i.e. to mount the array M in parallel, Figure
8).
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APPENDIX A - Algorithm and MinTMS

The index of the main processor as a global constant: MAIN_PROCESSOR_IDX =0

Last sum of the idle time of all processors as a global variable: last_total_idle_time = 0

Current trend as a global variable: trend = false

Number of levels of the octree as a global variable: num_levels

Total number of processors and processor id vector as global variables: num_processors and p_idx[ ]

ADStBalancingRender (d, octree, frustum)

get current time and save it as startTime[MAIN_PROCESSOR_IDX]

calculate' the number of nodes up to the current split level d: n = (8% -1)/7

node_count =0

clear node_list

put the root node of octree in node_list

node_list = RenderNodes(MAIN_PROCESSOR_IDX, n, node_list, frustum) // n is greater than zero

set work_size to the size of node_list divided by num_processors

for i =0 to (num_processors-2) stepping by 1 // 11s the secondary processor executing the rendering task
transfer work_size nodes from node_list to working_list[i]
eliminate the transferred nodes from node_list
set the task RenderNodesProcessorTask(p_idx[i],working_list[i]) // done by the MinTMS method: SetTask
make processor i to start the task RenderNodesProcessorTask // this is done by calling StartWorking(i)!

RenderNodes(MAIN_PROCESSOR_IDX,0,node_list,frustum)

// remaining nodes in the main processor

get current time and save it as startTime[ MAIN_PROCESSOR_IDX]

If num_processors is greater than 1

wait for the other processors finish working

total_idle_time = CalculateTotalldleTime()
d = split_Level(d, total_idle_time)
return d

#include "ThreadManager.h"
#include <process.h>
ThreadManager*® ThreadManager:instance;
ThreadManager:ThreadManager(} {
instance = NULL;
I
ThreadManager* ThreadManager::Getlnstance() {
if{instance == NULL)
instance = new ThreadManager;
return instance;
i
void ThreadManager::Init(int thread_count) {
num_threads = thread_count;
task_list = new ThreadTask[num_threads];
data_list = new void*[num_threads];
start_work = new HANDLE[num_threads];
work_finished = new HANDLE[num_threads];
for{inti=0;i< num_threads; i++)
{
start_work[i] = CreateEvent(NULL, TRUE, FALSE, NULL};
work_finished[i] = CreateEvent{NULL, TRUE,FALSE,NULL);
int* id = new int;
*id=i;
_beginthread(ThreadManager::ProcessorThread,1024,id);
}
I
void ThreadManager::ProcessorThread(void *data) {
int processor_idx = *((int*) data);
ThreadManager*® manager = ThreadManager::Getinstance();
while(true) {
WaitForSingleObject{manager-=start_work|processor_idx],
INFINITE);
ResetEvent{manager->start_work[processor_idx]);
manager->task_list[processor_idx](manager-
>data_list[processor_idx]);
SetEvent{manager->work_finished[processor_idx]};

// this is done by waitUntilWorkFinished()1

void ThreadManager::SetTask{int thread idx, ThreadTask task, woid
*data) {
task_list[thread_idx] = task;
data_list{thread_idx] = data;
}
void ThreadManager::StartWorking(int thread _idx) {
SetEvent(start_work[thread_idx]);
}
void ThreadManager::WaitUntilWorkFinished() {
WaitForMultipleObjects{num_threads,  work_finished,
INFINITE);
for{inti=0;i < num_threads ; i++)
ResetEvent(work_finished][i]);

TRUE,

}

The ThreadManager.h file is presented below:

#ifndef THREAD_MANAGER_H
#define THREAD_MANAGER_H
#include <windows.h>
typedef void (*ThreadTask)(void®);
class ThreadManager |
public:
static ThreadManager® Getlnstance();
void Init(int num_threads);
void SetTask{int thread_idx, ThreadTask task, void* data);
void StartWorking({int thread_idx]};
void WaitUntilWorkFinished();
private:
ThreadManager();
static ThreadManager® instance;
int num_threads;
ThreadTask* task_list;
void** data_list;
HANDLE* start_work;
HANDLE* work_finished;

} static void ProcessorThread(void® data);
delete data; 1
K #endif
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Abstract

This paper presents a new methodology for the choice
of the best move in the four extremity domino game.
The proposed methodology can be divided in two
parts. First of all is defined the game state. This
definition comprises the use of seven vectors. These
vectors map some aspects of the game such as the
number of pieces played, the number of pieces in hand,
etc. Second is proposed a heuristic evaluation function
to the choice of the best move, comprised of two terms.
The first term takes into account the number of points
marked in a move. The second one incorporates the
game strategy. In the results section are shown some
simulation results to games of four persons, grouped in
two groups. The group that used the heuristic function
proposed in this paper wins the game in 66% of the
simulations. Future works are proposed that makes use
of a new heuristic function associated with genetic
algorithm as an optimization tool.
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1. Introdugao

O domind ¢ composto de 28 pecas (pedras) chatas,
retangulares As 28 pedras t€ém duas metades, cada uma
dessas metades contém uma numeragdo que varia de
zero (vazio) a seis pontos, formando varias
combinagdes. Na forma classica do jogo, sdo sete
nimeros (de zero a seis), combinados entre si.
Matematicamente: C(7,2) + 7 = C(8,2) = 28. O domino
pode ser jogado em duplas adversarias onde cada
jogador recebe 7 pecas ou alternativamente pode ser
jogado por apenas 2 jogadores com 7 pedras cada um e
14 pedras para comprar no caso do oponente nao ter a
pedra da vez. Existem varias formas de se jogar
domind, a mais comum ¢ o domind de 2 pontas. No
estado do Amazonas joga-se outro tipo pouco
difundido, o dominé de 4 pontas, objeto desse trabalho.

No dominé de 2 pontas, o objetivo do jogo ¢ tdo
somente conseguir colocar a ultima pega no tabuleiro
do jogo. Durante a partida, sdo adotadas algumas
estratégias para o jogador “bater”, isto ¢, ser o primeiro
a desfazer-se de todas as suas pedras. As jogadas visam
encaixar alguma peca nas pecas que estdo nas pontas
do jogo, uma por vez e minimizar a possibilidade do
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adversario encaixar uma pedra em uma das pontas e
passe. Caso algum jogador tenha batido o jogo, sua
dupla leva todos os pontos das pecas que estdo nas
maos dos adversarios. A partida pode terminar em duas
circunstancias: quando um jogador consegue bater o
jogo, ou quando o jogo fica trancado. Caso o jogo
fique trancado, contam-se todos os pontos conseguidos
por cada dupla. A dupla que possuir menos pontos ¢ a
vencedora, e leva todos os pontos da dupla adversaria.

No dominé de 4 pontas, a disputa ocorre, em geral,
entre duplas. Cada jogador deve ter 7 pedras em maos
no inicio de uma rodada. Na primeira rodada da
competicdo, a primeira pedra a ser jogada devera ser a
de numeracdo 6-6, chamada de “carroca de sena” por
ter suas duas metades iguais a seis. Os jogadores tém a
possibilidade de abrir até quatro pontas de jogo a partir
da carroga 6-6. Na figura 1 mostra-se um jogo onde ja
foram abertas 3 pontas. O objetivo principal dessa
versdao do jogo ¢ alcancar uma pontuacdo igual ou
superior a 200 pontos, que pode ser alcangada em uma
ou mais rodadas. Em cada jogada existe a possibilidade
de se pontuar 5, 10, 15,..., 50 pontos. Pode-se marcar
pontos (um multiplo de 5) em cinco situagdes distintas:

P;) A soma dos pontos das pontas da mesa ¢
multiplo de 5, sendo a pontuacdo igual a essa soma. Na
figura 1 mostra-se um exemplo de jogada que rende 15
pontos equivalente a soma dos pontos das pontas
abertas (2+5+8). Na figura 2 mostra-se um exemplo de
jogada onde ndo se pontua, pois a soma dos pontos nas
pontas abertas ¢ 14 (1+5+8).

Figure 1: Exemplo de jogada do dominé de 4 pontas onde
pontua-se 15 pontos.
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Figure 2: Exemplo de jogada do domino de 4 pontas onde
ndo se pontua, pois a soma dos pontos nas pontas abertas é
igual a 14.

P,) O jogador adversario “passa” em sua vez de
jogar, ou seja, ndo possui pedra que se encaixe em
nenhuma das 4 pontas. O impedimento de jogada do
adversario rende a dupla que provocou o passe 20
pontos.

P;) O jogador provoca o passe de todos os demais
jogadores (inclusive o parceiro) e a vez volta para o
jogador ele. Esse passe geral, chamado de “galo”,
equivale a uma pontuagdo de 50 pontos.

P,) Quando um jogador “bate” (consegue encaixar
todas as pedras que dispunha). Nesse caso, somam-se
todos os pontos das pecas que estdo nas mdos dos
adversarios. Essa soma ¢ denominada de “garagem”. A
pontuagdo da jogada corresponde ao maior multiplo de
5 menor ou igual a essa soma. Na figura 3 mostra-se
um exemplo em que a soma dos pontos dos adversarios
¢igual a 12, sendo a pontuacdo da jogada igual a 10
pontos;

Ps) A ultima peca descartada pelo jogador que
bateu € uma “carroga”, ou seja, uma pedra que tem os
dois lados com numeragdes iguais, sendo a pontuagio
da jogada igual a 20 pontos.

Figure 3: Exemplo de “garagem” onde a soma de pontos da
dupla adversaria ¢ igual a 12. A pontuagéo da jogada ¢ igual
a 10 pontos.
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Nas rodadas seguintes a primeira, o jogador que
“bateu” na rodada anterior devera iniciar com a carroga
de sua escolha.

No dominé de quatro pontas, devido ao fato do
objetivo e das regras serem mais elaboradas, as
estratégias de jogo sdo mais complexas que as
utilizadas no dominé de duas pontas.

As estratégias utilizadas durante o jogo do domind
de 4 pontas, além do objetivo de pontuar, almejam
também facilitar as ag¢des futuras de quem joga (ou de
seu parceiro) e dificultar a agdo dos jogadores da dupla
adversaria. Quando no inicio de uma rodada, um
jogador tem em mdos quatro ou mais pegas que
apresentem a mesma numeragdo em um das metades
(vide exemplo na figura 4), a estratégia recomendada ¢
fazer com que essa numeragio esteja presente no maior
numero possivel de pontas, com o intuito tanto de fazer
seus adversarios “passarem” como de facilitar suas
jogadas futuras. Para o conjunto de pedras mostrado na
figura 4 ¢ interessante buscar uma configuragdo de
jogo onde exista um maior nimero de pontas com a
numeragao 5.

O jogo de domino de 4 pontas caracteriza-se por ser
um problema multiagente [Sycara 1998]. Trata-se de
um jogo de varios jogadores, de soma ndo zero, de
informagdes imperfeitas. Na sua modalidade mais
jogada, duas duplas, caracteriza-se como sendo de dois
jogadores, pois s6 existem duas pontuagdes. Por ser um
jogo com informagdes imperfeitas, um algoritmo de
busca para selecionar a melhor jogada explora um
espaco de estados de crenga (crengas sobre quem tem
determinadas pecas e com que probabilidade) [Russel e
Norvig 2004]. Tais algoritmos utilizam raciocinios
probabilisticos complexos.

Nesse trabalho propde-se a pesquisa de um
heuristica que possibilite o desenvolvimento de um
agente inteligente para o jogo do domind de 4 pontas.
Procurou-se uma alternativa mais simples para a
escolha da melhor jogada, baseada na utilizagdo de
uma fungdo de avaliagio que combina nos seus termos
informagdes sobre o estado presente do jogo. Tal
fungdo incorpora informagdes estratégicas que visam
facilitar as a¢des futuras da dupla do jogador que joga
e dificultar as a¢des futuras da dupla adversaria.

Figure 4: Exemplo de um conjunto de 7 pegas iniciais com 4
pegas contendo a numeragéo 5.
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Na secgdo trabalhos relacionados analisa-se alguns
trabalhos relacionados com a aplicacdo de fungdes de
avaliacdo a jogos. Na se¢do metodologia propde-se um
conceito de estado para o jogo de domino de 4 pontas e
propde-se uma funcdo heuristica para o mesmo em
fungdo do estado proposto. Na segdo de resultados
mostra-se 0 desempenho de um jogo de duas duplas
em fungdo de algumas escolhas feitas para os
parametros da fungdo heuristica. Na se¢éo de discussdo
propde-se a continuidade do trabalho através da
exploracdo de outros valores para os parametros da
funcdo heuristica e através da utilizacdo de algoritmos
genéticos.

2. Trabalhos Relacionados

A utilizagdo de fungdes de avaliagdo associadas ao
algoritmo alfa-beta para a escolha da melhor opgdo de
jogada em jogos de informagdes perfeitas foi
inicialmente proposta por Shannon [Shannon 1950].
Tal proposta foi implementada para os jogos de xadrez
[Campbell et al. 2002] e de damas [Schaeffer, 1997].

Para os jogos de informacdo imperfeita a utilizagdo
da proposta de Shannon envolve raciocinios complexos
sobre as estratégias do jogo. Cita-se como exemplo o
programa Bridge Baron [Smith et al. 1998],
desenvolvido para o jogo de Bridge. Para o jogo de
domino de 2 pontas, encontram-se na literatura alguns
trabalhos que buscam a melhor estratégia do jogo,
como Yen ¢ Chlebus [ Yen 1992, Chlebus, 1986]. Nao
encontrou-se, porém trabalhos relacionados ao dominé
de 4 pontas.

3. Metodologia

A funcdo de avaliagdo proposta para a escolha da
melhor jogada é constituida pela soma de dois termos,
conforme mostra a expressdo (1). A variavel n
identifica uma opc¢do de jogada para a qual a fungéo de
avaliagdo ¢ calculada. O termo 7, corresponde aos
pontos obtidos ao se efetuar a opg¢do de jogada n. O
termo 7, incorpora a estratégia do jogo. O mesmo
corresponde a valores inteiros positivos que procuram
retratar como a escolha pela jogada n pode facilitar
acOes futuras do jogador que efetua a jogada e
dificultar a¢des futuras dos jogadores adversarios.

f(n):T]+T2 (1)

Em que:

n —opg¢ao de jogada a ser avaliada;

T, — soma dos pontos obtidos com a jogada #;
T, — termo que incorpora a estratégia do jogo.

Antes que seja feito o detalhamento de como se
calculam os termos 7 e 7-da funggo f(n) € necessario
definir-se um estado para o jogo de domino de 4
pontas. O estado do jogo ¢ definido nesse trabalho
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através de um conjunto de vetores, V; , onde 0<i<6.
Esses vetores expressam estatisticas que sdo
atualizadas em cada jogada. Os quatro primeiros
vetores contém valores inteiros enquanto que os trés
ultimos contém valores binarios. A definicdo dos
mesmos ¢ feita a seguir.

1) Vy: Vetor contendo a quantidade de pegas em jogo
para cada numeracdo. Esse vetor é expresso por: V=
{ao, by, co, dy, e fo, go}. Em que: ay corresponde ao
nimero de pecas ja jogadas com a numeracdo 0; by
corresponde ao numero de pecas ja jogadas com a
numeragao 1, e assim sucessivamente;

2) Vi: Vetor contendo a quantidade de pegas na mao
para cada numeragdo. Esse vetor é expresso por: V=
{ai, b;, ¢, di, ey, fi, g1}. Em que: a; corresponde ao
nimero de pegas na mdo com a numeragdo 0; b,
corresponde ao numero de pegcas na mao com a
numeracao 1, e assim sucessivamente;

3) V2: Vetor contendo a quantidade de pegas nas pontas
para cada numeracdo. Esse vetor ¢ expresso por: V=
{as, by, 3, d>, e f5, g2}. Em que: a, corresponde ao
nimero de pecas nas pontas com a numeracdo 0; b,
corresponde ao nimero de pecas nas pontas com a
numeracao 1, e assim sucessivamente;

4) Vs: Vetor contendo a quantidade de pecas ja jogadas
pelo parceiro de dupla para cada numeracdo . Esse
vetor & expresso por: V= {as bs c; ds e; f;, g;}. Em
que: a;corresponde ao niimero de pegas ja jogadas pelo
parceiro com a numeragdo 0; b; corresponde ao niimero
de pecas ja jogadas pelo parceiro com a numeragdo 1,
€ assim sucessivamente;

5) Vi Vetor que indica as numeragdes onde o
adversario seguinte ja passou. Esse vetor € expresso
por: V= {ay by cy4 dy, €4 f1, g4}. Em que: a,indica se o
adversario seguinte ja passou ou ndo para a numeragao
0. Se a, for igual a 1 o adversario seguinte ja passou
para a numeracdo 0. Se a, for igual a 0 o adversario
seguinte ainda ndo passou para a numeragdo 0; b,
indica se o adversario seguinte ja passou ou ndo para a
numeracdo 1. Se b, for igual a 1 o adversario seguinte
ja passou para a numeracdo 1. Se by for igual a 0 o
adversario seguinte ainda ndo passou para a numeragao
0, e assim sucessivamente;

6) Vs Vetor que indica as numeragdes onde o
adversario anterior ja passou. Esse vetor ¢ expresso
por: V5= {as, bs, cs, ds, es, f5, g5} Em que: asindica se o
adversario anterior ja passou ou ndo para a numeragao
0. Se as for igual a 1 o adversario anterior ja passou
para a numeragdo 0. Se a; for igual a 0 o adversario
anterior ainda ndo passou para a numeragao 0; bsindica
se o adversario anterior ja passou ou ndo para a
numeragdo 1. Se bs for igual a 1 o adversario anterior
ja passou para a numeracdo 1. Se bs for igual a 0 o
adversario anterior ainda ndo passou para a numeragao
0, e assim sucessivamente;
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7) Vs: Vetor que indica as numeragdes onde o parceiro
de dupla ja passou. Esse vetor ¢ expresso por: V= {as
bs, cs, ds, es, f5, s} Em que: asindica se o parceiro de
dupla ja& passou ou ndo para a numeragdo 0. Se as for
igual a 1 o parceiro de dupla ji passou para a
numeragdo 0. Se as for igual a 0 o parceiro de dupla
ainda ndo passou para a numeragdo 0; bs indica se o
parceiro de dupla ja passou ou ndo para a numeragao
1. Se bs for igual a 1 o parceiro de dupla ja passou para
a numeracao 1. Se b, for igual a 0 o parceiro de dupla
ainda ndo passou para a numeragdo 0, e assim
sucessivamente;

A seguir analisar-se-4 como sdo calculados os
termos 7; ¢ 7> O termo 7, incorpora no calculo da
fungdo de avaliagdo os pontos obtidos ao se realizar a
opgdo de jogada n. Na sec¢do de introdugdo foram
listadas 5 situagdes distintas em que se pode pontuar
numa jogada. O termo 7 incorpora no seu calculo os
pontos que podem ser obtidos através das situagdes P,
P,, Ps e Ps. Assim T, ¢ dado por (2):

L=P+P+P+PD @)

Observar que T, ndo incorpora a situacdo Ps, que
corresponde aos pontos de garagem, pois 0S mesmos,
na medida em que se encontram nas maos da dupla
adversaria, ndo podem ser contabilizados. Os termos
P, e P;sdo calculados através de um unico algoritmo.
Para o calculo dos mesmos sdo utilizados os vetores ¥V,
Vs e Vs Na figura 5 mostra-se um fluxograma desse
algoritmo. Para o entendimento desse fluxograma e do
texto que se segue as seguintes defini¢des sdo
necessarias:

Np,, Np>, Np; e Np, — valores inteiros correspondentes
as numeragdes existentes nas pontas 1, 2,3 e 4 do jogo,
respectivamente. A numeragdo das pontas ndo obedece
a nenhuma ordem pré-definida;

L — peca a ser inserida no jogo na op¢ao de jogada n.
L, - valor inteiro correspondente a numeragdo da
metade da pega L que coincide com um ou mais dos
valores Np,, Np., Np; ou Np,.

L, — valor inteiro correspondente a numeragdo da
metade da peca L que ndo coincide com um ou mais
dos valores Np;, Np>, Np; ou Np,.

Para o fluxograma mostrado na figura 5 supde-se
que L,=Np..

O termo 7> incorpora no seu calculo trés parcelas
distintas relacionadas com a estratégia do jogo. A
expressdo para 7> ¢ mostrada em (3).

T,=q '(_ E +E,+ an) 3)
O valor de o permite modelar a importancia da

estratégia (7-) em relacdo aos pontos obtidos com uma
jogada (7).
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A parcela E; considera a possibilidade de se fazer o
adversario seguinte passar na sua vez de jogar. Para o
entendimento da parcela E; serd utilizada a seguinte
situagdo hipotética: considere que em duas das pontas
do jogo exista uma numeragdo n; ¢ que o jogador da
vez tenha em mdos mais trés pegas com essa mesma
numeracdo. Entdo, 5 das 7 pecas possiveis com a
numeragdo #; ndo pertencem ao adversario seguinte,
sendo grande a possibilidade do mesmo passar se todas
as pontas estiverem com essa numerac¢do. Tendo em
vista a possibilidade de fazer o adversario seguinte
passar, e dessa forma obter 20 pontos, ¢ desejavel que
ndo seja descartada nenhuma das pegas em que L,=n;.
Assim sendo a op¢ao de jogada de uma peca L em que
L;=n; ndo ¢ desejada do ponto de vista estratégico ¢ dai
o sinal negativo para E; na expressio (3). A
determinagdo de E; é realizada conforme mostrado na
expressdo (4). Quanto maior o nimero de pegas com a
numera¢do L, nas pontas e nas maos de quem joga
maior sera o valor de E;. Por outro lado, o valor de E;
deve ser tanto maior quanto maior for o nimero de
pecas com a numeragdo L; ja jogadas. O valor de K;
controla a importancia da parcela E; frente as outras
parcelas utilizadas no calculo de 7>.

E = K (L) (L) v(L) 4)

A parcela E; tem por objetivo facilitar as agles
futuras de quem joga. A determinagdo de E, ¢ realizada
conforme mostrado na expressdo (5). Essa expressdo ¢
muito semelhante aquela proposta para E;, sendo a
unica diferenca que ao invés de L, utiliza-se L, como
argumento independente. O valor de K, controla a
importancia da parcela E, frente as outras parcelas
utilizadas no calculo de 7>.

E,= K V(L) V(L) + ¥ (L) 5)

A parcela E; reforca o objetivo da parcela F»,
visando facilitar as agdes futuras de quem joga quando
o nimero de pecas na mdo ¢ menor ou igual a 3. No
fluxograma da figura 6 mostra-se como ¢ realizado o
calculo de E;. O valor de K; controla a importancia da
parcela E; frente as outras parcelas utilizadas para o
calculo de 7>.

4. Resultados

Para se testar a heuristica proposta foram realizadas
simula¢des de um jogo com duas duplas de jogadores.
A primeira dupla, denominada dupla 1, realizou a
escolha da melhor jogada utilizando a fungdo f; dada
pela expressao (6).

fi=T (6)

A segunda dupla, denominada dupla 2, realizou a
escolha da melhor jogada utilizando a fungdo f> dada
pela expressao (7):
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f=T+T @) @

Os valores de a na expressao para f> foram variados

entre 0 ¢ 10, em incrementos de 0,1 entre 0 ¢ 1 ¢ em 50
incrementos de 0,25 entre 1 € 10. Aos valores de K;, K,

e K; foram atribuidos o mesmo valor, 2, fazendo com
que E;,, E, e E; assumissem igual importdncia no
alculo de 7. &1,
célculo de T, E,Z VL. k
Para cada valor de a realizou-se um total de
100.000 partidas e anotou-se o numero de vitorias da
e

dupla 1 e da dupla 2. Nas tabelas 1 e 2 mostram-se

esses resultados. .
Figure 6: Fluxograma para o célculo de E;.

@ Tabela 1: Resultados da simulagdo com a variando no

intervalo entre 0 e 5.

Vi) =1,
‘ Conty = ¥o b = VL) 0 &&32 } Numero de Vitorias
‘ Coef. em 100.000 partidas

¢ o Duplal  Dupla2
- Vi) = 1, 0 50248 49752

S S B \;(Nplg o 0,01 36541 63459
| 0,02 36541 63459
0,03 36541 63459
0,04 36541 63459
0,05 36504 63496
0,10 36504 63496
0,15 36504 63496
0,20 36504 63496
0,25 36579 63421

'

Cont, = V, (Vp,) + V,(Np,)

Cont, =V, (Np3) + V,(Nps) ‘

S VLNV O | 050 36278 63722
¢ 0,75 35565 64435
S = Vs(L)+VyNp )V (Npy+V {Np3) ‘ 1,00 35052 64948
¢ 1,25 34659 65341
S = Vs(L)+VyNp )V (Npy+V {Np3) ‘ 1,50 34233 65767
¢ 1,75 33998 66002

2,25 33981 66019
2,50 34300 65700
2,75 34383 65617
3,00 34507 65493
3,25 34574 65426
3,50 35018 64982
3,75 35267 64733
4,00 35510 64490
4,25 35571 64429
Figure 5: Fluxograma para o célculo de P, + P, 4,50 35574 64426

4,75 35574 64426

5,00 36378 63622

2,00 34076 65924
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Tabela 2: Resultados da simulagdo com a variando entre

5,25 e 10.

Numero de Vitorias

Coeficiente o1y 100.000 partidas

Duplal  Dupla?2
5,25 36907 63093
5,50 36907 63093
5,75 36907 63093
6,00 36909 63091
6,25 36937 63063
6,50 36948 63052
6,75 37162 62838
7,00 37162 62838
7,25 37163 62837
7,50 37734 62266
7,75 38236 61764
8,00 38236 61764
8,25 38236 61764
8,50 38265 61735
8,75 38265 61735
9,00 38265 61735
9,25 38270 61730
9,50 38270 61730
9,75 38273 61727
10,00 38839 61161

4. Discussao

Através da observacdo das tabelas 1 e 2 observa-se
que: A dupla 2, a excegdo de a=0, sempre obteve um
nimero de vitorias maior que a dupla 1; O maior
nimero de vitdrias obtidas pela dupla 2 foi 66002,
tendo ocorrido para um valor de a = 2.25; Paraa = 0,
quando as duas fungdes tornam-se iguais, fi=f>, o
numero de vitérias das duas duplas é praticamente
igual; Quando o varia de 0 para 0,01, o nimero de
vitorias da dupla 2 cresce de forma abrupta, de 49752
para 63459. As outras variagdes observadas para o
nimero de vitorias da dupla 2 em fungdo de a sdo mais
suaves.

As observagdes anteriores permitem concluir que a
dupla que escolheu a melhor jogada utilizando a
funcdo de avaliacdo f> teve um desempenho superior a
dupla que escolheu a melhor jogada utilizando a
funcdo de avaliagdo f;. A responsabilidade por esse
melhor desempenho cabe ao termo de estratégia 7,
presente na funcdo f> e ausente na fungdo f;. O melhor
resultado alcangado foi de 66% de vitorias para a dupla
que escolheu a melhor jogada utilizando a fung@o f>.

Para obtengdo desses resultados utilizou-se um
mesmo valor para K;, K> e K; igual a 2, escolhido de
forma empirica.
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Em trabalhos futuros pretende-se: Realizar outras
simula¢des com a fungdo de avaliacdo f; associando a
a diferentes valores de K;, K> e Kj; Utilizar algoritmo
genético para otimizagdo de uma outra funcdo de
avaliacdo onde o termo 7> seja dado pela expressao (8).
Essa expressdo retne as parcelas presentes nos termos
E, E, e E; Através do algoritmo genético serdo
obtidos os valores de a;, @ a; 04 05 e as que
otimizardo o niimero de vitérias da dupla que utilizar a
fungdo f> para a escolha da melhor jogada.

L=a, V(L) a,V(L)+a V(L)+

0, V(L) a,vL)a, v L) ®

5. Conclusao

Propds-se nesse trabalho uma nova metodologia para a
escolha da melhor jogada no domindé de 4 pontas,
utilizando uma fungdo heuristica que, para o seu
célculo, utiliza informagdes provenientes do “estado do
jogo”, definido como um conjunto de 7 vetores
atualizados a cada jogada. Os parametros utilizados na
funcdo heuristica nao foram otimizados nesse trabalho.
Propde-se isso seja feito em trabalho futuro. Os
resultados foram avaliados através de simulagdes com
jogos de duplas. O melhor resultado alcangado em
100.000 partidas foi de 66% de vitérias para a dupla
que utilizou a funcdo de avaliagdo proposta nesse
trabalho. Espera-se que o processo de otimizagdo
proposto para trabalhos futuros resulte em uma
estatistica de vitorias mais elevada. Acredita-se que a
metodologia apresentada nesse trabalho para a escolha
da melhor jogada seja original. Preetende-se, em
trabalhos futuros, explorar a aplicacdo dessa
metodologia em outros tipos de jogos.
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Abstract

The process of plot composition in the context of
interactive storytelling is considered under a fourfold
perspective, in view of syntagmatic, paradigmatic,
antithetic and meronymic relations between the
constituent events. These relations are shown to be
associated with the four major tropes of semiotic research.
A conceptual model and set of facilities for interactive
plot composition and adaptation dealing with the four
relations is described. To accommodate antithetic
relations, corresponding to the irony trope, our plan-based
approach leaves room for the unplanned. A simple
storyboarding prototype tool has been implemented to
conduct experiments.

Keywords: Interactive Storytelling,
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1. Introduction

The role of storytelling in games has long been the subject
of lively debates [Wardrip-Fruin & Harrigan]. Although
some believe that story and game are in direct opposition
[Costikyan], most agree that successful narrative in games
is possible, and a few argue for the importance of story
creation as part of gameplay [Wallis]. However, a differ-
ent sort of narrative is required: it must be non-linear and
play-centric, that is, it must revolve around the player’s
experience [Pearce]. The player is no longer a mere con-
sumer of the narrative, but both a consumer and a (co-)
producer of the plot. The game designer typically selects a
genre. In game playing, interactive storytelling emerges,
but care must be taken to ensure that the basic rules of the
genre, as well as corresponding tropes and narrative
structures, are understood by the co-authors of the story
[Wallis].

A few computational systems and approaches have
been proposed to support interactive storytelling. Some of
them focus on the interaction among characters [Cavazza
et al.], whereas others focus on plot structure and cohe-
rence [Grasbon & Braun], and a few others attempt to
combine both [Mateas & Stern]. What kind of system
would be suitable for assisting users in creating stories
within games or other interactive storytelling contexts?
Planning algorithms have proven to be a useful
alternative to help create narratives by exploring different
chains of events to achieve the characters’ or the storytel-
lers” goals [Ciarlini et al.; Riedl & Young]. In game play-
ing, planning algorithms make it practical to create non-
linear narratives that are both coherent and diverse, by al-
lowing players to proceed in different courses of actions
with varying results, and yet respecting the game struc-
ture, rules and constraints.

To support the production of stories, we have drawn
on what semiotic research has singled out as the four
major tropes [Burke], namely: metaphor, metonymy,
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synecdoche, and irony. By offering mechanisms derived
from these tropes, we intend both to augment the ex-
pressiveness of narrative models and to provide better
support to authors who are less familiar with or confident
in creating and telling stories.

In this paper, we associate those tropes with four types
of relations between narrative events: syntagmatic, para-
digmatic, meronymic and antithetic. They play a basic
role in an interactive plan generating system that creates
plots within a predefined genre.

Narratology studies distinguish three levels in literary
composition: fabula, story and text [Bal]. In the present
work, we stay at the fabula level, where the characters
acting in the narrative are introduced, as well as the narr-
ative plot, consisting of a partially-ordered set of events.
We focus on plots whose constituent events happen as a
consequence of a predefined repertoire of actions, which
we shall call operations, deliberately performed by the
characters. Plot composition will be treated here as a plan
generation process, and hence the terms plot and plan will
be used interchangeably. Yet, since narratives are often
more attractive when unplanned shifts can occur, the user
shall retain the power to issue certain directives when
interventions are needed or desired.

Starting from such considerations, this paper proposes
a fourfold way to characterize plot composition at the
fabula level. Section 2 describes the relations between
events in correspondence with the four major tropes.
Section 3 outlines how we model an intended genre, to
whose conventions the plots must conform. Section 4
sketches, over a simple example, the main features of our
plan-based prototype tool. Concluding remarks are pre-
sented in section 5.

2. From Tropes to Event Relations

It has been suggested that the four major rhetorical tropes
provide models for remarkably comprehensive analyses in
different areas [Burke; Chandler; White]. They all involve
relations between pairs of words, thanks to which, given
two related words w1l and w2, a person can meaningfully
use w1 to refer to w2.

They are not defined in a uniform way by linguists,
there being much disagreement, especially on the distinc-
tion between metonym and synecdoche. A useful discus-
sion is found in [Chandler], where many practical appli-
cations of Burke's four tropes theory are surveyed.

Metaphor [Lakoff & Johnson; Ortony] and synec-
doche [Chandler] have to do with hierarchical structures
such as those represented in ontologies [Breitman, Casa-
nova & Truszkowski]. If one concept C, can be meta-
phorically used to denote another concept C,, the two
concepts are said to be similar or analogous, and are
placed under a more general concept C that subsumes
both of them. C, and C, would be represented in the net-
work with is-a links connecting them to C. Also, one
could add an is-like link from C, to C, [Breitman et al.].
Clearly, metaphor is a displacement along the verbal
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paradigmatic axis [Saussure], from which we took the
suggestion of a paradigmatic relation between events.

In synecdoche, concept C; is used to denote concept
C,, if C, is a part of C, (which calls for another link, C,
part-of C,); the converse substitution, from whole to part,
is also usual in common parlance. The corresponding
association between events is called meronymic relation
in the present paper.

According to [Chandler], metonyms are based on
various indexical relationships between concepts, notably
the substitution of effect for cause, and convey an idea of
contiguity. Borrowing again from [Saussure], we require
the presence of syntagmatic relations between events, to
justify their being meaningfully placed in sequence.

Irony is the most intriguing of the four tropes. In ver-
bal communication, it reflects the opposite of the thoughts
or feelings of the speaker or writer (as when you say 'l
love it' when you hate it) or the opposite of the truth about
external reality (as in ‘there's a crowd here' when it is
deserted). It also takes the form of substitution by dissi-
milarity or disjunction. Variations such as understatement
and overstatement can also be regarded as ironic. At some
point, exaggeration may slide into irony [Chandler]. Dis-
closing paradoxes and hidden agendas in literary texts, in
sharp contrast between the declared intentions and the real
ones, is another source of irony, constituting a trend in
critical studies known as deconstruction [Culler].

Not only mental attitudes, feelings and statements can
be ironic — actions can also be ironic, but always in an
unplanned, non-deliberate fashion. Irony is in fact a cha-
racteristic of certain intrigue situations that are often re-
ferred to as dramatic irony [Booth].

Consequently any kind of irony induces an antithetic
relation between events that look, in principle, incompati-
ble with each other, given their dependence on contexts
characterized by radically opposite properties. Mediating
two such events, the until then well-behaved world must
suffer a disruptive shift, whereby the truth value of certain
facts or beliefs is inverted, or certain properties move
from one extreme to the other within the ascribed value
range (e.g. from helplessly weak to heroically strong).

To illustrate the event relations derived from the ma-
jor tropes, we shall employ a simple example to be refe-
renced along the paper. Consider four types of events, all
having one woman and two men as protagonists: abduc-
tion, elopement, rescue, and capture. As demonstrated in
folktale studies [Propp], many plots mainly consist of an
act of villainy, i.e. of a violent action that breaks the in-
itially stable and peaceful state of affairs, followed ulti-
mately by an action of retaliation, which may or may not
lead to a happy outcome.

Propp distinguished seven character roles (dramatis
personae) according to the events assigned to each one's
initiative: hero, villain, victim, dispatcher, donor, helper,
false hero. Curiously, in literary texts involving the four
events above, this distribution is not unique: we called the
violent initial act “villainy”, but the perpetrator of
abduction, and more often of elopement, can be the hero
of the narrative, and in such cases the woman's original
guardian (husband, father) is regarded as the villain.

2.1 Syntagmatic Relations

To declare that it is legitimate to continue a plot contain-
ing abduction by placing rescue next to it, we say that
these two events are connected by a syntagmatic relation.
More precisely, we can define the semantics of the two
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events in a way that indicates that the occurrence of the
first leaves the world in a state wherein the occurrence of
the second is coherent. Similarly, a plot involving elope-
ment followed by capture looks natural, and hence these
two events are likewise related.

The syntagmatic relation between events induces a
weak form of causality or enablement, which justifies
their sequential ordering inside the plot.

2.2 Paradigmatic Relations

The events of abduction and elopement can be seen as
alternative ways to accomplish a similar kind of villainy.
Both achieve approximately — though not quite — the same
effect: one man takes away a woman from where she is
and starts to live in her company at some other place.
There are differences, of course, since the woman's
behaviour is usually said to be coerced in the case of
abduction, but quite voluntary in the case of elopement. In
fact, it is usual to assume that a sentence such as “Helen
elopes with Paris”, implies that Helen had fallen in love
with Paris.

To express that abduction and elopement play a simi-
lar function, we say that there is a paradigmatic relation
between the two events. Likewise, this type of relation is
perceived to hold between the events of rescue and cap-
ture, which are alternative forms of retaliation. And,
again, there is a difference between the woman's assumed
attitude, associated as before with her feelings. An ab-
ducted woman expects to be rescued from the villain's
captivity by the man she loves. On the contrary, she will
only return through forceful capture if she freely eloped
with the seducer.

As the present example suggests, the syntagmatic and
the paradigmatic axes identified by Saussure are really not
orthogonal in that the two relations cannot be considered
independently when composing a plot. Thus, in principle,
the two pairs enumerated in the previous section (abduc-
tion-rescue and elopement-capture) are the only normal
combinations, the former illustrated by the Sanskrit Ra-
mayana [Valmiki] and the similarly structured Arthurian
romance of Lancelot [Chrétien; Furtado & Veloso], and
the latter by the Irish Story of Deirdre [McGarry]. Yet the
next section shows that such limitations can, and even
should, be waived occasionally.

2.3 Antithetic relations

While normal plots, whose outcome is fully determined,
can be composed exclusively on the basis of the two pre-
ceding relations, the possibility to introduce unexpected
turns is often desirable in order to make the plots more
attractive — and this requires the construct that we chose
to call antithetic relation. A context where a woman suf-
fers abduction by a ravisher whom she does not love
would seem incompatible with a capture event, since there
should be no need to employ force to bring back the vic-
tim. So, in this sense, abduction and capture are in anti-
thetic relation.

The mythical Rape of the Sabines shows what can
happen as a consequence of a drastic reversal of the cir-
cumstances. King Romulus is facing a problem at the
newly founded city of Rome: the population is entirely
male at first. To remedy the lack, he leads his men to
break into the dwellings of the Sabines and abduct their
women. Sometime afterwards the Sabine warriors march
against the Romans, but the women have no wish to be
taken back, leaving to their countrymen no option except
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their capture. King Romulus's men had lawfully married
them and made them bear children. A Roman chronicle
[Titus Livius] reports the radical change in the women's
feelings, and tells how the seemingly inevitable confron-
tation ended with the reconciliation of the two parties.

In contrast, modern history provides some distinctly
regrettable examples of abduction actually followed by
capture, categorized by psychiatrist Nils Bejerot as the
Stockholm syndrome. One case in point is the abduction
by a group of terrorists of the daughter of a millionaire,
who ended up joining her tormentors in the practice of
crimes, and was captured by the police in San Francisco
[Hearst & Moscow].

The occurrence of elopement followed by rescue pro-
vides a much stronger case of antithetic relation. Indeed,
elopement only makes sense if the victim loves the se-
ducer, whereas, for this very motive, she would resist to
any attempt to rescue her, leaving forceful capture as the
only viable alternative. Even so the legendary story of
Helen of Troy, in spite of various discordant interpreta-
tions, seems to offer a counter-example. Married to king
Menelaus of Sparta, Helen fled to Troy in the company of
Paris, out of her free will according to a number of ver-
sions (e.g. the Heroides [Ovid]). But, after their escapade
to Troy where they married, her love feelings started to
wane while the Trojan War followed its bloody course
and she kept recalling the far manlier Menelaus. The lliad
[Homer] signals repeatedly this critical change of senti-
ment. At the end her recovery turned from capture into
rescue, as registered in the Aeneid [Virgil]. Paris was
dead, and she had been delivered to Paris's brother Dei-
phobus. When the Greeks came out of the wooden horse
and stormed the Trojan palaces, Helen herself made sure
that Menelaus should win — and know that she was help-
ing him in atonement for her previous misconduct. The
shadow of Deiphobus tells the episode to Aeneas; and
what better example of irony could we find than his call-
ing Helen “this peerless wife”?

One more example appears in the story of Tristan and
Isolde, in several versions [Marchello-Nizia]. The knight
had eloped with the queen; they were living in harsh con-
ditions in a forest. The dramatic change of their love
feelings, which allowed Isolde's rescue by king Mark to
be achieved through a simple invitation, with no need to
fight, had a very curious cause — the timely expiry date of
the love potion they had drunk before, when sailing from
Ireland to Cornwall [Béroul].

Generally speaking, if some binary opposition — the
“to love or not to love” dilemma, in the present case — is
allowed to be manipulated via some agency external to
the predefined events, then one can have plots that no
longer look conventional. A sort of discontinuity is pro-
duced by such radical shifts in the context. Intervening
between abduction and capture, or between elopement
and rescue, a sudden change of feelings can give rise to
these surprising sequences. Also, both in fiction and in
reality, things not always proceed according to planned
events. Natural phenomena and disasters, the mere pas-
sage of time, the intervention of agents empowered to
change the rules, supernatural or magic manifestations,
etc., cannot be discounted.

Specifically for the tragedy genre, the Poetics [Aris-
totle] distinguishes between simple and complex plots,
characterizing the latter by the occurrence of recognition
(avayvopiois) and reversal (mepineteia). Differently
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from reversal, recognition does not imply that the world
itself has changed, but rather the beliefs of one or more
characters about the actual facts. Because of a change of
beliefs, a reason to be added to those enumerated in the
previous paragraph, a reversal in the course of actions can
take place, usually in a direction totally opposite to what
was going on so far. Yet another possible external cause
of both recognition and reversal in the tragic scene was
the intervention of a god, who was lowered onto the stage
using a crane — known, accordingly, as deus ex machina.

Aristotle's remarks are clearly relevant to the present
discussion of plots in general. Following his lead, we shall
admit state changes outside the regular regime of prede-
fined events by allowing the user — literally acting ex
machina (via the computer...) — to impose variations to
the context (both in terms of facts and of beliefs), and
thereby deviate the action from its predicted path.

This extreme device will be necessary to allow the
elopement-rescue sequence. We decided, however, not to
make it indispensable for abduction-capture, in order to
have a chance to present a good example of erroneous
beliefs, contradicting the actual facts. Criminal records
everywhere are full of simulated abduction pacts for
drawing a ransom from a deluded family. Conversely, a
man can unnecessarily decide that capture is the only way
to bring back a woman, if he mistakenly believes her to
love the ravisher.

Figure 1 shows the relations thus far discussed.

syntagmatic
paradigmatic
relation

antithetic
relation

Figure 1: Syntagmatic, paradigmatic, and antithetic relations.

2.4 Meronymic relations
Meronymy is a word of Greek origin, used in linguistics to
refer to the decomposition of a whole into its constituent
parts. Forming an adjective from this noun, we shall call
meronymic relations those that hold between an event and
a lower-level set of events, with whose help it is possible
to provide a more detailed account of the action on hand.
Thus, we could describe the abduction of a woman
called Sita by a man called Ravana (characters taken from
the Ramayana [Valmiki]) as: “Ravana rides from Lanka
to forest. Ravana seizes Sita. Ravana carries Sita to
Lanka.” And her rescue by Rama could take the form:
“Rama rides from palace to Lanka. Rama defeats Ravana.
Rama entreats Sita. Rama carries Sita to palace.” But
notice that such decompositions are not fixed, since the
lower-level events are selected as required by the current
state. For instance, with respect to the rescue event, the
hero may already be present at the ravisher's dwelling, or
perhaps the victim is not held in captivity, respectively
obviating the need for the voyage or for fighting the

enemy (Figure 2).

@)

‘ ride H defeat H seize H carry ‘ ‘ ride H defeat H entreat H carry ‘

Figure 2: Meronymic relations:
(a) the forceful actions and (b) the gentle actions.
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Detailing is most useful to pass from a somewhat abstract
view of the plot to one, at a more concrete physical level,
that is amenable (possibly after further decomposition
stages) to the production of a computer graphics
animation [Ciarlini et al.]. Mixed plots, combining events
of different levels, do also make sense, satisfying the
option to represent some events more compactly while
showing the others in detail.

The intuitive notions behind figures 1 and 2 are partly
derivable from a context-sensitive grammar:

PLOT ::= VILLAINYeRETALIATION

VILLAINY ::= ABDUCT | ELOPE

RETALIATION ::= RESCUE | CAPTURE
ABDUCT*RESCUE ::= abduct, rescue
ELOPE*CAPTURE ::= elope, capture
ABDUCT*CAPTURE ::= *(abduct, capture)?siiet
ELOPE*RESCUE ::= *(elope, rescue) °"
ABDUCT*RESCUE ::= ABDUCT2*RESCUE2
ELOPE*CAPTURE ::= ELOPE2+CAPTUREZ2
ABDUCT*CAPTURE ::= * (ABDUCT2+CAPTURE2)Pelief
ELOPE*RESCUE ::= * (ELOPE2*RESCUE2) f2ct
ABDUCT2 ::= ride, seize, carry

RESCUE2 ::= ride, defeat, entreat, carry
ELOPE2 ::= ride, entreat, carry

CAPTURE?2 ::= ride, defeat, seize, carry

3. A Plan-based Modelling Approach

To model a chosen genre, to which the plots to be com-
posed should belong, we must specify at least (to be the
object of section 3.1):

a. what can exist at some state of the underlying mini-

world,

b. how states can be changed, and

C. the factors driving the characters to act.
In our model, we equate the notion of event with the state
change resulting from the execution of a predefined oper-
ation. Being defined in terms of their pre-conditions and
post-conditions, operations can be readily chained to-
gether by a plan-generating algorithm [Ciarlini et al,;
Barros & Musse] in order to achieve a given goal of some
character. As a consequence, it becomes natural to equate
plots (sequences of events) with plans (sequences of oper-
ations able to bring about the events). Also, to confer a
degree of autonomy [Riedl & Young] to the characters
performing the operations, it is convenient to make their
goals emerge from appropriately motivating situations.

Viewing plots as plans suggests an obvious plot com-

position strategy, having a plan-generator as its main
engine. This and the fact that our conceptual model is
expressed in Prolog make the genre specification execut-
able. In sections 3.2, 3.3 and 3.5, we will argue that, duly
complemented by auxiliary routines, the planning strategy
deals effectively with narrative plots in view of three out
of the four event relations. To accommodate antithetic
relations, however, it will be necessary to leave room for
the unplanned, as proposed in section 3.4, leading to plots
that may to a limited extent break the conventions of the
adopted genre.

3.1 Conceptual schemas

We start with a conceptual design method involving three
schemas — static, dynamic and behavioural — which has
been developed for modelling literary genres en-
compassing narratives with a high degree of regularity,
such as fairy tales, and application domains of business
information systems, such as banking, which are ob-
viously constrained by providing a basically inflexible set
of operations and, generally, by following strict and
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explicitly formulated rules [Furtado et al. 2008]. For
brevity, the detailed logic programming notation is
omitted; the full specification is shown in Appendix A of
our technical report?.

The static schema specifies, in terms of the Entity-
Relationship model [Batini et al.], the entity and relation-
ship classes and their attributes. In our simple example,
character and place are entities. The attributes of
characters are name, which serves as identifier, and
gender. Places have only one identifying attribute,
pname. Characters are pair-wise related by relationships
loves,held_byand consents_with.The|aStUN00an
only hold between a female and a male character; thus
held by(Sita,Ravana) is a fact meaning that Sita is
forcefully constrained by Ravana, whereas con-
sents with (Sita,Ravana) would indicate that Sita
has voluntarily accepted Ravana's proposals. Two rela-
tionships associate characters with places: home and cur-
rent place. A state of the world consists of all facts
about the existing entity instances and their properties
holding at some instant.

The dynamic schema defines a fixed repertoire of op-
erations for consistently performing state changes. The
STRIPS [Fikes & Nilsson] model is used. Each operation
is defined in terms of pre-conditions, which consist of
conjunctions of positive and/or negative literals, and any
number of post-conditions, consisting of facts to be as-
serted or retracted as the effect of executing the operation.
Instances of facts such as home and gender, are fixed,
not being affected by any operation. Of special interest
are the user-controlled facts which, although also immune
to operations, can be manipulated through arbitrary direc-
tives (cf. section 3.4). In our example, 1oves is user-con-
trolled.

Again for the present example, we have provided op-
erations at two levels. The four main events are performed
by level-1 operations: abduct, elope, rescue and cap-
ture. Operations at level-2 are actions of smaller granu-
larity, in terms of which the level-1 operations can be
demned:ride,entreat,seize,defeat,andcarry

Our provisional version of the behavioural schema
consists of goal-inference (a.k.a. situation-objective)
rules, belief rules, and emotional condition rules.

For the example, three goal-inference rules are sup-
plied. The first one refers to the ravisher. In words, in a
situation where the princess is not at her home and the
hero is not in her company — and hence she is unprotected
— the ravisher will want to do whatever is adequate to
bring her to his home. The other goal-inference rules refer
to the hero, in two different situations having in common
the fact that the ravisher has the woman in his home:
either the hero believes that she does not love the other
man, or he believes that she does. In both situations, he
will want to bring her back, freely in the first case and
constrained in the second.

Informally speaking, beliefs correspond to the partial
view, not necessarily correct, that a character currently
forms about the factual context (for a formal characteri-
zation, cf. the BDI model [Cohen & Levesque; Rao &
Georgeff]). The belief rules that we formulated for our ex-
ample look rational, but notice that they are treated as

! ftp://ftp.inf.puc-rio.br/pub/docs/techreports/08_30_barbosa.pdf



SBC - Proceedings of SBGames'08: Computing Track - Full Papers

defaults, which can be overruled as will be described in
section 3.4. A man (the hero or the ravisher) believes that
the woman does not love his rival if the latter has her
confined, but if she has ever been observed in his com-
pany and in no occasion (state) was physically con-
strained, the conclusion will be that she is consenting (an
attitude seemingly too subjective to be ascertained di-
rectly in a real context).

The emotional condition rules refer to the three cha-
racters. A man (or woman) is happy if currently in the
company of his (or her) beloved, and bored otherwise. A
special condition applies to the woman: she will be abso-
lutely happy if, in addition to the first motive for content-
ment, she has never been constrained by any of the two
adversaries.

3.2 Coherent sequences

Moving along the syntagmatic axis is primarily the task of
the plan-generator, as it composes a coherent plot by
aligning events in view of the pre- and post-conditions of
the appropriate predefined operations.

For plot composition, it is convenient to proceed in a
step-wise fashion, starting from a given initial state. At
each state, the goal-inference rules are used to induce
opportunistic short term goals from which successive plot
sequences will originate.

In an interactive environment, at any step, the user,
henceforward called the Author, should be allowed to
intervene, reducing thereby the characters' autonomy, but
relying on the plan-generator to enforce consistency
within the genre. To this purpose, the Author may indicate
a goal, to be tried by the plan-generator, or even a specific
operation, which the plan-generator may or may not find
applicable.

A more complex request is to indicate a sparse list of
operations, to be filled-up until a valid plot sequence
containing all operations in the list, possibly interspersed
with others, is formed. The Author may optionally also
indicate the desired goal, which would otherwise be as-
sumed to coincide with the effects of the last operation in
the list.

After the step-wise process terminates, it should still
be possible to perform various kinds of adaptation. Those
that have to do with the syntagmatic relations include
adding or deleting operations and changing the sequence,
if the partial order requirements imposed by the interplay
of pre- and post-conditions permit. For instance, consider
plot P below:

P = start => ride(Ravana, Lanka, forest) => entreat(Ravana, Sita)
=> seize(Ravana, Sita) => carry(Ravana,Sita,Lanka)

which can be re-ordered, to meet the Author's prefe-
rences, to produce:

Ps = start => ride(Ravana, Lanka, forest) => entreat(Ravana,

Sita) => carry(Ravana,Sita,Lanka) => seize(Ravana, Sita)
Curiously, both the original plan P and the reordered plan
Ps suggest stories that may well happen in reality or fic-
tion. In P, a voluntary elopement is disguised as an ab-
duction, whereas in Ps elopement is cruelly followed by
the woman's confinement.

Also, a plot can be extended with more operations if
the Author supplies an additional goal in an attempt to
provide a continuation.

3.3 Alternative choices

Moving along the paradigmatic axis gives ampler oppor-
tunity to obtain different plots than simply changing the
sequence of events within the partial order requirements.

VIl SBGames - ISBN: 85-766-9204-X 35

Belo Horizonte - MG, November 10 - 12

Alternatives may result, first of all, from starting from
a different initial state, so that different goal-inference
rules may be triggered. Notice also that more than one
such rule may be ready for activation. In any case, the
standard plan-generator’s ability to backtrack is an expe-
dient mechanism to engender alternative plots.

To resort to violence, as in abduction or capture, can
be certainly regarded as excessive and unnecessary when
the patient of the action loves the agent, even though our
specification does not invalidate their occurrence. Accor-
dingly, if the goal-inference rules are in control and the
context is not tampered with (but see section 3.4), they
will not figure in any generated plot. And yet the Author
can have them as valid alternatives, simply by using the
option to directly indicate a goal to the plan-generator.
Such goal can be relatively non-specific, such as cur-
rent_place(Sita,palace), or else more restrictive, such as (cur-
rent_place(Sita,palace), held_by(Sita,Rama)) — in which case
only the forceful capture event will result.

At the adaptation phase, the ability to replace one or
more operations is a way to produce alternatives. One
must bear in mind that a replacement may require another,
if the Author is concerned with preserving consistency;
s0, replacing abduct by elope normally implies the
replacement of rescue by capture.

A particularly convenient way to deal with entire
plots, rather than with individual operations, is to take
advantage of the similarity or analogy among situations,
inherent in the notion of paradigms. Previously existing
plots, no matter if composed manually or automatically,
can be converted into plot patterns to be kept in a Library
of Typical Plots [Furtado & Ciarlini 2001]. Plot patterns
can then be reused to originate new plots, essentially by
instantiating their variables in view of a new situation.

3.4 Shifts along the way

Until this point we restricted ourselves to planned and
hence well-behaved plots. It is time now to introduce a
measure of transgression, disrupting the context in order
to obtain plots with events in antithetic relation.

The Author, as deus ex machina, can interfere with the
plan generation discipline by issuing two kinds of direc-
tives, which can be applied both during composition and
adaptation. One directive is make believe, arbitrarily
assigning a belief B to a character C, which overrules any
previous belief on the same facts, either specified through
the belief rules of the behavioural schema or stated by a
previous application of the make believe directive
itself. If Sita was violently abducted by Ravana, Rama
will believe (as a consequence of a belief rule) that she
does not love the villain, and therefore that she will gladly
consent to be rescued. However, the Author is allowed to
induce Rama to falsely believe the contrary, which acti-
vates a goal-inference rule leading to a forceful capture
event.

Another directive is vary, which manipulates user-
controlled facts, instead of mere beliefs. In our example,
the only facts declared to be user-controlled are the in-
stances of the 1oves relationship, whose Boolean value
will be inverted if the directive is applied. Sita can be
eloped if she currently loves Ravana, and then be wil-
lingly rescued by Rama if between these two events the
Author issues the directive so as to change her feelings.
But vary does not have to be explicitly called for. A
helpful feature in the course of plan-generation can detect
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failures involving user-controlled facts, in which case the
Author is asked whether or not the context should be
tampered with accordingly.

In other example mini-worlds, one might have differ-
ent kinds of user-controlled properties, e.g. with numeri-
cal values inside a range, such as degree of strength,
which the vary directive could change in some radical
proportion. Such representation is also appropriate for
emotions in general, including love itself, enabling finely
graded nuances of expression, obviously unattainable with
simple two-valued Boolean alternatives.

We began to investigate another line, in an attempt to
offer clues to an Author intent on finding ways to, at a
later stage, replace the external deus ex machina direc-
tives by some internal narrative device with a flavour of
irony, almost crossing the borderline of plausibility.
Folktales, myths, and popular culture have pooled to-
gether through time rich repertoires of motifs [Aarne &
Thompson], often containing ingenious solutions to di-
lemmas arising from antithetic situations.

Authors have always felt free to borrow from all kinds
of sources, and one can easily discover occurrences of
certain motifs in the literature of different countries,
modified as required by cultural differences. For our
example, we found three convenient motifs:

a. life token: an object whose aspect changes if the

owner is in distress,
b. love potion: stimulates romantic/ erotic feelings,

C. ordeal: to vindicate a discredited or accused person.
where (a) (indexed as E761 in [Aarne & Thompson])
allows to do without the unrealistic assumption that cha-
racters are omniscient, e.g. explaining how Rama learned
that Sita suffered abduction in the forest, (b) provides an
excuse for sudden variations in amorous attachments, and
(c) serves to restore the man's belief in his beloved's faith-
fulness. Curiously, both (b) and (c) occur in the Tristan
romance, wherein the ordeal takes the especially ironic
form of an ambiguous oath [Béroul], while in the Ra-
mayana Sita has to walk through the fire [Valmiki]. In our
example, we treat these motifs as black boxes, merely
associating to their names a <situation, goal> specifica-
tion. Thus, if the Author wants to insert motifs (simply
through the mention of their names) at the positions in a
generated plot where the respective situation holds, this
can be asked for at the adaptation phase.

Such insertions are therefore to be regarded as provi-
sional annotations only, which the Author should later
have to unravel by mapping the events in the motifs into
analogous events congenial to the genre adopted in the
plot. The mappings should preserve the <situation, goal>
of the motif and might require the definition of additional
operations, such as communicative acts for instance. The
persistence of motifs is a remarkable phenomenon, with
relatively modern versions: microchip implants for (a),
aphrodisiac drugs like the LSD hallucinogen for (b), and
lie detectors and truth serums for (c), all of so dubious or
controversial value as their primitive counterparts, but
equally acceptable to the general public.

3.5 Down to details

As stated before, between level-1 and level-2 operations
there may be meronymic relations. Creating plots in
hierarchic fashion is a most common practice, starting
with a broad view of the events, which in the case of our
example corresponds to the level-1 operators. At later
stages, one would gradually decompose each event into
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finer grain actions, possibly along more than just two
levels, to the point of coordinated physical movements, as
required for displaying animated scenes [Ciarlini et al.].

When composing a plot, the plan-generator is free to
mix operations of the two levels, a reasonable default
option considering that the Author may wish to treat some
events more succinctly than others. But the Author may,
on the contrary, settle for a uniform style by indicating
that only one of the two levels will be used. This choice
can be altered at any time, in composition or adaptation.

Once a plot is composed, it can be adapted either by
detailing or summarizing its constituent operations. De-
tailing each level-1 operation op in a plot into level-2
operations is treated as one more plan generation task,
taking as situation the instantiated pre-conditions of op,
and as goal the effects of op, and using exclusively the
operations in the level-2 repertoire. More than one de-
composition may be possible, depending on the initial
state and on the changes effected by the preceding opera-
tions.

The inverse of detailing, summarizing, is also useful.
We are currently restricted to a rather limited version,
which only works if the detailed plan is divisible into
subsequences that can be exactly subsumed by level-1
operations. This means that the process fails if other
extraneous operations intervene. In other words, sum-
marize (P1,P2) succeeds if and only if de-
tail (P2, P1) also does.

Figures 2(a) and 2(b) are suggestive in that they illu-
strate a curious symmetry in how they map the example
level-1 operations into level-2 operations. The decompo-
sitions in the two figures are the same, except for the
substitution of entreat for seize. This is not surprising,
since a similar decomposition comes as a consequence of
the paradigmatic relation between the two villainy and the
two retaliation events. Notice too that, in both figures, the
event corresponding to villainy only differs from the
retaliation event by the possible presence of defeat —
reflecting our observation, after surveying a number of
traditional narratives, that the villain almost always re-
sorts to some trick, avoiding a confrontation that often
(though not necessarily) occurs as part of retaliation.

The decompositions suggested by the two figures are
typical but not unique, since the correspondence induced
by the meronymic relations is not rigidly determined, i.e.
it is, so to speak, context-sensitive, depending on the
current state. For instance, abduct can be expressed by
seize followed by carry if both the victim and the
ravisher are currently at the same place, but will need a
preliminary ride if the former is in the forest and the
latter still in his home.

All this suggests that it may be difficult to interpret
what is happening by looking at a sequence of level-2
operations without examining the context. In this regard,
the ability to fill-up (cf. section 3.2) a sparse list of
observed level-2 operations and then performing
summarization, identifying what level-1 operation is
taking place at some point, constitutes a not so trivial
form of plan-recognition [Kautz]. Plan generation is more
directly relevant to the composition and adaptation of
plots than the recognition of plans and objectives. But the
latter task is an asset in interactive plan-supported game-
playing environments, since each player might employ it
as an aid to discover what the opponents are trying to do.
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4. A Prototype Implementation

A very simple prototype, PlotBoard, was designed to
experiment with the notions discussed here. Dealing with
storyboarding [Truong et al.] — exclusively at the fabula
level — it serves to compose plots interactively with the
help of an extended version of the early Warplan algo-
rithm [Warren]. Written in SWI-Prolog?, it interfaces with
Java to show events in image format.

4.1 Some Features of the Plan-generator

The plan generator follows a backward chaining strategy.
For a fact F (or not F) that is part of a given goal, it
checks whether it is already true (or false) at the current
state. If it is not, it looks for an operation op declared to
add (or delete) the fact as part of its effects. Having found
such operation, it then checks whether the pre-condition
pr of op currently holds — if not, it tries, recursively, to
satisfy pr. Moreover, the plan generator must consider the
so-called frame problem [Lloyd], by establishing (in
second-order logic notation) that the facts holding just
before op is executed stay valid unless explicitly declared
to be altered as part of the effects of op.

Like goals, pre-conditions are denoted by conjunc-
tions of literals and arbitrary logical expressions. We
distinguish, and treat differently, three cases for the in-
volved positive or negative facts:

a. facts which, in case of failure, should be treated as

goals to be tried recursively by the plan generator;

b. facts to be tested immediately before the execution

of the operation, but which will not be treated as
goals in case of failure: if they fail the operation
simply cannot be applied,;

c. facts that are not declared as added or deleted by

any of the predefined operations.

Note that the general format of a pre-condition clause is
precond (Op, Pr) :- B.In cases (a) and (b), a fact F
(or not F) must figure in pr, with the distinction that the
barred notation /F (or / (not F)) will be used in case
(b). Case (c) is handled in a particularly efficient way.
Since it refers to facts that are invariant with respect to the
operations, such facts are included in the body B of the
clause, being simply tested against the current state when
the clause is selected.

An example is the precondition clause of operation
seize (M, W), where M is the agent and w the patient of the
action. Clearly the two characters should be together at
the same place, and, accordingly, the pr argument shows
two terms containing the same variable p to express this
requirement, but the term for w is barred:
/current place (W, P), which does not happen in M's
case. The difference has an intuitive justification: the
prospective agent has to go to the place where the patient
is, but the latter will just happen to be there for some other
reason.

The proper treatment of (a) and (b) is somewhat
tricky. Suppose the pre-condition pr of operation op is
tested at a state S;. If it fails, the terms belonging to case
(a) will cause a recursive call whereby one or more addi-
tional operations will be inserted so as to move from S, to
a state S, where op itself can be included. It is only at S,,
not at S;, that the barred terms in case (b) ought to be
tested, and so the test must be delayed until the return

2 http://www.swi-prolog.org/
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from the recursive call, when the plan sequence reaching
S, will be fully instantiated.

Operations can admit more than one precondition
clause, so as to cope with different circumstances. This
happens with the carry (M, w, P2) operation, whereby w
will either freely consent to be transported to p2 by M, or
will have to be forcefully held by him.

With respect to the added and deleted clauses declar-
ing effects of operations, the plan generator also employs
a barred notation, to distinguish between two cases:
(a) primary effects, and (b) secondary unessential effects.
In case (a), if any fact F to be added by op already holds,
or already does not hold if it should be deleted, then op is
considered non-productive and fails to be included in the
plan. In contrast, in case (b), such lack of effect would be
admitted and cause no failure.

As an example, consider the clause of operation cap-
ture (M1,wW) that declares as deleted the fact
held by (W,M2), as a result of M1's action to take away w
from m2. Notice that the fact may or may not hold prior to
capture; it will hold if w was abducted by M2, but will not
hold if an elopement occurred instead — and that is why
the barred notation is used for this particular deleted
clause. On the contrary, the fact cur-
rent place (W, P2), where p2 is the home of M2, must
necessarily be deleted by an effective execution of the
operation, and so does not figure as barred.

The execution of plans is done through assert or
retract commands on the facts to be, respectively,
added or deleted. The plan's pre- and post-conditions are
checked during the process, there being no effect in case
of failure. A 1og (1) literal, initiated with L=start, is
extended with each successful plan execution and can be
usefully retrieved for a variety of purposes. On the basis
of the log and of the initial state, which is saved when a
session begins, it is possible to query about facts at any
intermediate state. It is also possible to save and restore
any previous state S (initial or intermediate), which
enables simulation runs.

User interventions, necessary to achieve unplanned
situations, are permitted in a limited scale through direc-
tives that can be either intermixed with the operations in a
plan or called separately. Two of these are used in our
example, one for changing 1oves facts, immune to the
predefined operations, and the characters' beliefs, which
may not correspond to actual facts.

To finish this partial review of the plan features, we
remark that the planning algorithm p1ans (G, p) is called
in more than one way. More frequently G is given, as the
goal, and P is a variable to which a generated plan will be
assigned as output. However an inverse usage has been
provided, wherein p is given and G is a variable; in this
case, the algorithm will check whether p is valid and, if
S0, assign its net effects (a conjunction of F and not F
terms) to G.

4.2 The PlotBoard Tool
We shall briefly describe how PlotBoard works, after the
controlling user, here called the Author, enters the plot
command. The diagram of figure 3 will serve to guide the
description.

The main option is to compose the plot from scratch,
in a step-wise fashion. Ideally, the Author should leave a
measure of autonomy to the characters (branching into the
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planner node of the diagram). At each step (cf. the plan
step node), one subsequence of the plot will be gener-
ated. As if emerging from the mind of a character c, a
short-term opportunistic goal G is instantiated by some
goal-inference rule (c, s, G), if the situation s of the rule
currently holds. More than one rule may be
simultaneously ready for activation, and the planning
algorithrm may find more than one alternative
subsequence able to achieve the corresponding goals
(whenever the planning algorithm backtracks), as
indicates the self-loop around the plan step node.
While a subsequence is presented, the Author is prompted
to either issue an ok reply or call for an alternative,
possibly after inspecting what effects it would have. An
ok reply is followed by a return to the planner node.

lot
from librai
_/
Figure 3: Flow of control of the PlotBoard prototype

The subsequence thus selected is then executed in a si-
mulated mode, and the Author is asked whether the plan
step iterations should continue, producing further subse-
quences to be appended to the plot so far obtained, or
whether the composition process is finished for the time
being (passing to the submit node), though still subject
to possible adjustments.

If the Author is more inclined towards a closer arbi-
trary control than to the character autonomy policy de-
scribed above, several options are available to determine
the goals that the planning algorithm should try to achieve
(cf. the the first 3 items of the menu for the user node
below). Again, the self-loops around the user node
represent the possibility of alternative plot subsequences
being offered to the Author's choice. These options permit
step-wise composition, which can be entirely commanded
from the user node, but can also alternate with the acti-
vation of goal-inference rules, by intercalating transfers of
control to the planner node.

An additional purpose of the user node is to prepare
and support the composition process, by allowing to pose
queries about the database state at each step, to change the
operation level, and to issue directives to alter the cha-
racters' beliefs and the value of user-controlled properties.

1: goal
: operation
: list of operations
: query
: operation level
: directive
: planner

8: finish
Whatever composition policy is preferred — autonomous,
arbitrary, or mixed — the finished plot is passed to the
submit node. At this point, the Author can either accept
the plot, which terminates the process, or can go through
one or more rounds of adaptation, using the options

offered at the adapt node below.

~ oUW N
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detail

summarize

change sequence

add operation

delete operation
replace operation
extend

queries or directives
9: insert motif

10: back to the submit options
11: stop

To help decide whether to accept the current plot or per-
form other adaptations, the submit menu allows to vali-
date the plot (again through the planning algorithm). This
may be in order if the Author directly introduces specific
changes (items 4-6 of the adapt menu), noting that in all
other forms of adaptation the planning algorithm inter-
venes to prevent integrity violations.

Another feature available at the submit node de-
serves attention, since what it produces, together with the
menu-based dialogues, constitutes the intended output of
PlotBoard. If selected, via the show option, it provides a
visual display that can be repeated for the successive
versions. For each operation in the current plot, the event
it denotes appears as a rough drawing, side by side with a
short template-driven natural language sentence.

We refer again to the diagram in figure 3, to consider
two ways to obtain a plot without requiring step-wise
composition from scratch. In both cases, a full plot is used
to start with, and in both cases the process converges
afterwards to the submit node.

Branching into use given plot, the Author can
either enter the intended plot or retrieve a previously
composed one. The planning algorithm is automatically
called to inspect the plot, operation by operation, to check
whether each of them can be applied in view of the pre-
and post-conditions interplay. If an operation is found that
can only be applied if a user-controlled property is tam-
pered with, the possibility of changing the value of the
property is indicated to the Author, who may or may not
permit the execution of the necessary vary directive. If
the Author denies permission, or if the offending property
is not user-controlled, the plot is rejected.

In case the node use plot from library is cho-
sen, the Library of Typical Plots (LTP) will be searched
for items (s, G, P), such that situation s currently holds,
thereby propagating the instantiation of the parameter
variables figuring in s to goal G and plot p. If more than
one such item is found, the Author will have once more
an opportunity to select the preferred p among the alter-
natives presented.

4.3 An example run

At the initial state, both Rama and Ravana are in their
homes, respectively the royal palace and the city of
Lanka, whereas Sita is alone in the forest. The two men
love Sita, who only loves Rama. Starting to compose the
plot, the Author invokes the planner in two stages, always
selecting the detailed (level 2) alternatives. At this point

the plot is, in natural language format:
Ravana rides from Lanka to forest. Ravana seizes Sita. Ravana
carries Sita to Lanka. Rama rides from palace to Lanka. Rama
defeats Ravana. Rama entreats Sita. Rama carries Sita to palace.

Wishing to try different versions, the Author looks at the
adapt menu, shown in the previous section. The first
change selected is the deletion of the two events that close
the narrative. The next step is to issue directives to change

O ~Joy U W
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the emotional attachments and certain of the characters'
beliefs: now Sita loves Ravana and Rama believes this
fact. This justifies adding entreat (Ravana,Sita) as

second event (after Ravana approaches the princess):
Ravana rides from Lanka to forest. Ravana entreats Sita. Ravana
seizes Sita. Ravana carries Sita to Lanka. Rama rides from pa-
lace to Lanka. Rama defeats Ravana.

The plot now suggests the fake abduction pattern, wherein
the villain seizes his pretended victim only to simulate a
violent action. The Author wonders then if the same
events could be arranged in some different sequence, and
a dialogue ensues:

[fl:entreat(Ravana, Sita), f2:seize(Ravana, Sita)]

choose one of the fi tags: f1

[f1:seize(Ravana, Sita), f2:carry(Ravana, Sita, Lanka)]

choose one of the fi tags: f2

[f1:seize(Ravana, Sita), f2:ride(Rama, palace, Lanka)]

choose one of the fi tags: f1

Ravana rides from Lanka to forest. Ravana entreats Sita. Ravana
carries Sita to Lanka. Ravana seizes Sita. Rama rides from pa-
lace to Lanka. Rama defeats Ravana.

This sounds as overt elopement after which the seducer
restricts the woman's freedom. What can happen next?

Selecting the extend option of the adapt menu, the
Author proposes: current place(Sita,palace) as a
goal, and the planner responds (figure 4) with: Rama cap-
tures Sita. Is this a satisfactory way to end the narrative?
The Author selects option 8 and poses queries, to learn
what the characters think and how they feel:

PRT=TE| - Swit ovolos 0wl Uhrvades ~lojx]
narat
2 |
- 1: detail
v" ‘7” Ravana rides from Lanka to forest 2: summarize
3: change sequence
4: add operation
5: delete operation
A Ravana entreats Sita 6: replace operation
7: extend
8: queries or directives
A 9: insert motif
2 10: back to the submit options
h\% Ravana carries Sita to Lanka 11: stop
/4 form: 7
7; goal: current_place(Sita,palace)
A Rama captures Sita.
Al 10 ok
—3 *,%F Rama rides from palace to Lanka 2: show effects B
A 3: alternative
plan choice: 1
ST s deteses ravans
AHIN Ravana rides from Lanka to forest.
3 Ravana entreats Sita. Ravana carrie
s Sita to Lanka. Ravana seizes Sita
,/c’» . Rama rides from palace to Lanka.
i /é il v i Rama defeats Ravana. Rama captures
&lﬁ Y sita.
S =
Btart] Wby pactrensd. [ @)« ll 50

Figure 4: A PlotBoard screen.

query: beliefs

Rama believes that Sita loves Ravana

Ravana does not believe that Sita loves Rama
more queries?(yes/no): yes
query: emotional_condition

Sita is bored. Rama is happy. Ravana is bored.

Sympathizing with the princess, the Author decides to
revert the situation. Perhaps her love for the hero could
revive (as happened with Helen of Troy), and the last
event is replaced according to this expectation: cap-
ture (Rama, Sita) turns int0 rescue (Rama, Sita).
How does it look now? Back at the submit menu, the
Author asks to visualize the scenes and accepts this result,
a happy end for Sita as well as for the Author, who rece-
ives a grateful acknowledgement from the PlotBoard tool
(Figure 5).
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BNIsTRT] - SWI-Profog (Multlhemi =lalxi
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s 2: adapt
3: validate
f 4: show
i\, Ravania antreats Sita 5: stop
/ decision: 4
& 1: accept
e’t 2: adapt
| S [Ravana carries Sita to Laska Si-valtdite
)
12 4: show
5: stop
};‘ decision: 1
I Rav: s
|
< - Ravana rides from Lanka to forest. R
avana entreats Sita. Ravana carries
.‘%\ Sita to Lanka. Ravana seizes Sita. R
M= Rama rides from palace to Lanka ama rides from palace to Lanka. Rama
N defeats Ravana. Rama rescues Sita.
s
y . )
f\ Thanks for using =
~~~ PlotBoard ~~~
% Rama rescues Sita & casa-Soft, 2008
4 B

Figure 5: The accepted plot.

But much remains to be done. The deus ex machina
directives should be replaced eventually by something
internal to the narrative. Also, how to explain that Rama
knew without being told that Sita had become Ravana's
prisoner? To gather suggestions, to be possibly (re)used
after due modifications appropriate to the genre, the Au-
thor might have inspected (figure 6) the applicable motifs,
before issuing the final accept response, in which case the
life token, the love potion (twice) and the ordeal motifs
would be indicated at one or more positions in the plot
wherein the respective motivating situation holds.

o [
|*] 6: replace operation
7: extend
Love potion motif 8: queries or directives
|| 9: insert motif
|| 10: back to the submit options
p 11: stop
}\Q Ravana entreats Sits form: 9
Mi- Remove directives? yes
£
2} Love potion motif
M'} Ravana carries Sita to La applicable after ride(Ravana, Lanka, forest)
1
7
4 | situation:  Sita feels nothing for Ravana
"J goal: Sita melts for Ravana
7
o Ravana seizes Sita
insert? ye
5 =
Life token motif
=9 applicable after seize(Ravana, Sita)
EMG) = Rama rides from palace .| situation:  Sita is in distress
L o> 2N goal: Sita is calling Rama for help
insert? no
Life token motif A R RGEEE
applicable after ride(Rama, palace, Lanka)
situation:  Sita is in distress
e 5 goal: sita is calling Rama for help
S Rama defeats Ravana
SN insert? yes

Figure 6: Insertion of motifs (partial view).

5. Concluding Remarks

Although the process of plot composition could surely be
enriched far beyond what was presented here, the sug-
gested fourfold approach seems to provide a sound initial
basis. The conjecture that the interplay of the syntagmatic,
paradigmatic, antithetic and meronymic relations already
permits an ample coverage is reinforced by the connection
between these relations and the four major tropes. Other
concepts may be adduced to extend the model. If we see a
disruption not as a discontinuity in one context, but as an
attempt to put together two originally incompatible con-
texts, the notion of blending [Fauconnier & Turner; Casa-
nova et al.] comes to mind, as the technique or artisanship
of conciliating the pending conflicts, often requiring a
great deal of creativity.

The facilities associated with the four relations are
adequate for other tasks, besides storyboarding, under
suitable user interfaces. In interactive storytelling systems
designed for entertainment, as well as in games, they
might prove instrumental to support the production of
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coherent stories with an ability to cause surprise. Further
research might investigate ways to adjust the generation
of alternatives to users' satisfaction models, so that there
would be no longer a need to explicitly interfere to obtain
varied and interesting outcomes.

Finally, let us recall that we have addressed the fabula
level only, where one simply indicates which events
should be included in the plots. A complex problem to be
faced at the next level — the story level, where the concern
is how to tell the events — is to find a plausible justifica-
tion for the contextual disruptions introduced ex machina
via user interaction. As said, such elaborations may be
suggested by some fanciful motif annotated in the plot.
Moreover a plurality of narrative objectives must be satis-
fied [Crawford; Turner; Montfort].

At the third and last level — the text level — the narra-
tive is represented in some medium, not necessarily
printed pages. Natural language text-generation from plots
of log-registered business transactions is covered in [Fur-
tado & Ciarlini 2000]. In the realm of literary genres, an
ongoing project applies computer graphic animation to
display narrative plots [Ciarlini et al.; Camanho et al.].
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Abstract

Behavioral models are used in games and computer graphics for
realistic simulation of massive crowds. In this paper, we present a
GPU based implementation of Reynolds [1987] algorithm for sim-
ulating flocks of birds and propose an extension to consider en-
vironment self occlusion. We performed several experiments and
the results showed that the proposed approach runs up to three
times faster than the original algorithm when simulating high den-
sity crowds, without compromising significantly the original crowd
behavior.
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1 Introduction

The simulation of a large number of individuals has applications in
many different games, whether to compose the background scene
in games (GTA, Rockstar Games, 1997) or as part of the gameplay
itself (Pikimin, Nintendo, 2001). As members of the crowd meet
each other, they interact by coordinating their motion accordingly
to the goal of each individual. As examples we may cite the motion
of flocks of birds, banks of fishes, herds of land animals, or even
groups of human characters.

The first behavioral models appeared as extensions of particle
systems used to model water, fire, grass and atmospheric effects
[Reeves 1983]. Other extensions soon followed. In 1987, Reynolds
presented a distributed model for controlling flocks of birds that
considered interactions between agents [Reynolds 1987]. Although
every agent, or boid, takes decisions considering only its local per-
ception of the world, the sum of the behaviors enable the flock to
present a very real-like motion.

However, to simulate local perception, one must be able to identify
neighbors among all existing agents. The naive option (comparing
each boid to the other) leads to a O(n?) behavior that becomes pro-
hibitive for a large number of boids. So, to obtain an interactive
system, we must have both fast implementations and low complex-
ity algorithms.

To speedup the process of finding neighbors, researchers have used
different spatial structures [Shao and Terzopoulos 2005], [Reynolds
2006]. Instead of searching in the whole population, this enables a
local search in a pre-sorted structure, thus lowering the asymptoti-
cal complexity. Another approach used is to avoid the computation
when neighbors do not change much [Chiara et al. 2004] or even up-
date only a small percentage of the population per frame [Reynolds
2006].

On the other hand, current graphics architectures exhibit a large de-
gree of parallelism which can be used for a highly efficient boid
computation and display. GPU implementations are presented by
Court and Musse [2005] and Chiara et al. [2004]. A fast imple-
mentation on the Playstation3 hardware was presented by Reynolds
[2006].

In this work we present an implementation of the model proposed
by Reynolds [1987], [1999] for a Geforce 8800 GPU. We also
present an extension to estimate self occlusion in the neighbor com-
putation and show how it can be used to improve the simulation
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performance. Our idea is to estimate the number of boids occlud-
ing the view cone of each boid and avoid considering invisible boids
in the behavior calculation. This technique is orthogonal to the one
mentioned above and specially useful for very dense populations.

The remainder of this paper begins with a review of the original
boid model and other related work. We then present the graphics
hardware mappings and algorithms we used to estimate density and
behavior. Finally, we present results and conclusions.

2 Related Work

Agent simulation for large crowds is very computing expensive.
Some techniques used to alleviate the problem are: parallelization,
use of spatial structures, and heuristics to reduce the update rate of
the crowd.

Quinn et al. [2003] presented a parallel pedestrian movement model
running over 11 processors Linux-based multicomputer with MPI.
They were able to simulate and render the motion of tens of thou-
sands of pedestrians in real time using a manager/worker organiza-
tion. Other researchers used the powerful parallelism of graphics
processors to speedup the processing and display of large crowds.
Chiara et al. [2004] present a massive simulation and rendering of
a behavioral model using graphics hardware. They rendered a 3D
scene with a flock of 8000 animated bird models at 20 fps. They
describe the use of vector fields to manage obstacle avoidance and
a heuristic that avoids recomputing the behaviors when the list of
neighbors does not change. Courty and Musse [2005] used the GPU
to compute a physics-based animation model which considers the
influence of gaseous phenomena in the behavior of the crowd. This
system, called FastCrowd, ran a crowd of 10,000 individuals at 50
fps without visualization and at 35 fps using impostors. The behav-
ior model is very complex and include new psycho-physical forces.
In 2006, Reynolds published an implementation for the PLAYSTA-
TION3 hardware [Reynolds 2006]. He was able to concurrently
simulate and display simple crowds of 15,000 individuals at 60
frames per second.

Since the number of individuals is large and the global behav-
ior changes slowly, many researchers decoupled simulation update
from rendering [Reynolds 2006], [Treuille et al. 2006]. As long as
the position is properly updated, errors are very difficult to observe.
On Reynolds implementation, [Reynolds 2006] only 1/8 of the in-
dividuals are updated at each frame. We preferred not to take this
approach. Every simulation is fully computed for every individual
on every frame.

Another way to improve speed is to use spatial hierarchies to
quickly exclude individuals too far to influence the one being com-
puted. For GPU computation, the most common data structure
is the regular grid [Shao and Terzopoulos 2005],[Reynolds 2006].
More sophisticated data structures are more complex to navigate
and therefore, slower. Some works do not use spatial structures at
all and rely solely on brute force [Drone 2007].

As mentioned before, the main contribution of this work is a GPU
implementation of the original algorithm by Reynolds, that con-
siders visibility into the behavior of each boid. The visibility is
estimated by computing the density of boids in the field of view.

3 Background Information

Visibility Culling

The goal of visibility culling is to quickly reject parts of the scene
that are not visible for a given viewpoint. In computer graphics,
occlusion culling is used to avoid processing or drawing such parts
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of the scene. In our work visibility is used to avoid computing
the influence of occluded boids. From the taxonomy proposed by
Cohen-Or et al. [2000] the more relevant classifications for this
work are:

e Point vs. Region. Point algorithms performs the computa-
tion with respect to the location of the current viewpoint only
whereas from-region performs a computation valid for a re-
gion of the space. From-region visibility has its cost amor-
tized over time but usually requires a longer processing.

e Image precision vs. Object precision. Object precision meth-
ods use the raw objects in their visibility computations. Image
precision methods, on the other hand, operate on the discrete
representation of the objects after they are rendered into im-
ages.

e Conservative vs. approximate. Conservative techniques over-
estimate the visible set. Approximate techniques may fail to
include the entire visible set as a trade off for speed.

The technique employed in this work can be described as an ap-
proximate from-point visibility algorithm. In particular, we approx-
imate visibility based on the volumetric representation of the scene.
Instead of performing geometric visibility computations, we com-
pute for each voxel the density of boids and approximate the vis-
ibility between regions by computing the volume opacity between
them. This idea was first proposed by Sillion [1995] in the context
of a radiosity system. Volumetric visibility was also independently
developed by Klosowski and Silva [2000].

Behavioral Models

In this paper we implement the original model proposed by
Reynolds [1987], [1999], where each boid steering behavior is com-
puted independently based on its field of view. The field of view can
be described by a maximum viewing distance and a angle of view
(Figure 1).

Angle

Distance

Figure 1: Agent visibility (Adapted from Reynolds [1987]).

Based on the visibility of each element, we consider three basic
steering behaviors. The first, separation, is the behavior that pre-
vents the boids from colliding. The steering force is computed as
the average of the difference vector between current boid position
and every neighbor. Alignment is the behavior that tends to align
the boid with the average group direction. The Cohesion behavior
moves the boid toward the center of his local neighborhood. The
steering force is computed as the average position of the neighbors.
An intuitive description of the behaviors is shown on Figure 2.

At each simulation step, the steering force is applied to the current
position of every boid, and a new position is computed according
to the resultant velocities.

4 GPU Mapping and Implementation

The graphics processing unit (GPU) was developed to transform,
light and texture map triangles. For this reason, in GPGPU algo-
rithms, data is usually encoded into textures or geometry before
being processed by the GPU. The GPU mapping used in this work
was based in general GPU programming techniques [Owens et al.
2007]. It uses texture maps to encode vectors of speed, position etc.
This same technique has been used in other similar works [Kolb
et al. 2004], [Chiara et al. 2004], [Courty and Musse 2005]. The
execution flow can be divided in three distinct steps, two of them
are performed by the CPU.
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Figure 2: The steering behaviors: a) Separation; b) Cohesion; c)
Alignment (Adapted from Reynolds [1987]).

Before delving into the algorithm, we shall first explain the data
mapping and the data structure used.

4.1 Data Mapping

To describe the state of each boid, we need to store the following
data: one translation vector, two orientation vectors (z and y axis)
and a 3D force vector. This can be mapped into four RGBA tex-
tures. Since the graphics pipeline cannot be used to read and write
at the same time, we used two copies of each texture. After each
simulation step, input and output textures are switched (ping-pong
buffering).

Since the maximum a 1D texture length allowed in our GPU is
8162, we used a function to map 1D address to a 2D address. The
mapping function is defined by the Equation 1. Figure 3 shows the
same mapping in a graphical form. This mapping was applied to
every data addressed by an one dimensional coordinate. It will be
referred as a virtual index since it does not represent the real address
sent to the graphics API.

rean- [ 2]

o

1D index mod TexWidth

|1D index/TexWidth | M

!

Figure 3: Mapping of a 1D virtual index (a) to a 2D texture (b).

4.2 Data Structure

The cost of neighbor search can be accelerated by using spatial in-
dexing structures. We used a uniform grid since it has a constant
cost to build and it is easy to evaluate inside the GPU. Other re-
cursive structures, although more efficient, require a costly mainte-
nance cost and are more complex to construct.

We encoded the grid structure as a 3D texture. Each position con-
tains a virtual index to one boid. This index can be used to retrieve
information about position, orientation or force in another texture.
To be able to store more than one boid per cell, we used a linked
list. This was implemented using the fourth coordinate (w) as a in-
dex to the next boid in the same cell. A value of —1 means the list
has reached the end.

Figure 4 shows the mapping from the world space to the grid space,
the mapping of the grid to a virtual index and the list of elements
inside the position array.

In the virtual index implementation, all indexes are stored with a
+1 increment. In this way, it is possible to use a memset function
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3D World Grid Mapping (3Dtexture)

fffffffffffffffffffffffff

V_,—ﬁ

Virtual addressing
(1D->2D)

Figure 4: Mapping of the 3D world to grid space and linked list
indexing.

to clear the grid content to zero. Inside the shader, all access and
index conversions must subtract 1 from the elements to be accessed.
A value of —1 after this operation means an invalid or null index.

4.3 Algorithm

As mentioned before, the execution flow can be divided in three
distinct steps. The first step is the update of the grid structure (1).
This is done on the CPU. Following, boids simulation is computed
in the GPU (2) and finally they are rendered on the screen (3).

Step One: Grid update The first step objective is to associate each
boid to a grid cell. This is necessary since at each step boids move
among them. The application downloads the texture containing the
position from the GPU and uses the values to update the internal
grid indexes and the indexes of the position list. The grid construc-
tion is done in O(m?® 4 n), where m is the grid dimension and n
the number of boids. After the construction, the application uploads
the updated textures back to the GPU(Algorithm 1).

Algorithm 1 Grid structure construction algorithm.

1: Pos « download positions from GPU
2: Grid < clear grid content

3: for i <+ O ton do

4: Posli]l.w «+— 0

5: GridIndex < Compute cell of posli]
6: if Grid[GridIndex]exists then

7 Posli].w < next address pos + 1
8

: else
9: Grid[GridIndex]«— n + 1
10: end if
11: end for

12: GPU_Positions < upload Pos from CPU
13: GPU_Grid < upload Grid from CPU

Step Two: Simulation The simulation step is done entirely inside
the GPU, including the search for neighbors and the calculation
of the vector for each behavior. The grid is used to estimate the
visibility for each boid (Algorithm 2).

Step Three: Rendering To render the position of each boid, we
used a static 3D model of a bird without texture. The model has
268 triangles and normals. The geometry was compiled in a display
list [Opengl et al. 2005]. Since an OpenGL display list is static,
we added a parameter to index the information of each boid in the
position array. Using this method, it is possible to render all the
static models with only one API call, reducing considerably the
overhead due to matrix calls.

4.4 Grid cell visibility

The estimative of the visibility uses three levels of tests to avoid
unnecessary processing of grid cells and individuals inside them.
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Algorithm 2 Simulation algorithm.

1: GridPos < Calculate the boid grid position
2: for ¢ < all the neighbor grid cell do

3: Gridlndexr < Compute cell of pos|i]

4: if i is visible then

5: for j < all the neighbor in grid cell i do
6: if j is visible then

7: Update Cohesion,

Alignment and Separation

8: end if

9: end for
10: end if
11: end for

12: Desired force < force based on vectors

13: lerp < linear interpolation factor

14: FinalForce <« PreviousForce + (DesiredForce —
PreviousForce) * lerp

15: FinalTranslation < Translation + Final Force

16: Update axis'y’ and’z’

17: Store FinalTranslation, FinalForce, 'y’ and’z’

First level: Maximum grid level

In the first test we select potential grid cells based on the max vision
distance parameter. The output is a cube of cells with the local
maximum cell count in all grid’s direction (x,y,z) according to the
Equation 2 (Figure 5a).

[visionDistance x (GridSize — 1)
1l t= 1. (2
CeliCoun WorldGridDimention —‘ + @
i \
i \
o | ;
{ \
( ]
a) b)

Visible Not visible

OEIement D Visible cell
|:| D Not visible cell

C)

@
O)

®

— 00 0O
()
.Notvisible

()
Q)

Processed

Figure 5: Visibility tests: a) Maximum grid range; b) Sphere-cone
test; c) Element test.

Second level: Sphere-cone test

This test filters the grid cells that are not visible using sphere-cone
collision. First we define spheres for each cell using the grid center
as the sphere center and half of cell diagonal as the sphere radius.
From the element orientation we construct a inverse rotation matrix
that puts each grid cell sphere in the element local space. The cone-
sphere test executes as a 2D test using the length of the sphere from
local Z axis.
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Figure 6 shows the result of each calculation. In a) we have the grid-
sphere in grid space, b) shows the sphere after the inverse transfor-
mation, ¢) shows the 2D test space. Notice that the scale is not im-
portant to determine the cone visibility test since the ratio between
the cone and the sphere will be the same.

Yj-’x @

a) Grid Space
. c) 2D Test Space
Length :
fromZ :
© Boid
Grid Sphere

b)Local Space

Figure 6: a) The grid cell sphere in grid space; b) The grid cell
sphere in the element local space; c) The 2D space used for the
cone test.

The output of this test is a grid cell filtered accordingly the element
view (Figure 5 b).

Third level: Element test

After we know all visible cells, we iterate over all lists inside of
them and test each element against the boid field of view. As output
we have a list of the boids inside the field of view. This is the list
used in the behavior calculation (Figure 5c).

4.5 Estimating self occlusion

Note that although many individuals are inside the field of view,
not all of them would be really seen in a real situation. To estimate
the visibility we iterate over the grid cells from inside to outside.
Figure 7 shows one iteration example. As the grid becomes lighter
the layer is increased.

Figure 7: Layer iteration. As the blocks become lighter the layer is
increased.

We stop the search when the number of processed neighbors reach
the minimum visibility density or the maximum vision range is ex-
ceeded. In Figure 8, the minimum visibility density of four neigh-
bors is reached before the maximum vision range and there are
many neighbors discarded from the processing.

Grid size influence and estimation errors

Since the number of boids is only an estimative of the real occlu-
sion, sometimes we may not consider boids that otherwise would
be included in the behavior computation. This situation is depicted
in Figure 9. This may change the behavior of the flock, specially if
the number of boids being simulated is small.

VIl SBGames - ISBN: 85-766-9204-X

44

Belo Horizonte - MG, November 10 - 12

20

D Visible Layer
D Not Visible Layer

Figure 8: Using visibility to cull boids.
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Figure 9: Problem when the neighbors do not occlude another vis-
ible neighbor.

Another important issue regarding the simulation is the grid den-
sity (elements per grid cell). When it uses on fixed number, if the
density is too low the algorithm will discard a lot of empty cells
and if the density is too high the algorithm will iterate over a lot of
elements even if the most part of them are not visible.

We try to create a grid with a more uniform distribution by chang-
ing the size of the grid along the number of boids being simulated.
The size of the grid is given by Equation 3, that considers the total
number of boids and the desired density.

Total Boids
. . _ 3 __— e
gridSize = { DesiredDenSity-‘ o

5 Results and Discussion

We performed a series of experiments in order to determine the
effectiveness of the occlusion algorithm. The tests were executed
in a PC with the following configuration:

e Processor: Athlon64x2 4200+
e Memory: 2Gb DDRI1 - 400 Mhz

e Graphics Processor: GeForce8800GT - 512Mb DDR3 -
PCI-e 16x

The shaders were written in Cg[Mark et al. 2003] and the applica-
tion in C++.

We measured the time spent in the three steps described before. In
the first step, we also measured the time spent transferring textures
to and from the GPU and the time spent in grid construction. All
times are in milliseconds.
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We evaluated the influence of visibility estimation on rendering
time. The number of boids changed from 256 to 207936 and the
grid size changed according to the Equation 3. The vision angle
was fixed in 45 degrees and the vision distance in 100 units. Our
virtual environment extends from -500 to 500 units in the three axis.
The model used for each boid has 268 triangles. Data was collected
over arange of 45 different population sizes. The time for each one
was obtained as the average of 30 frames.

The grid was an important factor for reducing the complexity of
neighbor search in the algorithm, which would otherwise be O (n?)
where n is the number of the boids.

Figure 10 shows the processing times of the different operations in
each simulation step. Notice that only the grid construct time does
not exhibit a linear increase. Since the grid construction needs to
clear the entire grid in main memory, and the grid increases accord-
ing the Equation 3, the total time increases accordingly to the grid
storage complexity (O(n?)).

140
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Figure 10: Time to download, grid construction, upload and render
in milliseconds.

The upload time would have the same behavior, since it uploads the
contents of the grid to the GPU, however it remains below all the
other times as the number of boids increases. The render time and
download time increases linearly with the number of boids. The
grid construction time very low compared to the render time.

The simulation time is shown separately in Figure 11 because it is
the only metric affected by the visibility estimation algorithm. No-
tice that the time near 70k and 192k boids increases abruptly, prob-
ably because these values affects some GPU internals, like cache.
As expected, the simulation with visibility estimation consume less
time than the algorithm without it.

The steep jumps on Figure 11 are similar to the ones observed
on the NV4X Nvidia GPU architecture when resolving dynamic
branches [Harris and Buck 2005]. However we are not sure if this
also applies to the newer Tesla architecture (G8X, G9X). More tests
would be required to settle down this point.
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Figure 11: Simulation time in milliseconds with and without the

visibility estimation.
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To evaluate the time improvement of our approach, we computed
the ratio (speedup) between the time taken by our implementation
of Reynolds algorithm divided by the time taken by same algorithm
with visibility estimation. Figure 12 shows the speedup obtained
for an increasing number of boids. Notice that for few boids the
speed up is smaller than 1, but for 10k boids or more, the speed up
increases in almost a constant rate.
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Figure 12: Simulation with visibility speedup.

When simulating boids, the expected result is a believable group
simulation. However, after we turned on the visibility estimation,
the simulation diverged from the behavior of the Reynolds origi-
nal algorithm. This was expected since we change the dynamical
parameters of the system. However very similar results were ob-
tained by adjusting the steering constants. With the new parameters
we could achieve a reasonable simulation with an speedup of more
than 3 times of update rate. Since most crowd models usually re-
quire a lot of tweaking we do not see this as a real concern.

Figure 13 shows one example of a simulation with 20164 boids.

Figure 13: Simulation example of 20164 boids.

6 Conclusion and Future Work

We presented a mapping of a behavioral model to run in a GPU and
proposed one extension to optimize the neighbor search by using
a visibility estimation. The experimental results showed that this
technique can be very effective in reducing the total complexity
of crowd simulation. Some of the future extensions for this work
include:

e Evaluate other types of occlusion estimation.
e Optimization of the linked list structure for cache access.

e Use a 2D texture for encoding the grid structure instead of a
3D

e Evaluate other spatial subdivision structures
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e Include environment obstacle avoidance.
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Abstract

The successful commercial MMOGs, at the moment, are imple-
mented using some variant of the client-server model. This model
offers simple design, good security and fast detection and treatment
of cheating. However, it lacks scalability. The cost of maintaining
the server becomes excessive with the increased number of cus-
tomers. One approach to deal with this situation is distributing the
MMOG simulation. The changes in the virtual world of the game
would be processed by the machines of the clients, without inter-
ference from the server. This distribution can be achieved using the
peer-to-peer model. In this paper, we describe a network engine,
called P2PSE, which supports partially decentralized MMOGs, en-
suring scalability and flexibility, while guaranteeing the basic prop-
erties of a client-server model, such as security and consistency. We
first examine more closely the existing distributed models. After
that, we discuss the P2PSE project and its characteristics. Finally
we present a simulation of the architecture in comparison with the
traditional client-server model.

Keywords: Peer-to-peer, Descentralization, Scalability, Multi-
player Games, Hybrid Topologies, Instanced Game, Distributed
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1 Introduction

Multiplayer is a very popular game genre, due to its highly inter-
active nature. Among those games, MMOGs (Massively Multi-
player Online Games) are becoming increasingly popular. MMOGs
are real-time multiplayer games played through the Internet, where
a large number of players (usually thousands) play within a
persistent-state virtual world. Successful examples include Ev-
erQuest [Sony Entertainment 1999] and World of Warcraft [Bliz-
zard Entertainment 2004].

The most common network model used in MMOG:s is client-server.
In this model, the client only sends its data to the server (which can
operate on a single machine, a cluster or a grid) and receives fre-
quent updates from the server. The server process all the data from
the clients, and broadcasts all the results that occur on the virtual
world back to them. Some advantages of this model are: being
simple in design; cheating can be efficiently detected and stopped;
retaining control over access to the game; and being a predictable
model.

The main disadvantage of the client-server model is the lack of scal-
ability. The cost of maintaining the server-side becomes excessive
with the increase in the number of clients. When it comes to com-
mercial games, the usual approach is to continuously expand the
number of machines on the server-side. That is a reasonable solu-
tion, however it is not suitable for projects on a limited budget such
as those from small companies or research groups.

One way of dealing with the above problem is to fully or partially
distribute the MMOG simulation. All the changes on the game
world would be registered and dealt within the client-side, with
no interference of the server-side. Security and world state con-
sistence are issues on that model, because there isn’t a point where
the changes in the virtual world can be evaluated and considered
legal or illegal. The main challenge of our project is thus to provide
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a partially decentralized support model for MMOGs, while retain-
ing the basic properties of the client-server model such as security,
consistency and scalability [Schiele et al. 2007].

In this paper a hybrid model is proposed, combining the security
and consistency of the client-server model with the scalability and
flexibility of the distributed model. In sections 2 and 3 we discuss
the client-server and peer-to-peer models. The P2PSE (acronym
in portuguese for “P2P for Entertainment Software”) architecture
is explained in section 4. Section 5 presents the simulations we
made to compare client-server and peer-to-peer models. Section 6
presents conclusions on the topic.

2 Client-server model

The client-server paradigm is undoubtedly the most used one in the
implementation of Internet real-time multiplayer games. Commer-
cial examples of these games include Doom [id Software 1993],
Quake [id Software 1996] and Counter-Strike [Valve 2000], all of
them 3D real time action games. In any client-server game, mas-
sively multiplayer or not, the players interact with the environment
and with other players through a client program. Each client has a
network connection only with the server. The server is responsible
for receiving the information from each client and passing updates
to the other clients. There are several different ways the commu-
nication protocol between the client and the server can be imple-
mented: some of them provide more security, while others provide
efficiency.

Regardless of the technique used, the server is responsible for keep-
ing the game state up-to-date. Since the game is a real time sim-
ulation, it is necessary for the state of the game to be frequently
recalculated. In general, the server is configured to update its state
in a fixed and relatively small frequency, and to periodically send
update messages to all clients. Due to that, the server must have
great processing power (CPU and, indirectly, memory) and enough
bandwidth (network).

A distributed game can use the centralized simulation to accom-
modate thousands of simultaneous clients. In practice, however, it
can be difficult to have all the processing power required to per-
form the simulation in real time in a single machine. One solution
to this problem, commonly used in commercial MMOGs such as
EverQuest and PlanetSide [Sony Entertainment 2003], is to divide
the virtual world and simulate each piece of it on an individual ma-
chine such as a particular computer in a cluster. But even using the
clusters to mitigate the problem of the server processing cost, the
problem of network consumption still remains. The MMOG server,
a single machine or a cluster, will need an Internet connection with
low latency and very high bandwidth.

3 Peer-to-peer model

There is a growing interest in research and development of peer-to-
peer architectures for MMOGs. The proposed models seek decen-
tralization as a way of increasing scalability and reducing depen-
dency on nodes in trusted areas. Other benefits include the elimi-
nation of central points of failure, as well as the increase of respon-
siveness.

The Communications Architecture for Massive Multiplayer Games,
proposed by [Fiedler et al. 2002], was the first architecture to ad-
dress the scalability problem by proposing a solution based on the
publisher-subscriber paradigm. In this paradigm, the virtual world
is divided into smaller pieces, usually called “cells”, and each par-
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ticipant can choose to sign (or participate) in only a few cells. Thus,
each subscriber of a cell only needs to exchange update messages
with subscribers of the same cell. These architectures also deal with
other fundamental problems, such as the lack of responsiveness to
commands generated by each participant problem.

There are other proposals that do not address the cheating prob-
lem, such as Hydra [Chan et al. 2007], that focuses on guaranteeing
the consistency in the messages committed when nodes fail; and
Mediator [Fan et al. 2007], which addresses the scalability and per-
formance problems by proposing a solution based on a super-peer
network and a reward scheme: peers that contribute more can use
more resources.

It can be noted that recent proposals for MMOG support based on
peer-to-peer overlays are becoming more aware of issues in actually
deploying a peer-to-peer MMOG on the Internet, as they show more
concern about peer-to-peer problems, like hostile service providers
and bandwidth limitations, for instance. There are many pure peer-
to-peer and hybrid model proposals. However, some of these pro-
posals don’t offer any kind of deterrent mechanism against cheating
players, which is an essential feature for implementing an online
massively distributed and persistent-state game. In the next sec-
tion we will show how our model offers scalability and also cheat-
resistance so that its commercial application is viable.

4 P2PSE project

The P2PSE project is a distributed simulation model, and also a
library (in reality, a stack of C/C++ libraries) that implements the
instanced game model, which will be described in section 4.1. The
instanced game model is the price to pay for a simple approach
in unifying security, consistency and scalability in a decentralized
MMOG. The objective is to drastically reduce the processing and
communication cost in the server-side.

4.1 The Instanced Game Model

Several MMOG:s, like PlanetSide and World of Warcraft, offer to
the player the illusion of one or several large and contiguous virtual
spaces where all the gaming takes place. Those spaces are divided
in segments, and each server machine or group of server machines
is responsible for one segment. A warping system is necessary to tie
all segments together, allowing the player to move from one space
to the other transparently.
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Figure 1: The instanced ‘social vs. action’ MMOG

The game Guild Wars introduced a new game model, which will
be referenced to as the instanced game model [Cecin et al. 2006].
There are two virtual spaces on Guild Wars: the social space and the
action space. The first kind is a medium-sized virtual space where
a significant number of players can socialize, trade virtual goods
and organize game sessions. Because of the nature of this space,
low consistency requirements are necessary. Game sessions happen
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on the action space, which is a small-sized virtual space where a
small number of players gather to play a game session. Higher
consistency requirements are necessary on that space because of its
fast and dynamic nature.

The relationship between the two spaces is as follows. When a
game session ends, the players involved in it return to the social
space. All the traits of the characters (e.g. virtual world money,
experience points and statistics) are updated with new information
from the session. The social space is designed as a contiguous
world, as mentioned in the beginning of this section. The action
spaces are created dynamically to support temporary game sessions
with a small number of players. This space is destroyed after the
session ends.

Guild Wars follows the client-server model. Our proposal, which
is illustrated in Figure 1, is to use the instanced game model with
a hybrid network architecture model. Since the interactions on the
social space (chatting, trading) don’t require high consistency, and
there is a necessity for validation of who can play (game accounts,
passwords), the server-side will be responsible for coordinating this
part of the game. So even a server-side with modest processing
capacity and network bandwidth could manage the social space
if game quality is scaled down accordingly, for instance by send-
ing less frequent updates to clients. The game sessions would be
processed only on the client-side machines, avoiding unnecessary
processing and communication cost on the server-side. The clients
would form groups, which would operate within a peer-to-peer dy-
namics.

4.2 P2PSE architecture

| Game
Layer 2 < Al
Synchronizing Events »| Module
Support for Multiple Servers
Layer O < Layer 1
Connections »| NAT/Firewall
Groups bandwidth control
Security Module | ZIG
low-level networking

Figure 2: P2PSE Architecture

The functionality promised by our network engine is delivered by
a set of libraries. Those libraries are organized in layers, as shown
in Figure 2. The next sections describe the implementation of the
three layers, followed by an overview of security and artificial in-
telligence (AI) techniques which are employed.

421 Layer0

The first layer in the P2PSE architecture is responsible for forming
the mesh of point-to-point connections. The clients’ connections
to the servers and to other clients are established and managed in
this layer. The basic network functions for connection establish-
ment, such as socket creation, connection and packet sending and
receiving, are given by a low-level API provided by the ZIG library
[Cecin 2007] which basically implements a protocol that resem-
bles SCTP [Stewart et al. 2000] over UDP. The term “connection”,
when used in the context of the P2PSE library, refers to this ZIG-
layer level protocol connection, which, again, is implemented over
UDP, adding some features, such as reliability, timeout detection
and utilization of only one single socket in every host to handle all
communications.

The Layer 0 server is responsible for managing connections with all
clients. Naturally, it maintains a list of all clients that are connected
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to it along with a logical communication endpoint object for each
client. When started, the server spawns a socialization space called
the social space object. The clients that are not in an action space
are bound to the social space - or to the “limbo”, when in transit
from one space to the other. All communication between clients
that are in the social space passes through the server.

The server can create new empty groups in order to instantiate new
action spaces, or destroy existing groups and their corresponding
spaces. In the action spaces all the clients communicate directly,
which requires them to already have the ability to send UDP packets
to one another. The entry of a client into a group is managed by the
server in the following manner:

1. The server sends a synchronization message to the new mem-
ber and to all the other members informing them to which
clients they must be connected in order to enter (or stay) in
the group. The server sends a list with all the members of the
group;

2. All members try then to establish connections to every other
member in the recently received member list, or just keep the
connection, if it has already been established (the ZIG library
supports simultaneous bidirectional connections through the
same socket);

3. When a client is entering a group, but still has not finished the
process, it belongs to the “limbo”;

4. As soon as the new member establishes connections to the
other clients, the server excludes it from the limbo and inserts
it in the member list of the group;

5. When a client is removed from the group, all of its connec-
tions to the other clients are interrupted and it returns to the
social space;

6. If a client, for any reason, loses its connection to the server, it
is removed from the group;

7. When a client enters or leaves a group, the server sends an
up-to-date member list to the others.

The groups provide to the clients message exchanging function-
alities, such as broadcast and unicast. The connections between
the group members are represented by peers. The clients, when in
groups, will keep a list of peers, what is equivalent to the client list
of the server. With this list, the clients in that group manage their
connections between one another.

Layer 0 is also responsible for the timeout control of the connec-
tions. Keep-alive dummy messages are sent regularly in order to
maintain all connections active. If, after an interval of time speci-
fied by the application, no messages from a host have arrived, the
connection to that host is closed.

The communication between the layer 0 and the ZIG library is done
with a listener. This listener is implemented in layer 0 and receives
ZIG callbacks to indicate the occurrence of events such as connec-
tions, disconnections and receiving of messages. The communica-
tion between the upper layers of the P2PSE library and layer O is
made through service calls. Layer O returns callbacks to the upper
layers in response to these service calls.

422 Layer1

Layer 1 of the P2PSE architecture is responsible for handling
connection-related problems between the peers within a group.
This layer will ensure that all peers are able to send and receive
messages from each other.

We see two main problems that can cause a connection failure be-
tween two peers: NAT/Firewall blocking and bandwidth insuffi-
ciency. When the Layer O indicates that a message must be sent
from one peer to another, Layer 1 must verify if there is a direct
connection between the peers. If this connection doesn’t exist, an
alternative path must be discovered, using intermediate peers. After
this route is created, the messages will be sent through it.
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Among all peers within a group there are different bandwidth ca-
pabilities. It is very likely to occur a situation where a peer doesn’t
have enough upload bandwidth to deal with the number of mes-
sages that it has to send. Layer 1 will identify such situation and,
instead of sending the messages directly to the destinations, send
them to a peer with good upload bandwidth capability, holding him
responsible to send the message.

4.2.3 Layer2

The upper layer of the P2PSE implementation is responsible for
guaranteeing the simulation consistency on action spaces, provid-
ing support for multiple servers and exposing all of the implemen-
tation’s functions to the game programmer. Due to the simulation
of action spaces being executed asynchronously in each peer, there
is no intrinsic guarantee of consistency. To partially address that,
Layer 2 introduces the role of the super-peer, which is a special peer
responsible for receiving, ordering and redistributing some of the
game events such as updating player scores and picking up the flag
in a capture-the-flag action game, for instance. To avoid overload-
ing the super-peer, position updates or player movement requests
(depending on the game’s protocol design) are to be sent directly
from each peer to every other peer using the unicast full-mesh pro-
vided by the lower layers. Not only position updates, but any other
frequent, delay-sensitive and weakly-coupled message type should
also be sent peer-to-peer.

Depending on the game, the resulting conflicts from a lack of cen-
tralized timestamping of movement and similar events, whenever
they ensue, can be either handled by each peer individually or left
for the super-peer to detect it and issue a special correction message
later, as the BZFlag protocol does [Pellegrino and Dovrolis 2003].
Local corrections are an option if each peer is authoritative over its
own avatar’s position and if it broadcasts position updates for its
own avatar. For instance, if a peer’s local avatar overlaps with a
remote peer’s, the local avatar can push its own avatar out of that
position. The remote avatar will do the same. The only issue is en-
suring that the correction step won’t make both peers try to resolve
the situation by unstucking their avatars to the same spot again.
This local conflict resolution is what we are currently employing in
our capture-the-flag action prototype, Hoverkill [Singular Studios
2006].

Besides ordering and distributing some of the events, the super-
peer is responsible for the communication of the peer-to-peer ac-
tion group with the server. The super-peer is the one that reports
gameplay results back to the server, whenever necessary.

Layer 2 also introduces support for multiple game servers (Figure
3) in the APL The idea is that players can choose their server from
a list of servers. Each server will typically host a single social space
and when that is full (server capacity is reached) players can con-
nect to other social spaces in other servers. To tie all of the players
scattered on different servers together, there is a master server to
which all servers are connected. Whenever a player connects to
a server and authenticates, his player account is downloaded from
the master server to that game server. When the client drops from
the game server, his account is uploaded back to the master server.
There is a simple Yellow Pages Server proxy that can be used by
clients to query the master server for the currently available game
Servers.

The social space support provided by Layer 2 is a simple client-
server APL. Any interest management [Morse et al. 1996] in the
social space is currently left for the application to implement. We
are planning to add something akin to OpenTNL ghosting [Garage
Games 2004] into the API which would allow the game program-
mers to optimize the social space more easily. Another idea is to
implement a peer-to-peer mesh for social spaces, but that one would
have to be scalable (no full-mesh possible). Since we are aiming at
a simple solution, the use of probabilistic broadcast for position up-
dates on the social space is being considered, leaving timestamping
and distribution of more infrequent events for the server.
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4.2.4 Artificial Intelligence Module

In the previous section, we revealed that we encourage peers in an
action space to send authoritative position updates, among other
events that might have low-latency requirements and a low proba-
bility of having their order of execution affecting the resulting game
states too much (weakly-consistent events). This opens up the pos-
sibility of cheating.

In this project we tried a somewhat unique approach [Gaspareto
et al. 2008]. Since most events would be still centralized at the
super-peer and most action games have one-per-client avatar po-
sition updates as their latency, consistency and bandwidth bottle-
necks, we just left peers with total control over their positions and
with the responsibility for sending them directly to other peers in a
broadcast fashion. This optimizes for consistency and latency, and
doesn’t create a bandwidth bottleneck at the super-peer. On top of
that, we tried Al-based detection of unusual patterns over streams
of position updates coming from each peer. The approach used for
cheat detection was focused on the data packets being transferred
during the game sessions - both in the transmitters and receptors -
and how they are used during the functioning of the system. Only
packets relevant to the cheat being investigated are considered.

The cheat detection module is implemented in an independent way
and works as an attachment to P2PSE, which, with a parameter
passage protocol, informs the set of data received from a player
and returns a correspondent “fraud index”, that tries to quantify the
cheating that the player is assumed to have performed in the ana-
lyzed period.

The adopted approach was to consider only movement data as in-
put to the cheat detection module. Although this might seem to be
too few information, it is based on movement that malicious play-
ers perform great part of their cheating. For example, one could
try to move at a speed higher than the maximum speed allowed in
the game (most common kind of cheating in MMOGS) or teleport
instantaneously to strategic spots, which is also known as speed-
cheating.

This way, the point is to analyze a set of movements of the player,
in order to detect anomalous sequences. Each player will be eval-
uated individually, based on his position history, using Artificial
Neural Networks (ANN). ANNSs, because of their great generaliza-
tion and pattern recognition capacity, present satisfactory results in
tasks similar to the speed-cheating problem. The idea is to iden-
tify, in the set of analyzed data, at least one movement that could be
considered a fraud, which characterizes the player where this set of
data came from as a cheater. The ANN then identifies and classifies
the movement patterns as acceptable and non-acceptable.

During the modeling and design of the cheat detection module, the
architectures of the ANNS, the set of training data and the set of
tests have been defined in order to allows them to solve this kind of
problem. Considering that the task consists of the classification of
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behavior patterns, it has been decided to use the full-connected mul-
tilayer perceptron ANN with supervised learning based on back-
propagation. The reason to choose it was that it is the most com-
monly used ANN model in many classification applications, due to
it simplicity of understanding and implementation.

The projected ANN was simulated using MatLab, to evaluate its
efficiency. MatLab allows the creation of complex ANN structures
only by informing the neural network parameters, such as the num-
ber of neurons in each layer, training algorithm, rates, values that
configure this training etc. MatLab was also used to train the ANN
to be integrated to the game. This way, the implemented module
only performs propagation, but not training of the ANN.

After the efficiency has been proven, the module was implemented
and tested in Hoverkill, obtaining a 21.14% cheat detection, and
0.98% false positives. The results were satisfactory because, even
though the cheat detection percentage was only 21.14%, the rate
of false positives was less than 1%. It is preferable not to detect a
cheat than considering a fair player as a cheater. Other parameters,
besides movement data, may be added in the future, in order to
detect other kinds of cheating.

4.2.5 Security Module

The main purpose of the security module is to provide secure com-
munication between servers and clients, and between peers in an ac-
tion space group. Our security module is almost completely trans-
parent to the application, both in terms of API and in network and
CPU overhead. The module does many tasks behind the scenes,
such as cryptographic key distribution and secure channel hand-
shakes, tending to each application’s individual needs for message
confidentiality, integrity and authenticity.

The implementation works mainly by intercepting any engine UDP
packets before they are written to the UDP socket for sending. In
each packet, a small header is inserted with control information and,
upon first contact between two parties (being them clients, servers
or both), that message is delayed while another quick message ex-
change is performed for setting up the secure channel on-the-fly.
The root Certificate Authority (CA) of the cryptographic system is
the operator of the master server.

SECP2PSE

Nettle | Cyo Encode

Figure 4: Security module architecture

The module has been implemented by extending the ZIG library
functionalities, providing secure communication, transparently to
the application, being responsible for distributing cryptogaphic
keys. It runs over HawkNL [Hawk Software 2006] and over
SECP2PSE. HawkNL is a library that, among other functionali-
ties, provides a simpler and portable API for sockets. SECP2PSE is
our library that provides C++ abstractions for cryptographic algo-
rithms available in Nettle [Moller 2006] and CyoEncode [CyoTec
2004]. SECP2PSE also implements certification and serialization
functionalities meant for security related transmissions. Figure 4
illustrates the security module architecture.

In our secure communication protocol, all ZIG-generated packets
sent, both by clients and by servers, are intercepted right before
being transmitted through the network. In each one of them, a
small header is introduced with control information used to guar-
antee confidentiality, integrity and authenticity of data when such
attributes are required. The size of this header is variable, for it de-
pends on what characteristics are desired by the application, and on
the intended level of security (key length). For a real-time applica-
tion, such as distributed games, usually there is no need for a very
long key, because the hacker would have too little time to break
the algorithm by brute force. For example, using AES and HMAC-
MDS5, it would be necessary only 21 bytes. In general, the overhead
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size of each packet is somewhere between 1 and 37 bytes. These
packets containing user data and control header are then called data
packets.

There is also another type of packet, called control packet, which
is utilized to negotiate keys between peers who intend to commu-
nicate with each other. They are usually longer, for they need to
attach a copy of the users certificates. However, these packets are
sent only once in the beginning of the communication with a peer
which has been unknown until that moment. Once they have ne-
gotiated a key, they only need to negotiate a new one when one of
the peers loses it or if the key is already being used for a time long
enough for the key to become breakable by brute force.
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Figure 5: Control header

The control header consists of the packet descriptor (1 byte). As
shown in Figure 5, the bit 0 indicates whether the data are protected
by HMAC-SHA-256. The bit 1 indicates whether the data are en-
crypted with AES. Bit 5 indicates that the message source needs the
destination host certificate. Bit 6 indicates that a key has been gen-
erated and attached to the packet in control data and bit 7 indicates
that the certificate of the origin has been attached to the packet in
control data. Bits 2, 3 and 4 are not used.

When the application requires the secure transmission of a packet to
the security library, it must inform: data being transmitted, socket
used for sending, address and port of the destination, type of desired
security (confidentiality, authenticity and integrity) and the identi-
fication of the user which will receive the message at the provided
address.

To guarantee confidentiality of the messages, it can be used both
symmetric and asymmetric cryptographic algorithms. Both are
considered secure, depending on the length of the key used. The
secure communication protocol adopts the strategy of initially us-
ing an asymmetric cryptography algorithm to negotiate a key to
be used then by each pair of computers to communicate securely
with symmetric cryptography. This approach allows to reduce the
processing time of encrypting and decrypting data, for symmetric
cryptography requires less CPU time. Along with the confidential-
ity provided by this mechanism, authenticity may also be achieved
by using hash functions with keys, also known as Message Authen-
tication Code (MAC), to verify the authenticity and integrity of the
messages.

Every time that a peer needs to communicate with another which
was unknown until that time, they first need to negotiate a key.
Therefore, before sending the data packet required by the appli-
cation, the library sends a requisition for the certificate of the desti-
nation through a control packet, which already carries the source’s
own certificate. When the packet arrives in the destination peer,
the security library reads the attached certificate and verifies its au-
thenticity with the specified certification authority responsible for
the game. If the verification fails, the packet is discarded. If it
succeeds, the process continues: the peer who received the packet
allocates a reply packet, where it attaches its own certificate, as re-
quired, and a randomly generated key, which is encrypted using
the public key present in the certificate of the peer that initiated the
whole process. This way, it can be assured that only the receiver
of this reply packet will be able to decrypt it and then obtain the
key. To guarantee that the sender of this packet is not an attacker
who intercepted the communication, the already encrypted key is
re-encrypted, this time with the private key of the sender. This way,
both authenticity and integrity are provided.

After receiving the reply packet containing the double-encrypted
key, the first peer decrypts it using the public key of the other peer,
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verifying the authenticity of the message, and then decrypts it again,
using its own private key. When this whole process is successfully
completed, the peers will be able to securely communicate with a
fast symmetric cryptographic algorithm using the generated key.

5 Simulations

Since one of the main objectives of the P2PSE engine is to reduce
the bandwidth utilization by the server, a numerical comparison be-
tween the load on a traditional server and the load on a P2PSE
server was required. In order to do that, it was necessary to sim-
ulate two game servers, each one with players connected to it. One
of them was a traditional game server, to which the clients kept
connected and trading packets the whole time. The other one was
a P2PSE server, where the players needed to trade packets with the
server only while they were in the social space. In the action space,
the players formed a peer-to-peer group, communicating to one an-
other directly.

The ns-2 simulator [McCanne et al. 1995] was used to create the
simulated environment and perform the simulation itself. The
servers and clients - both traditional and P2PSE - were programmed
extending the Application base class of the ns-2 APIL. The P2PSE
clients connect to the P2PSE server, sending packets to it at a fixed
rate while in the social space. The server, in turn, sends to each
client in the social space an update containing information about
all other clients in the same space. When a player leaves the so-
cial space and joins a peer-to-peer group of an action space, it stops
exchanging packets with the server, due to its direct communica-
tion with the other players. The non-P2PSE server and clients be-
have simply as follows: each client sends a packet to the server
at a given fixed rate, while the server broadcasts an update to all
clients, also at a fixed rate. Although this approach does not take
into consideration possible optimizations on the server, such as in-
terest management [Morse et al. 1996], this is not relevant, since the
same optimizations could be used in the social space of the P2PSE
server, resulting in a similar percentage of bandwidth usage reduc-
tion, when comparing the two server models.

We based our simulation on some works, such as [Breu 2007], [Park
et al. 2005] and [Feng et al. 2005], which analyse the network traf-
fic generated by action games, since this is the genre targeted by the
P2PSE engine. As in most first-person shooters, the transport layer
protocol used was UDP. Each packet received by the server from the
clients is 100 bytes long. The update sent to each client, contain-
ing information about all the players, is proportional to the number
of players present in the game, for the traditional server. For the
P2PSE server, the update length is based only on the number of
players in the social space. In both cases, the length of this update
is 100 bytes multiplied by the number of players who will be up-
dated. The interval between two consecutive packets received from
each client is 150 ms, while the interval between two consecutive
updates from the server to each client is 100 ms. Each player keeps
alternating between the social space and the action space. The time
he stays in each one of them is chosen randomly, ranging from O to
20 minutes, for each space change. The whole game session lasts
for 1 hour.

The results were collected as follows: to measure the average up-
load bandwidth usage by the server, the sizes of all packets sent
during the whole session were added up and then divided by the
session time; to determine the maximum usage, it was measured
how many bytes had been sent each second and the highest value
was selected. In Figure 6, it is shown the maximum and average
upload bandwidth utilization results found for a traditional server
and a P2PSE server. In Figure 7, the download bandwidth usage is
also depicted. Table 1 and Table 2 show the numerical values of the
average bandwidth utilization found in the simulation.

As we can see, the average download bandwidth utilization is de-
creased by, approximately, one half, and the average upload band-
width utilization is reduced to one quarter. This happens because
the periods during which a client stays on the social and action
spaces have approximately the same duration. In consequence of
that, there are roughly half the clients exchanging packets with the
server for each instant, in the average. As each client sends fixed
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size packets periodically to the server, the bandwidth occupation
grows linearly, and so, as the number of players halves, so does
the server’s download bandwidth utilization. However, as the up-
date sent by the server to each client is proportional to the number
of clients being updated, the upload bandwidth utilization by the
server grows quadratically. Therefore, when the number of players
is divided by two, the upload bandwidth utilization of the server is
divided by the square of two, that is, four.

It is important to notice, however, that the time a player usually
spends playing action games, such as first-person shooters, is much
longer than the time they keep talking in the game chat room.
Therefore, the average time spent by each player in the social space
should be much shorter than the time spent on the action spaces
in the simulation. Also, the social space will most likely have
much less need for frequent updates, allowing further decrease of
the bandwidth utilization by the P2PSE servers. Anyway, those pa-
rameters were chosen considering a pessimistic scenario, where the
social space is as interactive as the action space, and the players
spend more time socializing than it usually occurs in this kind of
games.

6 Conclusion

We proposed a different approach to MMOGs, that uses P2P groups
and transfers the simulation processing to them. In order to pro-
vide security and scalability, the game model was restricted to the
instanced game model. The existence of a server-side guarantees
that, if deemed necessary, the server can act as a final arbiter. The
performed simulations demonstrate that, even in a pessimistic sce-
nario, the reduction of the average bandwidth usage by the game
server can be significant. The download bandwidth utilization was
reduced by one half, while the upload bandwidth utilization was
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Table 1: Average upload bandwidth utilization (kB/s)

Clients | Traditional Server P2PSE Server
40 1562.50 400.76
80 6250.00 1581.38
120 14062.49 3533.67
160 24999.98 6290.14

Table 2: Average download bandwidth utilization (kB/s)

Clients | Traditional Server P2PSE Server
40 26.04 13.02
80 52.08 26.04
120 78.12 39.00
160 104.17 52.09

the most benefited one, decreasing by 75%, allowing to reduce the
maintenance cost of such kind of server.

We are currently integrating the P2PSE architecture with our game
prototype, Hoverkill. This game is a client-server capture-the-flag
tank game, and its network system is being replaced by our archi-
tecture. The final goal is to be able to perform tests under a real
environment, in order to base our conclusions in real results rather
than simulations.
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Abstract

An increasingly important attribute of modern software
development is that of variability. Software variability
is the ability to control the software change in a
particular context. To manage the game development
variability, due to the game domain diversity, the most
successful approach was first achieved by game
engines. Nowadays, software variability can be
initially identified based on the concept of feature, a
logical unit of behavior that corresponds to a set of
functional and quality requirements in a system. This
paper presents a new way to describe a game, based on
a feature modeling. The NESI model is based on four
main features: Narrative, Entertainment, Simulation
and Interaction. The main contribution of this paper is
to propose a model to design the variability aspects of
computer games, simplifying the effort of game design
projects.
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1. Introduction

According Svahnberg et al. [2005], “software
variability is the ability of a software system or artefact
to be efficiently extended, changed, customized or
configured for use in a particular context”.

Software variability achive many issues, “ranging
from the development process itself to the various
artifacts created during the development process, such
as requirements specifications, design documents,
source code, and executable binaries” [Svahnberg et al.
2005].

According Gurp et al. [2001], “a variability can be
initially identified based on the concept of feature”.
They define a feature as “a logical unit of behavior that
corresponds to a set of functional and quality
requirements”. Indeed, “variability management is
concerned with the management of the differences
between products throughout the Product Line
lifecycle” [Junior 2005].

In computer games, the variability is a direct
consequence of the game domain diversity, working
with  simulations (sports, adventure, fighting),
hardware technologies (mobile games, web games),
human interactions (immersion, multiplayer) and
complex stories (games based on movies, RPG series)
[Kent 2001].
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To manage the game development variability, the
most success approach was first achieved by Quake
game engine [Lewis 2002], a platform based product
line strategy [Bosch 2002] for game creation.

Others interesting attempts to manage the game
variability, based on SPL (Software Product Line)
concepts, were developed [Zhang and Jarzabek 2005;
Alves 2007], but only for specific games design, and
without commitment to the existing works about
computer games domain [Bjork and Holopainen 2005;
Davidsson et al. 2004; Zagal et al. 2005; Furtado 2006;
Bates and Bates 2004; Rollings and Morris 2004;
Hunicke et al. 2004; Jarvinen 2007; Lemay 2007].

In this way, the objective of this paper is present a
feature modeling proposal to design the variability
aspects of computer games, based on the analysis of
the main computer games domain engineering works.

This paper is organized as follows: Section 2
presents some important game domain engineering
works. Section 3 describes the feature modeling
technique used and the proposed computer game
feature model. Finally, Section 4 presents the
conclusions.

2. Related Work

How to make a computer game using existent
components? Can a set of components be integrated or
composed to produce a new computer game? What
kinds of game components should exist to build a
computer game? What features a software should
contain to be considered a computer game?
Unfortunately, there is not a direct response for these
questions, but just “hints” described by game domain
engineering works.

For Hunicke et al. [2004], the Mechanics,
Dynamics, and Aesthetics (MDA) framework
described a game as a collection of Mechanics to
compose Dynamics, and a collection of Dynamics to
compose Aesthetics characteristics of a game. It was a
interesting conception of game views, but without
resolve the gap between game design and game
development.

Bjork and Holopainen [2005] described a model to
support the game design using a set of game design
patterns. It has been a good approach to describe the
components of games and its patterns of interaction,
but due to the very high level patterns description, and
the repetition of semantic concepts between them, the
gap between game design and game development
persists.

Zagal et al. [2005] proposed the Game Ontology
Project (GOP), a framework that define a hierarchy of
ontology concepts: interface, rules, goals, entities, and
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entity manipulation. In fact, a good representation of
game rules was described, but more ontology concepts
are necessary to represent game design and game
development aspects.

Furtado [2006] proposed the use of a game
ontology to set game implementations. Low level game
design aspects were described, but focused on a
specific game domain, becoming insufficient to
represent the game diversity.

Jarvinen [2007] presented a design methodology
with psychological theories of cognition and emotions
for game design, but with a great distance of game
implementation aspects.

Zhang and Jarzabek [2005] proposed an RPG
product line architecture (RPG-PLA), grouping
similarities and differences among four RPGs
(probably the first use of features on game design). As
result, a specific RPG feature model, and insufficient
solution to represent the game diversity, was described.

The works described above are focused on generic
game domain descriptions and specific game project
implementations. Therefore, the definition of an
intermediate modeling technique, covering domain and
design game aspects, reducing the gap between them,
to describe and analyze generic game components and
concepts, is necessary.

3. Computer Game Feature Model

Next subsections will present the used feature
modeling technique (section 3.1), and the proposed
feature models (sections 3.2, 3.3, 3.4, 3.5 and 3.6) to
design computer game variability aspects.

3.1 Feature Modeling

The feature model concept was first introduced by
Kang et al [1990], in the Feature Oriented Domain
Analysis (FODA) method, to help the identification of
important or domain special properties during analysis
phase.

According Antkiewicz and Czarnecki [2004], a
feature is “a system property that is relevant to some
stakeholder”, and is “used to capture commonalities or
discriminate among desired products”.

A feature model consists of one or more feature
diagrams. These diagrams organize features into

Entertainment
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hierarchies, as a decorated tree, containing features
identified in a system.

Others notations have been proposed to expand the
feature model representativeness and to provide
support to different types of structural relationships.
For example, Czarnecki and Eisenecker [2000] uses
XOR and OR relationships to represent alternative and
mutually exclusive features, and Czarnecki et al.
[2005] proposes a feature cardinality-based notation.

This paper will use both feature notations to
represent the feature model proposal for computer
games design.

3.2 A Feature Model for Computer Games

The basis of NESI model is to define a game as a
combination of four main standard features: Narrative,
Entertainment, Simulation and Interaction, which was
called NESI model (Figure 1).

The NESI model was based on the game conceptual
definitions proposed by Esposito [2005], where a
definition of videogame, combining existing researchs
about game, play, interactivity, and narrative concepts,
was described.

The structure of the NESI model was derived from
the analysis of different domain engineering [Bjork and
Holopainen 2005; Davidsson et al. 2004; Zagal et al.
2005; Furtado 2006; Bates and Bates 2004; Rollings
and Morris 2004; Hunicke et al. 2004; Jarvinen 2007,
Lemay 2007] and implementation works [Zhang and
Jarzabek 2005; Alves 2007; Trinta 2007] of computer
games.

A Narrative is a Flow, a dynamic script trying to
achive Goals following some defined game Rules.
Entertainment is represented by the player Immersion
during the game, accompanied by a Theme proposal, to
characterize the player and the game in the proposed
reality. Simulation is a combination of Elements
(resources for play) and their Relationships, that occurs
in a defined Environment (spaces to play). The human
Interaction is represented by the Control (game input)
and the Presentation (game output) features,
consolidated by the GamePlay feature that manages the
game state and execution as a whole.

To illustrate the proposed model, just imagine a
Chess game. Chess is a Narrative, trying to execute
some steps in a Flow (prepare the game, start the game,
wait for player movement), according defined Rules

Theme

Element |

| Emvironment | | Presentation

Relationship

GamePlay

Figure 1: NESI model for computer games representation.
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(types of movement) to complete these Goals (take the
queen, kill the king). Chess is a kind of Entertainment
because it offers a combination of Immersion feelings
(Emotion, Challenge), following a Theme (war of
kingdoms) according a Story or not (kill the bad white
king for example) and using some Avatars (queen,
bishop, king). Chess is a Simulation, by the
representation of Environment (game board), Elements
(white and black pieces), and their Relationships
(Alliances in a multiplayer challenge, piece
Consumption). Finally, Chess is a Interaction, because
it offers Presentation opportunities by Visual (3D and
2D Cameras to show the Chess board) and Aural
(special SoundEffects for each player movement)
features. To Control the Chess game, an
IndirectControl (PointAndClick using the mouse to
move any piece) is more used, and for the GamePlay, a
Persistent Context (storing the game state) with
TurnBased Policy Execution (one player movement
each time) and PreGame Customization (config the
game before play it) are the most common used
features.

3.3 Narrative Features

As illustrated in Figure 1, the Narrative feature is
composed by three subfeatures: Flow, Goal and Rule.
The Flow feature, which represents a sequence of
operations [Taylor 2006; Brown 2006], is basically a
collection of Events and Nodes (Figure 2).
Each Node contains: a collection of ActionList,
which contains Actions to be performed; and a

[1.%]
Subgoal
Ly
<[> /5
Stati
| Mutual | | Excludent |
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collection of Transitions, to define the new execution
Node in the Flow when one Transition is performed.

During the game execution Events are used to
distinguish what ActionLists or Transitions will be
performed. As result, for each Event in the execution
Node, new Actions or Transitions can be performed,
triggering new Events again.

Different types of Nodes could be used: Fork, Join,

ActionList

Transition

1.4

Action

Figure 2: Flow feature diagram.

Start, and others. When these nodes are combined they
compose a Flow in the game.

According Zagal et al. [2005], “goals are the in-
game objectives or conditions that the player must
meet if he expects to succeed at the game”.

To complete a game, goals must be attained. The
Goal feature (Figure 3) is composed by many
SubGoals, which contains the following features:
Change (the Goal is Static, Dynamic or can be
Customized by the player), Constraint (regular
expression composed by and, or, not and sequence

o]
[Provent
Complete

| Move | | Configuration | | Eliminate | | Survive | | Connection | | Gain | | Complete |
i >
C I L Ra
| Enclosure | | Overcome | =
= Evade m
Taverse - 2 z
Caard Camping KngoHnt [ Exploration | [ Rescue |

LastManStanding

Figure 3: Goal feature diagram.
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Figure 4: Rule feature diagram.

rules), Type (different kinds of goals in a game),
Metric (modes of evaluation of a goal progress) and
Condition (the goal is Prevent a goal completude,
maintain a Continuous state for a period to conclude
the goal [Bjork and Holopainen 2005]).

Similar to Goal, a Rule can be considered as a
game condition, a game constraint which must be
validated in the game execution to perform game entity
manipulations.

Figure 4 shows the different types of rules in a
game, which are subdivided in: Cardinality, GameEnd,
Manipulation, Segmentation and Synergy. SubRule,
Change, Constraint, Metric and Condition, similar to
Goal feature (with the same behaviour), are subfeatures
of the Rule feature too.

According Zagal et al. [2005], the Cardinality of
gameplay refers to the “degrees of freedom the player
has with respects to movement (or the control of
movement) in a certain game”. Zero, One, Two, Three
and Four cardinalities are proposed in the feature
model, that can be found, respectively, in the following
game examples: Guitar Hero, Space Invaders, Pac-
Man, Quake and Neko.

GameEnd describes some ways to determine if a
game ended or not. GoalEnd (goal completed),
ResourceEnd (consuption of all resources), WorldEnd
(end of the world was achieved), and NoGameEnd
(Sims, Second Life, for example) are shown in the
game feature model, acting as initial proposals to finish
the game play, and allowing new different possibilities
to determine the game end.

Manipulation validates attempts to change the
context of entities in the game. Create, Share, Capture,
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Target, Shoot, Teleport, and others can be considered
as a Manipulation feature.

According Zagal et al. [2005], the Segmentation of
gameplay describes “how a game is broken down into
smaller/shorter elements or chunks of gameplay”. One
Segmentation rule may present simultaneously:
Challenge (missions, boss stage), Spatial (sectors in a
build) and Temporal (time limit to explore a sector)
features.

Synergy defines the relationships between rules,
describing strategic options available to players [Zagal
et al. 2005]. ScaleEconomy, ScopeEconomy and
PaperRockScissor describes rules constraints for
quantity, quality and transitive effects between entities,
respectively.

3.4 Entertainment Features

Composed by Immersion and Theme features, the
Entertainment feature define entities to response the
following questions: What makes a game fun? What
features are necessary to build a funny game?

For Immersion, Bjork and Holopainen [2005]
describe that “games require the player attention, and
as such can make players focus on gameplay to the
extent that they feel immersed in the games”. This
Immersion can take many forms, depending on “what
type of activity the players are performing, putting
them deeply focused on the interaction within the
game”.

The Immersion feature (Figure 5) in the NESI
model proposes four types of immersion features:
Cognitive, Emotional, Spatial and Challenge.
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Figure 5: Immersion feature diagram.

Cognitive presents Learning opportunities to
promote memorizing in a constructive play for puzzle
solving, and Adaptability to reach the right level of
complexity in a game [Bjork and Holopainen 2005].

Emotional describes “Suspense as modulation of
hopes and fears through elements of uncertainty”, and
Stimulus because “games privilege so-called prospect-
based emotions that are always focusing on events and
their outcomes” [Jarvinen 2007].

Spatial presents a real and contextualized game
entity Representation followed by the player Mobility
inside them [Bjork and Holopainen 2005].

In Challenge, a game must explore the player
Competence, offering a game Variability by new and
continuously player adventures [Lemay 2007].

According Jarvinen [2007], a Theme is the subject
matter of the game, is a collection of functions to
represent a metaphor for the system and the proposed
rule set.

In the NESI model, a Theme feature (Figure 6) is
basically composed by Avatars and a Story (which is
optional). A Story is a collection of Acts with a time
Momentum (story Beginning, Middle or End) for each
one [Bates and Bates 2004]. Each Act is formed by one
or more Types, which can be a ScriptEvent (a dynamic
Act based on the player choices during the Story
course), a CutScene, a BackStory, a Dialog or a
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Surprise (as result of Secrets or SideEffects during the
game).

An Avatar is an actor in the game, and is
subdivided in Agent (“game entities with intentional
behavior” [Zagal et al. 2005]) and Player (“those who
play, in various formations and with various
motivations, by performing game mechanics in order
to attain goals” [Jarvinen 2007]). Each Avatar has
many Skills (Luck, Dextery and others) independent if
it is a Player or an Agent. According Bjork and
Holopainen [2005], Skills are the ‘“numerical
representation of how likely an avatar is to succeed
with an action, and what possible consequences the
action has”.

An Agent can also represent a Mule (“character that
is set, typically by using scripts, to perform long,
monotonous and specialized sets of actions” [Bjork and
Holopainen 2005]) or an Enemy (“character that hinder
the players trying to complete the goals” [Bjork and
Holopainen 2005]), and an Enemy could be a Boss (“a
more powerful enemy the players have to overcome to
reach certain goals in the game” [Bjork and
Holopainen 2005]).

3.5 Simulation Features

According Narayanasamy et al. [2006], “the advanced
computational capabilities in modern personal
computers have made it possible for consumers to
experience simulations with a high degree of
verisimilitude through simulation games (a.k.a. Sims)”.

A good example is the serious games category, a
result of applying simulation technology to
nonentertainment  purposes  (mostly  training),
contributing to the technology exchange between
simulation games and simulators [Narayanasamy et al.
2006].

Other game categories uses simulation concepts
too, when they abstract real life entities and concepts to
gain more veracity in these game contexts.

o 1.7
Avatar
25
o
[agone | [Swa |
T o #)
Momentum ype m
ScriptEvent m 1 _Inteligence
i,
i v [ |
Middie

Figure 6: Theme feature diagram.
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Figure 7: Element feature diagram.

So, is impossible to think in a game without
simulation features. For this purpose, the NESI model
presents a Simulation feature, composed by Element,
Environment and Relationship main features.

The Element feature (Figure 7) represents the
structural game aspects, and contains the following
features: Point, Clue, Resource, Obstacle, Unit and
Timing.

Points are “specific places or moments in a game”
[Zagal et al. 2005]. The NESI model proposes some
Points to save the game (SavePoint), to stay in secure
mode (SafePoint), to complete a game goal

(GoalPoint), and to generate new game entities
(SpawPoint).

Clues are “game elements that give the players
information about how the goals of the game can be
reached“ [Bjork and Holopainen 2005]. For this,
Traces (soldiers traces on a terrain, for example),
RedHerrings and Helpers (villagers and their stories,
for example) features are proposed. Bates and Bates
[2004] disagrees with the inclusion of RedHerrings in a
game, because they could harm in some moment the
player Entertainment, and the player already has
enough problems to worry about during the game.
However, it is a characteristic that can be implemented

Cr
AbioticFactor

1.1

SpaceType

.
2%

o

| Geology |

| Faun | | Flora | m

| Temperature |

Preciptation

[wind |

| Atmosphere |

Figure 8: Environment
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in the games, so it should be described in the proposed
model.

Resources are “game elements that are used by
players to enable actions in a game” [Bjork and
Holopainen 2005]. Some proposed resources are:
Investiment (in order to reap the rewards Ilater),
Charger (speed boosters for example), Tools (weapons,
armor, gadgets for example), PickUp (elements that
can be collected by players), Generator (mechanisms
that bring game elements to the game) and PowerUp
(power pill in Pac-Man for example).

Obstacles are “game elements that hinder the
players from taking the shortest route between two
places” [Bjork and Holopainen 2005]. Alarms, Walls
and Traps are some possible and proposed Obstacle
features.

Units are “groups of game elements under the
player's control that let the player perform actions to
influence the Game World” [Bjork and Holopainen
2005]. Shoot (performs multiple actions during the
release and collision of the projectile object) and
Container (game element that can store other game
elements) features are defined.

Timing are game elements to manage time events
which can or cannot be exactly predicted in the game.
Clock  (synchronous events) and  Random
(asynchronous events) features are proposed.

The Environment feature (Figure 8), representing
the game space for play [Jarvinen 2007], is composed
by many Locations. Each Location can take a different
SpaceType (World, Level, Sector, Tile and others), and
could represent different Biotic and Abiotic factors
available on specific game Locations.

For AbioticFactors, Climate (with Humidity,
Pressure, Temperature, Precipitation and others) and
Geology (with Soil and your parameters: pH, Air,
Water, Texture, etc.; and Rocks) aspects are the most
outstanding features.

For BioticFactors, Faun (types of species) and
Flora (types of vegetation) features in a location, with
its rich diversity, can be represented.

Relationship feature (Figure 9) defines the
interaction type between Element-Element, Element-
Environment and Environment-Element. For that,
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Biological (essential for life support) and Social
(essential for communities support) interactions are

expected.
Biological features describes: Consumption
(Parasitism, Predation, Herbivory and others),

Competition (struggle to achieve a certain goal) and
Cooperation (in a biological level, like Commensalism
and Mutualism) features.

Social ~ features  describes: =~ Communication
(traditional chat between players), Collaboration
(“players cooperate to reach goals or subgoals of the
game” [Bjork and Holopainen 2005]), Solidarity
(players share Penalties and Rewards between them)
and Negotiation (“a situation where the players confer
with each other in order to reach an agreement or
settlement” [Bjork and Holopainen 2005]).

It is important to reinforce the game designer
responsibility to choice the Relationship type between
Elements and Environment, due to conceptual
Relationship similarities that could confuse the
designer (Cooperation and Collaboration for example).

3.6 Interaction Features

According Zagal et al. [2005], to create an interactive
experience in games, it must provide interesting input
and output resources.

Trinta [2007] describes interaction as “how the
player performs its actions in the virtual world, which
is also dependent on the context of implementation and
the perception of the player at any given time”.

The NESI model proposes three features to achive
the desired game Interaction: Presentation (managing
sensory outputs for the player), Control (managing
players actions) and GamePlay (managing all created
GameSessions necessary to start the GamePlay).

Zagal et al. [2005] described that games present
themselves to the player through the senses, through
multiple sensory channels or focused on only one.

In this way, Presentation feature is composed by
three sensory features: Visual (most important
Presentation game characteristic), Aural (representing
every sound that can be reproduced during the game)
and Tactil (with few game domain studies).

Relationship
Biological
Collaboration Solidarity .
® 7
i . Bettin:
:
b
{3
Reward
Competence

Figure 9: Relationship feature diagram.
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Figure 10: Presentation feature diagram.

For the NESI model, the Visual game aspect is
formed by a combination of Cameras and HUDs
(Head-Up Displays) features.

According Zagal et al. [2005], a Camera is “a
metaphor to describe a graphical representation of the
game world in which the world, the entities within it
and their spatial relationships are depicted visually”.

To represent this metaphor, Camera feature is
composed by the following features: View (perspective
from which the player perceive and interact with the
space), Frame (how the camera represents the space),
Biding (maintain continuity in the view), and Motion
(how the camera moves within or in relation to the
represented space) [Zagal et al. 2005].

The HUD objective is provide to the game player
some information about the game in general, such as
the lives indicator, health indicator, time indicator and
others [Furtado 2006]. In summary, your goal is to
indicate progress (ProgressIndicator), status
(StatusIndicator), = communication  (Chat), and
proximity for a goal (Goallndicator) or to lose it
(NearMissIndicator).

According Zagal et al. [2005], an Aural output
varies over its constituent wavelengths, like a
BackgroundMusic or SoundEffect to reflect the
dynamical game state. To represent an Aural feature, a
sound Type (SoundEffect or BackgroundMusic) and
Format (Compressed or Uncompressed) are expected.

Manipulation

MultiEntity

‘ Keyboard | ‘ Mouse ‘ ‘ Menu | ‘ Programming ‘

PointAndClick

Figure 11: Control feature diagram.

For game control objectives, “a game can use
multiple approaches to its control mapping as well as
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multiple approaches for the same control” [Zagal et al.
2005]. Indeed, some games provides to the player a
level of Direct control over his Avatars actions, and
other games take an Indirect control approach, using
either menus or point and click interfaces [Zagal et al.
2005].

In this way, Figure 11 shows the proposed Control
feature, composed by Direct and Indirect player
commands, and the Focus of manipulation (Single or
Multiple game entities). As shown, at least one type of
command to manage the game play is expected in a
game.

According Bjork and Holopainen [2005], a game
instance, represented as GamePlay feature (Figure 12),
is the “whole lifetime of the game”, and a
GameSession is the “whole activity of a player playing
one game”.

Therefore, GamePlay contains a collection of
GameSessions, which are composed by collections of
Context, Execution and Customization features.

Game Context is defined as “where, when, and why
the gaming encounter takes place” [Jarvinen 2007]. For
Trinta [2007], “all relevant information to represent the
situation of an entity that composes or interacts with
the application” is called Context.

In the NESI model, the game Context is a
collection of entity Instances, with a Persistent status
capability. Some games could include the
ClosurePoints feature, “points where most of the
information about game elements and actions
performed become irrelevant and are discarded” [Bjork
and Holopainen 2005], a game point without return.

As an Instance can be of any game entity type, this
feature is composed by  Narrativelnstance,
EntertainmentInstance, SimulationInstance and
InteractionInstance features.

An Execution is equivalent to a game thread,
necessary to execute actions, generated from players
and multiplayers (agents or not), in a parallel way.

Each Execution has a game Policy that determines
the player command execution at a given time [Trinta
2007]. TurnBased (“only one player or agent may
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Figure 12: GamePlay feature diagram.

perform activities in the game at a given moment”
[Zagal et al. 2005]), RealTime (“‘do not require player
actions to change the game state” [Bjork and
Holopainen 2005]), and Simultaneous (after receive all
next player commands, the game state will change
[Trinta 2007]) policies are the most common used.

According Zagal et al. [2005], customize an entity
means basically “the ability of the player to create or
modify it according to his/her taste”. This
customization can be performed in a number of ways
and involve several aspects of the affected entity, such
as graphics, sounds, name, performance, and others.

In the NESI model, the Customization feature is
composed by two features: ConfigType and
ConfigTime.

ConfigType represents the customization of all
game entity features. Therefore, the NarrativeConfig,
EntertainmentConfig, SimulationConfig and
InteractionConfig features represent all possible game
entity configurations.

According Zagal et al. [2005], ConfigTime can be
classified as: PreGame (not performed where the game
action takes place), InGame (performed by the player
where the game action actually takes place) and
ExtraGame (achieved through the use of software or
tools external to the game itself).

4. Conclusion

This paper presents the NESI feature model which
describes game modeling aspects based on Narrative,
Entertainment, Simulation and Interaction features.

As the first collection of feature models for generic
games design, the great importance of this work is
reduce the gap between generic game domain
descriptions and specific game project
implementations. This goal is achieved organizing
different game domais studies in a more formal, and
domain level, design approach.
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Using the NESI model, the diversity and variability
involved in the game modeling, and treated by the
game designer, can be better controlled.

This is the result of the simplification of the game
domain to four main feature aspects, allowing a more
objective decision about what feature aspects a final
game project will contain.

A more systematic and simplified game reuse
approach is obtained too, because the NESI model can
be used to guide the decomposition of existing games
(creating new core assets for future game projects), and
to develop new games from the ground up (configuring
available core assets that implement game features).

The NESI model has been thought to be
independent of graphics, audio, physics, artificial
inteligence, or other type of game engine. It focus on
the game domain, on the g-factor (game factor) inside
the game project [BinSubaih and Maddock 2008].

For future works, a game product line and a game
domain engine, based on the NESI model, and the
integration of these techniques to some existent game
engines, using a game software bus proposal, will be
developed. Case studies showing how the model could
be used in the decomposition of existing games and in
the development of new game projects will be
described too.
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Abstract

Most game engines are based on game objects inheritance and/or
componentization of behaviors. While this approach enables a clear
visualization of the system architecture, good code reuse and fast
prototyping, it brings some issues, mostly related to the high de-
pendency between game objects/components instances. This de-
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are difficult to debug. In this paper we propose the use of the De-
pendency Injection design pattern to safely initialize game objects
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1 Introduction

Few domains in computer science map to a programming paradigm
so directly as computer games to object orientation. A Game class
matches the concept of a virtual world where several different in-
stances of a GameObject class reside. A GameObject instance can
be anything such as the player character, a house or an invisible
trigger object. The game execution usually consists of a loop inside
the Game class with three main goals:

1. Collect user and network input;

2. Update each GameObject instance based on input and/or
physics simulation, animation and Artificial Intelligence step;

3. Draw visible game objects on the output device.

There are alternative forms of this loop proposed to better exploit
parallelism [de Moraes Zamith et al. 2007], but we consider that
this basic model serves well to express the purposes of our work.

To represent different types of simulated objects, the programmer
usually creates subclasses of GameObject, each one specifying new
and more specialized content and behavior. The problems with the
inheritance approach are well known. A good example of this is
when two objects from different hierarchies sometimes have com-
mon functionality and characteristics, leading to redundancies in
code. This is a common issue in object oriented software design and
replacing inheritance by composition in game engines is already
recognized as a good practice [Folmer 2007; Stoy 2006; Ponder
2004; Billas 2002].

In its componentized alternative, the GameObject class holds only
common attributes that all game objects should have such as name,
position and orientation. Most important, however, is that it
acts as a container for reusable components. Each class extend-
ing AbstractComponent represents a different aspect/behavior of
a GameObject such as physics, Al or health, depending on the
needs of the game object being (now) composed. These compo-
nents should be highly flexible and easier to maintain while also
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maximize code reuse as many of them are useful in several differ-
ent game genres.

Both approaches have a common issue, related to high coupling
between components (or game objects). For instance, an Al com-
ponent commonly depends on the existence of a health component
to decide actions to take and also on a physics component to apply
movements to. These dependencies are normally resolved directly
by the programmer, as shown in the following Java code, part of an
AlComponent class, adapted from the original C++ example [Stoy
2006]:

public void update (float interpolation) {
final GameObject o getOwner () ;
Health h (Health)
if (h != null) {

// take AI actions based on health
}
}

1
2
3
4
5
6
7

Code 1: Traditional dependency handling

Its easy to see that this implementation has an implicit dependency
on the existence of a Health component (line 3), which is expected
to be registered at the same game object under the label "health”. If
every game object containing an instance of this AIComponent class
is properly initialized with an accompanying Health component,
everything will work as planned by the programmer. Apparently
there is nothing wrong with this code, but a closer inspection shows
us that:

e While necessary for solving the implicit dependency, lines 2-
4 have nothing to do with the expected game logic of an Al
update, being just boilerplate code;

e The explicit cast in line 3, or the absence of strong typing
in the case of some script languages, is a common source of
runtime problems in dependent component/objects;

e If no Health component is initialized for this particular game
object, no proper Al action (code inside if clause) will ever
be taken, making it harder to debug while doing level design
(unless the component logs the unfound dependencies, some-
thing the programmer would have to code directly).

An equivalent code in UnrealScript [EpicGames 1998] would be
even more difficult to debug because the language hides all null
pointer references by making them equivalent to a void execution
line. This is such an issue that Tim Sweeney have recently said that
around fifty percent (50%) of the bugs found in Unreal were related
to this kind of dependencies and the lack of stronger typing in its
programming languages [Sweeney 2006]. He also points out that a
typical game object update usually touches five to ten other objects,
which shows how relevant and frequent the problem is.

In this paper we propose the use of the Dependency Injection de-
sign pattern [Jin 2007; Fowler 2004] to solve part of this prob-
lem by freeing the programmer from the responsibility of manually
checking for these dependencies. As will be shown in the next sec-
tions, our framework takes care of the safe initialization of game
objects and components, which can be coded in a much cleaner and
maintainable fashion. The rest of the paper is organized as follows:
section 2 discusses related work, section 3 presents the concepts
and design patterns implemented by the GCore framework while
section 4 explains the use of Dependency Injection and the advan-
tages of our framework over previous research. Finally, section 5
concludes the paper and outlines future work.

o.getComponent ("health");
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2 Related Work

Successful Game engines from the industry are strongly based
on the game object inheritance model such as CryEngine [Cry-
Tek 2008] with its entities and entity-items being equivalent to
game objects and components respectively. The same architec-
ture is found in other commercially available engines such as Un-
realEngine [EpicGames 1998] and Torque [GarageGames ]. At the
same time there are more consistent componentized architectures
[UnityTechnologies 2008; Spinor ; 3DVia ; Billas 2002]. The prob-
lems related to high dependency between objects are a common
issue of these tools, making them potential targets to our proposal.

In a talk presented by Tim Sweeney [Sweeney 2006], he exposed
in detail two problems with current game programming languages
and tools: poor concurrency handling and weak typing. He pro-
poses some features that a new programming language should have
that could solve most of the runtime bugs programmers deal with
when implementing game object scripts. While his arguments are
somehow similar to ours, he proposes the creation of new languages
with the suggested features, which is not a simple task. In this paper
we are proposing the use of a currently available technique that can
be adapted in most existing tools. Our Dependency Injection imple-
mentation is based on Java reflection features, being trivial to port
to C# based platforms such as XNA [Microsoft ]. C++ and some
script languages doesn’t have the exact reflection features used by
our framework but it is possible to implement the same idea with
some workarounds [Pocomatic 2007].

Dungeon Siege was one of the first games to include a fully compo-
nentized game object system. In two different years at the Game
Developers Conference [Billas 2002; Billas 2003], Scott Billas
showed how this architecture and some other features helped the
development of the game and its ”continuous world”. In a more re-
cent talk [Billas 2007], he exposed ideas on how to improve a game
production pipeline, several of them being related to sanity checks
during game objects/components initialization such as attribute re-
quirements and dependencies. He proposes that these assertions
and error messages should be implemented directly by the compo-
nent programmer/engineer on the behalf of the level designer. We
recognize that these ideas are very important indeed, but also aim
to provide tools to automatically perform these sanity checks and
also dependency solving/injection, this time on the behalf of the
programmer/engineer and consequently improving the whole pro-
duction pipeline.

Haller et. al. [Haller et al. 2002] proposes a new architecture
for game objects and components using communication slots and
a message manager to remove the strongly typed dependencies be-
tween them. The solution enables easy composition and connection
of components but requires a strong commitment to a more com-
plex architecture. With our approach the programmer doesn’t have
to learn any new language or communication architecture, making
it more suitable to fast prototyping.

The Unity3D game engine [UnityTechnologies 2008] is a relatively
recent product that has gained attention from developers given its
well designed game object component system and scene editor,
which uses a visual approach to composition. In its latest version
(2.1, released in late July, 2008), a simplified form of dependency
sanity checking is provided for the script programmers, who can
specify that a component has a dependency on the existence of an-
other, which is checked at runtime and also inside the scene editor.
However, although automaticaly instantiated by the scene editor,
this instance is not automaticaly injected in the dependent compo-
nent, leaving this responsibility to the programmer, who still has to
explicitely call a getrComponent(Type) method to obtain the refer-
ence. Our system does both the sanity checking and the automatic
injection (reference solving) of dependent components.

To our knowledge, all previous research and/or products only go so
far in the development of game object component systems. We pro-
pose the full adoption of Dependency Injection to handle the cou-
pling of components in a game engine. In the following sections,
our framework, named GCore, will have its architecture explained
together with the application of Dependency Injection in game ob-
jects composition.
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3 GCore Architecture

GCore, abbreviation for Game Core, is a data-driven game frame-
work aimed at high productivity that abstracts the use of JMon-
keyEngine [JMonkeyEngine ], a Java scene-graph engine imple-
mented over hardware-accelerated OpenGL for graphics and Ope-
nAL for audio. GCore also includes add-ons such as a physics en-
gine [JMEPhysics ] and a network subsystem [Imagination ] to
deliver an extensible and easy to use tool. Since its core concepts
are feasible to implement in other platforms and languages such
as C++ or C#, we focus our attention on its data-driven approach
and Dependency Injection features, which enable game designers,
level designers, programmers and artists to cooperate seamlessly in
a game production pipeline. The role of the programmer is to code
reusable components implementing the game design ideas while the
level designer integrate these components with the assets created by
artists. In this paper we show GCore tools and techniques to assist
both programmers and level designers.

3.1 Main Concepts

From a software engineering perspective, GCore defines four main
concepts/classes to represent a game: GameManager, GameState,
GameObject and AbstractComponent. GameManager is a Facade
[Gamma et al. 1995] for the whole system while a GameState is
similar to a use-case scenario, each one isolating a game scene (or
other user interaction concept) such as the 3D playing environment,
a menu or a heads up display (HUD). During execution, the player
alternates through these scenarios as the game switches between the
different instances of GameState. A runnable GameState is defined
with an unique name and containing a collection of GameObject
instances, each one composed by a collection of AbstractCompo-
nent implementations. In Figure 1 it is possible to see a simple
class diagram for GCore architecture while in Figure 2 one can see
the sequence diagram that explains the game loop concept used in
GCore by specifying the order of method calls at each discrete step.

cd: gcore architecture )

GameManager GameState

AbstractComponent GameObject

Figure 1: GCore componentized architecture

As can be seen from the diagrams, each component is updated at
every frame. There is no render method in the AbstractComponent
class because most of them do not represent graphical properties of
the object. Instead, the GameObject class keeps a scene-graph node
where any graphical component can attach a drawable geometry if
needed. This node is rendered at the end of each frame step which
leads to the rendering of the geometries of graphical components
attached to the game object.

3.2 Data-driven Composition of Game Objects

The main reason for GCore’s productivity is the possibility of cre-
ating a game entirely in declarative form. An example of compo-
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sd: gcore game loop J
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Figure 2: GCore game loop

sition is shown in Figure 3, an object diagram where a GameState
is composed of two GameObject instances, each one with different
components representing their characteristics and behaviors.

cd: game objects composition )

|state: GameState

npc:GameObject tree:GameObject

c2:AlComponent c3:VisualComponent

cl:VisualComponent

Figure 3: Composition example

In the above example, there are two active objects in the game state
named “npc” and "tree” respectively. The “npc” object is composed
of an instance of VisualComponent carrying its graphical represen-
tation and an AIComponent, responsible for controlling its actions
during game execution. Notice that since the update method is
called at every frame step, both components are updated. In the
AlIComponent this method contains the actual implementation of
the Al step, while in the VisualComponent this method is empty.
The other game object, named “tree”, is static and consists only of
a graphical geometry, represented by a single VisualComponent.

Game states and their companion game objects are all stored in
XML files, which are very easy to maintain and also suitable for
an integration tool such as a level editor. In Code 2 one can see the
main XML configuration file of a simple game. The root element of
the configuration is the ”game” element, which has two attributes:
a name and the first game state to be loaded. The “game” element
must be composed of type declarations and game state composi-
tions, being possible to keep them in as many separate files as de-
sired, feature exemplified by the use of the “include” tag.

Type declarations provide for a way to compose reusable types that
can be further specialized and instantiated into game objects inside
the game states. Types are composed of components which can
have their attributes values also specified inside the XML files. In
Code 3 one can see a type declaration showing the concepts of
composition, inheritance and attribute specification. The first type,
named “basic”, defines that all derived types and objects will have
a VisualComponent attached. The second one, named “npc”, ex-
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<game name="example" init="menu">

<!-- type definitions -->
<include file="types.xml" />

<!-- game states —-—>
<include file="menu.xml" />
<include file="farm.xml" />

</game>

Code 2: Main configuration file (game.xml)

emplifies inheritance by extending “basic”, from which it brings
the VisualComponent and also attaches a new AIComponent. The
“tree” type shows the specification capabilities of GCore by inher-
iting from “basic” and modifying an attribute in the VisualCompo-
nent, in this case defining an external 3D model to be loaded as
geometry for any “tree” typed game object.

<type name="basic">
<component class="VisualComponent" />
</type>

<type name="npc-type" extends="basic">
<component class="AIComponent" />
</type>

<type name="tree-type" extends="basic">
<component class="VisualComponent">
<model value="tree.3ds" />
</component>
</type>

Code 3: Sample type declarations (types.xml)

Game states are composed of game objects, which can inherit from
pre-defined types and specify or include any component as needed.
One can even define objects without a supertype, but this prac-
tice minimizes reuse and is not recommended. In Code 4 one
can see the XML for the game state shown in Figure 3 in Page
3. The "npc” game object inherits from the previously declared
“npc-type” and specifies a 3D model for its VisualComponent. The
“tree” object specifies a new position vector for its VisualCompo-
nent. One can easily notice the flexibility of this data-driven ap-
proach for game objects composition and it is even possible to have
multiple named components of the same class in the same type.
The classes GameObject and AbstractComponent also implement
the Composite design pattern [Gamma et al. 1995], being possible
to have chain of nested components if needed.

<gamestate name="farm">

<!-- game objectl: npc —-——>
<object name="npc" type="npc-type">
<component class="VisualComponent">
<model value="zombie.3ds" />

</component>
</object>
<!-— game object2: tree —--—>

<object name="tree" type="tree-type">
<component class="VisualComponent">
<position x="10" z="15" />
</component>
</object>

</gamestate>

Code 4: Game state and objects composition (farm.xml)
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3.3 XML parsing and game execution

From the last section one can see that each game is completely spec-
ified by a meta-data configuration stored in XML files. This XML
specification is parsed during initialization and loaded into a set of
configuration objects. This light-weight meta-data structure is used
at runtime to instantiate game states and game objects as needed.
GCore is capable of parsing attribute values of all Java primitive
types and also 3-valued vectors, quaternions and assets (files) such
as textures, models and audio clips. It is also possible to create your
own parser for any user-defined structured type (class) by extending
the PropertyParser utility class.

There has to be at least one default game state in a game, which
will be the first (or only) to be loaded. Since a game is composed
by a collection of such game states, there should be a way to instan-
tiate, destruct or switch between them at runtime. To provide for an
elegant implementation of these features, the GameManager class
implements the Mediator design pattern [Gamma et al. 1995] with
public methods to (re)activate, pause or destroy any declared game
state by its name. The destroying of previously enabled game states
is optional (prior the activation of another one) since more than one
can coexist in memory at the same time.

The GameManager also take care of the correct initialization of
all game objects and its components. The Builder design pattern
[Gamma et al. 1995] was applied in the initialization code for game
states, objects and components, taking care of attribute and depen-
dency injection. However, for the sake of readability, in the next
section we will show a simplified version of this process instead.
The reason is that we will focus on the explanation of the depen-
dency injection usage, its advantages and implementation details.

4 Dependency Injection in GCore

Dependency Injection, sometimes referred to as inversion of con-
trol, is a design pattern that provides a flexible way to indirectly as-
sembly dependent software components together [Jin 2007; Fowler
2004]. In a complex componentized system, such as a game, it
is common to find classes that depend on others to perform their
tasks. The programmer usually implements this dependency as an
attribute declared with its type being the target class. Dependency
solving normally occurs at runtime by getting an instance using an
available pull-like APIL

With Dependency Injection the underlying framework is respon-
sible for automatically look for this instance and setting it under
the dependent component. There are two gains associated with the
use of this pattern: smaller and cleaner code at the components,
since it’s not necessary to manually look for the dependency; and
safer initialization, because it’s a responsibility of the framework to
check for the existence of the dependencies, leading to less runtime
errors.

To implement this technique we make use of the runtime reflection
features of the Java language, especially annotations, which are a
special kind of meta-data available both at compile and runtime.
We created a custom annotation type, named @Inject, to be used to
mark dependencies between components in the source code. These
dependencies will be solved at loading time by the game object ini-
tializer every time an attribute identified with @Inject is found. In
the following section we explain two examples of Dependency In-
jection in our framework: the composition of a player game object
showing the safe initialization of dependent components in the first
example and the fast prototyping of new game mechanics in the
second one.

4.1 Example 1: Safe Initialization of Components

In GCore, all direct dependencies between components can be au-
tomatically solved by the framework. First lets consider how very
simple game object features can be implemented as reusable com-
ponents: external 3D model loading, player input and a chase cam-
era. It’s recomended, for the sake of reusability, to implement each
one as a separate component class, named VisualComponent, Play-
erInput and ChaseCamera. VisualComponent can be used indepen-
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dent of the other two for any static object that needs a visual rep-
resentation such as a house or a tree. None of these need to be
followed by a camera or controlled by the player so there will be no
need to include the other respective components. However, when
used to compose a player object, ChaseCamera and PlayerInput are
used and both have a dependency on the existence of an oriented
geometry. They use this geometry respectively as a target to look at
or to update based on player commands. VisualComponent already
defines a geometry attribute (its loaded model) that fits this need. In
Figure 4 this relation is expressed in the form of an object diagram.
The player game object has a collection of components, all being
concrete subclasses of AbstractComponent and having dependen-
cies between them.

cd: components dependency )

player:GameObject

y

AbstractComponent

T

cl:VisualComponent

N N
"dependency 'dependency
1 1

c2:Playerinput c3:ChaseCamera

Figure 4: Dependent components example

Components c2 and c¢3 from Figure 4 show a dependency to com-
ponent cl. Now it’s clear that both ChaseCamera and PlayerCom-
ponent have a attribute of type VisualComponent, so they can use it
at their respective update methods. Instead of manually looking for
this object at each update method, the component programmer only
has to include the runtime-available custom annotation @Inject to
the attribute declaration as show in Code 5. When initializing each
component, as will be explained next, if the annotation @Inject is
found before any declared attribute, our framework looks for an in-
stance of this component type in the same game object and sets it
into the attribute.

class ChaseCamera extends AbstractComponent {

@Inject
VisualComponent vc;

public void update (float interpolation) {
camera.lookAt (vc.getWorldTranslation());

}

Code 5: @Inject in ChaseCamera source code

One can see that there is no line of code looking for the Visual-
Component instance or checking its nullability. It’s also easy to
notice that, compared to the example in Code 1 in Page 1, the
above code is smaller, considerably cleaner and also safer since the
framework will stop initialization and show an error log if there is
no VisualComponent declared and already initialized for the related
GameObject. In Code 6 one can see a correct XML for the player
object composition.

Since this declaration includes a VisualComponent, the other two
components, which depend on the existence of the previous, are
initialized correctly. Game object initializations occurs as shown
in the sequence diagram presented in Figure 5. As shown in the
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<object name="player">

<component class="VisualComponent">

<model value="knight.md5" />
</component>
<component class="PlayerInput" />
<component class="ChaseCamera" />

</object>

Code 6: Correct player object composition

diagram, when creating a game state, all game objects and their
components are first instantiated and their declared attributes set.
After this first step (messages 2, 3 and 4 in the diagram), the game
objects are properly initialized and components dependencies are
injected (messages 5 and 6). By running the injection last, all de-
clared components are already attached to the game object leading
to a complete dependency solving.

sd: components initialization J
lq:GameManager ‘ ls:GameState‘ lo:GameOb'ect ‘ li c:ConcreteComponent

0 o | |
<< create >> 2 ; ;
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Figure 5: Game objects initialization

In Code 7 anincorrect player object composition is presented. Let’s
imagine for instance that the level designer made a mistake and
thought the “character” supertype already had a VisualComponent
declared and included only the (in his mind) two missing ones. In-
stead of leading to an unpredicted runtime error, this specification
is not valid and our framework will show a message at initialization
such as seen in Code 8.

<object name="player" type="character">

<component class="PlayerInput" />

<component class="ChaseCamera" />

</object>

Code 7: Incorrect player object composition

"Incomplete composition of object: ’'player’.
Missing required ’'VisualComponent’
needed by included ’ChaseCamera’."

Code 8: Unsolved dependency initialization error

By having automatic handling of the coupling between components
and a safer initialization of game objects, the programmer will not
need to manually check for explicit dependencies or their nullabil-
ity. From this example one can see that the level design step in
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the production pipeline is improved with less dependency on code
debugging tools.

4.2 Example 2: Fast Prototyping of New Game Me-
chanics

During the paper introduction we pointed that one of the problems
caused by the dependency between game objects and components
was the high number of lines of code dealing with issues not related
to the core game logic being implemented. Boilerplate code like
this needs a lot of concentration from the programmer and, usu-
ally, also debugging. In this example we show how Dependency
Injection improves fast prototyping of components by making the
programmer focus only on the core mechanics implementation.

Lets assume we are going to implement a “lunar cargo” game,
where the core mechanics consists of controlling a rocket-powered
heavy weight lift vehicle. The goal of the implementation is to
expose the core mechanics to early tests as fast as possible. The
following features are essential to the prototype:

1.
2.
3.
4.

A moon-like terrain;

Gravity and collision physics;

3D model loading;

Player-controlled thrust to the lunar module (most important).

It is easy to notice that features 1-3 are also needed by several dif-
ferent game genres and are already available as reusable GCore
components. The only lasting, and important, feature is the player-
controlled thrust. In Code 9 one can see the complete XML used
for this prototype, declaring a single game state, composed of two
game objects: the terrain and the lunar module. The implementa-
tion of the missing Thrust class is explained next.

<game name="lunarCargo" init="moon">

<gamestate name="moon">
<!-- prototype objectl: terrain -->
<object name="terrain">
<component class="TerrainComponent">
<heightmap value="moon.png" />
</component>
<component class="TerrainPhysics"
</object>

_n

/>

<!-— prototype object2: lunar module —-->
<object name="module">

<component class="VisualComponent">

<model value="cargo-ship.3ds" />
</component>
<component class="DynamicPhysics" />

/>

<component class="Thrust"
</object>

<gamestate>
<game>

Code 9: Lunar Cargo prototype XML

GCore’s DynamicPhysics component has a dependency to Visu-
alComponent that the former uses as collision geometry and also
to move as the simulation goes. The Thrust being implemented
clearly has a dependency to the DynamicPhysics, which is going
to have forces applied to as the user presses the “thrust” key. In
Code 10 one can see the implementation of the Thrust class. The
dependency to DynamicPhysics is exposed to the framework by the
attribute annotated with @Inject and the update method just takes
for granted that this attribute will not be null at runtime.

It is clear that the programmer could concentrate on the core me-
chanics implementation: checking for the user input and imposing
a thrust to the lunar module physics. With this approach we believe
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class Thrust extends AbstractComponent {

@Inject
DynamicPhysics physics;

public CargoController () {
KeyManager.set ("thrust",
}

KEY_SPACE) ;

public void update (float tpf) {
if (KeyManager.isValidCommand ("thrust"))
physics.addForce (Vector3f.UNIT_Y) ;

Code 10: Thrust component source code

one can write better code and achieve faster prototyping in a game
production pipeline without compromising a good design.

5 Conclusion

Data driven is a proved approach to manage risk during a game pro-
duction pipeline. Putting this together with a well-designed game
engine, a powerful architecture is achieved, as can be shown by
several successful engines and frameworks. However, object orien-
tation, especially components composition, has some issues with
maintainability of highly dependent instances. In this paper we
have presented a technique based on the Dependency Injection de-
sign pattern that safely removes this task from the programmer du-
ties.

There is a know myth in game production circles that it is impos-
sible to fast prototype and write well-designed code at the same
time. We firmly believe that by using the GCore framework one
can achieve very fast prototyping without giving up most good
programming practices. By using Dependency Injection we com-
pletely removed the hard-coded implicit dependencies, which are
so common in game objects scripting, from GCore components li-
brary, providing a powerful, extensible and safer tool.

GCore is a constant work in progress and we are now investigating
how to apply the technique to other scenarios in game design such
as dependencies between a component and any attribute from other
game objects and components. We plan to extend the use of annota-
tion to enable the programmer to apply constraints, such as not-null,
min/max values/lenght, to any primitive type attribute (plus files,
strings, vectors and quaternions). The short-term roadmap also in-
cludes a level-editor, which provides for the visual composition of
games freeing the level designer from the need to write XML spec-
ifications.
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Figure 1: Screenshots of a boids simulation with variable number of entities

Abstract

Computing and presenting emergent crowd simulations in real-time
is a computationally intensive task. This intensity mostly comes
from the O(n?) complexity of the traversal algorithm needed for
the interactions of all elements against each other based on a prox-
imity query. By using special data structures such as grids, and the
parallel nature of graphics hardware, relevant previous works re-
duces this complexity by considerably factors, making it possible
to achieve interactive frame rates. However, existent proposals tend
to be heavily bound by the maximum density of such grids, which
is usually high, yet leading to arguably inefficient algorithms. In
this paper we propose the use of a fine grained grid and accompa-
nying data manipulation that leads to scalable algorithmic complex-
ity. We also implement a representative flocking boids case-study
from which we run benchmarks with more than 1 million simulated
and rendered boids at nearly 30fps. We remark that previous works
achived not more than 15,000 boids with interactive frame rates.
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1 Introduction

Visual simulations and 3D games are growing fast in terms of con-
tent and visual accuracy due to the increasing power of graphics
hardware and computers architecture. One consequence of this evo-
lution is that users expectations are now much more sensible when
it comes to judging if a simulated entity behavior is overall believ-
able. At the same time, visual applications that were only available
at not real time applications regarding to the technology limitations
are now becoming possible to run in real-time systems. For this
reason the seek for more detailed graphics and more realistic ap-
pearance have been a easy to grasp trend, but there has also been a
growing interest in more complex animation and Artificial Intelli-
gence algorithms.

While the real world environments can be composed by thousands,
or even millions of moving entities, a simulated one is usually con-
strained by a limited number of them. In a typical environment in
the nature one can find a huge number of different animals or even
cells interacting between them and with physics elements. This can
happen in very different situations, like in a sports arena that is full
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of autonomous individuals, ants or bee communities or even cells
in a blood system. When simulating a similar virtual and real time
scene, bound by available computational power, it is common to
find a very limited number of independent entities, most of them
behaving very predictably. There are several approaches that aim
to include more unpredictable behavioral models in simulated en-
vironments, such as [Reynolds 1987; Musse and Thalmann 1997;
Shao and Terzopoulos 2005; Pelechano et al. 2007; Treuille et al.
2006].

On the other hand, given its computational requirements, visual im-
provements have been made possible by the clever use of evolving
parallel graphics hardware technology. Even being graphics content
driven, many today 3D applications have bottlenecks stipulated by
the CPU, which is responsible for non-graphics calculations. The
use of graphics processing units (GPUs) for general purpose com-
puting has become a new and interesting research area that contin-
uously gains attention from industry and also academia, in order to
resolve in a huge parallel architecture problems that are not related
to graphics. Behavioral Artificial Intelligence algorithms, although
traditionally sequential and executed on the CPU are sometimes
suitable, but not easily, to parallel execution. In dynamic emer-
gent crowd simulation, algorithms are driven by the need to avoid
the O(n?) complexity of the proximity queries between active enti-
ties. Several approaches have been proposed to cope with this issue
[Reynolds 2000; Chiara et al. 2004; Courty and Musse 2005] but
none of them has reached an ideal level of scalability. It is also im-
portant to notice that no work until the present date has proposed
the real time simulation of more than just a few thousands of com-
plex entities that interact with each other. Applications for such
technique ranges from crowd behavior prediction in case of a sta-
dium fire or street traffic simulation, interactions between different
blood cells and enrichment of computer game worlds.

GPUs are specialized devices for graphics computation, often com-
prising a set of SIMD (Single Instruction, Multiple Data) process-
ing units due to the parallel nature of this task. The constant de-
velopment of these devices, pushed mainly by the computer games
industry, turned them fast enough to be appropriate for solving other
computational intensive problems. The broad adopt of the term
GPGPU (General Purpose computation on GPUs) to name this new
field of research shows its importance. However, the first applica-
tions of GPUs to do general purpose computing had to rely on the
adaptation of graphics rendering APIs to different concepts, repre-
senting a difficult learning curve to developers. The CUDA technol-
ogy [NVidia 2007] aims to provide a new abstraction layer on top
of (former) graphics hardware to facilitate its use for non graph-
ical processing. While being an important tool to enable a faster
modeling of problems to a more general parallel machine concept,
CUDA abstracted hardware still is very specialized, carrying a dif-
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ferent memory model, with huge impacts on the performance of the
developed application, depending on its memory access patterns.

GPUs are SIMD processors that take advantage of the streamed na-
ture of graphics computation, where the processing of each sub-
sequent pixel would require localized data from textures. This
specialized hardware uses a great deal of read-ahead and caching
techniques to accelerate this computation based in this localization.
There are rules of thumb to create efficient streamed applications,
the most important being to structure the data in a way to maxi-
mize memory reads based on locality and avoiding random writes.
These rules enable an efficient use of available cache memory and
read ahead mechanisms of these devices.

In this paper we propose a novel simulation architecture for crowds
of autonomous geometric entities that are based on a partially sorted
matrix. The entities are simulated as Cellular Automata with Ex-
tended Moore Neighborhood [Sarkar 2000] over this matrix, which
is ideal for the memory model of GPUs. The high performance and
scalability are achieved by a very low parallel complexity and in-
dependence of the sorting and simulation algorithms. We call this
architecture Supermassive Crowd Simulation. To model the data
structures and the simulation technique we use a traditional emer-
gent behavior model of flocking boids [Reynolds 1987] but the ar-
chitecture can be further extended to other simulation models that
rely dynamic autonomous entities.

The rest of the paper is organized as follows: Section 2 discusses
related work on general purpose computation on GPU and emer-
gent behavior models. Section 3 explains the data structures and
simulation steps while section 4 describes the particular behavior
model used to validate the proposed architecture. Section 5 brings
benchmark results and performance analysis compared to the same
simulation on a CPU. Finally, section 6 concludes the paper with a
discussion on future work.

2 Related work

This work has two different goals and contributions in crowd be-
havior simulation. The first one is to provide data structures and
an architecture that are suitable for believable modeling of observ-
able behavior in the real world. The second goal is to extract the
best performance possible of current hardware. These two goals
are shared among the majority of the cited research. Hence, this
section is organized in approximate chronological order.

The first known agent-based simulation for groups of interacting
animals is the work proposed by Craig Reynolds [Reynolds 1987],
in which he presented a distributed behavioral model to perform this
task. His model is similar to a particle system where each individual
is independently simulated and acts accordantly to its observation
of the environment, including physical rules such as gravity, and in-
fluences by the other individuals perceived in the surroundings. The
main drawback of the proposed approach is the O(n?) complexity
of the traversal algorithm needed to perform the proximity tests for
each pair of individuals. At the time, this was such an issue that
the simulation had to be run as an offline batch process, even for a
limited number of individuals. In order to cope with this limitation,
the author suggested the use of spatial hashing. This work also in-
troduced the term boid (abbreviation for birdoid) that has been used
to designate an individual in animal crowd simulations ever since.

Musse and Thalmman [Musse and Thalmann 1997] propose a
more complex modeling of human motion based on internal goal-
oriented parameters and the group interactions that emerge from
the simulation, taking into account sociological aspects of human
relations. Others include psychological effects [Pelechano et al.
2007], social forces [Cordeiro et al. 2005] or even knowledge and
learning aspects [Funge et al. 1999]. Shao and Terzopoulos [Shao
and Terzopoulos 2005] extend the latest including path planning
and visibility for pedestrians. It is important to mention that these
proposals are mainly focused on the correctness aspects of behav-
ior modeling. While serving as foundations on the subject, these
structures and algorithms are not suitable for real-time simulation
of very large crowds, which is one of the goals of this papers.

Reynolds further developed his behavioral model to include more
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complex rules and to achieve the desired interactive performance
by the use of spatial hashing [Reynolds 2000; Reynolds 1999].
This implementation could simulate up to 280 boids at 60fps in a
playstation 2 hardware. By using the spatial hash to distribute the
boids inside a grid, the proximity query algorithm could be per-
formed against a reduced number of pairs. For each boid, only
those inside the same grid cell and at adjacent ones, depending on
its position were considered. This strategy led to a complexity that
is close to O(n). This complexity value, however, is highly depen-
dent on the maximum density of each grid cell, which can be very
high if the simulated environment is large and dense. We remark
that the complexity of our data structure is not affected by the size
of the environment or the distribution of the boids over it.

Quinn et al. [Quinn et al. 2003] used distributed multiprocessors to
simulate evacuation scenarios with up to 10000 individuals at 45fps
on a cluster connected by a gigabit switch. More recently, a simi-
lar spatial hashing data-structure was used by Reynolds [Reynolds
2006] to render up to 15000 boids in playstation 3 hardware at in-
teractive framerates, with reduced simulation rates of around 10fps.
Due to the distributed memory of both architectures, it is necessary
to copy compact versions of the buckets/grids of boids to the in-
dividual parallel processors before the simulation step and copying
them back at the end of it, leading to a potential performance bottle-
neck for larger sets of boids. This issue is evidenced in [Steed and
Abou-Haidar 2003], where the authors span the crowd simulation
over several network servers and conclude that moving individuals
between servers is an expensive operation.

The use of the parallel power of GPUs to this problem is very
promising but brings another issue, related to its intrinsic depen-
dency on data-locality to achieve high performance. For agent-
based simulation that relies on spatial hashing, it is desired that the
individuals should be sorted through the containing data-structure
based on their cell indexes. The work by Chiara et. al. [Chiara
et al. 2004] makes use of the CPU to perform this sorting. To avoid
the performance penalty, this sorting is triggered only when a boid
departs from its group, which is detected by the use of a scattering
matrix. This system could simulate 1600 boids at 60fps includ-
ing the rendering of animated 2D models. The FastCrowd system
[Courty and Musse 2005] was also implemented with a mix of CPU
and GPU computation that could simulate and render a crowd of
10000 individuals at 20fps as simple 2D discs. Using this simple
rendering primitive, the GPU was capable of simultaneously com-
puting the flow of gases on an evacuation scenario. We also make
use of the fact that groups tend to move as blocks in crowd simula-
tions and, as will be explained in next sections, use a parallel partial
sorting algorithm on the GPU to achieve even higher performance.

The simulation architecture and data-structures of [Treuille et al.
2006] depart from the agent-based models presented so far. It uses
a 2D dynamic field to represent both the crowd density and the ob-
stacles of the environment. The individuals navigate through and
according to this continuum field. It is argued that locally con-
trolled agents, while providing for complex emergent behavior, are
not an appropriate model for goal-driven individuals, such as hu-
man pedestrians. The implemented system could simulate up to
10000 humans at 5fps (without graphics) even with the inclusion
of a dynamic environment such as traffic lights. The continuum
field is an interesting approach but limits the environment to a pre-
determined size.

Our architecture stores the entities/boids data over a matrix, with
an individual cell corresponding to exactly one boid and the sim-
ulation occurring in parallel on the GPU. In the implemented sys-
tem, each boid is modeled as an agent that, based on an Extended
Moore Neighborhood [Sarkar 2000], perceives a constant number
of other surrounding boids. This cellular automaton model matches
perfectly with the data-locality dependency of graphics hardware
but imposes that boids data have to be kept spatially sorted over the
matrix during simulation. Our proposal, such as most of the above
work, is based on distributed agents to yield emergent behavior, but
the novel data-strutures is prepared for unlimited environment size
and better scalability.
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3 Simulation Architecture

Individual entities in crowd behavior simulations depend on obser-
vations of their surrounding neighbors in order to decide actions
to take. The straightforward implementation of the neighborhood
finding algorithm has a complexity of O(n?), for n entities, since
it depends at least on distance tests performed for all entity pairs
in the crowd. Individuals are autonomous and move during each
frame, which leads to a very computationally expensive task.

Techniques of spatial subdivision have been used to group and sort
these entities to accelerate the neighborhood finding task. Current
implementations are usually based on variations of relatively coarse
Voronoi subdivisions, such as a grid. After each update, all enti-
ties have their grid cell index calculated. For GPU based solutions,
some kind of sorting has to be performed, so geometric space neigh-
bors are grouped together in the used data structure. However, static
Voronoi structures have some limitations related to the simulation
of very large geometric spaces, where each cell node may have a
large number of entities inside. This issue makes the neighborhood
finding problem again limited by a hidden O(n?) complexity fac-
tor.

Our architecture is built around a fine grained dynamic data struc-
ture that is used to store information about all entities and is sorting
a simulation agnostic, meaning one can use it with different sort-
ing strategies and simulation algorithms. The following subsections
describe these data structures, the role of sorting and the types of
simulation algorithms suitable to the proposed architecture.

3.1 Neighborhood Matrix

The proposed architecture was developed with the CUDA technol-
ogy [NVidia 2007], in order to keep the process entirely at the
GPU. To assure the desired high performance, all information about
entities is organized in matrixes that are mapped as textures. Fol-
lows the minimum information required for each entity: Position -
a 2D vector, representing the position of the entity; Speed - a vector
for storing the direction and velocity in a single structure; Type - an
integer that can be used to differentiate entity classes.

These entities information are stored in matrixes, where each in-
dex contains values for an individual entity. Since is possible to be
required a variable number of data about the entities, it may be nec-
essary to use more than one matrix. However it is a good practice to
avoid wasting GPU memory by sharing vectors to store more than
one single piece of information in each index.

The matrix containing the position vector for the entities is then
used as a sorting structure. In Figure 2, one can see an example of
such matrix where information about the position of 36 individual
entities. To reduce the cost of proximity queries, each entity will
have access to the ones surrounding its cells based on a given radius.
In the example, the radius is 2, so the entity represented at cell (2,2)
would have access to its 24 surrounding entities only. In Cellular
Automata, this form of information gathering is called Extended
Moore Neighborhood [Sarkar 2000].

Maore Nei 100d
adius = 2

Figure 2: Neighborhood matrix

This structure enables the exact prediction of the performance,
since the number of proximity queries will be constant over the sim-
ulation. This happens because instead of making distance queries,
taking as parameters all entities inside its own coarse Voronoi cell
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and the ones in the adjacent regions, as in traditional implementa-
tions, each entity would query only a fixed number of surrounding
individual matrix cells. However, this matrix has to be sorted con-
tinually in such a way that neighbors in geometric space are stored
in cells close to each other. This guarantees that this extension of
cellular automata may gather information about close neighbors.

One can notice that the use of a matrix is tied to the two dimen-
sions of this particular case. For a 3D simulation the data structure
could be a 3 dimensional array, with no loose of generality, sim-
ilar to the usage of quadtrees or octrees in other applications of
spatial subdivisions. Since in this work the implementation of ev-
ery entity is mapped to one CUDA thread in both the sorting and
simulation steps, it is important to mention that these matrixes are
double buffered, so that each of these tasks does not write data over
the input structures that can still be read by other CUDA threads.

3.2 Sorting Pass

The matrix that stores position information is used to perform a
topological sorting over two dimensions of these vectors. The goal
is to store in the top-leftmost cell of the matrixes the entity with
the smaller values for X and Y, and the bottom-rightmost cell to
the entity with highest values of X and Y respectively. Using both
values to sort the matrix, the top lines will be filled with the entities
with higher values of Y while the left columns will store those with
lower values for X and so on. This kind of sorting allows builds
automatic approximate proximity query based on data locality.

When performing a sorting over an one dimension array of float
point values, the rule is that given an array A, the following rule
must apply at the end:

o VAl € A, i > 0= A[i — 1] < A[].

Extending this rule to a matrix M where each cell has two float
point values X and Y:

o Eq.1: VM[i|lj] € M, j > 0 = M[i|[j—1].X < M[i][j].X:

o Eq2: M[][j — 1].X = M[][j].X = M[[j — 1].Y <
MTi[j].Y;

o Eq.3: VMIi|[j] € M, i > 0= M[i—1][j].Y < M[i|[j].Y;
<

o Eq4: M[i — 1)[jl.Y = M[i|[j].Y = Ml[i — 1][j].X
M[i][5]. X

The pass must be divided into four steps, one for odd and one for
even elements for each of both directions. The first step runs the
sorting between each entity position vector of the even columns
against its immediate neighbor in the subsequent odd column, based
first on the values of the X component. If it rules of Eq.1 or Eq. 2
are violated, the entities switch cells in the matrixes. It is important
to notice that not only the cells in the position matrix have to be
switched, but all data that is kept at the others as well, otherwise
a violation of the data structure will occur. The other three sorting
steps perform the same operation for even columns, odd lines and
even lines, respectively.

As shown above, the sorting has to be performed in both direc-
tions. This process is sorting agnostic, which means that it is pos-
sible to use different sorting strategies, as long as the rules above
are eventually or partially achieved during simulation. A partial
sorting strategy was tested using only one pass of a parallel im-
plementation for the odd-even transposition sort algorithm at each
simulation step. The odd-even transposition sort is similar to the
bubble sort algorithm and is possible to complete the pass, travers-
ing the whole data structure, in a O(n) sequential time. Because
there are two steps, one for odd and other for even elements, this
algorithm is suitable for parallel execution. In Figure 3 it is shown
a schematic presentation of a complete odd-even transposition sort
pass.

As seen from Figure 3, the four-step pass does one sort for odd and
one for even elements on both directions. The first step runs the
sorting between each entity position vector of even columns against
its immediate neighbor in the subsequent odd column based first on
the values of the X component. If it happens that sorting rules 1 or 2
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Figure 3: Partial sorting pass with 4 odd-even transposition steps

are violated, the entities switch cells in the matrixes. It is important
to notice that not only the position vector have to be switched, but
all data that is kept at the matrixes, otherwise violating the safety of
the data structure. The other three sorting steps perform the same
operation for even columns, odd lines and even lines, respectively.

At the present work it was sufficient to run only one complete odd-
even pass for each simulation frame because we initialized the po-
sition matrix in an ordered state and, the flocking nature of the sim-
ulation algorithm imply that the entities do not overlap positions
frequently. In practice, this means that in a very few simulation
steps, the matrixes correctly represent the proximity relations be-
tween them. Depending on the simulation being performed, it may
be necessary to perform a complete sorting at each frame step. In
this case, it is recommended a sorting algorithm with better worst
case complexity, such as a parallel merge sort. However, for all
test scenarios built in this work, the incomplete odd-even transposi-
tion pass was enough to sustain a approximately correct simulation,
with no visual noticeable artifacts, and with a parallel complexity
(and performance) of O(1) against O(log n) of a complete sorting
based on a parallel merge sort.

3.3 Simulation Pass

The simulation pass can perform any kind of crowd emergent be-
havior of entities that are constrained to the knowledge of data from
their neighborhood, such as flocking boids or even dynamic fluids.
This pass must be implemented as a CUDA kernel function that
receives as arguments at least the neighborhood matrixes (double
buffered as input and output) and the time passed since the last step.

4 Case-Study: Flocking Boids

For the purpose of this work, we chose to validate the proposed
technique by implementing a well known distributed simulation al-
gorithm called, flocking boids [Reynolds 1987]. This is a good
algorithm to use because of its good visual results, proximity to
real world behavior observation of animals and understandability.
The implementation of the flocking boids model using our algo-
rithm enables a real time simulation of up to one million animals of
several species, with a corresponding visual feedback. The number
of different species is limited only by the number of animals in the
simulation.

Our model simulates a crowd of animals interacting with each other
and avoiding random obstacles around the space. This simulation
can be used to represent from small bird flocks to huge and complex
terrestrial animal groups or either thousand of hundreds of different
cells in a living system. Boids from the same type (representing the
species) try to form groups and avoid staying close to the other type
of species. The number of simulated boids and types is limited only
by technology but, as demonstrated in the next section, our method
scales very well due to the data structures used. In this section we
focus at the extension of the concepts of cellular automata in the
simulation step, in order to represent emergent animal behavior.

To achieve a believable simulation we try to mimic what is observ-
able in nature: many animal behaviors resemble that of state ma-
chines and cellular automata, where a combination of internal and
external factors defines which actions are taken and how they are
made. A state machine is used to decide which actions are taken.
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The actions themselves performed by a cellular automaton algo-
rithm. With this approach, internal state is represented by the boid
type and external ones corresponds to the visible neighbors, de-
pending from where the boid is looking at (direction), and their
relative distances.

Based on this ideas, our simulation algorithm uses internal and
external states to compute these influences for each boid: Flock-
ing (grouping, repulsion and direction following); leader following;
and other boid types repulsion (used also for obstacle avoidance).
Additionally, there are multiplier factors which dictate how each in-
fluence type may get blended to another, in each step. In order to
enable a richer simulation, these factors are stored independent for
each type of boid in separate arrays. These arrays are indexed by
the boid type, meaning that the element at position 1 represents the
information that the array keeps for all boids of type 1. These ar-
rays size corresponds to the number of different boid types. Below
is a summary of the information kept for each boid type:

e Multiplier factors, one for each type of influence;

e Neighborhood matrix cell index for the leader of the type.

4.1 Vision

In nature, each animal species has a particular eye placement,
evolved based on its survival needs such as focusing on a prey or
covering a larger field of view to detect predators. To mimic this
fact, our boids have a limited field of view, parameterized by an
angle. Obstacles and other boids outside this field of view are not
considered in the simulation. Figure 4 shows a comprehensible rep-
resentation of this field of view.

Invisible Area

Figure 4: The visual field of a boid

When two boids are very close to each other, up to collide, corre-
sponds to a special case where a boid takes into account a neighbor
even if it is outside of the its field of view. If collisions where
allowed to happen, the simulation could become unstable since
neighbor boids comming from behind would suddently appear in
front of another. It is possible to think of this as a collision detec-
tion for a prevention system, having the same effect as a movement
made by animals that, even not seeing each other, would have got-
ten into a sudden contact.

4.2 Flocking Behavior

A boid keeps on moving by watching his visible neighbors and de-
ciding what direction to take next. Each neighbor influences this di-
rection in different conflicting manners, depending on its type and
distance from the simulated boid. From neighbors of the same type,
the simulated one receives three simulateous influences: grouping,
repulsion and direction following.

4.2.1 Grouping Influence

By grouping we mean the tendency that animals from the same
species have to keep forming relatively tight groups. To simulate
this behavior we compute the group center position by averaging
the positions of all visible neighbors of the same type as the one
being simulated. This grouping influence will be multiplied by a
grouping factor, unique for each type, and by the distance from the
centre. The last factor will make the influence stronger to boids that
are far from the group. Figure 5 illustrates grouping and repulsion
influences.
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4.2.2 Repulsion Influence

If only the grouping influence was taken into account, boids would
tend to form very dense groups, resulting in very frequent colli-
sions, not representing what we see in nature. To balance this
grouping tendency a collision avoidance influence is computed. For
each simulated boid, the relative distance to its neighbors is com-
puted and divided by its lenght. This weighted vector is then mul-
tiplied by a specified repulsion factor and added as an influence to
the desired motion vector. One can notice that the parameterized
factors of both the grouping and distance influences play a major
role in determining the density of the groups, since one cancels
each other at a certain distance when equilibrium is reached be-
tween them.
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Figure 5: Grouping and repulsion influences
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4.2.3 Direction Following Influence

Besides the tendency of forming groups, animals also tend to fol-
low the same direction as its companions. To achieve this behavior
we compute another influence every time a boid sees a neighbor
of the same type. This influence is represented by the current ve-
locity/direction followed by the neighbor. Figure 6 exemplifies this
influence.

4.3 Leader Following

Besides from recognizing its neighbors of the same type and trying
to move as a group, each type may have a leader to follow. Nor-
mal boids, when see the leader, have a stronger desire to follow it,
represented by a larger multiplier factor, that gets blended with the
other computed influences. Each leaders is simulated at the same
time as normal boids but also being identified as such and acting
accordingly. However, the movement of this leader is not driven
by the desire to keep grouping, but only trying to reach a desired
location and avoiding obstacles and other boid groups.

Inside the data structures, the leaders are represented as normal
boids. There is a small auxiliary array keeping the current matrix
index exclusively for the leaders of each boid type. The array size is
the number of different boid types. Element n of this array contains
the cell index of the leader for the boids of type ¢. To be correct
along the time, this array must be updated by the sorting pass if any
of the leaders change its cell.

Leader

QQQ
Q@

Direction
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O
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Figure 6: Direction and leader following

During the simulation step, for each boid the leaders array value for
its type is fetched and the value returned identifies the leader index
inside the matrixes. If the returned index corresponds to the boid
being simulated, it means that corresponds to the group leader and
follows to an alternative and more random simulation algorithm.
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For normal boids, this leader index is used to fetch its position and
direction, so that the correct influence can be computed.

4.4 Obstacles, Enemies and Influences Composi-
tion

In this work, obstacles are also represented as boids inserted in the
same data structures, also being sorted and simulated. To avoid
movement during the simulation step, obstacles are initialized with
a different type value, and are not simulated. However, if a neigh-
bor of a specific simulated boid happens to be an obstacle, the only
influence calculated a is repulsion force. This force is then mul-
tiplied by a factor that is stored in the unused direction vector of
this still obstacle-boid, enabling the representation of obstacles of
arbitrary sizes with a round repulsion field. Neighbors of different
types that are not obstacles also have a strong repulsion influence
calculated, but the multiplier factor is kept at the simulated boid
type, representing an enemy-fearness factor. All calculated influ-
ences are added into an acceleration vector that is used to update
the position and direction/speed vectors.

5 Performance and Analysis

In this work, we evaluated two versions of the described simula-
tions. While the first was completely executed at the GPU, the
second was built for the CPU. Both versions used the same partial
sorting strategy, based on a single pass of the odd-even transposi-
tion sort algorithm. The tests were performed on an Intel Core 2
Quad 2.4GHz CPU, 4GB of RAM equipped with an NVidia 8800
GTS GPU. Each instance of the test ran for 300 seconds. The aver-
age time to compute a frame was recorded for each one. To assure
the results are consistent, each test was repeated 10 times.

A total of 8 different test instances were executed for each imple-
mentation type varying only the number of boids, ranging from 64
up to 1,048,576. At preliminary tests, we observed that the num-
ber of boid types had little influence on the performance, so a fixed
number of 8 types was used. Figure 7 brings a summary of the re-
sults showing how both implementations scale with the increasing
number of simulated boids. As expected, the CPU version presents
an early quadratical behavior, with more than one second to calcu-
late and render each frame when more than 250,000 boids where
present, which is another evidence of the better scalability of our
GPU implementation.

Average frame simulation time
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Figure 7: CPU vs. GPU implementations

From the raw results, shown in Table 1, it is possible to see that
the performance of the GPU implementation bypassed the CPU at
around 250 boids and sustained interactive frame rates for more
than 250,000 boids. Impressive 25fps are achieved for a population
of more than 1 million boids. In our performance experiments, each
boid was rendered as a single point on the screen, which enabled us
to measure the cost of the simulation steps in CUDA, instead since
the rendering of complex models and other backgroung elements
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Table 1: Raw results

#of boids | time GPU | fps GPU | time CPU | fps CPU
64 1,06 946,13 0,30 | 3307,90
256 1,08 929,89 1,38 689,85
1024 1,11 904,07 5,56 174,40
4096 1,22 822,57 22,53 43,84
16384 1,66 594,86 89,89 10,92
65536 3,50 280,02 361,27 2,67
262144 9,67 101,96 1390,29 0,66
1048576 38,96 25,45 5394,65 0,17

would make this task the performance bottleneck. Figure 8 shows a
screenshot of a running simulation with 65536 flocking boids at an
average framerate of 280fps.

Figure 8: Simulation with 64K boids

6 Conclusion

In this paper we showed a novel technique for simulating emergent
behavior of spatial dynamic entities called Supermassive Crowd
Simulation. We showed an implementation capable of running up
to 1,048,576 autonomous flocking boids at an interactive frame rate
using current graphics hardware and CUDA technology. The data
structures are suitable for several different simulation algorithms as
long as they can be modeled as cellular automata.

As future work we plan to extend this model to include the repre-
sentation of more complex geometric obstacles such as buildings or
mazes. These augmented data structures and more complex algo-
rithms are being developed in order to have more complex 3D boids
representation and consequently more realistic simulations. The
project is being built as a crowd simulation library where users can
just plug in sorting and simulation strategies. Today our strategies
do not take into account time required for rendering complex geom-
etry. However, simple experiments are showing that more polygons
for each boid will not compromise to much the achieved perfor-
mance.

We also plan to further analyse the complexity of the data struc-
tures. We are specially interested in the distribution of perturbations
of the sorting rules during simulation when applying partial sorting
strategies such as the odd-even transposition sort pass used in the
presented example. This analysis will not be limited to the neigh-
borhood matrix presented but extended to tridimensional arrays.
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Fig. 1: Interface do PNA Game Engine com a visualizacdo de uma instancia do jogo do template River Raid.

Abstract

This work presents a novel game oriented tool which
can motivate the teaching of declarative languages
programming (Fig. 1). It uses the P# compiler [COOK
2003, COOK 2, 2003] as a middleware between the
Prolog and the C# languages, allowing the usage of the
XNA library for the creation of games as a base for
developing applications focused on declarative
languages.

Keywords: Prolog, XNA, teaching

1. Introducao

Conforme apresentado em [SILVA & MELO 2006], a
programacdo declarativa e a programagdo imperativa
se fundamentam em modelos de computagio que,
embora matematicamente equivalentes, enfatizam
conceitos distintos. A programacdo imperativa se
baseia no conceito de maquinas de estados, e se presta
melhor & resolu¢do de problemas que conceitualmente
sejam melhor caracterizados dessa forma. J4 a
programacdo declarativa se baseia no conceito de
reapresentagdo de teorias formais, e muitos problemas
dificeis de serem resolvidos imperativamente em
linguagens como VB, C++ e Java podem se tornar
simples com o uso do paradigma declarativo. Nao ha
muitos esfor¢os registrados na literatura no que se
refere a compatibilizar sistemas de programagdo
declarativa com plataformas de desenvolvimento
modernas, fundamentalmente construidas visando o
atendimento de linguagens imperativas. Por exemplo,
ndo existem esforcos no sentido de criar uma interface
PROLOG para uma ferramenta de desenvolvimento
como o Visual Studio, possibilitando a sua integracio a
plataforma .Net. De fato, a criacdo de um sistema
completo nesta linguagem para a plataforma .Net pode
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trazer complicagdes de design, pois a programagdo em
légica ndo possui uma estrutura para a criagdo de
sistemas complexos de back-end compativel com as
estruturas existentes e ja implementadas no Visual
Studio. Como conseqiiéncia, o aprendizado de técnicas
de programacio declarativa pode se tornar mais arido
que o aprendizado de programagdo imperativa.

Uma das ferramentas mais conhecidas para apoiar o
ensino de programacio através do desenvolvimento de
jogos é o Robocode [HARTNESS 2004]. Ele permite o
exercicio de contetdos tedricos de forma pratica em
aulas de inteligéncia artificial. Em [HARTNESS 2004]
demonstra-se que os alunos destas aulas foram capazes
de compreender melhor a teoria e adquiriram maior
confianga para implementar seus c6digos.

Neste trabalho € proposto e documentado um
sistema, denominado PNA Game Engine, que utiliza a
programacdo em légica como entrada para a defini¢do
do comportamento inicial de um jogo desenvolvido
utilizando a biblioteca XNA. Esta ferramenta tem
como finalidade auxiliar o docente no processo de
ensino-aprendizagem, motivando o estudo deste
paradigma por permitir também a geracdo de
elementos visuais em jogos a partir de programas
declarativos simples em PROLOG.

Esse sistema disponibiliza templates para jogos
(com modelos 2D e 3D prontos, mas com as classes
principais sem instancia¢do) que podem ser acessados
através de uma API batizada de PNA (Pna is Not an
Acronym) pela interface em PROLOG.

O artigo estd organizado da seguinte forma: a se¢do
2 apresenta uma justificativa para o uso de PROLOG
no ensino de computacdo e as vdrias maneiras de como
esta linguagem pode ser utilizada para o
desenvolvimento de jogos. Ainda nesta se¢do faz-se



uma revisdo sobre uma ferramenta similar a proposta
do presente trabalho. Na secdo 3 sdo detalhadas as
principais tecnologias presentes no desenvolvimento
deste software, em especial a plataforma .Net, a
integracdo de XNA com formuldrios e o compilador
P#. Na se¢do 4 demonstra-se a aplicagdo dessas
tecnologias no processo de desenvolvimento do PNA
Game FEngine e seus principais componentes e
funcionalidades. Nas sessdes 5 e 6 sdo apresentadas
algumas conclusdes e trabalhos futuros.

2. Visao Geral Sobre Prolog

A linguagem de programagdo PROLOG possibilita
resolver problemas 16gicos através da programacio em
um computador. Ela foi desenvolvida na década de 70,
visando especificamente a formalizacdo e resolugio de
certos problemas de lingiifstica computacional, e seu
uso posteriormente se estendeu para outras dreas em
que a programagdo declarativa e a caracterizacio
conceitual de problemas baseada em 16gicas formais —
cldssicas ou ndo cldssicas — se mostrasse conveniente
[SILVA & MELO 2006]. Dentre muitos problemas da
vida real, que podem ser modelados por meio de
linguagens ldgicas, destacamos os jogos de
computador. As  caracteristicas do PROLOG
associadas as caracteristicas estratégicas de um jogo
proporcionam um ambiente adequado para a
programacao declarativa, especificamente a
fundamentada em uma modelagem baseada em
inferéncias 16gicas.

Nesta secdo serd justificada a relevancia do ensino
de PROLOG, assim como sua drea de aplica¢do no que
diz respeito ao desenvolvimento de jogos de
computador.

2.1 Vantagens do Ensino de Prolog

Além do fato de a linguagem de programagio
PROLOG ser adotada por muitos docentes da drea de
inteligéncia artificial, o ensino desta linguagem possui
diversas outras vantagens [PALAZZO 1997], tais
como:

e Aprendizado mais facil e natural em
comparagdo com as linguagens imperativas;
e Permite a implementacdo de sistemas

reflexivos;

e Libera o aluno dos problemas associados ao
controle de suas rotinas, permitindo-lhe
concentrar-se nos aspectos 16gicos da situa¢do
a representar.

e Exercita fundamentos de linguagens de
especificagao.
e Facilita a implementacdo de regras

gramaticais de gramadticas livres de contexto.
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e Permite o estudo avancado de recursividade
através de mecanismos simples como
backtracking, cut e fail.

No presente trabalho, destaca-se a contribuicdo do
uso e desenvolvimento de jogos, a partir de técnicas de
programacdo em légica, para o processo de
aprendizagem de PROLOG e programacio declarativa.

2.2 Prolog Aplicado a Jogos

O uso de linguagens imperativas muitas vezes inibe o
programador de usufruir das vantagens que a
programacdo  declarativa  pode  oferecer  ao
desenvolvimento de aplicacdes.

O desenvolvimento de um engine que permita
visualizar os resultados de uma rotina declarativa sem
a necessidade de implementagdo das fungdes
imperativas fundamentais presentes em um jogo (como
gerenciamento dos dispositivos graficos, controle do
teclado e carga dos arquivos de imagem), pode
aumentar a motivagdo do aluno para o estudo de
linguagens e ambientes de programacdo que permitam
obter tais facilidades.

Podem-se destacar trés grandes areas para uso de
PROLOG no desenvolvimento de jogos: controle da
l6gica, sistemas especialistas e criagdo de didlogo.

2.2.1 Controle da logica

A programagdo em ldégica é constituida por dois
elementos principais: a légica e o controle [PALAZZO
1997]. O componente légico corresponde a definigdo
(especificacdo) do que deve ser solucionado, enquanto
que o componente de controle estabelece como
solucdo pode ser obtida. A estrutura légica

responsdvel por gerar a base de conhecimento e
estrutura de controle coordena o entendimento sobre
mesma. E necessério somente descrever o componente
l6gico de um programa, deixando o controle da
execugdo ser exercido pelo sistema de programagdo em
légica que se estd utilizando. Portanto a tarefa do
desenvolvedor passa a ser simplesmente a
especificacdo do problema que deve ser solucionado,
razdo pela qual as linguagens l6gicas podem ser vistas
simultaneamente como linguagens para especificacio e
linguagens para a programacgdo de computadores.

})

(IR ¢'N

Trazendo o conceito de légica e controle para os
jogos podemos definir, respectivamente, o ambiente e
o comportamento dos elementos. Por exemplo, em um
jogo do estilo plataforma os obstdculos poderiam ser
gerados seguindo um principio 16gico na base de dados
de informac@o de posi¢des e definir a IA de agdes dos
inimigos usando a estrutura de controle que analisard
essa base logica.

2.2.2 Sistemas especialistas
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Um sistema especialista resolve problemas que
normalmente  sd@o  solucionados por  pessoas
especializadas. Ele recebe uma entrada do usudrio,
analisa as possiveis respostas da base de conhecimento
e, dependendo da resposta, pode exigir uma nova
entrada do usudrio, repetindo este processo até uma
solucdo ser obtida.

O estudo e a criagdo de sistemas especialistas
representam uma das subdivisdes mais importantes das
linguagens de programacio em légica, bem como dos
jogos com inteligéncia artificial. Pode-se criar, por
exemplo, as possiveis a¢des de um NPC (non-player
character, ou personagem sem-jogador) que pode
variar com as acdes do player (personagem controlado
pelo jogador).

2.2.3 Criagao de Dialogo

A maior parte dos jogos eletrdnicos, e principalmente
os do género RPG (Role Playing Game), necessitam de
didlogo entre os NPCs e o player. Em [LEBBINK,
WITTEMAN & MEYER 2004] ¢ apresentado um
sistema multi-agentes de didlogo para jogos que
permite a andlise semintica das sentencas através de
um motor escrito em PROLOG.

A criagdo de didlogos entre players e personagens
do mundo virtual representa uma das principais areas
de estudo da aplicagio de PROLOG para jogos
[LEBBINK, WITTEMAN & MEYER 2004].

2.3 Ferramentas de Programacao Grafica para
o Ensino de PROLOG

Em [SILVA & SILVA 2006] foi apresentado um
sistema com um ambiente virtual 3D, animagdes e
interacdo com multiplos agentes, para permitir que
alunos de graduacdo exercitem a programacao légica.

Para tanto foram utilizados:
e Uma interface para a interacdo entre
programas em PROLOG e programas em

C++;
® O engine 3D Ogre para a visualizacdo de
ambientes virtuais tridimensionais,

controlados por programas em C++;

e O interpretador SWI PROLOG para a
construgdo e execugdo de programas em
PROLOG.

O trabalho mostra, através de experimentos em
sala, que o desenvolvimento de programas em
PROLOG com visualizagdo grifica do comportamento
dos mesmos representa uma valiosa ferramenta para
docentes que desejam motivar os alunos no
aprendizado de inteligéncia artificial, 16gica formal e
programacio declarativa.
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3. Tecnologias para a Criacao da
Ferramenta Proposta

Toda tecnologia utilizada na ferramenta proposta é
gratuita, de forma a facilitar seu uso em fins
académicos. Além de programas e linguagens da
plataforma .Net, incluem-se rotinas para integragdo do
XNA em formuldrios, DLL do compilador P# e a
prépria linguagem PROLOG.

3.1 Tecnologias Microsoft

Optou-se pela plataforma Microsoft Visual Studio
.NET como principal ferramenta de desenvolvimento,
por ser uma ferramenta RAD (Rapid Application
Development) e permitir a interoperabilidade entre
multiplas linguagens [LIBERTY 2001].

Dentre as principais linguagens suportadas por esta
plataforma, escolheu-se C# por ser uma linguagem
orientada a objetos similar ao JAVA (mas com
determinadas configura¢des extras, herdadas do C++) e
por ser a tnica a trabalhar com XNA.

O XNA (XNA is Not an Acronym) Game Studio
Express ¢ uma API da plataforma .Net que permite
facil acesso aos periféricos (como o teclado), ao
hardware grafico, controle de dudio e armazenamento
de informagdes (em arquivos ou banco de dados)
[CREATORS CLUB 2008]. Essa API pode também
ser usada como base para o desenvolvimento de jogos

para o console XBox 360.

Outra ferramenta importante do framework da
Microsoft é o CSC (C-Sharp Compiler), aplicativo
stand alone que € chamado para compilar classes .cs
em arquivos executdveis (.exe) ou DLL’s através de
uma linha de comando.

3.2 XNA em Formularios

O PNA Game Engine foi desenvolvido utilizando os
formuldrios do Visual Studio e a linguagem XNA.
Estes formuldrios permitem de forma ficil e rdpida a
criacdo de menus de configuraciio e de uma interface
amigdvel para o aluno. Entretanto, a unido dessas duas
tecnologias ndo € um procedimento nativo da
plataforma. A dificuldade reside no fato do gerenciador
de dispositivos graficos do XNA criar sua prépria
janela e ndo cooperar com a janela normal dos
formuldrios do Visual Studio. Isto exige ao
desenvolvedor criar seu préprio cédigo de geréncia de
dispositivo grafico.

Existem dois caminhos para se criar um projeto do
Visual Studio que use formuldrios da plataforma. Net e
0 XNA framework:

e Criar um novo projeto de aplicagdo do
windows com formulario e referenciar as
DLL’s do XNA nele; ou,



SBC - Proceedings of SBGames'08: Computing Track - Full Papers

e  Criar um novo projeto de jogo do windows e
referenciar uma diretiva para uso de
formuldrios (op¢ao adotada neste artigo).

As principais etapas para a integracdo do
formulério no Windows Game Project no Visual Studio
sdo:

1. Preparacdo do ambiente a partir de um novo
Windows Game, substituindo a classe
principal por um formuldrio.

2. Criagdo de um componente para exibi¢do do
conteido do XNA através de um User
Control.

3. Criagdo de um procedimento para atualizar a
cada momento o grifico contido no User
Control.

4. Cria¢do de um procedimento no formuldrio
para gerenciar o dispositivo grafico. Ele
possui duas fungdes principais, o Draw() para
renderizar o contetddo e o Blif() para aumentar
a eficiéncia, pois este limitard o cédigo de
visualizacdo para ser executado somente
quando exigido, uma vez que armazena todo
resultado de cada renderizagio em uma
textura para evitar que a préxima renderiza¢do
do frame comece do zero.

5. Criagdo da fungdo RenderToTexture() para
configurar o dispositivo grifico para usar o
render target e o depth buffer, de forma a
esvaziar os buffers, desenhar a tela e adquirir
o resultado em forma de textura.

6. Criagdo do método principal do controle do
comportamento do jogo em uma linha do
tempo. Para tanto € criado um conjunto de
fungdes para usar do game loop do XNA no
evento Onldle() do formulario. Neste
procedimento de repeticdo € incorporado as
fungdes de Update() e Draw(), nesta ordem.

Portanto estas etapas t€ém por objetivo criar um
componente capaz de simular o ambiente de
desenvolvimento do XNA (por implementar os
métodos Draw() e Update() entre outros) integrado ao
cédigo do formulario do Visual Studio.

3.3 O Compilador P#

O compilador P# [COOK 2003] foi desenvolvido a
partir do projeto do PROLOG Café [BANBARA &
TAMURA 1999] para produzir C# ao invés de Java a
partir de um script PROLOG. Ele pode ser usado de
forma stand alone para testar, executar ou gerar
aplicacdes a partir de cédigos PROLOG, ou como um
moédulo (uma Unica DLL) para compilar arquivos
PROLOG em classes C#. Quando um cédigo
PROLOG ¢ compilado no P#, ele gera uma classe para
cada predicado definido. A convengdo usada no nome
do arquivo gerado é:

NomeDoPredicado_NumeroDeArgumentos.cs
(Ex.: Pai_2.cs)

VIl SBGames - ISBN: 85-766-9204-X

79

Belo Horizonte - MG, November 10 - 12

Quando o assembly do médulo P# é usado em uma
aplicagdo C# ele dispde de diversas classes para o
desenvolvedor comunicar com os predicados e
configuracdes do lado ambiente do PROLOG (classes
geradas a partir do c6digo PROLOG). Um exemplo de
script é:

1. VariableTerm pai = new VariableTerm( );

2. Prologinterface sharp = new
Prologlnterface( );

3. sharp.SetPredicate(new

Pai_2(pai,SymbolTerm.MakeSymbol( "Zé"

),new ReturnCs(sharp)));

sharp.Call();

5. Console.WriteLine(
pai.Dereference() );

A

"0 pai é {0},

Na linha 1 € instanciado um termo PROLOG
(varidvel PROLOG) com o nome de pai; na linha 2
cria-se a interface para comunicacdo com o cddigo
PROLOG, sharp; na linha 3 realiza-se uma consulta
através do método SetPredicate em uma classe
denominada Pai_2 (que é um arquivo .cs gerado a
partir  de um script PROLOG convencional)
armazenando no termo pai todos os resultados cujo
segundo termo é Z¢; na linha 4 chama-se o primeiro
resultado; e na ultima escreve-se esse resultado na tela.

4. Desenvolvimento do Sistema

Nenhum engine de desenvolvimento de jogos atual
(como o XNA ou o 3D Game Studio) utiliza qualquer
linguagem de programacdo em légica em seu mdédulo
de script. Mas devido as suas inimeras aplicacdes na
drea de Inteligéncia Artificial [CASANOVA 2006,
GIORNO E FURTADO], muito estudo existe neste
sentido [SILVA e SILVA 2006]. O PNA Game Engine
¢ uma ferramenta que preenche esta lacuna (Fig. 2).

=10 x|
Arquvo  Edtar  Configuragies  Projeto  Template  Ajuda

River Raid PNA

objeto(nave,1,0,1) .
definirControleTeclado (nave, 1) .

objeto(navio,1,150,50) .
objeto (navio,N, POSX, POSY) : -

N>1,

N<21,

Ntemp is N-1,

objeto (navio,Ntemp, POSXtemp, POSYtemp) ,
POSX is integer(random*300) ,

POSY is POSYtemp+100

Fig. 2 - Interface do PNA Game Engine

Com base no compilador P# e na biblioteca de
codigos gréficos para desenvolvimento de jogos da
Plataforma .Net, a XNA, sdo criados jogos “vazios” ou
game templates compostos de bibliotecas de classes,
modelos 3D de objetos, modelos 2D de sprites e
elementos sonoros. O template completo desenvolvido
nesta primeira versdo do programa foi o cldssico River
Raid (Fig. 3), que é um jogo do console Atari, no qual



um avido sobrevoando um rio deve destruir e
ultrapassar os navios e helicopteros que sdo seus
obstaculos.

o

E ¥ F

Fig. 3 — Jogo River Raid

Nesta versdo o programador estd limitado a usar
somente os games templates pré-definidos, excluindo a
possibilidade de criagdo de um jogo mais
personalizado.

4.1 O Engine PNA

O engine PNA é o software que vai integrar o template
do jogo com o restante do sistema. Suas principais
funcionalidades sdo (Fig. 4):

e Abrir arquivo PNA — permite abrir um novo
c6digo em sua drea de edicdo.

e Definir template - permite trocar o template
atual. Isto carrega as bibliotecas de cédigo e
altera todas as opgdes de configuragdo e
compilacdo para este determinado modelo.
Sempre que o programa for aberto, serd
exibida uma tela para a defini¢do do template
inicial. Durante o desenvolvimento de um
programa se seu modelo for alterado, a area
de edicdo serd reiniciada (para nio criar uma
confusdo de predicados, pois eles sdo
diferentes para cada template) e serd dado
inicio a um novo arquivo PNA.

e Exemplo — permite abrir arquivos PNAs pré-
definidos (ver tabelas Tab. 1 e Tab. 2). Esses
arquivos tém a extensdo .pl, porque embora
possuam predicados pré-estipulados para o
game template definido ainda assim néo
deixam de representar scripts do PROLOG.

® Arquivo existente - permite abrir um arquivo
PNA desenvolvido pelo usudrio.

e Salvar Arquivo PNA - salva o script
desenvolvido pelo usudrio. Somente depois de
salvo que esse script pode ser compilado.

e Compilar — realiza as etapas: verifica o ultimo
c6digo PNA salvo e exibe mensagem de erro
em console caso exista (P#); traduz o codigo
para arquivos .cs, sendo uma classe para cada
predicado (P#); e, transforma cada arquivo
gerado em DLL (CSC).
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e [Executar jogo — carrega o0s parametros
definidos nas DLLs e exibe as novas
configura¢des do jogo na tela.

e  Consultar ajuda — permite ver op¢des de ajuda
para auxiliar a0s novos usudrios.

e  Ver Sobre — exibe informacdes dos autores e
do software.

e Ver Tutorial — exibe instru¢des gerais para o
uso do PNA e os predicados especificos do

template River Raid.
: Exemplo

Arquivo Exlstenta.
quivo n a =

2

Ahrirar\uy;i\fo ;1;
@%\:cm
- O

Executar Game

uga ™
_ FrConzultar Ajuda ¥
Wer Tularial

‘ver Sobre
Fig. 4 - Diagrama UML de Caso-de-Uso
do PNA Game Engine

Sakvar Arquive PRA

Dainlr Tempilate

4.2 Componentes do Sistema

Os principais componentes do PNA Game Engine sdo
(Fig. 5):

e Fonte PROLOG - cddigo inteiramente em
PROLOG acrescido de predicados especiais
que facilitam na comunicag@o com o C#.

e Compilador P# - Traduz o c6digo PROLOG
em arquivos de classe C#. Posteriormente ele
serd usado para comunicar com as DLLs
geradas pelo CSC.

e CSC - C# Compiler é um executdvel da .Net
Framework responsdvel por transformar as
classes .cs em DLLs para permitir a exibi¢do
do jogo final em runtime.

® XNA Framework — fornece todo suporte para
a execucdo de rotinas em XNA.

e  User Control XNA — componente criado no
Visual Studio para permitir a integracdo de
formuldrios com XNA sem problema de
compatibilidade entre os gerenciadores de
dispositivos graficos.

e  Game Template PNA — pacote que integra os
arquivos necessdrios para a execug¢do do
respectivo template.

e Inicializador — representa um componente
vital do sistema. Possui um conjunto de
funcdes que utilizam a DLL do compilador P#
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para interpretar os predicados das DLLs das
classes criadas pelo CSC e gerar o
comportamento do jogo do template.

* Imagens e Sons — pacote que armazena OS
sons e imagens dos sprites necessdrios neste
template.

e Exemplos — Cédigos PNA de exemplo para o
template carregado.

Compilador
Phamp (DLL)

CEC(EXE) Hha, Framework
IDLLs}

Fanle FIA i
’ e ' = User Control XA
}% ?Ezﬁg‘:nsﬂﬂ'““ % (Form Compenent)
== nlualgsunr ‘Game Tamuleln PV Exemplos (FHA)
I:I (Fungdes)  {------3 Tz

P

Imagens & Sons
(Conkenty

Fig. 5 - Diagrama de componentes
do sistema desenvolvido.

4.3 O Codigo PNA para o Template River Raid

O PNA € uma mistura de PROLOG com predicados
pré-definidos do template especifico carregado. Nele é
possivel inserir objetos 3D ou 2D (dependendo do
template), alterar o visual, fazer o game design,
controlar o fluxo dos dados, gerenciar o
comportamento, animar, etc.

Foi implementado, nessa primeira versdo do
programa, somente o comportamento inicial do jogo.
No método Update() estard pré-configurada a
animacéio do movimento dos objetos simulando o v6o
de uma nave.

Como exemplo, na Tab. 1 e na Tab. 2 s@o criados
c6digos para o template River Raid com os seguintes
predicados PNA:

e objeto — permite inserir um sprite 2D. Possui
quatro parimetros: nome do objeto (restrito
aos objetos existentes no jogo), indice
(identificador do objeto, deve ser tnico para
cada de objeto), posicdo X e posicdo Y.

e controle — permite definir os controles bdsicos
(movimentos e tiros) de evento do teclado
para um determinado objeto. Os dois
parimetros permitem identificar o objeto a ser
manipulado: nome e indice.

O exemplo da Tab. 1 cria a posi¢do inicial de 20
navios e de 1 nave, e define o controle do teclado para
anave.
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objeto(nave, 1,0,0).
objeto(navio, 1,150,50).
objeto(navio,2,50,150).
objeto(navio, 3,250,250).
objeto(navio,4,150,350).
objeto(navio, 5,150,450).
objeto(navio,6,250,550).
objeto(navio,7,50,650).
objeto(navio,8,150,750).
objeto(navio, 9,150,850).
objeto(navio, 10,100,950).
objeto(navio, 11,150,1050).
objeto(navio, 12,200,1150).
objeto(navio, 13,200,1250).
objeto(navio, 14,50,1350).
objeto(navio, 15,150, 1450).
objeto(navio, 16,300,1550).
objeto(navio, 17,300,1650).
objeto(navio, 18,200, 1750).
objeto(navio, 19,300, 1850).
objeto(navio,20,50,1950).
controle(nave,1).

Tab. 1 — Exemplo de um c6digo em PNA

O exemplo da Tab. 2 gera um navio com uma
posicdo pré-determinada e outros 19 com posicdes
aleatdrias no eixo x enfileirados no eixo y. Ele também
insere e cria o controle para uma nave.

objeto(nave, 1,0,0).
controle(nave,1).

objeto(navio, 1,150,50).
objeto(navio,N,POSX,POSY):-

N>1,

N<21,

Ntemp is N-1,
objeto(navio,Ntemp,POSXtemp,POSYtemp),
POSX is integer(random™*300),

POSY is POSYtemp+100

Tab. 2 — Mesmo cddigo da Tab. 1
criado a partir de recursdo.

Portanto, estes cddigos das tabelas anteriores sdo
semelhantes, pois distribuem navios no caminho a
frente da nave (Fig. 6). Entretanto, eles exercitam
técnicas distintas de PROLOG: o primeiro mostra
claramente o uso de predicados e atributos formando
um conjunto de fatos; no segundo é criado uma
cldusula com o uso de recursividade e todo principio
definido no primeiro exemplo.
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E 5 F
River Raid PNA

Fig. 6- Exemplo de c6digo PNA para o jogo
River Raid

5. Conclusao

Neste trabalho foi apresentado o PNA Game Engine,
uma ferramenta com a entrada de dados em PROLOG
e o retorno visual de um jogo desenvolvido em XNA.
Para este fim foi desenvolvida a API PNA capaz de
controlar o comportamento do game template através
do paradigma de programagio declarativo.

Esta engine é capaz de gerar elementos visuais e
comportamentos de objetos em jogos a partir de
programas declarativos simples. Assim como em
[HARTNESS 2004], este aplicativo busca motivar o
aprendizado de técnicas de programacdo, mais
especificamente de programacdo em ldgica, utilizando
a linguagem PROLOG. Além deste objetivo
pedagdgico, demonstrou-se que a criagdo de um engine
voltado para a programacgdo de jogos através de uma
interface em PROLOG pode auxiliar na exploragdo
cientifica desta drea de games.

Todos os componentes do sistema criado utilizam
tecnologia Microsoft e foram desenvolvidos na versdo
freeware da plataforma .Net.

Na engenharia deste processo destacam-se, devido
a interoperabilidade proporcionada, as rotinas de
integracdo dos formuldrios do Visual Studio com o
XNA e comunicacdo da linguagem C# com o
PROLOG através do uso do compilador P# [COOK
2003].

6. Trabalhos Futuros

Uma continuidade natural deste trabalho € a criagdo de
novos game templates em ambientes virtuais 3D,
dentre os quais destacamos:

e Mundo de Wumpus - jogo de tabuleiro em
que um cagador deve andar entre as casas a
procura de um tesouro. Estas casas podem
possuir elementos nocivos ao cacgador
(fogueira e o monstro Wumpus) e dicas para
evitar estes elementos. O Mundo de Wumpus
tem sido amplamente utilizado no ensino de

conceitos fundamentais de Inteligéncia
Artificial.
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e Jogo do género Racing — jogo de corrida de
carros com obsticulos e disputas de
velocidade. Jogos de corrida possibilitam o
aprendizado de técnicas avangadas de
programacao, como por exemplo
programacao multithreaded.

Embora existam experimentos preliminares com
resultados positivos de aplicacdo em aulas de
inteligéncia artificial, especificamente para o
ensino de PROLOG, de ferramentas gréficas
[SILVA & SILVA 2006], é de interesse dos
autores documentar atividades praticas em sala de
aula para uma avaliagdo mais criteriosa dos
resultados.
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Abstract

The demand for believable behavior in computer games has driven
the research in artificial intelligence to improve character’s behavior
in games. However, little has been done to improve the collective
behavior in partially observable, dynamic, and stochastic environ-
ments. In this work, teams of agents are developed, based on Joint
Intentions, for environments with such features as the game Unreal
Tournament 2004. Because of some limitations of existing tools,
we introduce a new proxy-based tool to help agents to be a team-
mate. Experiments have shown that it is feasible to use a distributed
approach and the advantages of our tool face to Machinetta.
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1 Introduction

In computer games, the demand for believable behavior has grown,
in order to decrease the distance to the human behavior [de Byl
2004]. However, the importance given to behavioral aspects is usu-
ally less than the importance given to graphic aspects. When the
subject is team-based games the situation is worst, because bots do
not assume coherent roles inside the team. Thus, although there
is progress on individual behavior, little has been done for social
behavior.

Some team-based games, such as sport games, seem to use team-
work!, but in reality they use a centralized solution that access the
full knowledge about the state of the entities. Thus, a soccer game
does not need a multi-agent coordination to perform a team move,
because all bots have a centralized control. This centralized solu-
tion also allows bots to cheat the human, using knowledge about
hidden state. It makes the game development easier but the result
are games less believable.

The immediate advantages for distributed control of bots are the
new possibility of gameplay and the load balance of bots compu-
tation. The intuition leads to belief that with more computation
power it becomes easier to develop more believable behavior. This
model is interesting for massive multiplayer games, that are inher-
ently distributed. Indeed, it opens new possibilities for other kinds
of games.

Teamwork has emerged as the paradigm for coordinating cooper-
ative agents in dynamic environments and it has been shown to
be capable of leading to flexible and robust behavior [Sycara and
Sukthankar 2006]. It has been applied to many domains, such as:
rescue disaster [Nair et al. 2000], militar combat [Hill et al. 1997]
[Jones et al. 1999], robocup soccer [Kaminka 1999] [Marsella et al.
1999] [Marsella et al. 2001], and collaboration between human and
agents [Scerri et al. 2003c]. Flexible teamwork, promoted by the
explicit team model, that defines commitments and responsabili-
ties for teammate, allows a robust coordination, keeping coherence
even with individuals faults and unpredictable changes in the envi-
ronment [Steven 2005].

Some theories have been proposed to formalize the behavior of a
group of agents to act as a team. Two of these theories have impor-
tant results for real problems. They are Joint Intentions [Levesque
et al. 1990] and Shared Plans [Grosz and Kraus 1996]. Both are
described through logic formalism, but with different approaches.
Joint Intentions focus on a team’s joint mental state, while Shared

1A cooperative effort realized for teammate to achieve a goal.
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Plans focus on the agent’s intentions towards its collaborator’s ac-
tion or towards a group’s joint action.

Tools as STEAM [Tambe 1997] and Machinetta [Steven 2005]
had successful in many complex environments [Hill et al. 1997]
[Tambe and Zhang 1998] [Tambe and Zhang 2000] [Marsella et al.
2001] [Jones et al. 1999] [Pynadath and Tambe 2003] [Scerri et al.
2003a] [Schurr et al. 2005] [Scerri et al. 2003c] [Scerri et al. 2004]
[Chalupsky et al. 2001] [Scerri et al. 2001] [Scerri et al. 2003b]
[Yen et al. 2001]. The natural way would be to use some of
these tools to improve teamwork on bot’s development in computer
games. However, practical issues have pointed out for the devel-
opment of a new specialized tool. STEAM was developed using an
old version of SOAR [Laird et al. 1987], that made changes in its
language since than. Machinetta, that is a successor of STEAM, has
shown many limitations for the game domain.

The aim of this work is to promote social behavior for agents inside
computers games. The paradigm known in multi-agent systems as
teamwork is used to achieve this goal. In this context, a team is a
group of autonomous pro-active entities, with capability of reflec-
tion about their own abilities and the abilities of the group that share
a common goal.

This work also introduces TWProxy, a new tool that enables agents
to perform teamwork. TWProxy uses many of the good ideas from
Machinetta, avoiding some of its limitations and adding new fea-
tures. Thus, this article focuses on the development of TWProxy
and its usage on the development of team bots. Tests and evalua-
tion compare how good this new solution is.

The remainder of the paper is organized as follows: Section 2 shows
the main related work, Section 3 describes the environment pro-
vided by the game, Section 4 describes the features of TWProxy,
Section 5 presents tests and evaluation, and Section 6 concludes the

paper.
2 Related Work

In a teamwork problem, a group of agents acts coordinated, in a
cooperative way, to achieve a shared goal. The main difference
between classical coordination and teamwork is how to achieve a
shared goal. Classical coordination uses a set of pre-defined plans
to apply according to the situation. The teamwork extends the
classical coordination using cooperation and commitment between
agents, been applicable in other domains that are not the locker-
room agreements [Stone and Veloso 1998].

Theoretical works in agent teamwork [Levesque et al. 1990] [Grosz
and Kraus 1996] [Grosz and Kraus 1998] define some features
about team behavior. They describe what the agents need to share
in order to perform a teamwork: goals to achieve, plans to per-
form together, and knowledge about the environment. The agents
need to share their intentions to perform a plan in order to achieve
a common goal, the teammates need to be aware about their capa-
bilities and how to fill roles to perform the high level team plan.
They must be able to monitor their own progress and the group
progress toward team goals. Many systems have been developed
using the teamwork idea as team with human collaboration [Scerri
et al. 2003a], teams for disaster situation [Nair et al. 2000], and
teams for industry production line [Jennings 1995].

The formalism about Joint Intentions [Levesque et al. 1990] fo-
cuses on teammates’ joint mental states. A team jointly intends a
team action if team members are jointly committed to completing
such team action, while mutually believing that they were doing it
[Tambe 1997]. Joint Intentions assume that the agents are modeled
in a dynamic multi-agent environment, without complete or correct
beliefs about the world or other agents. They have changeable goals
and their actions may fail. Thus, the teammate jointly commits to
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make public the knowledge if a goal becomes achieved, impossible
to be reached, or irrelevant.

In contrast with Joint Intentions, the concept of SharedPlans [Grosz
and Kraus 1996] relies on a novel intentional attitude, intending-
that. An individual agent’s intending-that is directed toward its col-
laborator’s action or toward a group’s joint action. It is defined
via a set of axioms that guide an individual to take actions, in-
cluding communication actions, that either enable or facilitate its
teammates, subteam or team to perform the assigned tasks [Tambe
1997].

Based on these theories, important teamwork infrastructures have
been developed, like STEAM [Tambe 1997] and Machinetta [Steven
2005]. STEAM was developed to provide flexibility and reusabil-
ity of agent coordination through the use of a general model of
teamwork. Such model exploits the autonomous reasoning about
coordination and communication. Previous works had failed in ful- ‘ )~ g
. i e1eL- . . . L. Matrix

filling responsibilities or in discovering unexpected opportunities,

once they had used precomputed coordination plans, which are in-

flexible. Indeed, they had been developed for a specific domain, Figure 1: Waypoints seen by the bot.
what hampers the reuse. STEAM is specially based on Joint Inten-
tions in order to make the basic building blocks of teamwork, and
it uses Shared Plans to avoid an agent undo the actions of another.

rent)Player

When the bot is connected to the game, sensory information is re-
ceived through the socket connection and the agent can act by send-
ing commands to the game. This commands define the character
behavior inside the virtual world, controlling moves, attack, and
for heterogeneous entities. Machinetta provides each agent with communication wiFh othc.:r characters. The interaction between an
a proxy and the proxies act together in a team. The Machinetta agent and UT2004 is realized through messages exchange. The per-
project was build over previous works like STEAM and TEAM- ception messages may be synchror}ous or asynchronous, and their
CORE proxies [Pynadath and Tambe 2003]. The pair agent-proxy complete description can be found in [Andrew Scholer 2000].
execute Team-Oriented Programs(TOP) [Scerri et al. 2004], ab-
stract team plans that provide high-level description of the activities
to be performed. Such programs specify joint plans of the team, but
do not contain all of the required details of coordination and com-
munication. The team plans are reactively instantiated and they
allocate roles to capable agents.

Machinetta is a proxy-based integration infrastructure where there
is a beneficial symbiotic relationship between the proxies and the
team members. The proxies provide teamwork models reusable

The synchronous messages arrive in batch, with a configurable in-
terval. They are formed by visual information and the state of the
agent. The asynchronous messages indicate events occurred in the
environment. This events may be a damage taken, hit an obstacle,
broadcast message from another agent, and other information about

the game.
3 The Environment Actions performed by the characters are results of commands sent
by the agent. An important issue about this is that the commands
In this work, the case study is Unreal Tournament 2004 (UT2004), have persistent effects, it means that a move command will execute
amultiplayer First-Person Shooter(FPS) game. The classical team- until the bot achieves a point or until it receives a new command
based game type Capture The Flag was chosen to evaluate the team that conflict with the previous, like move in another direction. Thus,
coherence, because it is easy to measure the results and simple to the command scheme is near to human interface, where the human
identify the team behavior. The GameBOTs [Andrew Scholer 2000] player need release a mouse button to stop the attack.
[Kaminka et al. 2002] project is used to communicate the developed
bot with the game. 4 TWProxy
The GameBOTs project works as an extended game control that en- )
ables the character to be controlled via socket TCP. Thus, it is possi- In order to meet the requirements for the development of teams of
ble to develop agents to control characters using any language with agents in the games domain, this work introduces the TWProxy, a
socket support. This modification offers four new gametypes, Re- new lightweight and efficient infrastructure to provide coordination
mote Team DeathMatch, Remote Capture The Flag, Remote Double to teams Of_ heterogeneous agents. The TWP TO0Xy 18 baseq on'the
Domination and Remote Bombing Run, that can be used as environ- Joint Intentions [Leyesque et al. 1990] formallgm anc! 1t1s .mspl.red
ment to test bots. Using the remote connection, the bot has percep- on Machznettq, adding new Important features, mclufimg : .(.1) a sim-
tion about the environment, similar to the human player. Figure 1 pleand e*ter}mble language to des.c.r.lbe plans and b§11efs, (ii) atomic
shows the way points seen by the bots. communication between agents, (iii) reuse of terminated plans, and

(iv) plans that are invariant to the number of agents.
The UT2004 game provides an environment with the following fea-
tures [Russel and Norving 2004]: In our approach, summarized in Figure 2, each agent is related to
a proxy that performs the communication and the multi-agent plan-
ning. The team coordination is achieved using role allocation. Each
proxy knows about the capabilities of other teammates and when

o stochastic - the next state of the environment is not com- plan preconditions are achieved, and roles are assigned according
pletely determined by current state and actions selected by the current plan. When the plan postconditions are achieved, the

e partially observable - the agent, using its perception, can not
access all relevant environment states;

the agents; teammate can release the role. The proxy does not tell how to ex-

ecute the role, it just deliberates about what to do. Because of the

e nonepisodic - the quality of bot’s actions depends on its pre- high-level coordination, a flexible teamwork is possible, leaving the
vious actions; details about role execution with the agent.

. dynar’nic - the environmenE state can change between the The model about role allocation is similar to the common team-

agent’s perception and agent’s actions; work in the real world. When people need to execute some action

together, they usually divide the task in subtasks that each one can
perform. In the real world, people also use the role allocation to
e multi-agent - there is cooperative and competitive interaction coordinate actions. Thus, the responsibility is distributed, and if

between agents. there exists commitment between the teammates, the entire group
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e continuous - the number of environment states is unlimited;
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acts consistently.

TWProxy also provides the functionality of distributed blackboard
because it keeps the shared beliefs consistent. This belief reposi-
tory helps the agents to take a decision. Due to the environment to
be partially observable, the agents have sensory restrictions. There-
fore, the TWProxy can store some shared information that is not
directly sensed by the agent.

Figure 3 shows the TWProxy internal organization. Link 1 indi-
cates that information from the agent can update the knowledge
base. The set of beliefs can be used by the planner (link 2) that
can deliberate about role allocation(link 3 and 4). Information from
other proxies can update the set of beliefs (link 5) and an agent can
share information using the TWProxy(link 6).

4.1 Describing Plan and Beliefs.

The initial agent beliefs and its plans are stored in a structured file
described with the language shown in listing 1. This file contains
agent beliefs about: capabilities, team composition and the specific
domain. It also describes the roles and the high-level team plan.
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Teams of Agent-proxy pairs execute Team-Oriented Programs
(TOPs) [Scerri et al. 2004]. These TOPs specify the joint plans
of the team, and the inter-dependencies between those plans, but do
not contain all the required details of coordination and communica-
tion.

Listing 1: Grammar of the description language

<blf> ::= <block>
<block> <blf>
<block> ::= "belief" <belief_block> |

"role" <role_block> |
"plan" <plan_block>

<belief_block> ::= <id> "{" <inside_belief> "}"

<inside_belief> ::= <attr_value> |

<attr_value> <inside_belief>

<attr_value> ::= <id> ":" <value> ";"
<value> ::= <id> |

<id> "," <values> |
<number> |
<number> "," <value>
"true" |
"false"

<role_block> ::= <id> "{" <inside_role> "}"

<inside_role> ::= <attr_value> |

<attr_value> <inside_role>

<plan_block> ::= <id> "{" <inside_plan> "}"

<inside_plan> ::= "roles" ":" <role_values> ";"

<pre_block> <post_block>

<role_values> ::= <id>
<id> "," <role_values>
<id> "+" |
<id> "+" <role_values>
<pre_block> ::= "precondition" "{" <expr> "}"
<post_block> ::= "postcondition" "{" <expr> "}"
<expr> ::= " (" <expr> ")" |
<id> "." <id> <comp> <number> |
<id> "." <id> <comp> <id> "." <id>
<id> "." <id> <comp> "true"
<id> "." <id> <comp> "false" |
<expr> "|" <expr> |
<expr> "&" <expr>
<id> ::= "[a-zA-Z][a-zA-Z_0-9]x"
<number> ::= "[+-]2[0-9]+|[+-]12[0-9]+\.[0-9]+"
<comp> ii= M==T | Mi=m | omgm | omgom | omumo|ons_w

Listing 2,3,4,5 and 6 show examples of different parts of the beliefs
file for the Capture The Flag domain. Listing 2 defines that the
agent agent001 can perform the role CTFProtectTheBase if it is not
executing another role.

Listing 2: An example about capability belief

belief capability_agent001_CTFProtectTheBase {
type: capability;
rapId: agent001;
load: 100;
roleId: CTFProtectTheBase;

Listing 3 shows the belief about the team composition, and in this
case also describes that agents should communicate with a peer to
peer connection.

Listing 3: An example about team composition

belief teamComposition {
type: teamComposition;
members: agent001l, agent002,
myself: agent001;
agent001_host: localhost;
agent002_host: localhost;
agent003_host: localhost;

agent003;
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agent001_portl: 6001;
agent002_portl: 6002;
agent003_portl: 6003;
agent001_port2: 7001;
agent002_port2: 7002;
agent003_port2: 7003;

The domain specific belief is also described in the beliefs file, as
shown in listing 4. The belief contents is flexible to describe new
properties, because the new attributes are handled dynamically.

Listing 4: An example about domain specific belief

belief flag_enemy{

type: flag;
owner: enemy;
have: false;

}

belief flag_friend{

type: flag;
owner: friend;
have: true;

It is possible to define meta-information about role allocation. In
the example of listing 5, priority helps to solve allocation conflicts,
before defines actions to execute before allocation, and preference
defines who should receive this role. These parameters of the meta-
information should be handled through inheritances of base classes
in the TWProxy, otherwise, just priority has effect.

Listing 5: A role example

role CTFRecoverMyFlag {
priority: 3;
before: getAllRapPosition;
preference: nearToTheEnemyBase;

Listing 6 shows an example of a plan for the Capture The Flag con-
text. When a team has its flag and it does not have the enemy flag,
plan pI is activated launching a role allocation process. This plan
specifies two roles to be allocated, CTFProtectTheBase and CTF-
CaptureTheFlag, where the second is flexible for more than one
allocation, it is indicated by signal + in the end of the role’s name.
If a team has four free agents, one performs CTFProtectTheBase,
while three execute CTFCaptureTheFlag.

Listing 6: A plan example

plan pl{
roles: CTFProtectTheBase, CTFCaptureTheFlag+;
precondition{
( flag_friend.have == true ) &
( flag_enemy.have == false )
}
postcondition {
( flag_friend.have == false ) |
( flag_enemy.have == true )

4.2 Communication

The inter-proxy communication assumes the usage of atomic com-
munication over a network without shared memory. To solve the
problem of atomic communication, TWProxy was developed over
a simple atomic broadcast layer. However, it is possible to extend
base classes to develop a new atomic broadcast layer. Thus, the
sharing beliefs is done by atomic broadcast [Défago et al. 2004],
and just the specific order messages(like to assign a role) is per-
formed via unicast.

Two communication channels are used by each instance of TW-
Proxy. The first channel is used to share knowledge and the second
is used to exchange information about role allocation. The mes-
sages sent through these channels are serialized objects that are re-
composed by a factory in the other side.
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4.3 Planner

The TWProxy planner uses team leader to launch a new plan. The
first team leader is defined statically but it may be changed dynam-
ically at run-time. The usage of team leader avoids to solve conflict
problems in role allocation, saving time to react to the environment
changes. The team leader has updated beliefs and it can launch a
plan consistently, because everyone is committed to share relevant
information.

The planner is like a rule-based system. Every plan contains rules
to activate it (the preconditions) and to stop it (the postcondition).
These rules are checked using the current knowledge. Roles are
assigned in the activation of a plan, and in the stopping, the involved
agents can release their roles.

4.4 Agent Interface

Each individual agent is attached to a TWProxy forming a social
agent. The communication between the individual agent and the
TWProxy is defined by a flexible interface, allowing interaction with
several kind of agents.

The interface between proxy and agent is defined by a base class
that must be extended to implement this communication. Such in-
terface is based on message exchange and it can be adjusted to each
kind of agent. In a new domain, the interface with the agent is the
main modification needed. Thus, it is possible to make a team, to a
new domain, developing just the interface between agent and proxy,
and the team program. The individual agent does not need to have
social commitment, because the TWProxy does this for it.

5 Experiments and Evaluation

In our experiments, the agents have been developed using the
framework IAF [Monteiro and dos Santos 2007], that implements
a hybrid agent architecture [Monteiro 2005]. Such agents commu-
nicate with the game controlling a player. For these experiments
every agent has the same capabilities. Thus, just the teamwork is
different. In order to compare the TWProxy with another proxy, Ma-
chinetta is used, because of large number of successful applications
[Scerri et al. 2003a] [Schurr et al. 2005] [Scerri et al. 2003c¢] [Scerri
et al. 2004] [Chalupsky et al. 2001] [Scerri et al. 2001] [Scerri et al.
2003b].

A great concern in the teamwork problem is to avoid teamwork
inconsistency. In the Capture The Flag domain, a teamwork incon-
sistency may be the following: Given a team composed by agents
A, B and C, if either A or B are trying to recover a flag that was re-
covered by C, then the team is in an inconsistent state. Every team
in a dynamic environment will stay in a inconsistent state during
some period of time. The goal is to minimize inconsistency states.

The first step to develop a team is the modeling of the problem in
the multi-agent context. It is necessary to divide the team actions in
roles that will be performed by the agents. After that, it is possible
to develop, in the agent, the abilities to execute the roles. The next
step is the definition of knowledge and plans under Team-Oriented
Programs.

This work shows two kinds of experiments. The first measures the
time of teamwork inconsistency, evaluating the elapsed time be-
tween an important change in the environment and the team adop-
tion of a new strategy. The second kind of experiment are matches
that intend to show teamwork efficiency using the TWProxy, in or-
der to show that it is possible to use the multi-agent paradigm and
distributed artificial intelligence in the domain of modern games.

In the experiment of the time of teamwork inconsistency, agents
send a sequence of changes about the environment, and the time
of team reaction using TWProxy and Machinetta is calculated. The
battle experiments play Capture The Flag where one team uses 7W-
Proxy and the other team uses Machinetta, self game BOTS or hu-
man players.

In the battle, the game UT2004 is used to provide the Capture The
Flag gameplay. Thus, it is possible to evaluate the team actions,
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Figure 4: Time of Teamwork Inconsistency - TWProxy.

because it is easy to see which role the agent is performing, and it
is also possible to measure the teamwork efficiency using the game
score.

The team, that plays Capture The Flag using the TWProxy, has just
four plans, that are activated when the state of a flag changes. Such
plans generate the following team behavior:

1. when a team has its own flag but it has not the enemy’s flag,
someone needs to protect the base while others go to capture
the enemy’s flag;

2. when a team has both, its own and the enemy’s flag, all agents
must go back to their base;

3. when a team does not have its own flag but it has the enemy’s
flag, the agent that has the enemy’s flag must go back to its
base and the others should recover the team’s flag;

4. when the team has no flags, every agent must search any flag.

The Machinetta proxy showed some limitations in the experiments,
and a critical problem for this context was the impossibility to reuse
a terminated plan. Thus, it was necessary to create many redundant
plans to keep the bots playing the game. Other problem was the
memory and the CPU usage, being impracticable to apply in a real
game. However, Machinetta has many successful applications, be-
ing interest for comparison purposes, as will be shown in the next
section.

5.1 Evaluating Time of Teamwork Inconsistency

The experiment about time of Teamwork Inconsistency(TTI) in-
tended to evaluate the ability of TWProxy to react in (soft) real-time
to environment changes. In order to compare its performance, Ma-
chinetta was exposed to the same situation. A group of three agents
was updating their beliefs about the flag status, and an external en-
tity was listening the communication between agents and proxies.
Therefore, this external entity was computing the time between the
environment change and the role allocation to the whole team.

The sequence of environment changes was the same for Machinetta
and TWProxy. It was composed by 23 updates and it represented a
whole match. Each proxy played 40 matches, in order to get a
general behavior of the TTI. This experiment was performed in a
single machine. For this reason, the network latency did not appear
in the results.

The results shown in Table 1 describe the mean(u) and the stan-
dard deviation(o) of the experiments set. The measure unit is mil-
liseconds and the time represents the total time between a new
belief received and the modification of the strategy. TWProxy, in
this experiment, achieved a mean of 3.9ms, while Machinetta got
12182.40ms. In other words, TWProxy was more than three thou-
sand times faster than Machinetta to reach a consistent state. The
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Figure 5: Time of Teamwork Inconsistency - Machinetta.

Table 1: Mean and standart deviation of experiment.

- Elapsed time(ms)

N I o
TWProxy 3.9 0.79
Machinetta | 12182.40 | 7159.01

standard deviation shows how stable TWProxy execution was com-
paring with Machinetta.

Table 2 presents an example of values of TTI for one match. In
this table it is possible to see the difference of magnitude between
TWProxy and Machinetta. Figures 4 and 5 show the same example
of Table 2 in a graphical format , in order to show the stability of
the TWProxy in this application. It is important to say that these
graphics are in different scales in an effort to compare the data dis-
persion.

The performance and stability of TWProxy against Machinetta was
the main result from this experiment. In the midst of this circum-
stance, Machinetta also presented a high usage of memory (more
than 100MB per proxy), making it difficult to use in modern games.
TWProxy, in these experiments, did not use more than 1.6MB of
memory. The key of these results relies on the kind of applica-
tions for which Machinetta was designed. While TWProxy design
was concerned in achieve real-time requirements, Machinetta was
originally developed to allow humans to participate in teams with
artificial agents. Several points may explain this efficiency, includ-
ing: the usage of C++ instead of Java; optimization in access to
the beliefs; and mainly the fewest conflicts to resolve, because the
communication with atomic broadcast guarantees the total order of
message and the usage of team leader avoids the role allocation
conflict.

5.2 Teamwork Efficiency

The second kind of experiment evaluates the teamwork efficiency
using the gameplay Capture The Flag. Each experiment spent 15
minutes and it was played in order to assess different aspects. The
first experiment evaluates TWProxy’s efficiency against Machinetta
using the same agents in a battle, but with different proxies. The
second experiment was composed by battles between a team using
the TWProxy and the default bots from UT2004. The third experi-
ment shows a battle between a team with TWProxy and an human
team.

5.2.1 TWProxy-Team vs Machinetta-Team

The aim of this experiment is to assess how better can a team’s ef-
ficiency be by changing just the proxy that provides the teamwork.

Both teams had the same agents and they used the same strategy,
the only difference was the teamwork proxy. Figure 6 shows the
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Table 2: An example of TTIls measured in one match played by
TWProxy and Machinetta.

Interaction Elapsed time(ms) ‘ 0]
- TWProxy | Machinetta ‘ PING. &
01 4 5838 TWProxy_Agent5003 :ngjm E Machinatta_Agent4002 53
02 5 13307 TWProxy_Agent5002 e & gg\;@wgﬁ Machinetta Agent4001
03 3 3360 R - s <
04 3 17463 TWProxy_Agent5001 gg\rl—lG.:Bg i\nacninena,Agen:mna 23
05 4 13256
06 3 12369
07 3 10497
08 4 13358
09 3 14211
10 4 13212
11 4 18211
12 5 17195
13 4 15251
14 4 15138 v
15 3 9337 R SCORE LIMIT: 30 REMAINING TIME:00:00
16 3 15262 ) .
17 4 16251 Figure 6: Results of a Capture The Flag match between TWProxy-
13 3 15299 Team and Machinetta-Team.
19 4 22208
20 4 18207
21 3 23274
22 5 8248
23 4 11264 AVERAGE Remote Bot CTF Game in Face Classit
result of a match, in which the team using TWProxy won but the TWProxy_Agent5002%9 ) ; = ek
game was very disputed with just two points of difference. The in- o
dividual agents using Machinetta had higher score than those using g o AdE TR0 AN G ) | gt

TWProxy, however, the effort of the team should precedence over
individual actions. The key point is that the best for the team is not
necessarily the best for each individual.

TWProxy_Agent5001 27

5.2.2 TWProxy-Team vs UT2004-Team

An important point in the use of multi-agent teamwork in modern
games is to decide if it is possible to use distributed artificial intel-
ligence in a domain in which nowadays the centralized solution is
simpler. The centralized solution can access the full state of game
and decide the best to do. However, in a distributed approach, the
full state is not accessible, and each entity needs to cooperate in an
effort to coordinate their actions. Thus, this experiment confronts
these two approaches, the distributed versus the centralized.

/SCORE LIMIT: 30 REMAINING TIME:00:00

. . . Figure 7: Results of a Capture The Flag battle between TWProxy-
The battle was composed by bots from UT2004 in their default skill Team and UT2004Bots-Team.

level and agents using the TWProxy. Figure 7 is a example of re-
sult in this experiment. The difference in scores was very high in
favor of the team with the TWProxy, both individually and in team.
Therefore, it shows the possibility of usage of the distributed ap-

proach which also creates a new possibility of gameplay. ’ y
Remote Bot CTF Game in Face Classic

5.2.3 TWProxy-Team vs Human-Team . 0 0
TWProxy_Agent5002 473 Bue ", 52

The last experiment aims to evaluate the team coherence, putting

the team with TWProxy against a human-team. A human-team has TWProxy_Agent5003 33 Player ! 57

the ability to explore some coherence fault in a team of bots. For

this reason, this experiment was interesting. TWProxy_Agent5001 p g s 18

Although the agents were using a static set of strategies, the human-
team failed to explore any teamwork inconsistency. The battle was
very disputed even though the human players had average skill in
First Person Shooter. Figure 8 shows the result of a match between
TWProxy-Team and Human-Team, where the balance can be seen.

>d. ‘Pressi Eire to respawn!
REMAINING TIME:00:00

6 Conclusion
Figure 8: Results of a Capture The Flag match between TWProxy-
This work shows that it is possible to overcome the deficiencies Team and Human-Team.
about social behavior in team-based games using the teamwork ap-
proach. With this purpose, this work presents TWProxy, a team
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proxy for dynamic environment with real-time requirements. In or-
der to evaluate TWProxy, teams using it were developed, and the
agents acted coherently as a team, without to use a central con-
trol. Such application creates new possibilities in the gameplay,
specially in distributed games like massive multiplayer online.

Using TWProxy the group activities are described by a high-level
team-oriented programming language, giving more flexibility and
autonomy to the team to perform a task. Besides that, agents have
a distributed blackboard provided by TWProxy, due to the mainte-
nance of beliefs between proxies. The belief description language
is also extensible, being able to use in several domains.

The experiments show that it is feasible to use a distributed ap-
proach and also the advantages of TWProxy face to Machinetta.
Indeed, the experiments have shown the limitations of Machinetta
for this specific domain. TWProxy had good results in these exper-
iments, showing its stability and efficiency. Besides, TWProxy has
new important features to team composition, like reuse of plans,
easy and extensible language to describe team plan, atomic com-
munication, invariant plans to the number of agents, and extensi-
bility in role allocation using knowledge from a specific domain.
TWProxy is also more lightweight than Machinetta. In the matches
experiments, it is possible to conclude that: less time of team incon-
sistency gives better performance to a group; a distributed approach
is feasible and its performance is comparable to team centralized
control; and it is feasible to keep the team coherence making be-
lievable teams.
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Figure 1: Shot library of an editor agent

Abstract

The use of cinematography techniques in games aims to provide
high level abstractions for operating the virtual camera based on
concepts borrowed from the movie industry such as scene, shot and
line of action, among others. One usual approach is the develop-
ment of agents to execute tasks that are similar to their counterpart
in a real movie set: director, editor and cinematographer. However,
a game is an interactive application and resembles a live TV-show,
where the actions taken by all the actors is not known previously. In
such scenario, the role of the editor is of great importance since he
is the one who ultimately decides what point of view should appear
on the screen. In the context of game cinematography, most previ-
ous works have proposed ways of mapping scene concepts and au-
tomatically controlling the virtual camera but without paying much
attention on the role of an editor agent. Our paper shows an intel-
ligent editor agent that uses neuronal network classifiers to decide
shot transition and has an intuitive user interface to the learning
mechanism.

Keywords:: Game Cinematography, Virtual Camera, Shot Transi-
tion, Cut, Neuronal Networks
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1 Introduction

Visual simulations such as games have always relied on cutting
edge real-time graphics. However, the search for simulation com-
plexity has also given rise to new challenges in other areas such as
artificial intelligence, physics and also storytelling. All the efforts
in such areas account for the level of immersion in the virtual world
and, in this trend, intelligent real-time camera handling plays an
important role. Good use of the virtual camera has gaining even
more importance because of trends such as games with spectators
[Drucker et al. 2002], the use of real-time game engines to create
films [Elson and Riedl 2007; Morris et al. 2005] and also story-
telling research [Courty et al. 2003; Amerson et al. 2005; Pozzer
2005]. Previous research has been applying movie industry stan-
dards and concepts, such as scenes and shots, to video games in
order to create higher levels of abstraction to manipulate the virtual
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camera.

The most common concept in game cinematography is that of a film
idiom, which represents the most usual way to present an specific
type of scene event such as an over the shoulder shot for a dia-
logue sequence between two characters, or a helicopter-mounted
camera for a fast paced car chase in a highway. Film idioms are
good to represent specific camera behaviors that are then isolated
and treated as a problem of its own with different possible solu-
tions. Complete solutions for game cinematography, however, have
to deal with other problems as well and are sometimes organized
as agents that represent the various roles people play in a movie set
[Hawkins 2004]. The most common approach is to consider three
types of agents: director, editor and cinematographer.

Usually, the director agent is responsible for analyzing the scene
and proposing film idioms to present it to the player. The edi-
tor agent is responsible for choosing which one to use, while the
cinematographer agent directly controls the virtual camera [ref-
hawkins]. It is important to remember that games are different from
films in the sense that, being interactive applications, there is no
prior knowledge of future events. A better analogy is to think of
them as live TV-shows, where the scene and the actors are known,
but not all the dynamic dialogues, events and actions taken are. In
this kind of environment, one of the most important roles is that
of the editor, who ultimately decides what to present to the audi-
ence. Based on these concepts, a distributed multi-agent system
was proposed in [ref-short-paper-ours] to deal with the issues re-
lated to massive online games.

In such system, the role of the editor agent is of great importance,
and these are the main concerns related to its implementation:

e What information should be available from the scene in order
to enable good decisions;

e How to decide which of the available film idioms to use at
each time;

e When to cut from one shot to the other without breaking
frame-coherence.

In general, the ultimate goal is to create an agent that mimics the
behavior of a human editor. In this paper we present the details
of an editor agent that uses neuronal networks to enable consistent
shot transitions in dynamic environments and also:

e Provides for a very fast learning mechanism based on real-
time teaching by example;



SBC - Proceedings of SBGames'08: Computing Track - Full Papers

e Requires minimal, not film-structured, information from the
scene;

e Uses an intuitive, edit-like, real-time interface for the learning
mechanism that requires no programming experience from the
user.

The rest of the paper is organized as follows: section 2 compares
our approach with previous research. Section 3 presents the sys-
tem architecture and explains some details about the different agent
layers. Section 4 brings a detailed look at the editor agent imple-
mentation, while section 5 details the game prototype developed to
the experiments while section 6 analyzes these experiments and re-
sults. Finally, section 7 concludes the paper and presents our future
work on the subject.

2 Related Work

A good amount of previous works were already dedicated to ap-
plying cinematographic techniques or other intelligent mechanisms
of virtual camera control in video games. The majority of this re-
search proposes the creation of higher level mechanisms for con-
trolling the virtual camera with the adoption of cinema concepts,
constructs and language such as scenes, shots, cuts, directors, edi-
tors and cinematographers [Drucker and Zeltzer 1995; wei He et al.
1996; Christianson et al. 1996; Halper and Masuch 2003; Hawkins
2004; Amerson et al. 2005; Tomlinson 2000; Hornung et al. 2003].
Some of these works use the concept of a film idiom, which en-
capsulates the combined knowledge of several personal roles in a
traditional filming set. In the context of a complete solution, how-
ever, film idioms are good to solve only two parts of the problem:
direct manipulation of the virtual camera; and creating a simple API
for communicating with other layers.

In a work by Hawkins [Hawkins 2004], a three-layer architecture
is proposed to split the issues through different agents categories:
directors, editors and cinematographers. The director agent recog-
nizes actions in the scene and suggests shot options to an editor
agent, that chooses the best way to present them. This later issue is
the responsibility of the third layer: a cinematographer agent, which
directly operates the virtual camera. Bringing this organization to
virtual cameras in computer graphics makes it easier to decouple
the different modules needed by such system. Our work proposes
a novel approach for the design and implementation of an editor
agent that doesn’t require the scene information to be structured in
the form of scene events.

Other previous works are foundations on how to solve the issues
related to the implementation of the virtual camera manipulation
itself. Drucker [Drucker and Zeltzer 1995] studies the basic ele-
ments that compose and motivate the movements of a virtual cam-
era, ending up proposing a agent-based framework to solve this
task. Camera modules are designed as independent tasks that can be
used independently or combined. Hermann e Celes [Hermann and
Celes 2005] proposed a system that dynamically translates and ori-
entates the camera with the use of physical constraint satisfaction.
This later work is a good approach for implementing cinematogra-
pher agents, being complementary to our proposed editor.

Kneafsey and McCabe [Kneafsey and McCabe 2005] create an in-
telligent cinematography system for first person shooters based on
a commercial engine. Their system dynamically switches camera
shots based on specific information extracted from the 3D scene and
use a Finite State Machine (FSM), augmented with fine grained ac-
tivation rules, to represent the knowledge used to decide which shot
to use at each time. Although appropriate to represent this king of
decision making knowledge, FSMs lack the ability to learn, and the
user has manually specify the conditions that trigger each shot type.

He [wei He et al. 1996] also uses a FSM to represent film idioms
but organizes them as a hierarchical structure. Each film idiom in-
cludes activation information as well as camera-modules, which are
the equivalent to our cinematographer agent. Other works [Chris-
tianson et al. 1996; Amerson et al. 2005] also use hierarchical data
structures to encode film idioms and provide a decision mechanism
for shot transitions. Our system uses neuronal networks to store this
knowledge and also present a very intuitive learning interface.
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Hornung [Hornung et al. 2003] proposes an agent based system
that drives the virtual camera based on relevant scene information
of the cut-scenes from the game Half-Life. The editor agent of this
system also use neuronal network classifiers to choose shot types,
but uses a different approach (from ours) in that it receives infor-
mation about the scene in the form of narrative events, containing
coded information such as actors and targets. More important, how-
ever, is that it needs data to be translated from the scene domain to
that of a narrative: emotional level, action level, among others. Be-
cause of this dependency on domain translation, this approach relies
on a very complex director agent and is only appropriate to narra-
tive applications that can provide such semantic information. Our
editor agent does not need any domain translation and only requires
input normalization.

Our work provides for a shot transition system that is more suitable
to games, but its also important to mention research on storytelling
since intelligent cinematography is one of the building blocks of
this area. Pinhanez [Pinhanez 1999] studied the foundations for
the representation and recognition of action events in interactive
systems and developed a discrete mechanism and algorithm for the
temporal structure of such actions called PNF (past, now, future)
networks. This propagation algorithm is used to recognize the ac-
tions in an interactive context in replacement of other temporal rep-
resentations such as Finite State Machines. Our system does not
rely on action recognition to learn the rules for shot transition.

Pozzer [Pozzer 2005] developed an architecture for the genera-
tion and representation of dynamic interactive stories, including the
presentation on a 3D engine and cinematographic techniques. The
goal of the work is to provide an integrated tool to manage story
generation for the brazilian digital TV system. In a more recent
work, Guerra [Guerra 2008] proposes the term story engineering
for this process, that is divided into three sub-problems: ontologies
for story-driven data; story generation and storytelling, in which
intelligent cinematography is included. Even being game-driven,
our proposed editor agent is a suitable option for the shot transi-
tion issue, given its learning mechanism and intuitive interface. In
the next two sections, our game cinematography system will be ex-
plained together with the editor agent’s architecture.

3 Cinematography System Architecture

The proposed system architecture comprises three separate layers
modeled as agents: scene mapper, editor and cinematographer. The
role of the scene mapper agent is to gather relevant information
about the 3D scene and to map it to normalized values (between
-1 and 1). This approach provides a knowledge mapping of a scene
data converted to a float-valued domain, which is independent of the
specific 3D environment implementation, enabling a simple data
structure to be used by the editor agent, which is called input-hub.
This data structure does not require information to be coded with
movie semantics such as other works [Hornung et al. 2003].

The movie semantics are not required because our shot-transition
system relies much more on learning by examples than in pre-
defined cuts specified in declarative languages [Christianson et al.
1996; Amerson et al. 2005] The information kept at the input hub
will be the sole input of the editor agent, which is thus indepen-
dent of the specific 3D environment. Figure 2 illustrates the role
of the scene mapper: feed an input hub (float array container) with
normalized information gathered from the 3D scene.

The editor agent contains a set of neuronal network classifiers, one
for each available shot (cinematographer). This agent uses the out-
put of each neuronal network to classify the candidate cinematog-
raphers at runtime. The key feature of the system is the use of an
interactive training mechanism that enables the user to teach his
shot preferences at runtime while watching gameplay. The basic
architecture of the editor agent is illustrated in Figure 3, while a
detailed explanation is given in the next section.

In our architecture, cinematographer agents are components imple-
mented almost independently of the other ones. Their responsibility
is to represent film idioms, such as a chasing camera or an over the
shoulder shot, among others. The available cinematographer imple-
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Figure 3: Editor Agent

mentations are enabled or disabled by the editor agent at runtime,
based on the values given by the respective classifiers. In this cur-
rent work, we are more interested in the cut/transition editing issue,
so one is encouraged to read relevant previous research on the topic
of film idiom implementations such as those pointed out in the re-
lated work section.

The communication between the three layers, shown in Figure 4,
is made as follows:

1. The scene mapper, with the knowledge of the 3D environ-
ment, gathers and normalizes information about the scene to
an array of float values within the range of [-1,1]. It con-
stantly feeds these values into an input-hub, that is the only
data-structure needed by the editor agent’s neuronal network
classifiers;

2. The editor keeps references to cinematographer agents and
decides which one to use at each time, based on the output of
the respective classifiers;

3. In our prototype, the cinematographers operate directly on the
3D environment, each one controlling its own virtual camera
(viewport);

4. The position and orientation of the camera controlled by the
chosen cinematographer are replicated to the editor viewport
of the system.
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4 The Editor Agent

The role of the editor agent is to chose which shot, provided by
the cinematographer agent, to use at each time for a given dynamic
scene. It feeds all the values kept at the input-hub into several neu-
ronal network classifiers simultaneously, one for each cinematog-
rapher. The output of each classifier is used as an activation value
for the respective cinematographer. The goal of the training mech-
anism is to teach each classifier to recognize the situations that are
favorable to its cinematographer. This training is performed by a
user who only has to indicate his favorite camera at each relevant
situation while interactively watching a player testing the game. In
this section we explain in more detail the features of our proposed
editor agent: the neuronal network classifiers; the learning mecha-
nism; and the user interface.

4.1 Neuronal Network Classifiers

Neuronal network building blocks are called neurons, which are
computation units that take as input a collection of values in a nor-
malized range - usually from -1 to 1) and compute an output. Each
input value has an associated weight that, after training, indicates
its importance to that neuron. The output is given by two func-
tions: input and activation. The input function often calculates the
weighted sum of the input values, while the activation function is
commonly the step, sigmoidal functions, among others. Figure 5
presents a schematic representation of a neuron. In our system, we
chose to use the sigmoidal function because the output of the net-
work has to be a float activation value instead of the binary output
of the step function. The formulae for computing the output of each
neuron is given bellow:

tout = —— L
ourpu 1+€’ZW1*”
Where,

e jis an index for the neuron input and weight vectors, ranging
between [0, size — 1];

e IV is the weight vector;
e [ is the input vector.

Neuronal networks can be composed by sets with only one to sev-
eral neurons, which are thus arranged in layers. Single layer net-
works are also called perceptrons. In our system, it’s possible to
use either perceptrons or multilayered networks as classifiers for the
cinematographers. The choice will depend on the complexity of the
scene input and the number of available cinematographers. Figures
6 and 7 illustrate how the perceptron and multi-layered neuronal
networks are built in our system, showing the connection between
input neurons and the input-hub. One can notice that all classifiers
share the same input-hub, which is just a simple data-structure used
for distributing the input vector, not a weighted neuron.
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4.2 The Learning Mechanism

By modifying the weights associated to the inputs, one can teach
each neuron the importance of each input value for its respective
output. A set of know tuples of inputs together with the associated
desired output is called a training set. To train a neuron network,
one should feed its input with each example from the training set,
comparing the calculated output with the desired one and feeding
back the computed error to a training function, which adjusts the
weights properly. Each time the training set is fed through the net-
work is called a training age. For single neuron networks, the sim-
ple training rule given in the following formulae is applied to each
classifier while for multi-layered networks the back propagation al-
gorithm is used.

W3 =Wj+ ax (desired — current) x Ij
Where,
e « is the learning rate for the training mechanism;

e desired is the correct output for the training sample;
VIl SBGames - ISBN: 85-766-9204-X

94

Belo Horizonte - MG, November 10 - 12

e current is the calculated output using current weights;

One can notice that the training function updates the weights
of the neuron proportionally to the input (/7), the output error
(desired—current) and the training rate («). It is important to bal-
ance between large training rates and the number of training ages.
In section 6 we present experiments and analysis about these vari-
ables with a game prototype implemented exclusively for this work.

In our system, the training set is initially empty, and is populated as
the user chooses favorite shots while watching gameplay. Each time
he informs the system of a preferred shot, a snapshot of the current
input is taken and the desired value for each cinematographer is
set: 1 for the chosen one and O for all the others. Each sample
consisting of the input values and the desired output is then added
to the respective cinematographer agent’s training set. At each time
a new sample is included, the weights are reset and a new training
is performed for all the classifiers. To keep the training cost low
throughout the simulation, we use the minimum necessary number
of training ages, which will be better explained in Section 6.

4.3 The Learning Interface

The proposed system interface used for training the editor agent in
our work, shown in Figure 8, is composed of several viewports to
show at the same time:

e All the available shots (cinematographers) - seen in the small
viewports on the right;

e The current choice of the editor agent - lower-right viewport;

e The main screen for the player during training - bigger view-
port.

Shot 1

Shot 2

Main Screen
Shot 3

Editor's
Choice

Figure 8: Learning Interface with 3 Cinematographers

When the system starts, the training set is empty and will be filled
by the user (or a spectator beside him) as he plays. At each time
the game developer finds the simulation state in a representative
situation for a specific shot, he should press the numeric key of
that cinematographer. This will fire the mechanism that feeds each
cinematographer’s training set by taking the input snapshot, adding
the respective desired output. After the new samples are included
in each set, a training age is performed for all cinematographers. In
the next sections we show the prototype, exclusively developed to
test the system, and the results of experiments performed to verify
the accuracy of the learning mechanism.

5 Prototype: Race Game

We developed a game prototype to illustrate the use of our editor
agent. It consists of a simple race game where the goal is to make
the editor agent learn to use different camera shots to increase the
dramatic appeal of action situations such as jumps and rocks cross-
ing the road. The game takes place on a small modeled island with
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a race track around it. There are several bumps through the track
that make the car jump. In addition, there is a volcano that throws
rocks over the track in the back part of the circuit. The player con-
trols the car as usual, using the directional keys, while the editor
agent training controls are the number keys corresponding to the
available shots. Figure 9 shows a high view of the island, showing
the race track and the volcano.

Jumping ? (0,1)

Normalized X position

Normalized
Z position

Figure 11: Input-hub for the prototype

6 Experiment Results

We were specially interested in experimenting with the learning
mechanism to verify its performance with only a minimal number
of training ages and a very small training set, so the user would
not notice the computational penalty of this task. By classification
performance we mean both classification quality, the correctness
Figure 9: Screenshot of the Island and the Race Track rate that the classifier generates against the expected output; and
accuracy, characterized by small dispersion values over the test in-
stances. We expected to confirm that the size of the training set
5.0.1 Editor Agent could be small, so the user would not have to choose the adequate
camera for each situation too many times. The less the user has
to inform/teach the system, more simple it becomes to operate.
But before actually performing interactive tests with real users and
small training sets we did some experiments to find what was the
ideal number of training ages and the influence of the learning rates
of the neurons over the classification performance. This section de-
scribes both parts of the experiment: first, we analyze the influence
of learning rates and number of ages over performance; second, we
show the results of tests with real users.

The editor agent for the prototype includes three shot options and
the respective classifiers, which are single neuron perceptrons. This
example does not need multi-layer networks because the functions
we are trying to teach for each classifier are linear. The goal is
to use a chasing camera for normal racing situations, and different
ones for jumps and for when the car is near the falling rocks. One
can notice that it would be easy to implement a rule based system to
achieve the same goals, but our intelligent editor is flexible to learn
any other set of rules with the same simple teaching interface, and
also, we target it for non technical users, who would find it difficult 6.1 Learning Rate and Ages
to specify logical rules.

For both parts of the experiment we used an auxiliary sample set

The shot library comprises of three cinematographer agents, refer- for validation purposes which consisted of 300 collected samples,
enced by the editor and implemented by directly manipulating the with all three expected values for each cinematographer classifier.
virtual camera. Figure 10 shows a screenshot of the learning in- This training set was carefully built with actual application data to
terface of the prototype game, while the description of the three represent all possible situations during gameplay. The first exper-

available cinematographers is given bellow. iment aimed to check the influence of the learning rate over ac-
curacy. Using this validation sample set, we performed Ten Fold

e Chasing Camera - follows the car from behind - default; o .
Cross-validation tests for each learning rate value, and measured

e Front Camera - keeps ahead of the car, pointing back to it - the average output correctness and standard deviation for each in-

for jumping situations; stance of the test. Ten Fold Cross-validation works by shuffling the

sample set and splitting it in ten parts. Then, each one of these 10%

e High-view Camera - fixed at the volcano top, and its orienta- subsets are used to validate the system, which is trained with the
tion follows the car - for the volcano area. remaining 90%.

We performed this test with the learning rates ranging from 0.05 to
0.5 and noticed that the learning rate does not influence much on
the performance, given that the system converges to a trained state.
The only influence is noticed in the training speed, meaning that
small values take too long to converge, while higher values are too
sensible to errors in the training set. Given this, we chose to run the
remaining experiments with a learning rate of 10%.

With the second experiment, we wanted to find appropriate maxi-
mum value for the number of ages to be performed at each train-
ing of the networks, big enough to achieve good accuracy even if
the system does not converge and still small enough to avoid high
computational intensity. We ran the same kind of Ten Fold Cross-
validation tests, this time fixing the learning rate in 10% and vary-
ing the maximum number of ages from 1 to 50. The results for
this tests are presented in a chart in Figure 12. The horizontal axis
represents the number of ages, while the vertical axis shows the

The input for the editor, which is illustrated in Figure 11, comprises measured classification performance (100% is full correctness).
of only three values:

Figure 10: Prototype game interface, showing the available shots

One can notice from the chart that the number of ages has a strong

e Boolean value (0 or 1) saying if the car is touching the ground; influence over the trained network performance. Only with 30 or
more ages has the accuracy converged to 100%, with a measured

e Normalized values for the X and Z coordinates of the car, standard deviation of around 3%. Fortunately, even when executing
based on the limits and center of the island. 50 training ages with the small training sets expected to be used in
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Figure 12: Classifier performance with varying ages number

actual interactive training, the computational penalty is almost im-
perceptible, so this was the number used in the final experiments.
We also checked how robust the prototype classifiers were, by in-
troducing random error on the validation sample set in the range of
5% to 25%. Figure 13 shows the influence of this errors over the
different number of training ages. The axis represent the same vari-
ables as the previous test results, and the different lines represent
the different error ranges.

Learning performance with errors
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Figure 13: Classifier performance in the presence of errors in the
training set

One can notice that the presence of error in the training set is par-
ticularly influent with the smaller number of ages. By training with
50 ages, even with in the presence of 25% incorrect samples, the
accuracy is still high, reaching more than 85%. This robustness is
one of the reasons neuronal networks are a good choice for such
system. Following, we analyze the results of interactive training
experiments with real users creating very small training sets.

6.2 Interactive Experiments

For the interactive experiments, we wanted to check if the learning
mechanism was robust enough to perform well even with a very
small training set, which is mandatory for the system to be consid-
ered user friendly from an usability point of view. The tests con-
sisted of a user watching live gameplay and choosing the correct
shot (cinematographer) during the simulation. We only instructed
the users to choose the first shot (chase camera) for normal situa-
tions, the second one (front camera) for jumping moments, and the
last one (volcano shot) when the car was near that part of the island.
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Since this prototype editor agent is composed of three different cin-
ematographers, we used a minimal training set of at least three sam-
ples, one for each available shot. From this minimum value, the test
users increased the number of samples by 3 for each new test cat-
egory, always adding one more sample to favor each one of the
cinematographers. To better validate the results through standard
deviation, the users were asked to “teach” the system several times
by starting from scratch for each desired training set size. Table
1 shows the computed results for this experiment with the training
set size ranging from 3 to 12 samples, while Figure 14 shows the
performance of the editor agent in a line chart.

Table 1: Performance and deviation with small training sets

Samples 3 6 9 12
Accuracy | 83,134 | 95,945 | 98,894 | 99,447
Std. Dev. | 17,020 3,938 0,232 0,463

Learning performance with small training set
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Figure 14: Classifier performance with small training sets

One can see that, apart from the trivial case of only one sample for
each shot, the accuracy results are statistically very satisfactory. It
is also important to say that again, apart from this trivial training set
with only 3 samples, the system has always reached 100% correct-
ness over the validation set in several test instances. The average
accuracy was a little under this value probably because of some
mistakes by the user, who failed to choose good samples, which is
expected to happen even in production situations. The test results
were very important because they showed us strong evidences that
this mechanism is good enough for a real case production scenario,
where such intelligent system becomes very handful, specially be-
cause non technical users are not expected to learn how to specify
complex logical rules such as an equivalent decision tree.

7 Conclusion

In this paper we presented an editor agent for intelligent game cine-
matography that features a learn by example mechanism with very
good accuracy, does not impose big performance penalties and is
suitable to be included in a production pipeline, given its very easy
user interface. This editor agent is part of a cinematography archi-
tecture that has been designed and developed for games and other
interactive applications, even those where there is no prior knowl-
edge of the action events that will take place in the 3D environment.
Although designed to work in games, we think our system is suit-
able for other types of interactive 3D visualization applications as
well and we plan to experiment it with those scenarios. In our opin-
ion, the major contributions of this work are the robust learn by
example mechanism, the independency of complex domain transla-
tion of scene data and the intuitive user interface.

The experiments made with the neuronal networks classifiers pro-
vided very important results that have lead to some modifications
on the implemented ideas. For instance, we originally thought it
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would be possible to run smaller number of training ages, but the
results showed us that this number is much more important than the
learning rate and even the training set size. The final tests with real
users showed us very important evidence that the system is viable
to a production scenario, given the near-ideal performance that was
obtained with very small training sets.

Future work on this cinematography architecture include:

e Experimenting with more complex environments, input sets
and shot types, which will need multi-layer neural network
classifiers;

e Design a learning mechanism to interactively specify cine-
matographer agent’s constraints;

e Integrate the system with a distributed architecture targeting
spectators of massive online games.
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IRTaktiks: Jogo de Estratégia para Mesa Multitoque
Willians S. Schneider Nilson C. Dias’F. Luis H. M. Mauruto  Fabio R. Miranda

Centro Universitario Senac, Bacharelado em Ciéncia da Computacao
Sé&o Paulo — SP, Brasil

o

Figura 1:IRTaktiksjogado simultaneamente por dois jogadores, que manipulam suas unidades diretamente com as maos

Abstract agora este conceito ja se encontra embutido em
produtos computacionais, o telefone celifdroneou

We presentRTaktiks a real-time two-player strategy NO futurowindowsy?.

game playable on a custom multi-touch table.

Details regarding the construction of the interface =~ Uma materializacdo bastante comum das interfaces

hardware, the detection and recognition of events andnultitoque € na forma de mesas, que s&o interessantes
the architecture of the software that was designed and?0r ser um objeto do dominio cotidiano das pessoas e

implemented are presented. Aspects of how the gamdaturalmente um meio para colaboragao, quer na forma

works and results of the finished project are alsode espaco de trabalho, quer na forma de jogos. As
presented and discussed. interfaces multitoque podem trazer para o ambiente

computacional uma forma de colaboracéo e interacéo

Keywords: Architectures, Engines, and Design Simultanea que normalmente € inviabilizada nas
Patterns; Computer Graphics, Human-computer €stacdes de trabalho convencionais por questdes

Interfaces,  Interface  hardware,  Programming €rgonomicas (estéo disponiveis apenas um mouse e

Techniques. teclado), mas que muitas vezes esté presente em jogos
de mesa e tabuleiro.

Authors’ contact:

wi | I'i ans. schnei der @mai | . com {| hnenezes, Tanto na forma de mesas de interacdo quanto na de

ni | nesnmo} @mai | . com outros tipos de dispositivos, € razoavel supor que o

fabi o. rmranda@p. senac. br potencial de interacdo intuitiva dos dispositivos de
interacdo multitoque aliado ao suporte crescente ao

Sample Video desenvolvimento de aplicagdes deste tipo em sistemas

www.tinyurl.com/irtaktiks/ operacionais e em bibliotecas independentes constitui
uma oportunidade interessante para o desenvolvimento

Source code: de jogos inovadores.

http://www.codeplex.com/irtaktiks

Este trabalho trata do projeto e implementacdo do

IRTaktiks um jogo de estratégia jogavel
1. Introducéo simultaneamente por dois jogadores (exemplificado na
Figura 1) numa mesa de interacdo multitoque

Em tempos recentes tem havido interesse crescente effesenvolvida com materiais de baixo custo (que pode
dispositivos de interagdo multitoque, caracterizadosSer Vista na Figura 5). Seréo apresentados aspectos
por um ou mais usuarios poderem interagir através dog€lacionados a construcdo do dispositivo de interagdo,
dedos diretamente com uma interface grafica, déteccdo dos mdltiplos toques a partir do uso de
dispensando o uso de dispositivos de entrada maidibliotecas de codigo aberto, transformagao dos toques
convencionais, como teclados, mouses ou caneta§M €ventos de jogo e o significado destes eventos no
especiais. Inicialmente prototipos de telas e mesas ddominio do jogo. Este trabalho tambeém detalha
interacdo multitoque desenvolvidos por pesquisadorestlementos de projeto do jogo.

de interacdo e entusiastas foram demonstrados, e
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A organizacdo deste artigo é descrita a seguir. Nafiduciais situados em sua superficie e capturados por
préxima secdo alguns trabalhos relacionados queuma camera situada abaixo da mesa. Cada objeto é
tratam de interacdo multitoque sdo apresentados. Nalassificado como um dos geradores e filtros de uma
secao 3 a reflexao total interna frustrada dafIZR), aplicacdo musical obtendo-se como resultado um som
que é o principio do dispositivo de entrada usado nestdinico, resultado da interacdo destes objetos. Este
trabalho, é apresentada. A infra-estrutura de softwardanstrumento utiliza como base o software de deteccao
usada no projeto € discutida na secdo 4 enquanto nde fiduciais ReacTIVision que reconhece os objetos
secdo 5 apresentam-se detalhes do desenvolvimento debbre a mesa. AReacTable ganhou notoriedade
projeto, cujos resultados sdo apresentados na secdo fecentemente ao ser utilizado em shows e
A secdo 7 trata das conclusdes e trabalhos futuros. apresentacfes pela cantoBjork, no Coachella

Festival em 2007 n&alifornia [Wired 2008].

2. Trabalhos relacionados
3. FTIR e Multitoque

A interagdo multitoque popularizou-se em 2006 com a
ajuda de videos na Internet em glefferson Y. Han  Atualmente, existem diversas técnicas para a deteccédo
pesquisador do instituto de ciéncias matematicasde mudltiplos toques em superficies, por exemplo,
Courant demonstrou seu trabalho de pesquisa deandlise da imagem de cameras que enquadram o
interacdo multitoque utilizando uma superficie com dispositivo, utilizacdo de sensores medidores de
display gréafico interativa que permitia a interacdo pressdo, utilizacdo de um grids de filamentos
simultanea de mudltiplos usuarios. Foram apresentadagletrénicos, onde o toque simplesmente fecha contato
implementacdes de diversas aplicacdes, entre as quagermitindo a passagem de corrente elétrica, até a
jogos multitoque simples. Os protétipos de Han utilizagéo de circuitos eletrénicos que percebem o
[Han 2005] despertaram o interesse de diversascontato dos dedos humanos por uma alteracdo de
iniciativas de pesquisa sobre essa nova alternativa deapacitancia na regido do toque.
interacdo, e logos estavam disponiveis na WWW
diversos tutoriais e weblogs [Buxton 2008] que trocam  As técnicas mais simples e baratas costumam
experiéncias entre pesquisadores e fomentam autilizar iluminacao infravermelha e uma superficie de
desenvolvimento de prot6tipos. acrilico. Em geral um anteparo de projecdo é colocado
junto ao acrilico, e a superficie de interacdo é
O multitoque teve seu inicio em 1982 iluminada lateralmente com luz infravermelha. A mesa
[Multigesture.net 2008], com tablets feitos na multitoque utilizada neste trabalho (que pode ser vista
universidade ddoronto e com telas dos laboratérios na Figura 5) baseia-se em iluminacao infravermelha,
Bell. Nos anos 90 a universidade degelaware mais especificamente BTIR (reflexdo total interna
desenvolveu um sofisticado sistema de reconhecimentdrustrada da luz).
de gestos e escrita, base para o mousdasturee
teclados TouchStream comercializados  pela A reflexdo da luz é o fenémeno fisico em que um
FingerWorks em 2001. Estes teclados eram feixe de luz incide sobre uma determinada superficie e
reconhecidos pela sua ergonomia, 0s usudrios apenas refletida para 0 mesmo meio de propagacdo de
precisavam apontar e arrastar com um ou mais dedorigem. Quando a reflexdo é total, todos os fétons do
eliminando totalmente a necessidade de um dispositivaeixe de luz séo redirecionados ao meio de propagacéao
apontador, como 0 mouse. de origem, ao contrario da reflexdo parcial, em que
alguns fotons atravessam a interface entre os meios de
O primeiro dispositivo multitoque com display propagacdo, caso em que ocorre um desvio no angulo
integrado a ser comercializado foi leemur Input de incidéncia do feixe de luz emitido, chamado de
Device um controlador multimidia profissional da refracdo. O pesquisadal. Y. Han durante suas
companhia francesalazzMutantlancado em 2005 pesquisas sobre técnicas de interagdo multitoque,
[Multigesture.net 2008]. Em julho de 2007,Agpple percebeu que a pele é um material difusor, ou seja,
Inc. lancou o produtoiPhone que tinha interacdo quando um feixe de luz que seria refletido totalmente
multitoque e a empresa Microsoft demonstrou logo aentra em contato com a pele, ele é difundido em todas
seguir uma mesa de interacdo chamdadiarosoft as direcdes. A esse efeito de difundir a luz que seria
Surface totalmente refletida, se deu o nome de reflexdo total
interna frustrada da luz, que encontra-se ilustrado na
A mesa ReacTable[Kaltenbrunner et al. 2006] Figura 2.
funciona como um instrumento musical colaborativo,
gue permite o reconhecimento de objetos postos sobre Este fendfmeno € passivel de aplicagdo em
sua superficie e tem a possibilidade de permitirinterfaces multitoque, em que pode-se em iluminar as
interacdo multiusuario. NReacTable o usuario pode laterais de uma superficie de acrilico com diversos
sintetizar sons através de uma cadeia de fontes, filtros € EDs infravermelhos de modo que a luz emitida fique
osciladores manipulaveis, todos gerados por softwarepresa dentro do acrilico devido ao fenémeno da
Cada objeto colocado sobre sua superficie éreflexdo total da luz. Quando o dedo do usuario toca a
classificado por um software a partir de marcadoressuperficie da mesa, a luz é difundida para baixo, onde
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uma webcam obtém imagens. Essa difusdo € pois permite que o projetdRTaktiks funcione

reconhecida como pontos de alta luminosidade nacorretamente em qualquer superficie multitoque que

imagem capturada e a posicdo dos toques é facilmentsiga os padrdes propostos.

detectada. Pode-se ver este fendmeno em efeito na

imagem mostrada na Figura 6. A seguir serdo fornecidos mais alguns detalhes a
respeito d&'UIO, OSCe Touchlih

v/ 4.1 Open Sound Control (OSC) e TUIO

Superficie Multi-toque

O Open Sound Contrdl0SQ [Cnmat 2008] é um
protocolo desenvolvido para a comunicacdo entre
computadores, sintetizadores de som e outros
dispositivos multimidia. E utilizado em produtos de

E Realidade Virtual, interfaces Web e também como
meio de transporte para outros protocolos que nédo
Webcam possuem facilidade de comunicacéo.
Figura 2: A reflexdo total interna da luz na superficie de
acrilico é frustrada no ponto de contato com o dedo do A biblioteca OSCpack [Bencina 2008] €& um
usuario conjunto de classes efit++ responsaveis por criar e
ler pacotes do protocoloOSCG incluindo as
4. Infra-Estrutura e Ferramentas funcionalidades minimas para a comunicagao

utilizando UDP nas plataformasVindowse POSIX
Atualmente é utilizada em diversos projetos, como o
6{?eacTIVision Touchlib e AudioMulch por causa de
sua capacidade de prover comunicacdo simplificada
entre as plataformad/indows Linux e Mac OS X

Alguns softwares publicamente disponiveis foram
utilizados para o reconhecimento de toques sobre
superficie da mesa multitoque. Existe uma grande
guantidade de superficies multitoque sendo
desenvolvidas por uma comunidade de entusiastas que . L
trocam informacdes pela Internet, e um padrdo para o TUIO € um _pro_tocolo de comunicacao

armazenamento das informacdes relacionadas aogesenvolvm!o coma f'na"d"’.‘de de atender 0s requisitos
togques e sua integracio com outras aplicacoes fofle comunicacdo entre interfaces tangiveis. Este

sendo adotado pelos desenvolvedores de software. protocolo  define propriedades comuns baseadas no
controle de objetos, toques e gestos. Ha

implementag¢bes ddUIO nas linguagendava C, C++

Durante o projeto dd&ReacTable desenvolveu-se
proj c eeAdobe Flashentre outras.

um protocolo capaz de armazenar informacdes sobr
toques e objetos em qualquer superficie multitoque. A

esse protocolo deu-se 0 NOMeTAHO. As mensagens ddUIO dividem-se em perfis

baseados na interacdo com a interface tangivel.
Atualmente, oTUIO possui perfis para interfaces 2D,

3D e interfaces customizadas. Cada perfil, por sua vez,
possui dois tipos de mensagens diferentes, usadas na
éepresentagéo da interacdo de objetos e toques com o
dispositivo. A mensagem carrega diversas informacgfes
sobre a interacdo, dentre as quais destacam-se a sessao,

informac&o sobre os toques com aplica¢des voltadas &m |den:c|f|cador da Interacao, posicoes no espago ~2D
ou 3D, angulo, vetor de movimento, vetor de rotacéo,

gerar sons e efeitos sonoros,ReacTabldais pacotes | 50 d . t | 50 d tacH
sdo encapsulados num outro protocolo que gaceleracao de movimento € aceleracao de rotacao.

compativel com uma grande variedade de bibliotecasrrUio 2008]
de codigo aberto, chama@sC(Open Sound Contrpl

Outro componente importante do sistema da
ReacTableé o reacTlVision [Kaltenbrunner et al.
2007] software responsavel pela identificacdo de
toques e fiduciais, que analisa a imagem da superficie
emite mensagens do tipidJIO [Kaltenbrunner et al.
2006]. Para comunicar 0s pacoteBUIO com

ApOs o desenvolvimento deacTIVision diversos 4.2 Touchlib

softwares com o propésito de identificacdo de toques
foram desenvolvidos. A grande maioria buscou seguir
0 mesmo padrdo, ou seja, mensag&h8O sob o
protocolo  OSC tornando-os padréo no
desenvolvimento de aplicacdes multitoque. Um
exemplo de projeto que adotou mensagedkD/OSC - : ]
€ a bibliotecaTouchlih adotada ndRTaktikspara o User Interface Groupm parceria com white Noise
reconhecimento dos toques na mesa desenvolvidé{AUdIO [Nuigroup 2008].

devido a sua estabilidade e funcionalidades Uteis ao

projeto. A adocdo ddouchlibé um fator interessante,

O Touchlibé uma biblioteca que permite a deteccao de
toques em superficies multitoque que utilizam o
principio da reflexdo total interna frustrada da luz, quer
se utilizem de iluminagdo traseira ou iluminagéo
frontal. Esta biblioteca foi desenvolvida péatural

Através de algoritmos de divisdo e comparacao,
detecta realces no histograma das imagens enviadas
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por umawebcamtransformando-os em informacdes ataques, magias e itens, utilizando taticas, como por
sobre cursores, e disparando eventos que podem saxemplo se beneficiar de uma determinada posi¢cdo no
tratados em aplicac6e€/C++. Estes eventos sdo campo de batalha para obter vantagens sobre o
disparados nos momentos em que um dedo tocajnimigo.

percorre ou é retirado da superficie multitoque. Esta
biblioteca permite a integracdo com demais aplicativos

através dg UIO/OSCpack

O processamento de eventos de entrada no jogo
estd exemplificado na Figura 4. As interagbes do
usudrio sobre a mesa, por exemplo o toque de um ou

O Touchlib aplica técnicas de processamento de mais dedos sobre sua superficie, sdo reconhecidos pelo
imagem no resultado capturado esbcamsa fim de Touchlib através da analise das imagens enviadas por
melhorar a percepcdo de toques. Atualmente estaimawebcamposicionada sob a mesa e que enquadra a
biblioteca trabalha apenas na plataforMéAndows superficie de interacdo. Orouchlib processa as
porém existem esforcos sendo realizados para porta-lanformacbes e envia uma mensag€hlO para cada
para outras plataformas, comtac OS XeLinux. dedo sobre a mesa, contendo as informac¢des como

posicdo, angulo de movimentacdo, velocidades

Os eventos detectados peld@ouchlib séo calculadas entre outras.
convertidos para uma escala que vai de zero até um. O
canto superior esquerdo da imagem é o ponto (0, 0),

z

O jogo utiliza a bibliotec®SCpacke implementa
enquanto o inferior direito € o (1, 1). Douchlib um clienteOSC que recebe as mensagdnglO/OSC
limiariza e segmenta a imagem obtida peéocame a geradas pelaTouchlib e as decodifica para obter
divide em 20 imagens menores. Quando um toque énformagBes a respeito dos toques efetuados pelo
detectado, sua posigdo é calculada através de umasudrio na mesa. H4 um moédulol&T aktikschamado
interpolacdo linear apenas na respectiva fatia dalnput que se encarrega de disparar um evento interno
imagem. Isso permite que a camera ndo necessite estao jogo para cada interacdo executada pelo usuario na
perpendicular a superficie de projecdo, pois a distorcdanesa. Estes eventos se propagam para os diversos
provocada € compensada pela interpolacdo. A Figura omponentes do jogo que se atualizam conforme
exemplifica este conceito: na sua parte inferior tem-senecessério. Finalmente, uma imagem do jogo ¢é
o detalhe de uma célula da grade em que a superficiprojetada com o auxilio de um projetor sob a superficie
de toque é dividida. da mesa. O efeito percebido pelo jogador é o de
manipular diretamente os objetos do jogo.

(0.0)

i 7 1 1 Mesa Multi-toque o _N/

-+ A+ A | |
[t

-+ +
e S

. 1 e L

(1.1)
{02, 025} Imagens

r ] &

Projetor &

Webcam

(50%, 50%) (0.3, 0.375)

(0.4,05)

Figura 3: Exemplo de interpolacgéo feita em cada célula no
calculo da posicao do toque

A i

5. O projeto IRTaktiks

[y

0OSC + TUIO OSC + TUIO

O jogo IRTaktiksé umRPG tatico, em que o jogador , - . =
. . .. _ Figura 4: Arquitetura de dete¢éo e processamento de eventos
controla diversos personagens com caracteristicas do sistema

diferentes, cujo objetivo é derrotar o inimigo através de
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adicionado a camera um filtro que bloqueia a maior

parte da luz visivel mas permite a passagem de luz
5.1 Concepgéao infravermelha. Utilizou-se como filtro bloqueador de

luz visivel um pedaco de filme fotografico queimado
O IRTaktiksdeve ser jogado por dois jogadores, e cadaap6s ter sido revelado, pode-se ver a diferenca
um tera varias unidades de combate. Cada unidadeepresentada por este filtro na Figura 6.
possui diversos atributos que quando configurados a
tornam Unica e diferente das demais. Além de
atributos, as unidades possuem classes que lhes d&
caracteristicas, vantagens, desvantagens e ag0e
diferentes ampliando as possibilidades de estratégia de
cada um dos usuarios. O objetivo é derrotar todas as
unidades do jogador adversario, utilizando as
caracteristicas de cada unidade de combate e sua
respectivas acdes em conjunto com o cenario onde &
batalha acontece.

Figura 6: Toque sem e com o filtro inibidor da luz visivel

5.2 Mesa multitoque

A webcamfica posicionada sob a mesa com a
A mesa multitoque utilizada ntRTaktiksé formada  superficie de acrilico contida em seu campo de visao,
por uma superficie de acrilico transparente dede modo a obter as imagens dos toques realizados
aproximadamente 1,2m x 1,6m, acop|ada aum Suport@ebs usuarios. Devido a camera utilizada ser dotada de
de madeira sobre rodas, que facilita seu deslocamento.um angulo de visdao maior que o de webcams
O acrilico é encaixado numa esquadria de aluminio queconvencionais, pode ser colocada a uma distancia
possui 47 entradas nas laterais que funcionam comdnenor em relagéo ao acrilico e mesmo assim cobrir
soquetes paraEDs infravermelhos, de modo que a luz Uma area da mesa maior ou equivalente.
por eles emitida percorra o interior do acrilico
capturada de acordo com o principio da reflexdo total A projecdo € feita com um projetor de resolugéo
interna da luz. OLEDsinfravermelhos utilizados sdo hativa de 800 por 600 pixels e um espelho simples,
de alto brilho com corrente méxima suportada deCOmMo pode ser visto na Figura 7. A imagem do projetor
100mA e tensdo de barreira de potencial de 1.2V,€ direcionada pelo espelho para a superficie inferior do
subdivididos em 10 trechos de circuito elétrico que acrilico. E necessario posicionar um anteparo de

estéo dispostos ao longo do perimetro do acrilico. material difusor sob a superficie do acrilico para que o
usuario veja a projec&o.

Figura 5: Mesa multitoque utilizada no projeto

Para obter as imagens dos toques foi utilizada uma
webcamMicrosoft LifeCamVX-6000 A escolha desta
webcam se deveu a possuir dngulo de visdo com 71°,
sensorCCD (Charge Coupled Devi¢ecom resolucéo
de 800 por 60pixelse ser capaz de suportar uma taxa O material ideal para este tipo de mesa € um polimero
de atualizagdo de 30fps (quadros por segundo). Apara projecGes, fabricado pela emprBssco Como
webcamveio de fabrica com um filtro que inibe a este material ndo € encontrado facilmente no Brasil,
passagem da luz infravermelha posicionado entre ssua utilizacdo foi descartada. Para substituir o material
lente e aCCD que teve de ser removido. difusor, foram realizados testes utilizando papel

vegetal e sacolas plasticas brancas de polietileno.

S,
tuado sob a mesa

Figura 7: Sistema de projecéo

A fim de minimizar as influéncias da luz do
projetor e da iluminagdo ambiente da sala na deteccdo Testes realizados indicaram que os sacos plasticos
dos eventos nas imagens adquiridas pethcam foi de polietileno permitiram maior nitidez na imagem
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capturada pelavebcamque é usada na deteccdo dos complexas como, por exemplo, funcionalidades de
toques quando comparados com o papel vegetal. Estarrastar e soltar.

material ndo foi encontrado no tamanho necessario Além de identificadores, cada cursor e objeto
para cobrir uma area razoavel da mesa sem que fosseposicionado sobre a mesa possui trés tipos de
necessarias emendas e foi também descartadomensagens diferentd3own, Updatee Up.

Utilizamos papel vegetal como anteparo na maior parte

das execucgBes do protétipo e no video disponibilizado As mensagen®own sdo enviadas quando o
online que mostra o trabalho em execucéo. objeto ou o cursor séo criados, ou seja, quando o objeto

€ colocado sobre a mesa ou quando o dedo do jogador
5.3 Arquitetura do software encosta sobre sua superficie. As mensagedsitesao

enviadas para informar que o cursor ou o objeto estdo
A utilizacdo do Touchlib para reconhecimento de ativos, ou seja, servem para informar que o objeto
toques e sua compatibilidade cofMJIO/OSC nao continua sobre a mesa, parado ou em movimento. Ja
representa nenhuma restricdo ou condicdo de contornas mensagens do tifup séo enviadas quando o objeto
em relacdo a escolhas relacionadas a biblioteca®u o cursor ndo estdo mais disponiveis e foram
gréficas. A parte visual do jogo poderia ser removidos da superficie da mesa. Com estes trés tipos
desenvolvida em praticamente qualquer plataforma dede mensagens é possivel rastrear qualquer tipo de
computacdo gréafica oAPI 3D, pois existem diversas movimento sobre a mesa, seja ele usando objetos,
implementacdes do protocol®SC em diversas toques, ou até mesmo uma combinacéo de ambos.
plataformas e linguagens de programacdo. Dessa
forma, a escolha foi baseada principalmente em qual A arquitetura do jogo foi projetada de modo a
ambiente a produtividade seria maior e qual proveriadeixar olRTaktikso mais leve e rapido possivel, além
mais recursos, como controle de versdes, gerenciadorede possibilitar a agregacdo de novas funcionalidades
de contelido e linguagens com suporte a programacaoapidamente e de maneira robusta. Utilizando reuso de
orientada a objetos. Dentre frameworks existentes,médulos, processamento da placa de video em
optou-se pelo Microsoft® XNA 2.0 devido a conjunto com o do computadatachede texturas e
experiéncia anterior dos integrantes do projeto com oimagens e atualizacdes légicas dos componentes
ambiente de desenvolvimento déicrosoft com C#, somente quando necessario foi possivel obter uma boa
grande variedade de recursos disponiveis, amplavelocidade de execucdo sem comprometer a cobertura
documentacdo, desempenho do codigo gerado ealos requisitos propostos ou a facilidade de manutencao
possibilidade de utilizar o ambiente integrado de do codigo fonte.
desenvolvimento voltado a produtividadgljcrosoft
Visual Studio Dividiu-se a arquitetura em diversos modulos a fim

de faciltar a implementagdo e extensdo de

ApOs a definicdo da plataforma em que o jogo seriafuncionalidades, uma vez que com padrdes definidos, a

desenvolvido, iniciou-se a construcdo de um mdéduloagregacdo de novas funcionalidades é bastante facil e
chamaddListener responsavel pela comunicacéo entre agil. O diagrama da Figura 8 ilustra os mddulos
0 jogo e o software que controla a deteccao dos toquepresentes ntRTaktiks
sobre a mesa Touchli. Dessa forma, futuros
problemas de integracdo seriam eliminados, uma vez O modulo Listener ¢é responsavel pela
que a construcdo do jogo levaria este mddulo dedecodificacdo das mensageHRdIO/OSC enviando as
comunicacdo em consideracdo, sem altera-lo. Foiinformagfes para o modultnput que dispara os
decidido que este mdédulo utilizaria eventos internos eventos de adicdo, movimentagdo e remocdo de dedos
para representar as interacdes dos usuarios com a messobre a mesa. O modduldresource efetua o
Desta forma o projeto do jogo foi simplificado e carregamento dos recursos graficos que serdo
modularizado. O servico que lé as informacdes desenhados pelo mdduldrawable como texturas,
contidas nas mensager@SUTUIO e dispara os imagens, particulas, efeitos e fontes. O mé@dmeé
eventos é executado em umthread a parte; a representacdo dos objetos do jogo, por exemplo, os
aumentando o desempenho do moédulo dejogadores e suas unidades. Cada unidade possui
comunicacao. caracteristicas que sédo descritas pelo modoigic,

acBes que sdo implementadas no moédaddion e

Este mddulo foi construido utilizando as bibliotecas menus que sédo construidos pelo médiMenu A

do OSCpackque é responsavel por obter as mensagensnteracdo entre as agdes e 0os menus é realizada pelo
TUIO enviadas pela mesa, decodifica-las e transforma-modulo Interaction. O mddul&creenimplementa as
las em entradas para o jogo através da comunicacawdrias telas do jogo e suas transi¢cdes, enquanto o
com o modulo Input. Baseia-se em uma arquiteturamodulo Debug € utilizando para auxiliar o
cliente-servidor, exercendo a fungéo de cliente. desenvolvimento e testes de novas funcionalidades.

As mensagen3JUIO possuem informacbes sobre A arquitetura interna nXNA é centralizada na
cada um dos toques e objetos que estdo sobre a meszdlasseGame que prové métodos para atualizacao e
Cada cursor ou objeto possui um identificador, que édesenho de objetos, além de possuir uma lista de
de base para o reconhecimento de acfes maissameComponents Services que sdo atualizados e
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desenhados automaticamente pela classe GameéAs unidades podem se movimentar pelo mapa e
Internamente, oXNA cria uma thread para cada executar acdes, controladas através dos menus laterais.
componente e servico e ndo ha uma ordem de execucédhs informacfes de cada unidade e dos jogadores
pré-especificada. A vantagem desta arquitetura é a@ambém s&o exibidos neste menu. O posicionamento
velocidade na execucdo, uma vez que vahasads das unidades pelo mapa € um dos principais fatores de
executando paralelamente se beneficiam dosestratégia do jogo. A posicao, de acordo com a altura

processadoresnulti-core bastante comuns hoje em do terreno, em combinagcdo com as caracteristicas das

dia. unidades, afeta o campo de visdo e o alcance das
habilidades.
1
1 1
Game —— = Logic
—
Listener 1
i —
! R
v i Screen
Input ' | oo __ :
—1y
] Debug
—
Menu
1
Drawable = | _______ \L:::::::::; -
| i A " o -
------ 3 Action Figura 9: Elementos do jogo.
|
|
il Outro fator que permite a estratégia é a
= personalizacdo de cada uma das caracteristicas das
Intaraction unidades que o jogador possui. Uma unidade possuli
caracteristicas basicas que influenciam em desde seu
Figura 8. Arquitetura da versao finl at@que, velocidade de a(;_élo, defesa, magia e degtreza
até porcentagem de desvio e ataque, pontos de vida e
mana, como podem ser visto na Figura 10. Estes
atributos de cada unidade sdo configurados pelos dois
6. Resultados jogadores simultaneamente numa tela pré-jogo.

6.1 Funcionamento do jogo

O IRTaktiksé jogado por dois jogadores competindo
entre si, que terdo a disposicdo unidades de combates
customizaveis. O controle destas unidades é feita
através degestures para mover uma unidade basta
tocar a unidade e arrastar o dedo pela superficie da
mesa. Através do toque também sao feitas as sele¢bes
de menu. Todas as ag¢bBes podem ser executadas
paralelamente por ambos os jogadores, com toques
suaves, permitindo mais naturalidade ao jogar.

Nao foi tomada nenhuma precaugdo especifica
relacionada a controle de acesso as unidades, ou seja,
qualquer um que toque em determinada unidade podera
comanda-la. Considera-se que seja aceitavel este
funcionamento do jogo, pois este problema também
esta presente em jogos de tabuleiro convencionais
como o xadrez, em que 0s jogadores ativamente
obedecem as regras limitando-se a procurar controlar
apenas suas pecas.

Conforme se observa na Figura 9, a area de jogo é
divida entre as unidades (1), os menus (2) e o mapa (3).
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Além de caracteristicas, as unidades tambémsua cor serd verde, enquanto sobre um inimigo ela
possuem tipos, que determinam as habilidades que éicara vermelha, como na Figura 13.
unidade vai possuir e quais caracteristicas serdo mais
influentes. Sua combinacdo com as caracteristicas
basicas permite a construcdo de uma unidade voltada
para ataque, defesa ou suporte de personagens,
aumentando as possibilidades de jogo e uso de taticas.

Cada tipo de unidade possui acGes especificas que
podem ser disparadas sob o comando de seu jogador.
Estas agbes foram escolhidas de acordo com as
caracteristicas mais influentes, de modo a efetuar um
balanceamento entre as unidades e ndo deixar um tipo
mais forte que outro em todas as circunstancias. Um
exemplo do menu de a¢Bes com as habilidades de uma
unidade pode ser visto na Figura 11.

Figura 12: Unidade se movimentando dentro de uma area

Quando a mira é solta, a acdo escolhida no menu é
executada. Todas as acdes sdo graficamente
representadas com animacgfes e as informacdes sobre
modificacbes nos status das unidades s&o exibidos,
como na Figura 14. Quando uma unidade recebe um
bénus, a informacao é exibida em verde, enquanto a
informacéo de danos é mostrada em vermelho. Quando
os pontos de vida de uma unidade chegarem a zero ela
desmaia e se torna inativa. O jogo encerra quando um
jogador conseguir deixar todas as unidades de seu
adversério desmaiadas.

Figura 11: Menu de acoes de uma unidade

Todas as a¢gBes de um mesmo tipo seguem u
mesmo padrao de utilizagdo por parte do jogador. Ha
trés tipos de ac¢bes: movimentacdo, uso e bbnus. As
acbes de movimentacdo requerem que a unidade s¢
movimente pelo mapa. Ja as de uso necessitam que
jogador escolha uma unidade no mapa para ser 0 alvg
da habilidade que sera executada. Finalmente, as acée
de bbnus tém como alvo a prépria unidade que a

invocou, ndo necessitando de uma utilizacdo especial = 13 Mi b " d- Fir
por parte do jogador. Igura . Ira sobre uma uniaade inimiga

Quando uma acio de movimentagdo é escolhida, Quando uma acdo é executada, independentemente

uma éarea circular é desenhada em volta da unidadede seu t|po~, ela ¢ regida por um fluxo, que gietermma

determinando os limites de movimento da mesma. Deéo[no a agdo deve ser executada. 1sso se da ao fato da
posse dessa informacgdo, o jogador pode mover 590 podgr Ser e.xecutaNda 'sobre n enhuma umdade, ou
unidade para qualquer posicio dentro da aregfinda aplicar efeitos ndo instantaneos, ou seja, que
delimitada, como pode ser visto na Figura 12. duram um determinado periodo de tempo. O fluxo de

execucdo de uma acao é exibido na figura 15.

Quando uma ac¢édo de uso é selecionada, uma area é
desenhada em volta do personagem determinando o
limite de uso da habilidade escolhida e uma mira é
criada. A escolha do alvo é feita arrastando essa mira
sobre a unidade alvo. Se ela estiver sobre um aliado,
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7. Conclusodes e Trabalhos Futuros

Durante a realizacdo deste trabalho, percebeu-se a
importancia de uma adequada geréncia nas interacdes
dos diversos usudrios da interface multi-toque. Ignorar
este quesito no desenvolvimento de uma aplicacdo para
este fim pode transformar a interacdo, que deveria ser
facil e natural, em algo dificil e cansativo. Na verséo
aqui apresentada supunha-se que apenas o jogador que
€ o0 legitimo dono de uma unidade tentaria comanda-la,
mas as vezes por uma confusdo sem ma intencdo por
parte dos jogadores esta regra falhava em ser seguida.

P

Figura 14 - Exemplo de exibicdo de informa(")es

6.1 Funcionamento do jogo Os principais objetivos tracados durante a

concepcédo do jogo foram atendidos. Dois jogadores
controlam suas respectivas unidades em batalhas, em
que as caracteristicas Unicas de cada unidade, aliadas a
tatica sdo os fatores decisivos para derrotar o
adversario. A interface natural e o béeedbackdo

rT]ogo as acdes do usuario também faz com que seja
divertido mesmo para jogadores iniciantes.

O IRTaktiks é executado em dois computadores:
um deles tem a webcam e execufBoachlih que usa
0s protocolosTUIO/OSC para enviar os dados da
interacdo ao modulo principal que executa em uma
outra estacdo. Nos testes realizados utilizou-se u
Celeroncom 2.0 GHz para executaiTauchlibe uma
estacdo com unintel Core 2 Duo e placa grafica
NVideaGeForce8800 para execucdo da parte visual, .
que precisa ser compativel c@irectX Pixel Shaders Agradecimentos
3.0 para poder gerar a malha 3D do terreno e executar i .
um shader que define sua aparéncia com base em um ©OS autores gostariam de agradecer a Jodo J.
mapa de alturas. Estabadersndo sdo um requisito Maranhdo Jr. pela construcdo da estrutura da mesa e

para suportar a maior parte da funcionalidade doP€l2 primeira versdo de sua parte elétrica.
IRTaktiks de modo que pode ser reescrito paraAdradecemos também ao Centro Universitario Senac

executar em uma configuracdo mais modesta. por  viabilizar ~ com sua infra-estrutura 0
desenvolvimento do projeto.

Cerca de 30 pessoas jogaramiR¥ aktiksno dia .
03/10 num evento n€entro Universitario Senace Referéncias
observou-se que a familiarizacdo de novos usuarios
com os conceitos do jogo € bastante rapida. Depois déian, J. Y. Low-Cost Multi-Touch Sensing through
receber uma explicagdo sucinta sobre o que é o jogo e Frustrated Total Internal ReflectioRroceedings of the
quais os objetivos e verem outros jogadores em acéo, a 18th Annual ACM Symposium on User Interface
maior parte das pessoas ja era capaz de jogar Seftwareand Technologg005.
rudlr(';llentarme?te medsmo s%mdmwta Ia.g]'ila”dad?,gomBume, Bill. Multi-Touch Systems that | Have Known and
os diversos tipos de unidades, atributos e taticas™ | ig Disponivel em:

permitidas pelo jogo. http:/Avww. billbuxton.com/multitouchOverview. html
(Acessado em 06 de outubro de 2008).

e MULTIGESTURENET. A Multi-Touch and Multi-Gesture
T research blog. Disponivel em:
P p— http://www.multigesture.net/  (Acessado em 06 de
koS e n\rn_a;ﬁese
nidads eabicho do outubro de 2008).
NUIGROUP. Touchlib: A multitouch Development Kit
Eite unidace acio tem efets i novs e || ActcR sl Disponivel em: http://nuigroup.com/touchlib (Acessado
ate? instataneo? aiva em 06 de outubro de 2008).
l CNMAT, Uc Berkeley.Open Sound ControDisponivel em:
Arieies e Aplica efeos Fuinanes e http://opensoundcontrol.org/  (Acessado em 06 de
informagises alve informagtes Outubro de 2008)
l P—— l BENCINA, Ross.  OSCPack Disponivel em:
Encena sobre nidade [a—) AL NS http:/iwww.audiomulch.com/~rossb/code/oscpack/
(Acessado em 06 de outubro de 2008).

Figura 15 - Diagrama de execucao de acbes )
Tulo. TUIO: A Protocol for Tangible User Interfaces

Disponivel em: http://tuio.lfsaw.de (Acessado em 06 de
outubro de 2008).
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Abstract

We present a simplified approach for animation of geometrically
complex deformable objects represented by tetrahedral meshes.
Our prototype system detects and responds to collisions of ob-
jects subject to elastic deformations of variable stiffness. The pro-
posed approach combines several techniques, namely, collision de-
tection using spatial hashing, collision response through a contact
surface with consistent penetration depth obtained by propagation,
estimated displacement vectors for the deformation region, and bi-
nary search to separate objects. The dynamics is based on shape
matching and a modal analysis scheme, using an Euler explicit-
implicit integrator. Preliminary results show that collisions between
objects containing several hundreds tetrahedra can be animated in
real-time.

Keywords:: Collision detection, physically based animation, de-
formable bodies
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1 Introduction

Physically based animation is a computational process, where an-
imated objects behave in a physically plausible manner. This is
in contrast to “physics animation”, which is employed to design
simulations where physically correct behavior is sought. This work
adopts the former rationale, since it employs simplified approaches,
emphasizing performance over accuracy. Nevertheless, as with
other physically based models, motion is still produced based on
the same physical principles; namely, dynamics is based on New-
ton’s laws.

Methods for animation of both rigid bodies and deformable bod-
ies are commonly based on particle systems. In addition to the
requirements for the animation of rigid bodies, deformable objects
also require some physical deformation model such as mesh-based
methods like mass-spring [Baraff and Witkin 1998] and finite ele-
ments, or meshless methods [Miiller et al. 2004; Miiller et al. 2005;
Pauly et al. 2004]. Deformable objects also require a more involved
representation, since their shapes can change in time, due to inter-
action with other objects or themselves.

This work focuses on the use of a simple methodology for animat-
ing geometrically complex deformable objects represented by tetra-
hedral meshes. The goal is obtain a stable dynamic simulation with
physically plausible behavior. The presented method combines sev-
eral techniques employed for the animation of deformable bodies,
namely:

e A broad phase collision detection based on bounding spheres
for filtering the set of potentially colliding objects.

e Narrow phase collision detection employing the Spatial Hash-
ing approach [Teschner et al. 2003].
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e Collision response is achieved by computing the penetration
depth [Heidelberger et al. 2004] of all collided vertices. For
asymmetric collisions we use the free obstacle method de-
scribed in [Jakobsen 2001]. Finally, the separating process
is based on a binary search [Heidelberger et al. 2004], which
computes the contact surface.

e Dynamics is based on shape matching [Miiller et al. 2005]
which does not need a mesh representation of the model — the
tetrahedral mesh is used only in the collision detection and
response stages.

e The system integration uses semi-implicit Euler method
[Miiller et al. 2005].

Preliminary results are shown interacting objects with several hun-
dred of tetrahedra in real time. On the other hand, the material
properties are not yet modeled in our prototype.

The remainder of text is organized as follows: Section 2 reviews
related works in collision detection and deformable models. Sec-
tion 3 describes some required prerequisites. Section 4 describes
the collision detection process in its two phases, broad and narrow.
Section 5 describes the collision response process. Section 6 de-
scribes the shape matching technique employed for the dynamics.
Section 7 describes the integration method. In Section 8 some re-
sults using our prototype are shown. Finally, concluding remarks
and suggestions for future work are discussed in Section 9.

2 Related Work

Many methods and models have been proposed in computer graph-
ics to simulate deformable objects including finite difference ap-
proaches [Terzopoulos et al. 1987], mass-spring systems [Baraff
and Witkin 1998] Finite Element Methods (FEM) [Miiller et al.
2002; Miiller et al. 2004], modal analysis [Shen et al. 2002] and
mesh-free particle systems [Miiller et al. 2005]. Most of these
approaches focus on the accurate simulation of elasto-mechanical
properties which demand a costly processing, notwithstanding sev-
eral acceleration strategies such integration schemes for large time-
steps [Baraff and Witkin 1998] and shape matching in place of ac-
curate modal analysis [Miiller et al. 2005].

Collision detection encompasses a whole research area by itself.
Approaches are usually divided into broad and narrow phase meth-
ods:

e The Broad phase aims at reducing the quadratic number of
potentially colliding pairs of objects to a more manageable
number. Several schemes using spatial data structures such
as Octrees, Sphere Trees or BSP-trees have been proposed
[Samet 2006]. The popular sweep and prune technique [Co-
hen et al. 1995] maintains a sorted list for each of the principal
axes, where the elements in the list are intervals obtained by
projecting the geometry of the object onto the axis.

e The goal of the Narrow phase is to detect pairs of objects
which indeed collide. Methods are usually classified into
four groups: Bounding volume (Axis Aligned Bounding
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Box, Oriented Bounding Box, Bounding Sphere, discrete ori-
ented polytope, among other) hierarchies [Cohen et al. 1995;
Gottschalk et al. 1996; van den Bergen 1997; Bradshaw and
O’Sullivan 2004; James and Pai 2004], spatial subdivision
(grids) [Ganovelli et al. 2000], spatial subdivision hierarchies
(Octrees, k-d Trees, BSP-Tree, among other) [Samet 2006;
Luque et al. 2005] and image-space techniques [Shinya and
Forgue 1991; Knott and Pai 2003; Heidelberger et al. 2004].

Among these, the preferred narrow phase methods for detecting the
collision of rigid bodies tend to be those based on bounding volume
hierarchies. Unfortunately, they are not very suitable for handling
deformable objects, since the cost for updating the hierarchies can-
not be amortized with the pre-processing of fixed shapes. On the
other hand, spatial subdivision schemes lend themselves more eas-
ily to this task. In particular, we chose to employ the spatial hash-
ing method from Teschner [Teschner et al. 2003], which supports
efficient updating.

Collision response consists of updating properties such as shape,
position and velocity of objects involved in collisions. A com-
mon approach is to compute penalty forces for penetrating object
vertices as a function of their penetration depth, i.e., the minimum
translation for separating them [van den Bergen 1999]. In this work
we use Heidelberger’s consistent penetration method [Heidelberger
et al. 2004], which computes the penetration depth for all collided
vertices. Later, that information is used for separating the objects.

3 Preprocessing

Firstly, a spatial hash data structure must be defined. In essence, the
idea consists of using a grid to subdivide the space where collisions
are expected to occur into cells of equal size. Similarly, each mov-
ing body is subdivided into tetrahedra. The method then detects
collisions by keeping track of voxels (cells) intersected by tetrahe-
dra associated with different objects. Rather than using a 3D array
of cells, however, a more memory efficient scheme consists of map-
ping grid cells to a much smaller array using a hash function. Thus,
the data structure is dependent on the following parameters:

Hash table size. Its optimal size is related with the number of
primitives in the scene, and must be a high prime number in
order to minimize address collisions in the hash table.

Grid cell width. Clearly, this should be of the same size order as
the objects’ tetrahedra. Thus, a reasonable choice is to employ
the tetrahedra’s average edge length.

Hash function. Maps a grid cell to an arbitrary hash table address.
An efficient function should be able to achieve a good distri-
bution. In our prototype, following function is used:

h = hash(i,j, k) = (ici ® jcj & keg)modn, (1)
where @ stands for bitwise exclusive-or operation, ¢, j, k are

grid coordinates, ¢;, ¢; and ¢y, are high prime numbers and n
is the hash table size.

Additionally, the minimum bounding sphere for each object is pre-
computed. These are used in the broad phase collision detection
(see Section 4.1). In order to accomodate the stretching of de-
formable objects, an error margin is added to the sphere radius
which is dependent on the object’s stiffness constant « (see Section
7). In particular, for a deformable object with stiffness o whose rest
shape has a bounding sphere of radius r, we consider a sphere of

. 2r
radius 7 o

4 Collision detection

In this work, we are mainly interested in simulating a relatively
small number of objects (a few tens), although each object may be
arbitrarily complex. This has guided the choice of collision detec-
tion schemes detailed below.
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4.1 Broad phase

The goal of this phase is to select regions on the grid where col-
lisions may have taken place. Therefore, a simple verification be-
tween each pair of objects is done, considering only their bounding
spheres. For each pair of objects A and B, collision potentially
occurs if the distance between their centers is less than the sum of
their radii, i.e.,

(€3

For each pair of objects, the vertices involved in the region of poten-
tial collision (v C A N B) are collected in order to be later checked
for collision during the narrow phase. For this purpose, it suffices
to verify if a vertex v € A is inside the bounding sphere of B and
vice-versa (see Figure 1).

ler — e < 71+ 7o

An important difference between our method and Teschner et al.’s
approach is that rather than updating the grid with the new positions
of all tetrahedra, only those associated with objects potentially in-
volved in collisions are considered. Thus, a tetrahedron ¢ 4 associ-
ated with object A, whose bounding sphere collides with that of B,
will be updated in the grid only if it also intersects B’s bounding
sphere.

It should also be noted that timestamps, as discussed in [Teschner
et al. 2003] are also used in our prototype. The idea is to avoid
cleaning up the grid after each frame by labeling each grid cell with
a timestamp associated with the moment it was last updated. Thus,
a collision with primitives inside a given grid cell is considered only
if it was updated in the current iteration.

ly

o

e
/.
/ —
[ I\
| |
\ /
[1/ \
= N
{ N ot
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Figure 1: Interference check during broad phase collects poten-
tially colliding vertices inside intersecting bounding spheres (top);
narrow phase will be restricted to grid cells intersecting a region of
potential collision (bottom).

4.2 Narrow phase

Once potential collision regions are found, participating primitives
are submitted to an exact collision test. The test consists in using
the hash function to visit the cell C' associated with each potentially
colliding vertex v. An exact intersection test is then conducted be-
tween v and each tetrahedron ¢c referenced in C, provided that v
is not one of the vertices of tc.

5 Collision response

In a nutshell, the collision response process starts by computing
the penetration depth of all collided vertices. Next, deformation
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regions for all objects are computed. Finally, the objects are sep-
arated by approximately half of the penetration depth distances of
all colliding vertices using binary search.

5.1 Penetration depth

The penetration depth between intersecting objects is the minimum
translation necessary for separating them. Generally speaking, col-
lision response for a pair of colliding rigid bodies can be computed
based solely on this information. For deformable objects, however,
the penetration depth of all colliding vertices must be computed.
The use of tetrahedral meshes is very helpful in this task, since its
incidence information can be used to track the deformation region
and to compute the penalty forces, thus leading to a realistic colli-
sion response [Heidelberger et al. 2004].

The idea is to process the colliding vertices ranked by their pene-
tration depth. Firstly, colliding vertices closest to the surface are
evaluated. Later, this information is propagated to deeper collid-
ing vertices using the tetrahedral meshes’ incidence relations. As
a result, penetration depth d and direction 7 are estimated for all
relevant vertices.

Additionally, the process needs to find a contact triangle for each
border vertex (described below) v. This triangle is a face on the
penetrated object surface that intersects a ray with origin in v and
direction 7%.

Classification of colliding vertices: if a colliding vertex has
one or more non-colliding incident vertices, it is called a border
vertex, otherwise, it is called an internal vertex (see Figure 2).

Figure 2: border (top) and internal (bottom) vertices.

Penetration depth of the border vertices: the penetration
depth of border vertices depends on the computation of contact
points and their normals. The underlying idea is to identify edges
that contain one non-colliding point and one colliding point. These
edges are called intersecting edges. Moreover, the exact intersec-
tion point of each edge with the surface of the penetrated object
must be computed. This can be done efficiently by visiting all grid
cells which intersect each edge and then testing all surface triangles
in them against the edge.

The triangle-edge intersection is done in two passes: first, the tri-
angle plane and the edge are tested for intersection. If successful,
the barycentric coordinates (1, t2, t3) of the intersection point p is
computed. Then, p is inside the triangle if ¢; > 0 for¢ = 1,2, 3.
Additionally, the surface normal 77 is linearly interpolated from the
three triangle vertex normals (7i1, 2, 7i3), i.e., T = Z tifhi.
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If more than one intersection point for a given edge is found, the
point closest to the colliding vertex is chosen. The chosen points
are called contact points. Finally, this data is used to compute the
border vertices’ penetration depth (see the Figure 3).

Figure 3: contact points with their normals on the intersected
faces.

For each border vertex v, its penetration depth d(v) and its pen-
etrating direction vector 7(v) are computed as follows: for each
intersecting edge e; incident in v, a weight w; between the contact
point p; and v is given by:

1

e =l

w(p;,v) 3)

Next, d(v) and 7(v) are computed using the following equations:

S w(pi, ) (pi — v) - i “
25:1 w(piﬂ}) ’

d(v) =

k "
Zizl w(pi7 U)ni
k
Zizl w(p 2 U)
where k is the number of intersecting edges incident in v and p;

and 7i; represents the i-th contact point and normal to be evaluated,
respectively.

(v) = (5)

Penetration depth for internal vertices: After all border
vertices are processed, their penetration information is employed
for computing the penetration depth of associated internal vertices
u;. This is done by propagation, i.e., once the first layer of inter-
nal vertices are processed, edge-neighbor internal vertices are pro-
cessed in turn. Thus, the penetration depth computation is done
by levels, until the penetration depth information for all colliding
vertices is determined.

Given an internal vertex u, its penetration depth d(u) and penetra-
tion direction 7(u) are computed using weights. First, for a non-
processed internal vertex v incident in an already processed vertex
vj, a weight is computed as

1

Next, d(u) and 7(u) are computed by a weighted average of the
contributions of all incident processed vertices using the following
equations:

S, vy) (v — ) - 7(v;) + d(vy))
S n(u,vy)

d(u) = , (6
Zle wu, v;)7(v;)
Zle M(uv 'Uj)

where k is the number of processed vertices incident in u. Figure 4
illustrates the penetration directions of colliding vertices.

(u) =

; N
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Figure 4: penetration directions for colliding vertices.

5.2 Deformation region

After the computation of the penetration depth for all colliding ver-
tices, a separation process must be executed in order to reach a non-
overlapping state. To this end, a region of deformation defined by
colliding vertices is obtained. In addition to these vertices, the de-
formation region also includes vertices on colliding faces (contact
faces), which not necessarily are colliding vertices (z;, «; and z, in
Figure 5). Collisions with this configuration are called asymmetric
collisions.

Figure 5: treating asymmetric collisions.

The handling of asymmetric collisions in our approach deviates
from the technique proposed in [Spillmann and Teschner 2005].
Rather than using a scheme based on barycentric weights, we em-
ploy the simpler projection technique described in [Jakobsen 2001].
The idea consists in projecting the colliding vertices out of the ob-
stacle, moving them until they are intersection-free. For example,
in Figure 5, the displacement vector of x; is its penetration depth,
and the displacement vectors for the non-colliding vertices are

§j = sy (2} — ),
a2 + a3

N a2 /

5 = ——— (2 —

k a%_"_a%( i 7«):

where z; is the colliding vertex, z} is its projection on contact edge
xj-xk, S; and §) are the displacement vectors for z; and xj re-
spectively, and a;; and a2 represent the proportional displacement
factors for the vertices on the contact edge, subject to a1 + a2 = 1.
Notice that a contact edge in 2D corresponds to a contact triangle
in 3D, and constants «; are proportional areas. Namely, if the con-
tact triangle has vertices z, x; and z; and x is the projection of
the colliding point onto that triangle, then, A = Area(z;, xk, x1),
a1 = Area(zi, x1,75) /A, as = Area(zj,z1, ;) /A, and s
Area(zj, xy, T))/A.

Once all displacement vectors for colliding vertices have been com-
puted, a contact surface is defined. Conceptually, the contact sur-
face should be equidistant from the colliding vertices, and thus an
initial estimate of its position is obtained by translating collided ver-
tices by half of their associated displacement vectors. This estimate
is then refined by means of a binary search scheme [Spillmann and
Teschner 2005]: if " is the initial estimate for a surface vertex, and
s is its associated displacement vector, then the i estimate for that
vertex is given by

1
2(i+1) 8
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where the direction of the movement is determined by the sign of
the pressure difference. In practice, three or four iterations are suf-
ficient to produce a contact surface with adequate accuracy.

6 Dynamics based on shape matching

In order to estimate the dynamic behavior of collided objects, a
shape matching technique [Miiller et al. 2005] is used. A large part
of its appeal is that, being a meshless method, only a set of particles
(the object vertices) are considered. The idea is to match vertices
in their initial states x? with their positions in the current state X;,
i.e., the positions of the vertices as a result of deformation. The
matching consists of determining an affine ! transformation matrix
using a least-squares approach. This transformation is a model for
a plausible deformation and provides a simple way for the object to
recover its original shape (see the Figure 6). Once the transforma-
tion is computed, goal positions g, are estimated for each vertex.
These are then used to estimate the new position and velocity of
each particle for the next time step.

() (©)
Figure 6: (a) two colliding objects, (b) after a contact surface is
determined, and (c) deformed with shape matching.

The algorithm has two main components: (1) find the optimal rigid
transformation that approximates a new position and orientation for
the object (matching problem) and (2) move the vertices for the goal
positions applying a linear deformation model.

Considering the particles weights, the matching problem consists
of finding translation vectors t and to and rotation matrix R which

minimize:
D wiR(@ ~ to) +t—x:)°.

For simplicity, w; = m; is used, where m; is the mass of particle <.
The optimal translation vectors between the centers of mass of the
initial position and the current position are given by

o _ ZL mixy

Xem = ) = .
Zi m; i i

to

The optimal rotation R may be found by first determining a general
linear transformation matrix A. Notice that A not necessarily is
orthonormal. Considering the relative particle positions defined by

0

0
q; = X; — Xem and P; = Xi — Xem,

the correspondence problem may be solved in the least-square

sense. Thus, the optimal linear transformation matrix A is found
minimizing the term:

> mi(Aq, —p,)*.

By setting to zero all the first derivatives of this expression with
respect to the coefficients of A, we obtain

A= (Z mipiq?)(z miqz‘q?)_l = ApgAqq, 9

![Miiller et al. 2005] also considers quadratic transformations.
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where A, is a correlation matrix and Ay, is a symmetric matrix
that can contain only scale information but not orientation. There-
fore, for finding R, it is necessary to find the rotation component of
A,,. Following [Miiller et al. 2005], we use a polar decomposition
method [Shoemake and Duff 1992] to obtain R = A,,S™*, where

symmetric matrix S = ¢Apq. In order to obtain S™!, matrix
AZquq is diagonalized using from 5 to 10 Jacobi rotations [Sumali
1

Finally, all particles are moved to their goal positions computed as

and the process is repeated in every time step.

7 Integration

As in [Miiller et al. 2005], for the integration we use a modified
Euler’s method, which includes an explicit part (velocity updating)
and an implicit part (position updating). The integration scheme is
given by

g:(t) —xi(t)

vi(t+ At) =vi(t) + « Al

LA L@, (0
my;

X (t + At) = x;(t) + Atvi(t + At), (11)

where v; (t + At) is the velocity after the time step, v;(t) is the cur-
rent velocity, a € [0, 1] is a parameter which controls the rigidity
of the object, g;(¢) is the goal position for vertex x;(t), At is the
time step, m; is the particle mass and f.,(¢) are the external forces
(gravity, wind, among others).

8 Results

A prototype implementation of the proposed system was developed
using the C++ language and the OpenGL and Glut libraries. For
performance reasons, Vertex Buffer Objects (VBOs) were used to
store object geometry.

Several experiments were conducted with this prototype in order
to evaluate the correctness and speed of the technique. These in-
volved simulations of collections of objects with different shapes.
All experiments were conducted in a PC running Linux (Fedora 8)
operational system and equipped with a Intel Core 2 Duo processor
running at 2.4Ghz, 1GB memory and an NVidia GeForce 8600 GS
graphics board.

The experiments aimed to gauge the system performance as a func-
tion of both the number and geometric complexity of the objects
involved in the simulation. Table 1 shows the object resolutions
(number of vertices, number of faces and number of tetrahedra). In

Table 1: objects with different resolutions.

Object  surface total faces tetraedra
vertices  vertices
bunny 436 510 868 1750
duck 424 519 846 1819
sphere 386 729 768 2560

all experiments, the rigidity coefficient o was set to 0.8, i.e., quasi-
rigid objects. Additionally, it was collected information about:
number of colliding primitives (vertices in potential collision, faces,
tetrahedra and vertices in real collision) processed at each time step,
and the percentage spent in each sub-process (broad phase collision
detection, narrow phase collision detection, penetration depth com-
putation and shape matching) in milliseconds.

A first experiment consists of the simulation of a scene with differ-
ent kinds of objects (see Figure 7). The scene contains 3 ducks, 2
bunnies and 3 spheres (see Table 1). This experiment demonstrates
that the prototype is able to handle objects with arbitrary geome-
try, provided that a 3D triangulation for them is known. From the
experiment, some information was extracted regarding the various
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Figure 7: eight objects in contact: 3 ducks, 2 bunnies e 3 spheres.
The scene contains 2952 vertices and 9917 tetraedra that are ani-
mated at aprox. 32 fps.

stages of our algorithm. Figure 8 shows as a function of simulation
time the time in milliseconds spent in the four main sub-processes:
broad phase collision detection, narrow phase collision detection,
penetration depth computation and shape matching. Notice that the
collision detection, in both stages, spends much more time than the
other sub-processes. The penetration depth computation is almost
constant and the time spent on shape matching is negligible.

A better notion about the behavior of the collision detection algo-
rithms may be aprehended from Figure 9, which shows, for the
same experiment, the quantity of primitives in collision (vertices in
potential collision, faces, tetrahedra and vertices in real collision)
for each time-step. Notice that the broad phase filters out a sig-
nificative number of non colliding primitives and that, on average,
only about 10% of the potential colliding vertices are effectively
colliding vertices. Additionally, other three experiments were con-
ducted, involving a varying number of spheres. Figure 10, shows
simulations of scenes with 8, 18 and 27 spheres. The number of
primitives contained in each scene as well as the simulation frame
rates are tabulated in Table 2. A chart with the frame rate for each
time-step is shown in Figure 11.

Table 2: primitives for experiments with spheres.

Number of spheres ~ vertices  tetraedra  average fps
8 5832 20480 62
18 19683 46080 41
27 19683 69120 22

(a)

(b) (©)

Figure 10: experiments with 8 (a), 18 (b) e 27 (c) spheres.

9 Conclusions and future work

We have described a method for physically based animation of de-
formable objects which combines several techniques such as col-
lision detection using spatial hashing [Teschner et al. 2003] and
bounding spheres, collision response through the surface contact
computation that utilizes penetration depth computation by propa-
gation [Heidelberger et al. 2004], the computation of displacement
vectors [Heidelberger et al. 2004] and handling of asymmetric colli-
sions [Jakobsen 2001], binary search in order to separate the objects
[Spillmann and Teschner 2005], and a deformation and dynamics
model based on shape matching and an explicit-implicit Euler inte-
grator [Miiller et al. 2005].
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The original structure of the collision detection was extended in
order to use a broad phase mechanism, which detects regions on
potential collision avoiding to update the hash table unnecessarily.
The narrow phase is restricted to cell grids where potential collision
was detected. In addition, asymmetric collisions are handled by
projection [Jakobsen 2001].

The prototype system enables the simulation of scenes with plau-
sible physics behavior and containing objects with complex geom-
etry. Collision response is implemented in a robust manner and
handles stacked objects.

As future work, we plan to extend this prototype with quadratic
and plastic deformations. Both the broad and narrow phase colli-
sion detection can be improved using more efficient techniques. For
instance, the bounding sphere scheme and vertex/tetrahedron tests
can easily be implemented in GPU. Other aspects of the system
may be harder to port to GPU, but we intend to investigate recent
advances in this area such as the CUDA [NVIDIA™2007] technol-
ogy.
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Abstract

This paper presents a new architecture to implement any gmpe
models for games and real-time applications that uses thé &P
a Mathematics and Physics co-processor, working in pamite
cessing mode with the CPU. The model applies concepts of auto
matic task distribution. The architecture can apply a sétenfris-
tics defined in Lua scripts to get acquainted about what ibése
processor for handling a given task. The model applies the 3P
(General-Purpose Computation on GPUs) paradigm. Thetacehi
ture that this work proposes acquires knowledge about tfumzae
by running tasks in each processor, and by studying thefoper
mance over time, learning about what is the best processa fo
group of tasks.

Keywords:: Game loops, GPGPU, Task distribution

Author’s Contact:

{mijoselli, mzamith, esteban, anselmo, leal,acp@c.uff.br
pagliosa@dct.ufms.br
{Ivalente, brund@inf.puc-rio.br

1 Introduction

Real time systems, like games, are defined as solutions #vat h
time constraints to run their tasks. So, if for any reasonsy®
tem is not able to execute its work under some time threstibld,
will fail. In order to achieve such constraints game loops ba
implemented.

Computer games are multimedia applications that employvkno
edge of many different fields, such as Computer Graphic#jdal
Intelligence, Physics, Network and others. More, compgénes
are also interactive applications that exhibit three galretasses of
tasks: data acquisition, data processing, and data pegentData
acquisition in games is related to gathering data from ijewtces
as keyboards, mice and joysticks. Data processing tasksiston
on applying game rules, responding to user commands, simula
ing Physics and Artificial Intelligence behaviors. Datagenetation
tasks relate to providing feedback to the player about thieent
game state, usually through images and audio.

Many computer games offer experiences where many acti@ms se
to happen at once. However, computers usually have limiged r
sources, so it is necessary to harvest the results of alepses in-
volved in a game and present them to the player. If the afjuita
is not able to perform this work on time, the user may not rexei
continuous feedback, and the interactivity that the garalsipro-
vide will not be acceptable. Hence, one of the main requirgme
of a game will not be fulfilled. This issue characterizes catap
games as a heavy real-time application.
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Luis Valente
PUC-RIo,VisionLab

Anselmo Montenegro
UFF,Medialab

Regina Leal-Toledo
UFF,IC

Bruno Feijo
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to take advantage of different hardware, a generic ardhitedor
game loops and a multi thread game loop with this architecive
present.

The development of programmable GPUs (graphics processing
units), has enabled new possibilities for general purpasepc-
tation (GPGPU) which now can be used to process some of the
common tasks of the game loop, like data processing taskis. Th
is good news for games due to the parallel architecture ofathe

est GPUs, which have more processing power than CPUs. GPUs
perform better than CPUs when large amounts of data areviedpl

but to take advantage of this power, it necessary to develtif a
ferent approach than the traditional CPU sequential mddiehce,

due to architectural characteristics, the CPUs are moteldeaifor
processing small amounts of data while the GPUs are morabdeit

for large amounts of data. In order to achieve better perdoica in

both cases (small and large amount of data), itis necessanypte-
ment an automatic method to distribute tasks between thearidU
the GPU. For this heuristics to work better with differentdvaare
architectures, they are implemented in a script language.

The main objective of this work is present a new game loopiarch
tecture that can be used to implement any game loop modelkand c
take advantage of automatic dynamic distribution of tasks/ben
the CPU and the GPU. This distribution is based on heurithias
are defined in Lua [Lua] scripts. This work presents conctats
could be applied also to other hardwares like the PlaySt&tiwith

the Cell Processor [Hofstee 2005].

This paper is organized as follows. Section 2 presents GPeRU
cepts. Section 3 presents related works in game loops aknditas
tribution between CPU and GPU. Section 4 presents the generi
architecture for game loops. Section 5 presents the testwiils

the test game loop and the test heuristics, and Section érgssthe
results. Finally, Section 7 presents the conclusions.

2 GPGPU

Graphics Processors Units or simply GPUs are processois ded
cated to mathematical processing in the graphics pip€lihe.evo-
lution of those processors allows it to be used for procgssther
mathematical tasks.

The GPUs have been evolving constantly and in a faster way tha
the CPUs, acquiring superior computation power. A nVidi@@8
ultra  [NVIDIA 2006], for instance, can sustain a measured 38
GFLOPS's against 35.3 GFLOPS's for the 2.6 GHz dual cord Inte
Xeon 5150 [NVIDIA 2008]. This fact is attributed to the pdehl
SIMD architecture of the GPUs (the nVidia GeForce 9800 GXg, f
example, has 256 unified stream processors). Because oPttis’'G
parallel architecture, they are very good for processirgiegtions
that require high arithmetic rates and data bandwidths.

Nvidia and AMD/ATI are implementing unified architectures i

A common parameter to measure computer game performance isheir GPUs. [Each architecture is associated with it a spdeifi-
the number of frames per second (FPS) displayed on the screen9u@ge: Nvidia has developed CUDA (Compute Unified Architec-

A frame represents an image displayed on the screen. A commonture) [nVidia 2007b] and AMD developed CAL (Compute Abstrac

accepted lower bound for interactive rates is 16 frames guorsl.
Usually, a frame rate from 50 to 60 FPS is considered optimal.

tion Layer) [AMD 2007]. One main advantage in the use of these
languages is that they allow the use of the GPU in a more fiexibl
way (both languages are based on the C language) withouteome

Nowadays, computers and new video game consoles (such as thehe traditional shader languages limitations such as ts¢anem-

Xbox 360 and the Playstation 3) feature multicore processeor
this reason, game loops that take advantage of these rescame
likely to become important in the near future. Thereforerapa
lelizing game tasks with multiple threads is a natural stemrder
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ory operations, i.e. indexed write array operations, aheérnstthat
are not even implemented as integer data operands likeiittog-
ical operations AND, OR, XOR, NOT and bit-shifts [Owens et al
2007]. Nevertheless, the disadvantage of these archiéscisithat
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they are only available for the vendors of the software, C&IDA Y
only works on Nvidia and CAL only works on AMD/ATI cards. In
order to have GPGPU programs that work on both GPUs it is nec- Read Input

essary to implement them in shader languages like GLSL (Gpen

Shading Language), HLSL (High Level Shader Language) or CG
(C for Graphics) with all the vertex and pixel shader lintas and *
idiosyncrasies.

In addition, Intel has recently presented a new architecfor Render

GPUs called Larrabee [Seiler et al. 2008]. It is made up of sev
eral x86 processors in parallel which can be used to proaatss b V
graphics and non-graphics data. The advantage of thistectiie
is that it does not need a special language, just plain C. iieve

less, it will only be available in late 2009. Update
There are many areas that apply GPGPU: wheather forcash@vic *
lakes and Vachharajani 2008], chemistry [Ufimtsev and Kagtz

2008] and of course graphics. Games use GPGPU mainly in two

areas: Physics and Al. GPGPU
PhysX [Ageia 2008] and Havok [Intel 2008] are examples of

physics engines which have used the GPU to accelerate their | |
physics loop (eight times of speedup in the case of Havok dfre

2007]). Also the book GPU Gems 3 [Nguyen 2007] presents a Figure 1: Single coupled loop
full section dedicated for physics using the GPGPU. In thd fié

Al it can be seen implementations of state machines [Rudom . Z

et al. 2005] and flocking boids [Erra et al. 2004] using the G@U

processes its data.
Read Input

3 Related works v v

The game loop can be divided in three general classes of tasks

GPGPU
e Data acquisition task is responsible for getting user com- Render
mands from the various input devices;
e Data processing tasks, also referred as the update stage, ar *
responsible for tasks that update the game state, for exam-
ple: character animation, Physics simulation, Artificiatel- Update
ligence, game logic, and network data acquisition;
e Data presentation task is responsible for presenting gtse | |
to the user. In games, this corresponds usually to rendering ) ) ]
graphics and playing audio. Figure 2: Multithread architecture with GPGPU stage uncoupled

from the main loop
The main objective of real-time game loop models in the ditigre
is to arrange the execution of those tasks, in order to siepar-
allelism. The work by Valente et al [Valente et al. 2005] pdes
a survey of real-time game loop models hat regards singlgepl
computer games. But it does not cover the use of GPGPU as an
update stage of the game loop.

All of those game loops can be implemented in the adaptativesg
loop architecture presented in the next section.

4 The Adaptative Game Loop Architec-

The simplest implementation of a game loop with the GPGPU as

an update stage is executing it sequentially, as shown inefidu ture
Diverse GPGPU implementations use this game loop, as theACUD . .
particles demo [nVidia 2007a]. This paper presents a new game loop architecture, namedaidap

tive Game Loop Architecture. This architecture is able to:
Another game loop with GPGPU presented in the literaturbes t . . .
multithread architecture with GPGPU stage uncoupled frben t e Implement the game loop by using a multi-threads or a single-
main loop [Joselli et al. 2008a; Joselli et al. 2008b]. Thizhitec- thread mode;
ture is composeq by two threads. One of them gathers usef; inpu  § \jge coupled and uncoupled tasks;
executes rendering, and updates the game state. The otéad th
runs the GPGPU. Figure 2 illustrates this game loop model. e Use pixel shader or CUDA.

The multithread uncoupled with a GPGPU stage [Zamith et al. This architecture is based on the concept of tasks. A tasle-cor
2007] is the other game loop with GPGPU available on the lit- sponds to some work that the application should executexim-
erature. This game loop consists of three threads: the féasd  ple: reading player input, rendering and update applinatlgects.
with gathering user input and updating the game state. Témnse

thread is responsible for rendering the scene. The thirdumethe In the proposed architecture, a task can be anything thaaghe

GPGPU. Figure 3 illustrates this game loop. plication should work towards processing. However, notasks
can be processed by all processors. Therefore, the appfideds

The literature on task distribution between CPU and GPUasc&c three groups of tasks. The first one consists of tasks thabean

The work by [Zamith et al. 2007] implements a semi-automatic modeled only for running on the CPU, like reading player impu
task scheduling distribution between CPU and GPU via atsitiép file handling, and managing other tasks. The second grougisten
Joselli et al. [Joselli et al. 2008a; Joselli et al. 2008bpliements of tasks that can only run in the GPU, like the presentatiothef

some heuristics for automatic task distribution betweet) @Rd scene. The third group can also be modeled for running on both
GPU, using a Physics engine that has some methods implednente processors. These tasks are responsible for updating atee aft
in both CPU and GPU. some objects that belongs to the application, like Al andsiisy
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Read Input GPGPU
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Update Render
I I

Figure 3: Multithread uncoupled with an GPGPU stage

The task concept is modeled as an abstract class that differe
threads are able to load. Figure 4 illustrates the UML claas d
gram for the Task and its subclasses.

The Task class is the virtual base class and has four subsldss
put Task, Update Task, Presentation Task, and Automatiatépd
Task. The first three are also abstract classes. The lateapiscial
class whose work is to perform the automatic dynamic digtrib
tion between the CPU and the GPU. This distribution consists
choosing the processor that is going to run a task accordisgrhe
heuristic specified in a script file. Also a special class, Task
Manager class, is responsible for creating and keepingeliasks
of the game loop (discussed in Subsection 4.1).

The Input Task classes and subclasses handle user inpetrida
sues. The Update Task classes and subclasses are respéoisibl
updating the game state. The CPU Update class should bearsed f
tasks that run on the CPU, and the GPU Update class correspond
to tasks that run on the GPU. The Presentation Task and sgbksla
are responsible for presenting information to the userchvban be
visual (Render Task) or sonic (Sound Task).

4.1 The Task Manager

The Task Manager (TM) is the core component of the proposed ar
chitecture. It is responsible for instancing, managingiciyoniz-
ing, and finalizing task threads. Each thread is respon&iblasks
that run either on the CPU or on the GPU. In order to configuee th
execution of the tasks, each task has control variablesitedcas
follows:

e THREADID: an id of the thread that the task is going to use.
When the TM creates a new thread, it creates a THREADID
for the thread and it assigns the same id to every task that
executes in that thread;

UNIQUEID: an unique id of the task. Itis used to identify the
tasks;

TASKTYPE: the task type. The following types are available:
input, update, presentation, and manage;

DEPENDENCY: a list of the tasks (ids) that this task depends
on to execute.

With that information, the TM creates the task and configinas
the task is going to execute. A task manager can also holdhanot
task manager, so to use it to manage some distinct group k. tas
An example of this case is the automatic update tasks thateBub
tion 4.2 presents.

The Task Manager acts as a server and the tasks act as its,clien

The Task manager then checks which task it should execukein t
thread.

When the Task Manager uses a multi-thread game loop, it Essaec
sary to apply a parallel programming model to be able to iflent
the shared and non-shared sections of the applicationybethey
should be treated differently. The independent sectiomspose
tasks that are processed in parallel, like the renderirg td$e
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shared sections, like the update tasks, need to be synzhdbimi
to guarantee mutual-exclusive access to shared data anestrype
task execution ordering.

Although the threads run independently from each othes, riieic-
essary to ensure the execution order of some tasks that have p
cessing dependence. The architecture accomplishes thisiby

the DEPENDENCY variable list that the Task Manager checks to
know the task execution ordering.

The processing dependence of shared objects needs to use a sy
chronization object, as applications that use many thréadMulti
thread programming is a complex subject, because the tasks i
the application run alternately or simultaneously, but lirggarly.
Hence, synchronization objects are tools for handling tiegten-
dence and execution ordering. This measure should alsorbe ca
fully applied in order to avoid thread starvation and deekio The

TM uses semaphores as the synchronization object.

4.2 The Automatic Update Task

The purpose of this class is to define which processor willthen
task. The class may change the task’s processor during feap
tion execution, which characterizes a dynamic distributio

One of the major features of this new architecture is to aliiyw
namic and automatic task allocation between the CPU and GPU,
in order to do that it uses the Automatic Update Task classs Th
task can be configured in order to be executed in three modd&d: C
only, GPU only and in the automatic distribution between GiPld
GPU. In order to execute on the CPU a CPU implementation must
be provided, and in the GPU a GPU implementation must be pro-
vided, and in order to make use of the automatic distribubiotin
implementation must be provided. The scheduling is by ls&ari

in a script file. Also a configuration on how the heuristic isSngp

to behave is needed, and for that a script configuration fifgas
sented in Subsection 4.2.1. The scripts files are implerdente
Lua [lerusalimschy et al. 2006] (Subsection 4.2.2).

The Automatic Update Task acts like a server and its tasks as
clients. The role of the automatic update task is to exechtmas-

tic to automatic determine in which processor the task véllelx-
ecuted. The Automatic update task executes the heurigticen
termines which client will execute the next task and will den
message to the chosen client, allowing it to execute. Algerye
time the clients finish a task they send a message to the seratr

it know it has finished. Figure 5 illustrate this process.

GPGPU finish

start execute

Automatic Update Task

finish
start
CcCPU

Heuristic

«<

result

Figure 5: The Automatic Update Task class and messages

4.2.1 The Configuration Script

The configuration script is used in order to configure how thte-a
matic update task will execute the heuristic.This scrigings four

as every time a task ends, it sends a message to the Task Managevar"jlbles

e INITFRAMES: used in order to set how many frames are used
by the heuristic to do the initial tests. These initial tests
used in order that the user may want that the heuristic make
the initial tests different than the normal test;

e DISCARDFRAME: used in order to discards the first DIS-
CARDFRAME frame results, because the main thread can be
loading images or models and it can affect the tests;
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Task
1 1
Task Manager

Automatic Update Task |<:>

|Input Task |

|Presentation Task

|GPU Taskl |CPU Task

Keyboard Task | |Mouse Task |

|Jo stick Task |
ysti |Render Task | |Sound Task

Figure 4: Multithread uncoupled with an GPGPU stage

e LOOPFRAMES: itis used to set on how frequency the heuris- function is called after the EXECUTEFRAMES frames in
tic will be executed. If this value is set to -1 the heuristid w each processor. This function can be seen on script 2.
be executed only once;

e EXECUTEFRAMES: it is used to set how many frames are Script 2 setVariable Script
needed before the decision on changing the processor willex functi on set Vari abl e(el apsedTi ne, processor)
ecute the next tasks. FPS = 1 / el apsedTine
if (processor == CPU) then
CPUtinme = CPUine + el apsedTi ne
if (FPS > best CPUFPS) then

An example of the configuration scrip file can be seen in séript

Script 1 Configuration Script best CPUFPS = FPS
I NI TFRAMVES = 20 end
DI SCARDFRANVE =5 el se
L OOPFRAMES = 50 GPUtine = GPUtine + el apsedTi e
EXECUTEFRAMES = 5 if (FPS > best GPUFPS) t hen
best GPUFPS = FPS
So the automatic update task begins executing after the SIREG end
FRAME are executed, then it execute INITFRAMES frames in end

the CPU and the next INITFRAMES in the GPU then it decides €nd
where the next LOOPFRAMES frames will be executed. If the
LOOPFRAMES is greater then -1, it executes EXECUTEFRAMES e main (): This is the function that executes the heuristic and

frames in the CPU and it executes EXECUTEFRAMES frames in decides which processor will execute the task. This functio
the GPU then it decides where the next LOOPFRAMES frames will is called just before the LOOPFRAMES frames are executed.
be executed and keep repeating until the application isethor A script with this function implemented with the decision of

always executing in the GPU can be seen on script 3.
4.2.2 The Heuristic Script

The heuristic script is used in order to distribute autooaly the Script 3 Main Script

tasks between the CPU and the GPU. This script defines tmee fu  f Unction mai n()
tions: return GPU;

end

e reset(): reset all the variables that the script uses inrdale
decide which processor will execute the task. This function
is called after the LOOPFRAMES frames are executed. The 5§ Test Case
variable that are normally used by the heuristic are:

— CPUTime: this is the sum of all the elapsed times that The test case corresponds to the n-bodies sample [Nyland et a
the task has been processed in the CPU: 2007] from the GPU Gems 3 [Nguyen 2007]. The authors had
implemented this example only to validate the model of gawoe |
— GPUTime: this is the sum of all the elapsed times that proposed in this work, because this problem works with isgen
the task has been processed in the GPU,; mathematics processing.

— bestCPUFPS: the best frame rate achieved by the CPU; The n-bodies demo is an approximation of the evolution ofsa sy

— bestGPUFPS: the best frame rate achieved by the GPU; tem of bOdi_eS in WhiCh every body_ interacts with every _othmi;b

It also applies to different simulations like protein faidi turbu-

e setVariable(elapsedTime, processor): in this functiontisre lent fluids, global illumination and astrophysics. In th&se the
all the variables that are used by the heuristic are set. This n-bodies is a simulation of astrophysics in which each begye-
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sents a galaxy or an individual star, and each body attracepeals
each other with gravitational forces.

This sample was implemented in both CPU and GPU. The GPU
version uses CUDA. It is important to remark that even thotig
demo uses CUDA, the game loop implementation could use CAL
or shader languages (GLSL, HLSL or CG) without major modifi-
cations in the framework layer. Figure 6 illustrates a sdtarhes
from the simulation.

Figure 6: N-bodies sample

The authors did not emphasize the n-bodies problem, bediaisse
not the aim of this work. The n-bodies is used such as exanmpye o
for validate the method proposed.

5.1 The Tested Heuristic

The demo uses a very simple heuristic. It checks which psaces
was the fastest one in running the task and then selectsrties
sor to run the next frames. Script 4 lists the heuristic.

Script 4 Tested Heuristic

function main()
if (CPUtinme < GPUtine) then
node CPU;
el se
node
end
end

GPU;

The heuristic is configured in script, and any kind of heigsstan
be implemented, but the heuristics developed by the auttems
work in two different ways:

e Thefirst, that is called initial, is configured in order to exte
20 frames in the CPU and 20 frames in the GPU and then it
decides for the fastest processor.

e The second, that is called looped, is configured to loop in the
following state: execute 5 frames in the CPU and 5 frames in
the GPU and decide to for the fasted processor to execute the
next 200 frames.

5.2 The Tested Game Loop

To test the architecture, the demo implemented a game lothp wi
an input task and a render task in the main loop, and an autmat
update task with CPU/GPU in another thread (uncoupled)urEig

7 illustrates this game loop.

6 Results

The tests were done base on the fast n-bodies simulation with
CUDA, such as described before. There are two groups of. tests
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Figure 7: The Multi thread loop with an automatic update task
uncoupled from the main loop.

The first group uses the initial heuristic where the fastestgssor

is selected at the beginning of the task execution. The seg@up
uses the other heuristic (looped), that is, the heurisiiovisked for
each cycle of the frames. The CPU tests were made with an Intel
quad-core 2.4 GHz and the GPU tests were made with three-diffe
ent GPUs a nVidia Geforce 8800 GTS, a nVidia Geforce 8400 GS
and a nVidia 8200M G.

For both groups, the example was executing the applicatidritee
work of heuristic to choice the processor. Table 1 illugtthe per-
formance of the application and the processing for bothgssars.
The initial number of bodies is 4 and it is increased until3b8d-

ies. Figure 8 shows a comparison between the CPU and theanVidi
8800 GTS GPU when there are few number of bodies.

14 T T T T T
INTEL CORE 2 QUAD 2.40Ghz—+—
8800 GTS
12 + 1
10 . 4
8 ~
g 8 — 1
8 _—
s ¢ 1
4+ i
2 . 4
0 . 1 1 1 1 1
0 5 10 15 20 25 30 35
Bodies

Figure 8: Comparison between the CPU and the GPU

Although the GPU is faster than CPU, until 25 bodies, approxi
mately, the CPU is better and the heuristic choices it, #fieGPU

is already chosen. So, the CPU is faster with less bodieshand t
GPU, in this example, is more efficient with higher numberadb
ies. Figure 9 shows the comparison between the evolutioheof t
tested GPUs.

7 Conclusion

Multicore hardware architectures are a tendency, and betiCPU
and the GPU have developed great evolution in this aspead-Qu
code processors are present in the latest CPU architectdrera-
fied architecture is presented in the latest GPUs. This terydis
not only in increasing the processing power but also inéngase
number of cores available. With that the parallel procegsimthis
architectures, is a reality. With this hardware evolutiba games
will get much more sophisticated and multicore game loopth wi
the use of the GPU will get more common.
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Table 1: Elapsed time of processors in 100 iterations measured in milliseconds

bodies || CPU elapsed time || 8800 GTS elapsed time|| 8400 GS elapsed timel| 8200M G elapsed time|| processor
4 0.404 7.792 4.251 4.666 CPU
8 1.010 9.170 4.417 5.105 CPU
16 3.279 9.265 4.756 5.116 CPU
32 12.243 10.600 5.700 10.343 GPU
64 48.001 11.250 10.931 26.496 GPU
128 190.745 15.182 30.658 89.628 GPU
256 773.152 29.244 107.664 318.036 GPU
512 3124.517 75.188 410.865 1186.663 GPU
1024 12155.210 282.648 1619.403 4584.704 GPU
2048 48627.184 989.581 6526.119 18097.682 GPU
4096 195216.563 3835.552 25815.580 71998.977 GPU
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Abstract

This paper proposes a methodology for immersive multiprojection
visualization of manufacturing processes. It admits sceneries with
dynamic components and allows collaborative interaction among
geographically distributed users. The proposal has several stages to
convert the complex industrial project into a model suitable for vi-
sualization and interaction. The Quake III Arena engine is used
as rendering core system, which is a free and open-source soft-
ware. The method can be applied to CAD projects, models and
simulations used in industry. The proposed ideas are then validated
through the study of a real case associated with Shipbuilding and
Offshore Industries.
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1 INTRODUCTION

Digital manufacturing is an initiative to define every aspect of the
design-to-manufacture process digitally. An open data management
platform is the ideal basis of Digital Manufacturing. This platform
can support multiple disciplines, including product design, analy-
sis, manufacturing, data sharing and communication, etc. It relies
on advanced technologies such as CAD, CAE, real time 3D simu-
lations, CAM, PDM, CAPP, etc.

Large and high-end engineering projects such as automotive,
aerospace and shipbuilding are already engineered almost entirely
digital. Their complexity demand assembly simulations using
mockups to test the several stages of the process. As physical mock-
ups have a very complex and high cost design, digital 3D mockups
are good solutions. In practice however, this digital design is not
as simple as it might first seem. In such a process a large number
of concurrently working design teams are involved, resulting in the
development of typically thousands of different parts, each mod-
eled with the highest possible accuracy. For instance, in the case
of the Boeing 777 airplane project, more than 230 geographically
dispersed groups had to be coordinated and more than 350 millions
of individual polygons from the graphical model of CAD datasets
must be processed in order to obtain a 3D projection of the whole
model.

Eminent problems in large-scale manufacturing arise from the po-
tential overlaps of assembly parts and the difficulty in properly fit-
ting all individual components together in a final product. In those
contexts, Virtual Reality (VR) techniques can provide an interactive
high-quality visualization solution for evaluation of the full CAD
design and the whole manufacturing process [Dietrich et al. 2005].

Virtual Reality techniques make possible 3D visualization of indus-
trial sceneries, offering a realistic and interactive interface for dif-
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ferent production stages and processes, aiming to anticipate prob-
lems like overlaps of assembly parts, obstacles collisions, risky sit-
uations, etc. These techniques include several levels of interactivity
and immersive technologies.

CAVE devices [Cruz-Neira et al. 1992], for instance, are room-size
VR display systems. In these systems the generated images are dis-
tributed among computers and multiprojected onto several walls.
Each individual projection contains a part of the total scenery, ob-
tained from a process of simultaneous rendering. This way, each
wall acts as a window to the virtual world. The use of such con-
figuration makes possible, among others, to increase the immersion
and interactivity degrees associated with the sceneries. Some semi-
immersive desktop-based VR systems exist but an obvious limi-
tation of them is that designers are susceptible to environmental
disturbances, diminishing their true feeling of the scene. As a re-
sult, they cannot be fully immersed in the virtual environment to
study and improve the product design efficiently [Choi and Cheung
2006].

If in the past decades the benefits of VR and its integration with
digital manufacturing systems were focused in the static product
design (visualization of the CAD project of the product), nowadays
the state-of-art is to focus on the modeling and simulation of dy-
namical manufacturing plants as a whole process. The life-cycle
of the product, the ergonomic of the workers, the localization and
performance of the machines, the assembly steps have became to
be simulated and visualized in immersive CAVEs.

Besides, such VR techniques and technologies, associated with re-
cent efficient simulation and communication systems, have become
a new paradigm for integrating different levels of production pro-
cesses that are temporal and geographically distributed. The large
engineering industries have physical parts produced by separated
key players, each with their own sets of standards and terminology.
So, one of the biggest obstacles in the widespread implementation
of digital manufacturing is the weak interoperability and collabo-
ration between various systems in product design, manufacturing
engineering, and production floor departments. Breaking down the
walls between these departments and maintaining the crucial digital
continuity of the product life-cycle will greatly foster digital man-
ufacturing, and therefore help manufacturers improve efficiency of
processes and quality of products [Wald et al. 2005].

Thus, due to the distributed nature of recent high-end engineer-
ing projects, the possibility of virtual, interactive and collaborative
immersive visualization of dynamic manufacturing plants have be-
come an important issue which can determine a company/consortia
success [Stephens et al. 2006] [Bigler et al. 2006]. The use of this
new paradigm can reduce cost, complexity and time associated with
the process. For instance, large industrial conglomerates such as au-
tomobile (Volkswagen, Ford and General Motors), aerospace (Air-
bus, Embraer) and the shipbuilding/offshore industries are integrat-
ing VR concepts in their manufacturing processes [Kreitler 1995].

There are some attempts to create complete computational models
of manufacturing plants, in what is considered the new generation
of digital manufacturing tools: the Digital Mock-Up (DMU) sys-
tems. QUEST/DELMIA [Systemes 2008], PROMODEL [Benson
1996], ARENA [Hammann and Markovitch 1995] are typical ex-
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amples of these systems. They allow to design the 3D sceneries of
industrial plants but they cannot cope with the collaborative issues
and complexity of dynamic immersive visualization of the compo-
nents operations.

In the literature, there are related works that treat the immersive
visualization issues in Digital Manufacturing using Ray Tracing
systems [Bigler et al. 2006]. However they process only static
sceneries and at high computational cost. For instance, [Dietrich
et al. 2005] proposes a visualization system using an Altix NU-
MAflex architecture that provides a low-latency, high-bandwidth
inter-connect between the distinct nodes, gaining peak transfer rates
of up to 6.4 GByte per second. [Wald et al. 2005] treats complex
CAD design also using a very hard computational infrastructure.

In this work we propose a low cost solution for immersive collabo-
rative visualization of manufacturing plants. The proposal suggests
integration of different successful tools produced for specific ar-
eas of computer graphics: engines for interactive games, computer
aided design packages, graphic editors, etc. Our proposal treats
sceneries with dynamic components and allows collaborative inter-
action among geographically distributed players. Such methodol-
ogy was implemented and validated through a case study associated
with shipbuilding and offshore industries.

The paper is structured in five sections. Next section addresses the
main challenges associated with immersive visualization of indus-
trial processes as well as a group of existing solutions for its indi-
vidual treatment. Section 3 details our integrated framework to the
3D manufacturing plant visualization, through aspects of model-
ing, conversion, visualization and interactivity stages. Then section
4 describes a group of experiments that were accomplished to vali-
date the proposal. Finally, section 5 presents the conclusions drawn
from the entire project.

2 VISUALIZATION OF PLANTS

The visualization process of dynamic manufacturing plants using
VR resources includes a group of challenges and issues. From the
conception of the virtual plant model and its simulation, to its actual
use in collaborative immersive visualization, we enumerate the fol-
lowing main stages: i. Modeling; ii. Conversion (simplification);
iii. Visualization; and iv. Interactivity.

Modeling: Such stage refers to the 3D plant digital model cre-
ation, through modeling all production process dynamics (work-
shops, workers, tools, equipments and their interaction). The fol-
lowing aspects are involved:

e Study and development of modeling techniques and simula-
tion of production processes: such subject is target of study
in different engineering areas. Plants simulation can be im-
plemented through the use of commercial DMU tools that
enable different visual quality levels. For instance, the de-
veloped models can be visualized as simple 2D structures or
like complex dynamic sceneries with three-dimensional fea-
tures and interactivity, in CAVE devices. The manufactur-
ing plants models can incorporate very detailed CAD files,
as result of mechanical projects of the processed products, as
well as schemes of machines functioning and human behav-
ior simulation (workers) of the assembly lines. The generated
simulations can show 3D dynamics of the different process
components;

e 3D Description Format: supposing that the immersive scenery
will be obtained from DMU/CAD tools, many commercial
DMU systems just allow the exportation of 3D sceneries in
simple video formats as avi and mpeg. Others systems ex-
port in virtual environment description languages as VRML
(Virtual Reality Modeling Language) [VRML 2008], how-
ever, these exported files are frequently very complex and
non-optimized. So, due to the extensive set of exportation
formats released by the different tools, and the peculiar needs
for VR, the best options to provide an immersive distributed
visualization of plants is still a challenge.

Conversion (simplification): Such stage includes issues related to
VIl SBGames - ISBN: 85-766-9204-X
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simplification of the 3D models generated in the modeling stage.
Basically the following points must be treated:

e Definition of the attributes of the virtual model and the en-
tities to be supplied to visualization API. Definition of vir-
tual sceneries: to have a virtual 3D scenery, the geometric
CAD design needs to be completed with information describ-
ing the appearance of objects (color, reflection characteristics,
textures), the lighting environment, possible animations, in-
teractions, sound, as well as behavior and functionality. Such
definition can be done offline or applied during real time vi-
sualization;

e Reduction of the virtual model complexity. This issue is rele-
vant in almost all VR applications, however it assumes larger
importance on Digital Manufacturing. In this context, the
DMU must be committed with the necessaries VR optimiza-
tions. The variety of formats and the large number of geo-
metric structures can make prohibitive the rendering scenery
(as mentioned in section 1, in the case of the Boeing 777 air-
plane program, where more than 350 millions of individual
polygons must be processed).

Visualization: Aiming a more realistic immersion, it is a good
choice to adopt an engaging n walls multiprojection. Traditional
techniques for multiprojection treatment make use of specialized
systems that need complex hardware architectures. Some specific
questions in multiprojection visualization should be studied:

e Keeping consistence of the projected entities states, their at-
tributes and dynamic behaviors among the projections on the
n walls;

e Synchronizing virtual clocks (logical timers) of the different
physical system components, to aim the coherence of the dy-
namic sceneries visualization and its relationship with the dis-
played frame rate;

e Increasing the system performance related with the number of
entities versus the number of projection walls.

Interactivity: The visualization processes should support different
interactivity degrees. For instance:

o In manufacturing plants sceneries, the collisions treatment,
the use of different devices for sensory perception of environ-
ment features (mouses, keyboards, joysticks, glasses, gloves,
trackers, etc) are important factors that should be foreseen;

e A method of enabling the plurality of geographically dis-
tributed users to collaboratively view and interact have to be
offered. Due to a large number of key players associated
with modern manufacturing processes, methods and appa-
ratus for virtual interactive sceneries, by multiple remotely-
located users, are necessary.

Nowadays, there aren’t any DMU tool able to treat all the stages and
aspects mentioned above, nor a methodology that implement the
modeling, conversion, etc, supplying the dynamic characteristics of
the industrial processes to a collaborative visual system. However,
many are the studies and techniques associated with each individ-
ual subject (modeling, conversion, etc). Several tools allow the de-
sign and exportation of static CAD plants models in formats that
make possible the use of specialized systems to conversion CAD-
VR. WalkInside [VRContext 2008] is one of these systems. There
are also visual immersive systems developed for CAD models vi-
sualization as ENVIRON [Corseuil et al. 2004]. This system, when
associated with VR tools, allows the CAD models visualization in
VR environments.

Another possibility related to virtual environments is the use of
game engines. There are game-development toolkits that provide
means to create custom content and mission scenarios which facili-
tate idea generation and concept exploration with a short turnaround
time [Fong 2006]. Some examples of these systems are Unreal
Tournament [EpicGames 2004] and Quake [Quake 1997]. The
former have partial open code and the last is a free and open-
source software. Both provide graphics with high detail levels and
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have high performance and robustness, supporting distributed geo-
graphic visualization. A modification of the Quake III engine to-
gether with the FreeVR [Sherman 2008] library have been used in
the case study presented in section 4. Among the advantages of us-
ing the Quake III engine and the FreeVR library is they open-source
licenses multi-platform capabilities.

3 AMETHODOLOGY FOR IMMERSIVE VI-
SUALIZATION

Based on the aspects mentioned on section 2, a methodology that

enables a collaborative visualization of industrial processes was

built. It takes, as input, 3D models obtained from commercial DMU

tools, more precisely in applications evolving high complexity de-

sign and manufacture, such as the case for ships and offshore plat-

forms construction [Kim et al. 2003]. Figure 1 shows an overview
Modeling

of our proposal.
CAD
a DMU tool

l_l

Conversion
Complex || and
VRML Reduction

1_I

File
Translation

CAVE Engine
Rendering
(Visualization)

Figure 1: Methodology for collaborative visualization of industrial
processes

Starting from CAD models, techniques of complexity reduction
and conversion must be applied to obtain virtual sceneries, with
their necessaries components and attributes. It is proposed to vi-
sualize such sceneries in a multiprojection immersive environment,
through an adaptation of the game engine Quake III Arena. Such
engine can provide the necessary structure for attributes definition,
rendering and multiprojection, as well as the needed interactive re-
sources. The details of each one of the stages shown on the figure
is described as follows.

Modeling: It is supposed that some DMU tool is being used to
model the manufacturing process. Such tool may be able to export
different CAD formats with animated entities, aiming to study the
life-cycle, ergonomic aspects, among others, of the modeled ob-
jects.

Conversion: A dynamic model of the plant is obtained from the
complete CAD project. This model can be described in a file, using
different formats: DWG, VRML, ASE, DGN, etc. Due to the lack
of commitment between the DMU tools and the visualization stage,
such file have frequently excessive geometric information. Thus, it
is needed a meshes complexity reduction tool to compose each el-
ement with the just necessary information. After trials with several
alternative tools, like DeepExploration [Exploration 2008], 3DStu-
dioMax [3DStudioMax 2008], OkinoPoliTrans [PolyTrans 2008]
and VizUp [VizUp 2008], VizUp and 3DStudioMax was chosen.

The VizUp system can be used to reduce the number of existing
polygons, in VRML files format, according to the wished visualiza-
tion quality, in a manual way. The VRML file needs to be loaded in
VizUp System and the user must choose an acceptable maximum
rate of reduction of the VRML file that avoids the lack of reality of
the model. This rate depends of each model.
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After reduction, this VRML file needs an optimization and compat-
ibilization with 3DStudioMax. DMU tools generate some no neces-
sary informations for the immersive visualization system that need
to be removed. It is important to emphasize that the 3DStudioMax
just supports animated VRML in Interpolated mode. If VRML file
is in Event mode a conversion must be done. Another point is that
the VRML file generated by DMU treats each face of one object
like a unique object. For example, the six faces of a cube are six
different objects instead one unique object with six faces. Then, it
is necessary to aggregate this faces in one unique object to optimize
the VRML file.

Translation: Once the VRML is compatible and optimized, we
need to set up the textures. The format used by Quake III Arena
to describe objects and animations is the MD3. This format does
not support color in objects, only textures, so it is necessary to rec-
ognize the colors of each object in the VRML file, create an image
(bitmap) for each color and apply the texture in each object with
their respective colors. In this way, VRML file has textures with
the same colors of the objects, what does not change anything in
his appearence, just makes possible a correct conversion to MD3 in
the next step.

In the last step of conversion, 3DStudioMax is used to import and
convert the already treated VRML file generated by DMU into a
MD3 file. In this point the model can be simulated in the CAVE
Quake. This conversion may take several minutes depending on the
size and number of frames on the model.

Visualization: The stage of visualization and interactivity is ac-
complished by a game engine. We have used the Quake III game
engine [Rajlich 2008] to solve the rendering, multiprojection and
interactivity aspects. It is composed by some part of the game core,
multiprojection code from FreeVR [Sherman 2008] and GtkRadi-
ant [GtkRadiant 2008] sceneries editor, as shown at figure 2.

GtkRadiant
scenery editor

Virtual Scenery

Game Code

FreeVR
+

Rendering
Engine

Cave Quake

Figure 2: Modular structure of a Game Engine

The Quake Game Engine represents the virtual scenery using bi-
nary space partitioning (also known as BSP tree) structure for the
surrounding ambient and MD3 structure for representing the mod-
els within this ambient. Each model may have its general attributes,
which are passed as flags inside the MD3 structure, and its particu-
lar attributes, which are passed in each reference to MD3 structure,
in the BSP. This allows easy customization. All the game rendering
process is done using the cross-plataform graphical API OpenGL.
The engine chooses what should be drawn, by looking in the BSP
structure, and sends it to OpenGL. The collision detection is also
done by the game engine.

The multiprojection visualization code is all done by FreeVR, an
open-source virtual reality interface/integration library. It has been
designed to work with a wide variety of input and output hardware,
with many device interfaces such as gloves and head-mounted dis-
play (HMD). The library allows n-walls multiprojection and the
adjustment of each projection wall, in accordance with the CAVE
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morphology. The necessary modifications to create projections out
of the axis are read as parameters from a configuration file.

GtkRadiant is the most used Quake scenery editor. It allows to ap-
ply and modify the outputs of Quake, such as illumination, texture
and interactivity of components/objects. This editor can import files
in some formats such as static models ASE and MAP and animated
models in MD3.

4 CASE STUDY

The proposed methodology was validated in a case study on Ship-
building and Offshore Industry, as described below.

As tipical large industrial conglomerates, the Shipbuilding and Off-
shore Industries use DMU technologies. DELMIA, CATIA, EN-
OVIA, QUEST and PROCESS ENGINEER are important toolsets
for Product Life-cycle Management (PLM). For instance, DELMIA
[Systemes 2008] is widely used in aerospace and shipbuilding in-
dustries and allows to optimize the factory layout; to determine
and validate assembly sequences and ergonomics aspects; and to
make possible global analysis and 3D simulation. QUEST presents
a large set of resourses that includes analysis and simulation of re-
sourses and process flow; layout analysis; etc. However, the 3D
sceneries created by all these systems cannot be directly visualized
in a multiprojection way.

Thus, starting from CAD plants of ships and plataforms, as well
as from digital model of a shipyard, in this case generated on
DELMIA and QUEST [Systemes 2008], bellow we show the per-
formance of the engineering solution proposed.

Adopting the stages presented in section 3, it is pointed out the
details used in the case study.

Modeling Stage. In the modeling stage, the different CAD projects
were integrated in a 3D virtual scenery. We have tested three differ-
ent complexities sceneries, called Modeli, Model, and Models,
with the characteristics showed in table 1.

Model Vertexes | Triangles | Storage (Kb)
Modely | 81,720 53,796 11,033
Modely | 62,372 55,794 6,958
Models | 76,972 61,266 21,991

Table 1: Complexity of the models

Conversion Stage. Starting from the VRML exported sceneries
it is achieved the models complexity reduction, in order to reach a
good visual quality and to control the number of polygons. For this,
as above, it is used Vizup. Different percentages of reduction were
applied. Table 2 shows the reduced models of M odel;.

With a reduction rate of up to 50 percent it was still possible to
identify the model, but with loss of details. The ideal reduction rate
for M odel, was around 44 percent.

Reduction (%) Vertexes | Triangles | Storage (Kb)
50 60,202 26,898 10,254
48 61,277 27,973 10,305
46 62,349 29,049 10,354
44 63,425 30,125 10,402

Table 2: Complexity of the reduced models of M odely

The Models and the Models had presented the best parameters
shown in table 3, after apropriated reduction.

From the tables we can conclude that the reduction is really efficient
for complex models with large amount of information. In models
where the complexity is smaller it is not possible to apply high re-
duction rates. Due to simplicity already existing in small models,
high reduction rates produce loss of quality at visualization process.

Once the models are converted into a reduced VRML file, some of
their components attributes are manipulated through 3DStudioMax.
The animated components are separated from the static components
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and the texture characteristics should be individually observed in
order to verify the quality acquired from CAD models, and then
possibly improved.

Visualization Stage. After modeling and conversion, the obtained
scenery can be visualized in a multiprojection way. The method-
ology proposed allows projections among n screens. It was used a
V-CAVE with two walls (see figure 3) to validate the proposal. Also
different sceneries description formats, other than VRML, may be
used as input of the system, reassuring its portability. The multi-
projection system implemented by CaveQuake was shown efficient
and simple. Just some adjustments must be done in the configu-
ration parameters so that the correct projections in a V-CAVE can
be obtained. Rendering rates were measured with the three models
and all of they were around 100 fps.

In order to verify scalability of the proposal, the rendering rates
were tested with four walls of projection. One more graphic card
with two outputs was used and the rates of rendering remained at
the same level.

Testing related to geographic distribution have been released, con-
sidering it is a feature of Quake duly established.

Some other issues were tested. For example, the CaveQuake obsta-
cles treatment, that was showed adequate.

A picture of the V-CAVE used for the experiments can be observed
in the figure 4.

Model Reduction(%) | Vertexes | Triangles | Storage (Kb)
Modela | 49 46,739 28,461 6,197
Models | 58 53,882 25,731 20,954

Table 3: Complexity of the reduced models of M odels and M odels

Projection screen

- | Projector 2

. Better visualization
point

Projector 1

Projection screen

Figure 3: CAVE Layout (V-CAVE)

5 CONCLUSION

Digital manufacturing technologies are being used in many indus-
trial production process. It is specially adopted on modeling and
simulation of the manufacturing processes in large industrial con-
glomerates. Although the visualization of CAD projects is already
a practice in these contexts, the use of advanced 3D immersive in-
terfaces using VR resources is still a challenge.

In this work we have proposed a methodology to support collabo-
rative multiprojection visualization of manufacturing processes.

It was proposed to start with dynamic plants obtained from scenery
models supplied by DMU tools. After identifying the limitations,
restrictions and needs associated with the visualization problem, a
group of procedures that enables the projections in n walls, with
immersive features and VR resources, integrating different existing
tools, was proposed.
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Figure 4: Multiprojection visualization of scenery in V-CAVE.

The engineering solution was validated in an actual application as-
sociated with the naval and offshore industry. Sceneries related to
the plants of shipyards, ships and platforms were modeled, con-
verted and visualized in centralized and collaborative environments.

The accomplished conversions and the use of Quake III game en-
gine were proved efficient, concerning the scalability, heterogene-
ity, portability, rendering and multiprojection issues.

The complexity reduction along the conversions allowed the use of
VR resources in real time visualization.

The proposed methodology can be applied directly in the plant by
naval technicians with no need for specialized programming knowl-
edge.

The solution using Quake III game engine is a significant low cost
implementation solution.

As future perspectives, it is necessary to improve and expand the
automation level associated with some stages of the methodology,
such as the convertion and translation stages.

As a future work, it is necessary to obtain solutions for supporting a
better interoperability between models (ontology), perhaps in phase
with STEP standard [ISO10303 1994].

Finally, it must be improved some interactivity aspects as inclusion
of mixed reality resources to Quake, enabling the visualization of
either workers or machines, in real or virtual way, and their interac-
tion.
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Figure 1: Some images of our massive procedural world. Although quite simple, the entire scene has about 8 terabytes.

Abstract

In this paper, we propose a new procedural modeling paradigm
called Parallel Lazy Amplification. This paradigm may be under-
stood as a combination between two traditional techniques of pro-
cedural modeling: data amplification and lazy evaluation. Data
amplification consists in pre-synthesizing the whole geometry be-
fore viewing. Alternatively, in the lazy evaluation paradigm, the
geometry is generated only when it is needed. The central idea of
the paradigm that we propose is to pre-synthesize the geometry that
will be potentially seen in the near future and keep it on a cache. A
visibility prefetching algorithm determines which models should be
generated and which will be discarded. The generation of models is
done in parallel with the visualization, without interrupting the sys-
tem. We implemented a prototype of this paradigm and some initial
experiments with a procedural scene of about 8 terabytes showed
the feasibility of this new paradigm, especially when performed on
multi-core architectures.

Keywords: procedural modeling, geometry management, real-
time rendering, parallel computing.
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1 Introduction

Procedural modeling is an research field in Computer Graphics that
includes a number of alternatives to traditional geometric modeling.
In this approach, the geometry is specified by a set of parameters
and a procedure (algorithm) that creates a model from these de-
scriptions. Some of the main motivations in this area have been the
challenge of representing algorithmically the complexity of the ob-
jects in the real world both in terms of their form and their behavior.
As examples of objects in that class we can mention terrains, vege-
tation, gases, liquids, fire, architectural buildings, cities and planets
[Ebert et al. 2002].

The use of procedural modeling can greatly reduce the modeling
time of massive and complex scenes. The use of these techniques
is becoming increasingly common mainly in the entertainment in-
dustry. For example, procedural modeling techniques have been
applied successfully in the movie industry [White 2006].

In computer games, procedural techniques were largely explored in
the past. By that time, memory limitations imposed severe restric-
tions on storage and the use of procedural techniques was a creative
way to solve these problems. Some examples includes the game
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Elite, originally published for the former BBC Micro in 1984, and
The Sentinel, a game published for the Commodore 64 in 1986.

With the modernization and the increase of available memory on
computers and video-game consoles, the use of these techniques
have been somewhat neglected by the game industry and have not
been much used in the top games in the past years. Recently, with
the great level of details that the games are presenting today, pro-
cedural techniques are becoming more popular again. If before
the restriction was the hardware, now the limitation is the grow-
ing demand for artists. The relationship of artists by programmer is
growing with each new generation of games. Currently, the game
studios employ two to three artists per programmer. Thus, procedu-
ral modeling help reducing the need for artists generating scenarios
automatically.

Another inspiration for this work is the Demoscene [Tasajérvi
et al. 2004; Demoscene.info ], a digital art subculture that produces
audio-visual applications in real time, called Demos. This culture
has emerged between users of old platforms, such as Apple II, Com-
modore 64, ZX Spectrum and Commodore Amiga. The Demos are
applications whose executable code is generally composed of only
a few kilobytes. The most common categories are 4 Kb and 64
Kb. They usually do not use any kind of external file, as models,
pictures, music and sound. All resources are compressed or syn-
thesized. The Demos are undoubtedly a form of digital art amazing
and unique.

Procedural modeling brings at least two major challenges for re-
search in computer graphics. The first challenge is to create proce-
dures and algorithms that synthesize complex and realistic objects
and textures. The second challenge is to manage the large amounts
of data that are generated by procedural models. This second chal-
lenge is relatively less studied and is the main focus of this paper.

In a home PC today, a single procedural model of a terrain, a tree,
or a building is easily generated and rendered in real-time. But to
generate and visualize a massive procedural model in real-time, as
a huge forest, a large urban center, or even an entire planet, more
elaborate techniques and tools are required. In these scenarios, the
amount of geometry can easily extrapolate the available main mem-
ory.

Basically, there are two main techniques for data generation: data
amplification and lazy evaluation (these paradigms will be detailed
in the section 3.3). Data amplification consists in pre-synthesizing
the whole geometry before viewing while lazy evaluation paradigm
generates the models only when they are needed. Lazy evaluation
works well for offline rendering. However, to generate all the ge-
ometry of each frame in real-time becomes practically impossible.
In the other hand, data amplification pre-generates all the geometry
and is feasible to be displayed in real-time. But it applies only to
models that fit in the main memory.
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In this paper, we propose a paradigm that combine data amplifica-
tion and lazy evaluation. The main idea is to generate the geometry
on demand but, differently from lazy evaluation, when the geome-
try is generated, it will be kept in a cache to be used in subsequent
frames. As with data amplification, we have a pre-processing time
for building the cache before the beginning of visualization. During
the visualization, the system determines which models or parts of it
will be seen in the near future and which are already out of context.
The models that have low priority of been viewed are discarded,
and those who are potentially in the field of view are generated in
parallel with the visualization, without interrupting user interaction
with the system. We called this new paradigm Parallel Lazy Ampli-
fication.

The rest of this paper is organized as follows. In Section 2, we dis-
cuss some of the main works related to this paper. In Section 3,
we do a quick review of basic concepts that are used in the text.
The Parallel Lazy Amplification paradigm proposed in this paper is
presented in Section 4. Section 5 gives an overview of the graphics
engine implemented for the experiments. In section 6, we present
and discuss the experimental results obtained. Finally, our conclu-
sions and future work are show in Section 7.

2 Related Work

Procedural techniques have been used throughout the computer
graphics history. Many researchers have developed their own pro-
cedures to simulate materials, objects and natural phenomena. One
of the first procedural techniques used in the graphics community
were fractals. Musgrave et al. [1989] describes a model for the
synthesis of eroded terrains based on fractals. Later, he described
procedural models of a whole planet [Musgrave 1999]. This work
was the basis for MojoWorld software[MojoWorld ] that was origi-
nally created by Ken Musgrave.

Another procedural modeling technique is called L-Systems, which
was originally proposed by Lindenmayer [1968] to model the devel-
opment of filamentous bodies in a work of theoretical biology. As
will be explained later, L-Systems are quite similar to formal gram-
mars used in compilers. The pioneer work in the use of L-Systems
in computer graphics is Prusinkiewicz [1986]. The use of this tech-
nique is very powerful for the procedural modeling of plants and
vegetation, as described in Prusinkiewicz and Lindenmayer [1990]
and Deussen et al. [1998]. Inspired by the work of Prusinkiewicz,
some authors developed an extension of L-Systems for procedu-
ral modeling of cities and buildings called CGA shape [Parish and
Miiller 2001; Miiller et al. 2006; Miiller et al. 2007]. Like the L-
Systems, these techniques are similar to a formal grammar.

Another extension was proposed in [Lluch et al. 2003] to generate
procedural models of plants and trees with multi-resolution infor-
mation embedded in the model. This representation is more ap-
propriate and does not fail in preserving the visual structure of the
model, as normally occur with the use of a geometry simplification
algorithm.

In an attempt to integrate the characteristics of different procedural
modeling systems, Gangster and Klein [2007] presents a new kind
of visual language in a single modeling environment. The system
shows results of procedural models consisting of buildings, plants
and terrains, without the need of external tools.

In the area of representation and management of procedural geom-
etry, Hart [2002] shows how the scene graphs can be used for that
purpose. The work presents the paradigms data amplification and
lazy evaluation. It also described the Procedural Geometric Instanc-
ing technique, which follows the lazy-evaluation paradigm.

Researchers have studied the problem of rendering complex mod-
els at interactive frame rates for many years. Clark [1976] pro-
posed many of the techniques for rendering complex models used
today, including the use of hierarchical spatial data structures, level-
of-detail (LOD) management, hierarchical view-frustum and oc-
clusion culling, and working-set management (geometry caching).
Garlick et al. [1990] presented the idea of exploiting multiproces-
sor graphics workstations to overlap visibility computations with
rendering.
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Figure 2: Example of a scene graph: below is a description of a
hierarchical scene and above we have the same scene rendered.

Correa [2004] introduced a system for interactive viewing of large
datasets. The system uses new techniques for out-of-core visualiza-
tion of models larger than main memory. In a pre-processing phase,
a hierarchical decomposition of the model is built using a octree, the
coefficients used to test visibility are calculated, and levels of detail
are determined. In run time, multiple threads are used to override
calculations of visibility, managing cache and rendering.

Out-of-core visualization techniques could be used with data am-
plification to avoid the size limitations of the main memory. But
with this approach the model should be fully generated on disk and
pre-processed before viewing. In addition to the generation and
pre-processing time, this method would demand extra storage space
in disc, which can become a problem for massive multi-terabyte
scenes. Pre-generate all the geometry is also less flexible, because
the whole model would be completely static. As mentioned, the
approach proposed in this paper try to overcome these problems
combining Lazy Evaluation and Data Amplification.

3 Basic Concepts

3.1 Scene Graphs

Scene graphs are data structures that are much discussed and re-
searched in computer graphics field. Basically, a scene graph is a
spatially consistent data structure, which is used for the representa-
tion of three-dimensional virtual environments in computer graph-
ics applications, including procedural modeling. Examples of these
structures include bounding volume hierarchies, octrees and grids.
Dollner and Hinrichs [2000] present a detailed discussion of scene
graphs.

A scene graph is a directed acyclic graph. Each node has a set of at-
tributes that may or may not influence its children nodes. The nodes
are organized in a hierarchical fashion corresponding semantically
and spatially to the modeling scene.

All scene graph nodes have an attribute called bounding volume.
This attribute is a simple volume, usually a box or a sphere, which
includes the geometry of all of its children nodes. The bounding
volume is used for fast computations of approximate intersection
tests of the node with other objects. Intersection tests are mainly
used to determine visibility and collision. Figure 2 [OpenSG ] il-
lustrates the scene graph concepts.
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3.2 Bounding Volumes

The bounding volumes for procedural models can be static or dy-
namic. A static bounding volume involves all possible geometries
synthesized by the procedural model. In other words, a dynamic
bouding volume is designed to fit tightly each particular instance of
the procedural model. Dynamic bounding volumes are more effi-
cient than static bounding volumes, but they are much more diffi-
cult to plan. Dynamic bounding volumes need to be computed at
instantiation time.

All procedural models should provide a method for bounding vol-
ume estimation from its parameters. Depending on the procedural
model, the bounding volume computation can be very simple or
very hard. Heuristics to determine the bounding volume should
be developed when computing the optimal bounding volume is not
feasible.

3.3 Procedural Modeling Paradigms

Virtually all interactive graphics systems follow the same pattern of
rendering pipeline, with three conceptual stages: application, ge-
ometry, and rasterization. The user articulates a conceptual model
to the modeler. The modeler interprets the articulation and converts
it into an intermediate representation suitable for rendering by the
renderer.

The synthesis of procedural models follows the same data flow. But
the way the intermediate representation is generated can follow two
different paradigms: data amplification and lazy evaluation [Hart
2002].
3.3.1 Data Amplification

Models that follow the data amplification paradigm synthesize
some sort of intermediary geometric representation. This interme-
diary representation is generally a description consisting of trian-
gles, polygons or other primitives. Smith [1984] coined the term
data amplification to explain how procedural models transform a
small amount of data in models with rich details and described by
a large amounts of geometry.

The intermediate representation of a complex scene can become
very large. For example, a very simple procedural model of a tree,
described by only a few floating-point numbers, when evaluated
produces a few thousand triangles. A huge forest can easily extrap-
olates main memory limitations. Data amplification causes data ex-
plosion due to the fact that the procedural model is converted into
a geometric representation to be rendered. Figure 3 [Hart 2002]
illustrates the data amplification paradigm.

Modeler
User - Renderer

Figure 3: Diagram that shows the data amplification paradigm.

3.3.2 Lazy Evaluation

Lazy evaluation avoids the intermediate representation problems
that we have with data amplification. The geometry synthesis pro-
cedure is performed only when necessary. Procedural models de-
mand a large processing time, then to generate all the geometry
each frame in real-time applications is practically impossible. Lazy
evaluation keeps a dialogue between the Renderer and the Modeler,
as illustrated in Figure 4 [Hart 2002].

Scene graphs also support lazy evaluation for procedural models.
For example, the system can generate a bounding volume for a
procedural model and perform a test to determine if the geome-
try contained therein is necessary to render the scene. If the test is
negative, the system does not generates the procedural model. The
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heuristic here is to determine the bounding volume without actually
performing the procedure for the model generation.

Modeler Renderer

(server) (client)

Coordinates

[Geomety>

Figure 4: Diagram that shows the lazy evaluation paradigm.

3.4 \Visibility Prefetching Algorithms

In the proposed paradigm, visibility prefetching algorithms will be
used to determine which models, or parts of them should be gener-
ated on demand. Visibility prefetching algorithms can be based on
the viewpoint of the observer and the bounding volumes [Corréa
et al. 2003]. In out-of-core rendering, the system uses the algorithm
to determine the geometry most likely to be seen in the near future,
which are read from disk and kept in a cache.

One difference between a out-of-core visualization system and pro-
cedural approach, is that in out-of-core visualization we have the
whole model a priori. In a pre-processing stage the model is di-
vided in a top-down fashion. In the procedural modeling, the model
is generated at runtime. Then the partitioning can be built bottom-
up in the model generation.

4 Parallel Lazy Amplification

The main idea of the Parallel Lazy Amplification proposed in this
paper is to combine the paradigms of data amplification and lazy
evaluation. During the visualization process, the system estimates
a set of potentially visible models that will be seen in the near fu-
ture. Similar to lazy evaluation, the geometry is generated on de-
mand and also in parallel with the visualization. But not only the
visible geometry is generated. As with data amplification, parts of
the scene are pre-generated and maintained in a cache of geometry
to be used in the following frames.

Figure 5 illustrates the Parallel Lazy Amplification paradigm using
the same symbolic notation of Hart [2002]. When the Renderer
needs of a certain model, it makes a request to the Cache. To try
to ensure that the geometry will be available when requested, the
Cache uses a visibility prefetching algorithm. When the algorithm
determines that a procedural model should be present in the Cache,
it makes a request to the Synthesis Manager. The Synthesis Man-
ager task is to manage and load-balancing the Modelers, which are
responsible for the generation of models. So far, the prototype im-
plemented uses only one Modeler and the Synthesis Manager uses a
First-In First-Out (FIFO) policy. When more Modelers are present,
FIFO may not the ideal algorithm because it can generate load un-
balance. For example, supose a particular situation when we have
10 models to generate and two modelers. If the fisrt and sixth mod-
els takes 0.4 seconds to generate each model, and the other eigth
models takes 0.1 seconds each, one good strategy is one modeler
generate the fisrt and sixth models and the second modeler generate
the other eigth models. In Section 6, we will discuss a strategy for
a better distribution of processing between the Modelers.

The visibility prefetching algorithm used in our approach is the
Prioritized-Layered Projection (PLP) [Klosowski and Silva 2000].
PLP is a visibility test algorithm that needs very little processing.
The PLP can be understood as the traditional hierarchical frustum
culling algorithm, used to discard models outside the field of view.
In the frustum culling algorithm, the scene graph is traversed in a
depth first order, from the root node to the leaves. If a node is out-
side the field of view, the node and all its children are discarded.
In the PLP, the leaf nodes are kept in a priority queue called front.
When a node in the front is visited, it is added to a set of visible
nodes. Then, the node is removed from the front and all its neigh-
bors that have not yet been visited are added to the front. PLP
requires that each node of the scene graph refers not only to their
children but also all to its neighbors.
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Figure 5: Diagram that shows the parallel lazy amplification paradigm.

The key point in the PLP implementation is the heuristic that deter-
mines priorities for each node. Klosowski and Silva [2000] presents
several heuristics to compute the initial solidity of a node and ac-
cumulates it in a certain direction. The solidity of a node is an
estimate of how much he occludes an object behind himself. The
heuristic that we use was proposed by Correa et al. [2002]. This is
a very simple heuristic to determine priorities for nodes. The node
containing the camera receives priority -1, its neighbours receive
priority -2, the neighbours of neighbours receive priority -3, and so
on.

5 Implementation Details

To implement and test the paradigm described in this paper we de-
veloped a game engine (PSYGEN) that supports different procedu-
ral models. This section presents an overview of this engine and
the models that have been implemented. It is important to clarify
that it is not the objective of this paper to discuss the architecture
of a game engine as the PSYGEN. We will only show some details
related to procedural modeling employed by the system.

5.1 PSYGEN

PSYGEN (Procedural Synthesis Graphics Engine) is a graphics
engine that allows the implementation and visualization of differ-
ent procedural modeling algorithms and implements various tech-
niques for real-time rendering. It is composed of several modules
that abstracts and facilitates the implementation of procedural mod-
eling algorithms. Figure 6 shows a UML diagram with the organi-
zation of the prototype that we implemented.

o Renderer: the renderer provides an abstract interface that en-
capsulates hardware calls and the graphics API. At the present
time, PSYGEN has only an implementation of a renderer us-
ing OpenGL.

e Cache: is responsible for memory managing of the system,
maintaining a collection of models and objects potentially
seen by the observer. The cache determines which models
should be generated, based on PLP algorithm. The cache
should also discard geometry with low priority.

e SynthesisManager: is responsible for the generation of mod-
els. SynthesisManager runs in parallel with the renderer, al-
lowing the generation of models without interrupting the in-
teractive visualization. In the implemented prototype, the
Synthesis Manager also plays the role of Modeler. This Man-
ager was implemented using pthreads.

e SceneNode: the main structure of the system of data visu-
alization of PSYGEN is a scene graph. SceneNode abstract
class is the base of all of scene graph nodes. A SceneNode
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Figure 6: UML diagram of the main classes involved in the PSY-
GEN’s procedural modeling system.

can reference zero or more Shapes, which share the same ren-
der state encapsulated by SceneNode.

e ProceduralModel: provides an abstract interface to procedu-
ral models supported by the system. Some examples of pro-
cedural models in PSYGEN implemented so far include trees,
terrains and rocks.

e Shape: all models and geometry of the system derives from
abstract class Shape, for example, the classes TriMesh and
Heightfield. These are concrete classes that implement the
methods of Shape.

5.2 Procedural Models

In this section we presented the three procedural models in PSY-
GEN implemented so far (rock, terrain and tree) and briefly discuss
the asymptotic growth of the algorithms for model generation. Fig-
ure 7 shows an image of PSYGEN with the three procedural models
implemented.
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Figure 7: A view of our simple procedural world. This image shows
the three procedural models that we implemented: trees, rocks and
terrains.

5.2.1 Rock

The procedural model of a rock implemented in PSYGEN is a
variation of a classic technique know as midpoint displacement or
plasma fractal. The difference is that the rock algorithm starts with
a tetrahedron and the classic algorithm is done on a plane. Each
triangle in the tetrahedron is divided into four new triangles, so that
new points are the average points of initial edges of the triangle.
After the subdivision, the new corners are disturbed in the direction
of the surface normal at the point in question. The parameters of
the rock procedural model are:

e Seed: Seed to the pseudo-random number generator.

e Subdivisions: Number of divisions in which the original
mesh will be divided.

Radius: Average radius of the rock.

Amplitude: Disturbance factor in the radius of each iteration.
e Decay: Decay factor of the amplitude of each iteration.

The parameter that dominates the generation time is the number of
subdivisions. If n is the number of subdivisions and c is a constant
that depends on the processor used, the time complexity of rock
model is given by:

T(n)=cn4"" 1)
5.2.2 Terrain

Terrain is probably the most popular procedural model in literature.
The PSYGEN terrain procedural model is an implementation of the
Ridged Multifractal Algorithm described in Ebert et al. [2002]. The
Ridged Multifractal parameters are:

e Seed: Seed to the pseudo-random number generator.

Heighmap Size: Size of terrain block.

e Height: Determine the largest possible fractal dimension.

e Lacunarity: Gap between successive frequencies.

e Octaves: Number of frequencies in the multifractal..

e Offset: Factor that determines the multifractal characteristic.

The parameters that influence the generation time are the heightmap
size and the octaves. If n is the heightmap size and m is the octaves,
the time complexity of terrain generation algorithm is given by:

T(n,m) =cmn® 2)

As the octaves does not change for a particular terrain, we can also
describe the time complexity in a simplified form:
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T(n) =cn® 3)

As the terrain is virtually infinite, it should be built in blocks. We
use block sizes of 64 and 9 octaves in our prototype.

5.2.3 Tree

Procedural models of trees are usually implemented using L-
Systems [Prusinkiewicz and Lindenmayer 1990]. L-Systems are
quite similar to formal grammars used in compilers. From an initial
symbol of a particular L-System, the model is derived by a number
of iterations. The derivation tree (data structure) represents struc-
turally the model (object tree). The parameters of L-System that we
implemented are:

e Seed: Seed to the pseudo-random number generator.

e Iterations: Number of iterations that will determine the tree
height.

e Branches: Average number of ramifications. The algorithm
select a random value between branches-2 and branches+2.

e Size: Size of the first branch.
e Radius: Radius of the first branch (trunk).

If n is the number of iterations and m is the average number of
branches by iteration, the time complexity of tree generation algo-
rithm is given by:

T(n,m) =cm" )

6 Experimental Results

We performed a set of initial tests and experiments for an prelimi-
nary analysis of the proposed paradigm and the impact of the gener-
ation of models in parallel with the visualization. To do this we de-
fined a procedural world made of a large terrain divided into blocks.
Each block has width 64 vertices, totaling 7,938 triangles per ter-
rain block. For each block, 23 trees were distributed with 3 to 5
iterations and 2 to 4 branches by iteration, and also 40 rocks with 2
subdivisions. Whereas each tree has on average 5,000 triangles and
each rock is accurate 64 triangles, each block has about 125,000 tri-
angles. The total size of the world was set to 512x512 blocks. That
totals approximately 32,768,000,000 triangles throughout the vir-
tual world. As each triangle has information as its vertices, normal
vectors, coordinates of texture and other values (about 256 bytes),
the estimated total size of the world procedural hold about § ter-
abytes, if it were entirely generated. That means even to limitations
of secondary memory (disk) if we deemed current reality of home
PCs.

To the first battery of tests, we established a path through which
the camera flies in the virtual world. During the camera walk, a
log was generated with the measurements of the framerate for each
frame along the walk. The experiments were performed on two
different computer configurations:

1. AMD Athlon 64 3400+ processor, 1 GB of RAM and a ATI
Radeon X800 XT Platinum Edition GPU running Ubuntu
Linux 8.04.

2. Intel Core 2 Duo T8300 2.4 GHz, 2 GB of RAM and a
NVIDIA GeForce 8600 GT GPU running Mac OS X 10.5.3.

Figure 8(a) shows the results for the first configuration. The result
clearly shows that when the generation takes place in parallel with
visualization, the framerate drops sharply from about 25 frames per
second to less than 15. Though not interrupting the process of in-
teractive visualization, we can clearly see the performance drop.

The same experiment was performed in a dual-core processor (con-
figuration 2). Figure 8(b) shows the results of this second experi-
ment. We can see that when the generation occurs in a multicore
processor, the framerate does not drop as in a single core processor.
To confirm this assertion, we carried out a third experiment with a
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configuration similar to the second test. However, this time one of
processor cores was off and the test was conducted with only one
core asset. The results are shown in Figure 8(c).

The results of this first battery of tests confirms our hypothesis that
when the parallel generation is done in multicore architectures, we
do not have major impacts on the framerate of the system.

A second battery of tests was performed to confirm the complex-
ity analysis presented at the Section 5.2. For this we measured the
generation time of each model for a given set of parameters. These
data were used to carry out a curve fitting with their respective com-
plexity functions of each model. The experiments were performed
using the first computer configuration. Figure 9 shows the results.

Analyzing the results, we observed that the time complexity of gen-
eration algorithms reflects well the generation time. Thus, the sys-
tem can calculate the constants for each complexity function in the
startup. Once constants are computed, the complexity function pro-
vides a reasonable estimate of the generation time for a given pro-
cedural model. The generation time is a essetial information to have
a better load balancing, as we have shown in Section 4.

7 Conclusions and Future Work

This article proposed a new procedural modeling paradigm called
Parallel Lazy Amplification. In a comparative analysis of parallel
lazy amplification with lazy evaluation and data amplification, we
can see that parallel lazy amplification can manage large amounts
of data that can not be hold by data amplification. We also noticed
that lazy evaluation generates all the procedural models whenever
they are seen and has no memory management. In a simple situa-
tion where the camera is spinning around its axis would do the same
models are generated and discarded in a cycle. As the generation
of procedural models may require great processing time, this can
cause models not shown correctly, models popping in screen and
other problems that makes the use of lazy evaluation in real-time
impracticable. we believed that we showed the feasibility of the
proposed paradigm for the generation and display of massive pro-
cedural models in real-time, testing with a very simple procedural
world, but that hold terabytes of data if it were entirely generated.
The tests also showed that the paradigm is suitable for multicore ar-
chitectures. Tests done in a dual-core processor showed a minimal
impact on the framerate.

The generation time of each procedural model was also analyzed.
We showed that the asymptotic growth of algorithms for procedural
models provide a good estimate of the generation time. With this
estimative we can do a better schedule of models to be generated
by available processors and can get a better load balancing of the
system.

In a future work, we planned to use the asymptotic growth to de-
termine a good schedule policy for the Synthesis Manager. Other
future work includes an implementation with more than one Mod-
eler running on different threads, enabling the generation of more
than one model in parallel. We also plan a parallel distributed mem-
ory version of PSYGEN to run on visualization clusters. A multi-
thread version is more suited to the reality of home PCs. Dual-core
and quad-core processors are already common today. However, We
intended to analyze the efficiency and scalability of the system in
more than four CPUs, as well as the impact of parallelism in proce-
dural generation. In this scenario, the distributed memory version
will be more appropriate, allowing the execution of the system in
a visualization cluster with 32 CPUs, for example. Other features
planned to be implemented in the future include:

o Level-of-Detail (LoD) Management: As procedural mod-
els are multiresolution in nature, the system can generate the
model with various levels of detail.

o Geometry Shaders: The latest GPU generations has a new
type of shader called geometry shader. Unlike the vertex
shaders and pixel shaders, geometry shaders can create new
vertex during its evaluation. This new feature allows the gen-
eration of geometry directly into the GPU, allowing a more
compact intermediate representation of the model.
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e Mixing traditional models with procedural models: We
also have plan to develop tools and editors to integrate tradi-
tional models along procedural models, providing more con-
trol to the user in the desired points in the procedural world.
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Figure 8: Using a multi-core processor to improve frame rates. We measured the frame rates during a 27 seconds walkthrough of the
procedural world under three configurations: (a) using a single-core CPU; (b) using a dual-core CPU; (c) using the same dual-core machine
used in (b), but with one of the cores off.
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Figure 9: Asymptotic growth for the three procedural models analysed.
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Posicionamento de Cameras através de
Previsao das Simulacdes Fisicas
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Figura 1: Replay gerado através das técnica de reconhecimento de aces e previsio fisica.

Resumo

Nos ambientes virtuais 3D, a liberdade para o
posicionamento de cdmeras vém permitindo que as
aplicagdes utilizem técnicas de filmagem semelhantes
as usadas nas apresentaces cinematograficas. Porém,
com a existéncia de interatividade nesses ambientes,
ndo exisse uma seguéncia predeterminada de
acontecimentos que permita o0 posicionamento
dindmico ideal. Faz-se necessdria entdo a utilizacdo de
técnicas de reconhecimento e previsdo de aghes para se
posicionar a camera de forma satisfatéria. Este trabalho
apresenta uma solugdo para 0 posicionamento
automético de cameras baseada em técnicas de
reconhecimento e previsdo de agBes no ambiente
virtual interativo com base no estado da simulacio
fisica

Palavras-chave: cameras virtuais, previsdo de agdes,
cinematografia
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1. Introducéo

Com o advento da tecnologia para geracdo de graficos
3D, o conceito de uma camera virtua tem Sdo
indispensavel, estando initimamente ligado a outros
como objeto e ambiente 3D. Um objeto 3D existe em
um ambiente 3D e é preciso mostré-lo a0 mundo
exterior através de uma camera virtual.

Cémeras virtuais possuem algumas propriedades
préprias que as diferem das cAmeras do mundo real. A
principio elas sio desprovidas de atributos fisicos
como massa e volume, e podem ser posicionadas e
orientadas livremente pelo ambiente 3D, podendo
inclusive atravessar outros objetos. Além disso,
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cameras virtuais possuem um limite de visuaizagdo
bem definido, que dira ao processador quais objetos,
ou poligonos serdo exibidos.

Ao se manipular uma camera virtua sem se
considerar propriedades fisicas, obtem-se uma
apresentacdo de uma cena 3D um tanto quanto irreal e
estilizada. Com o objetivo de aproximar a simulagdo da
redidade, desenvolvedores e designers passaram a
modelar cadmeras virtuais com atributos fisicos,
permitindo assim que esta possuisse uma aceleracdo
guando se movimenta e levando em consideracdo
colisBes com outros objetos da cena.

Na cinematografia atual, a camera € um dos
principais elementos capazes de realcar 0 que se quer
mostrar, além de introduzir subjetividade a cena
dependendo do angulo de visualizacdo, do que esta
sendo focado e do tempo de tomada da cena [Martin
1985]. Com o passar do tempo, os desenvolvedores de
ambientes (jogos) 3D se inspiraram nas produgdes
cinematograficas para adicionar mais efeitos e emocao
as suas producgbes [Hawkins 2005]. Termos como
zoom e pan foram incorporados a interface de
movimentagdo da cémera virtual. De fato, a
programagdo de uma cdmera virtua vem se tornando
cada vez mais parecida com 0s comandos que um
operador de cdmera do mundo rea receberia, com
instrugbes de mais dto nive. A experiéncia da
indUstria do cinema explica e justifica o uso de cada
tipo de tomada de cdmera, constituindo assm uma
linguagem prépria, que também € aproveitada na
producdo de apresentacdes e jogos 3D.

No entanto, em aplicagdes 3D interativas, uma boa
utilizacdo de uma camera virtual € bastante dificultada
devido a imprevisibilidade dos acontecimentos. Em
aplicacbes com sequéncias pré-definidas, ja se sabe
exatamente o0 que vai acontecer com os elementos da
cena, e isso torna possivel o posicionamento e
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orientacdo ideais da clmera, de acordo com o0s
resultados desgados. Porém, quando ndo se sabe
previamente as transformacfes que podem acontecer
com os objetos do ambiente 3D, é necessario se utilizar
técnicas alternativas para a manipulacio da cAmera. E
preciso, principalmente, reconhecer as agles e
identificar os objetos relevantes para que a cena sga
transmitida de forma apropriada, ainda se considerando
a probabilidade da ocorréncia de algum outro evento.
Ap6s o reconhecimento das agBes no ambiente
interativo, 0 sistema precisa ainda escolher qud é a
mais relevante a cada instante, exibindo-a de forma
conveniente com a emocdo esperada. Para isso é
preciso escolher uma boa posicdo de camera, definir o
que sera focado e determinar o tempo da tomada.

Tendo escolhido uma agdo para ser filmada, uma
estratégia para posicionar a camera, de baixo custo
computacional, € se basear na smulagdo fisica,
prevendo o que ira acontecer nos proximos momentos
dentro do ambiente virtual. Para exemplificar o uso da
técnica foi desenvolvido um jogo, onde o usuario tem a
sua visdo de jogo, e apls sua jogada € exibido um
replay de toda a agdo, 0 que também representaria a
visdo de um tel espectador.

Neste trabalho, primeiramente sero discutidos os
trabalhos da comunidade cientifica relacionados ao
problema. Em seguida sero apresentados aguns
conceitos relevantes da aea de cinematografia,
seguidos pela estrutura de cémeras virtuais na
plataforma XNA (www. xna.com). Finamente sera
abordado o problema, as solugbes propostas e
resultados obtidos, explicando todas as parti cul aridades
do jogo produzido como exemplo.

2. Trabalhos Relacionados

Desde o surgimento da cinematografia, diversos
autores vém estudando novas técnicas para deixar as
producBes mais atraentes para o telespectador, e as
escolas de cinematografia também se multiplicaram.
Hoje existem boas publicagbes sobre as técnicas
cinematograficas, como o trabalho de Martin [1985],
além de websites especializados, como o Mnemocine
[2008]. Mais recentemente, as mesmas técnicas vém
sendo amplamente usadas em jogos, para aumentar a
imersdo do jogador no ambiente 3D. Além disso,
COMegou-Se a pensar na possibilidade de se exibir uma
partida de um jogo 3D exatamente como nas
transmissdes esportivas. O trabalho de Drucker [1994]
andisou a viabilidade dessa aplicagdo das técnicas
cinematograficas.

Existem diversos trabahos que visam facilitar o
problema de posicionar a cAmera no ambiente virtual.
Alguns deles utilizam uma DSL (Domain-Specific
Language — Linguagem Especifica de Dominio). Sao
extremamente Uteis por posicionar a camera através de
comandos de bem mais alto nivel do que as linguagens
de programagdo convencionais, porém tém a
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desvantagem de deixar o posicionamento das cameras
predefinido, apenas ativam uma camera ou outra
dependendo dos eventos que ocorrem no ambiente. Os
trabalhos de He et a. [1996] e Amerson & Kime
[20000 se bassiamn no uso de DSLs paa
posi cionamento dindmico de cAmeras.

Outros trabalhos, como os de Drucker [1994] e
Hermann & Celes [2005], posicionam a camera de
forma mais dindmica, sem a intervencéo do usuario.
Tém um ato apelo pela automatizacdo de tarefas, mas
oferecem um resultado cinematografico mais pobre se
comparado ao uso de DSLs. O sistema de Hermann e
Celes [2005] ainda divide o trabalho de posicionar a
camera em modulos roteirista, diretor e cinegrafista
Porém, no XNA, o médulo cinegrafista proposto por
eles se confunde com o proprio mecanismo de geracao
de imagens no XNA. Com isso, 0 moédulo diretor pode
dar a sua saida de dados diretamente para o shader da
aplicacdo. Este trabalho apresenta uma aplicagéo capaz
de reconhecer as agBes do ambiente e posicionar a
camera de tal forma que sgjam considerados os eventos
do ambiente virtual e a previsio dos proximos
acontecimentos, através de céculos fisicos e o
aproveitamento de informagdes passadas pela engine
do jogo.

3. Cinematografia

Cinematografia €é uma ciéncia que vem se
desenvolvendo ha muitas décadas, e criou com o tempo
0 gque chamamos de linguagem cinematografica. Essa
linguagem define um conjunto de regras para transmitir
ao espectador uma certa emocdo, dependendo da
organizagdo das tomadas. 1sso inclui posicionamento
da camera, iluminagdo, tempo dos cortes e
seqlienciamento das cenas. Por exemplo, em uma
filmagem de um didlogo, os posicionamentos e
trans ¢Bes de cAmera dizem que tipo de emogéo se quer
transmitir. No caso, a cAmera um pouco inclinada
(movimento conhecido como roll) pode enfatizar uma
desorientagdo do personagem ou um mistério na
narrativa [Hawkins 2005].

Devido a populaidade do cinema e ao
desenvolvimento da linguagem cinematogréfica, hoje
as pessoas acham essa forma de comunicacdo muito
natural. Quando aplicada de forma incorreta, porém,
pode deixar o telespectador confuso. As vezes a
intencdo do diretor em um certo momento pode ser
mesmo instaurar a confusdo, mas caso contrario, pode
trazer uma interpretacdo errada da cena ou da producdo
como um todo. O objetivo da cinematografia é deixar
as agbes mais coerentes ao telespectador, tornando sua
experiénciamais agradavel .

Posicionar uma camera real no ponto em que o
diretor gostaria pode envolver o uso de bracos
mecénicos, trilhos e outros  equipamentos
especializados [Martin 1985]. Dependendo do tempo e
do orcamento, pode acontecer que o diretor use uma
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posicdo diferente da ideal. Felizmente esse tipo de
problema ndo existe em ambientes 3D, mas mesmo
assim algumas questdes devem ser consideradas.
Dentro de um ambiente 3D é possivel posicionar e
mover a cAmera livremente. Mas vale lembrar que em
ambientes virtuais de tempo real um plangjamento das
cenas e dos aconteci mentos pode ser impossivel, e isso
pode acarretar alguns problemas. A existéncia de um
obstaculo entre a camera e o alvo pode representar um
problema dificil de detectar e de prevenir. Toda a
computacdo consumida para enquadrar o objeto na
tomada pode ter sdo em véo se existirem obstaculos
gue blogueiam a visdo. Deixar os obstaculos invisiveis
pode ser uma solucdo, mas pode se tornar uma
armadilha, pois afeta a consisténcia espacial da cena;
deve ser usado com cautela. Outro problema que pode
surgir é em relagdo a movimentagdo da cAmera. Se ela
passa por dentro de objetos, torna o ambiente irreal, e
conseglientemente incoerente para o tel espectador.

Nos games a cinematografia pode ser usada da
mesma forma que no cinema para as apresentacles e
passagens pré-definidas. Mas para 0 ambiente de jogo
€ preciso fazer algumas adaptacGes devido a sua
natureza mais dindmica e para ndo pregudicar a
jogabilidade. Hoje em dia os posicionamentos de
camera, definindo como sera a visdo do jogador, sdo
uma importante questdo de usabilidade a ser
considerada. Dependendo do grau de interatividade, os
conceitos cinematograficos podem ser suprimidos ou
adaptados em um certo grau. Por exemplo, nas
primeiras versdes do game Resident Evil
(wwv. r esi dent evi | . com), a cABmera era fixa mas
colocada em pontos que ja traziam alguma expectativa
de acdo ou dificuldade. Em outros jogos, como God of
War (wwv. godof war . com), a experiéncia
cinematografica se da através da movimentagdo da
camera seguindo uma trajetéria  pré-definida
dependendo da localizago do personagem principal no
cen&rio. Mas em jogos como Super Mario 64
(www. ni nt endods. cond snb4ds/ ), maximizou-se a
interatividade e a cinematografia foi um pouco
sacrificada. Neste jogo € possivel controlar a camera
livremente, além do personagem. A Figura 2 mostra os
jogos citados.

Figura 2: Cinematografia em jogos. (a) Resident Evil.
(b) God of War. (c) Super Mario 64
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Outra aplicacéo com alto apelo cinematografico é a
exibicdo dos acontecimentos do jogo para uma platéia,
em temporea. Neste caso, 0s conceitos da
cinematografia podem ser aplicados em totalidade,
visando mostar a acdo da forma mais atraente possivel.
Nota-se que as imagens geradas para o telespectador
s80 bem diferentes das exibidas para o jogador; com
€ssas imagens o jogo se torna impossivel. As questdes
gue aparecem sd0 O reconhecimento de agbes, a
escolhadamelhor agdo e a exibicéo.

4. Cameras Virtuais

A plaaforma XNA, lancada pela Microsoft ha
aproximadamente 2 anos, se tornou muito popular no
meio académico para producdo de jogos para Windows
e X-box 360, e a cada dia ganha mais adeptos ao redor
do mundo. Com o crescimento, surgiram diversos
websites especializados na ferramenta, oferecendo
desde tutoriais a classes e bibliotecas prontas. Existem
hoje diversos trabalhos demonstrando diversas técnicas
para implementacdo de cABmeras em XNA. Entre eles
destacam-se Riemers [2008] e Fegelein [2008], por
explicar todos os fundamentos mateméticos em se
tratando de manipulacdo de cdmeras em ambientes 3D.
Também surgiram muito bons livros sobre a
ferramenta, tais como a publicacdo de Nitschke [2007].

Como o publico-alvo do XNA sdo estudantes e
curiosos, sua prépria documentagcdo € repleta de
exemplos e ainda conta com explicagbes sobre os
fundamentos de processamento grafico e técnicas de

programagcao.

Utilizando-se a ferramenta XNA, para renderizar
uma cena € preciso uma colegdo de objetos 3D que
compdem a cena e um shader que € o responsavel por
desenha-la. Este shader toma uma configuracdo de
camera como parémetro. Normalmente, para desenhar
a cena corretamente, todo objeto 3D deve ser passado
ao shader usando a mesma configuragdo de camera.
Uma camera é composta por 2 elementos principais: as
matrizes 4x4 conhecidas como view e projection.
Ambas sdo processadas pelo shader na GPU. A matriz
view estabelece a orientacdo da camera; ela contém
informagBes como sua posi¢do, definida por um ponto
no espaco, o alvo, que é o ponto para onde a camera
aponta, e 0 vetor gue representa a orientacdo vertical
da cAmera. A matriz projection estabelece como a
camera projeta sua visdo para a tela; e contém
informagBes como a abertura focal, a relagdo entre
atura e largura da janela de exibicdo, e os limites (a
disténcia) do que a cAmera pode enxergar, conhecidos
como nearplane e farplane. Ser& efetivamente exibido
na tela tudo o que estiver dentro do volume definido
pela matriz projection, conforme a Figura 3.
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Figura 3: Frustumde visdo

E possivel adicionar outros atributos & camera
transformando-a em uma classe. Para que a camera
tenha propriedades fisicas, basta adicionar membros
como velocidade, massa e aceeracdo como atributos
da classe. Também podem-se adicionar propriedades e
métodos que facilitem seu uso, assim a manipul agéo de
camera seramais eficiente e versétil [Fegelein 2008].

O XNA fornece um método muito Util para a
manipulagdo de cameras, Vector3.Transform(). Ele
permite que um vetor sgja facilmente rotacionado no
espaco de acordo com o quatérnio ou matriz(de
rotagdio) passada como parametro. Com este método a
implementacdo de cAmeras em primeira pessoa ou de
cameras que tentam manter uma disténcia fixa dos seus
alvos é facilitada. O uso de quatérnios é recomendado
guando é preciso armazenar rotacles relativas ao
objeto; sdo muito mais eficientes que armazenar
rotagBes alinhadas com 0s eixos cartesianos [Riemers
2008]. Também sdo muito Utels para implementar
movimentos relativos da camera, tais como yaw, pitch
e roll. Esses movimentos sdo originarios da aviacao
mas gue s&0 muito usados em cinematografia. A Figura
4 ilustra o significado de cada um desses movimentos.

£

Yovaw

>

Pitch

Figura4: Yaw, pitch erall

Para usar a cAmera durante a programacdo do jogo,
depois de todos os calculos da | dgica da classe camera,
€ preciso informar ao shader as matrizes view e
projection. O XNA fornece formas para agilizar o
cdculo das matrizes view e projection, com 0s
métodos Matrix.Createl. ookAt() e
Matrix.CreatePerspectiveriel dOfView(),
respectivamente. Com isso, 0 programador SO precisa
SE preocupar em em passar 0S parametros Necessarios.
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5. 0 Jogo, o Ambiente e Fisica

Para ilustrar o0 uso da técnica de posicionamento de
cameras aproveitando resultados da simulacdo fisica do
ambiente, foi produzido um jogo em XNA chamado
Crystal Arena. Este jogo consiste em controlar uma
espagonave gque dedliza peo solo, coletando cristais
azuis e evitando crigtais vermelhos. O jogador tem uma
vista do tereno relativamente ampla, permitindo
visualizar os objetos que estdo na frente da nave. A
camera acompanha o movimento desta, mantendo uma
disténcia fixa. A nave tende a se mover continuamente
para a frente, e pode ser rotacionada em 90 graus para
a esguerda ou 90 graus para a direita, seguindo as
divisfes contidas no solo, que é quadriculado. Quando
a nave colide com uma bola branca, €la passa a se
movimentar na direcdo contraria. A Figura 5 mostra a
teladejogo.

a = o v A e i

"

Figura5: O jogo Crystal Arena

Uma fase de jogo é representada por uma matriz
32x32 contendo todos os elementos (cristais azuis,
cristais vermelhos, tesouros e bolas brancas) nas
intersecBes das linhas do cenério. O contelido da matriz
val sendo atualizado a medida que o jogo avanca, da
representa 0 que existe no momento. Por exemplo, se
um tesouro é coletado, o valor naguela posicdo da
matriz muda para indicar que agora contém um espago
vazio.

O jogador também pode fazer uso de uma jogada
especial, que consiste em, enquanto coletando cristais
azuis que vao se tornando vermelhaos, circundar um
grupo de crigais azuis com cristais vermelhos,
conforme a Figura 6. Ao concluir esta manobra, todos
0s cristais neste conjunto se transformam em tesouros.
Neste momento a matriz que representa a fase também
€ atualizada, localizando as posicbes da matriz que
representam aquele grupo de cristais, e mudando seus
val ores para que representem agora tesouros.

Quando o jogador perde uma vida ou passa de fase,
existe a opcdo de visudizar o replay de sua jogada.
Neste ponto a cAmera para de seguir a nave e entra no
modo cinematografico, onde os resultados da previsao
fisica no ambiente sdo aproveitados para posicionar a
camera. A nave volta a posicdo inicial e a smulagdo
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recomega, mas desta vez sem a intervengdo do usuério
para movimentar a nave.

111 COCVe
AN CeCO
IIIIII CeCOEe

g — CeCCEe

Figura6: Transformagéo de cristais em tesouros

Devido a simplificagdo nos movimentos, a nave sd
pode colidir com objetos de frente ou de costas, sempre
perpendicularmente, mas isso ndo inviabiliza os
calculos fisicos e a técnica utilizada. Um jogador
telespectador receberia as mesmas imagens que
aquelas produzidas no replay. Porém, em um replay, os
proximos estados do teclado, dos objetos ou do
ambiente sdo conhecidos. Este fato ndo deve ser
considerado nos algoritmos, para ndo prejudicar o
caréter de previsao.

5.1 Reconhecendo Ac¢des

Reconhecer as agles significa determinar corretamente
0 que esta ocorrendo no ambiente virtual no momento.
Em um jogo, acBes mais objetivas ou pontuais fazem
parte da propria engine do jogo ou fazem parte das
propriedades ou maquina de estados de alguma classe.
Neste caso, saber que uma agdo ocorreu torna-se uma
tarefa trivial. No jogo desenvolvido, os eventos que
fazem parte da sua | 6gica sio:

Inicio dafase

Nave se move para a frente ou paratras

Curva adireitaou aesquerda

Impacto com bola branca

Impacto com cristal azul, que se tornavermeho
Impacto com cristal vermelho, que destr6i a nave
Coleta detesouro

Concluséo de jogada especial

Abrir a saida quando acabam os cristais azuis
Alcancar a saida dafase

Tempo esgotado

As vezes uma modelagem de todas as agdes pode
ser muito dificil, devido a subjetividade de alguns
eventos. Computacionamente esses tipos de eventos
sdo mais dificels de reconhecer por causa da
necessidade de uma interpretacdo dos acontecimentos
ao longo do tempo. Para 0 dominio do jogo produzido,
s80 agles interessantes:

Nave comeca a cercar cristais azuis para jogada
especial

Fazer manobras complicadas em espacos
apertados

Se aproximar da saida

Chegar perto das extremidades dafase
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Nave se move em linhareta

Para reconhecer esses eventos pode ser desgavel a
utilizacdo de um agente que fique monitorando as
acles da nave e o estado da matriz da fase ao longo do
tempo, e que avise a0 sistema caso 0 padrdo de
movimento da nave e os objetos em volta formem um
padréo que se assemelhe com os eventos desejados.
Por exemplo, quando a nave fizer uma curva depois de
tocar 2 cristais azuis nas extremidades de uma &rea
prenchida por outros crigais azuis, entdo muito
provavelmente trata-se de uma jogada especial. Se o
jogador falha ao coletar os cristais necessérios para a
jogada especial, apenas 0 evento subjetivo “tentativa
de jogada especial” serd registrado; ndo existira,
porém, a ocorréncia do evento de jogo “conclusdo de
jogada especial”.

5.2 Previsao da Simulagao Fisica

A previsdo é usada para descobrir 0 que vai acontecer
nos proximos intantes. Como no ambiente virtual um
certo objeto pode estar sujeito a varias coisas, a
previsdo ajuda a determinar a probabilidade com que
um dado acontecimento pode ocorrer ou COmMo um
dado acontecimento pode se concluir.

A previsio dos acontecimentos do ambiente virtual
gjuda no reconhecimento de agdes subjetivas, e é
especialmente (til para posicionamento automatico de
cdmeras. Por exemplo, em um ambiente virtual onde
uma motocicleta salta por uma rampa, € possivel,
através de célculos de fisica, descobrir onde e como ela
val cair, tomando assim as devidas providéncias para
mostrar o fato da melhor forma possivel. Logicamente,
por meio da previsdo, seria possivel executar outros
processos tais como fazer o piloto sair da motocicleta
caso 0 salto se mostre desastroso. Previsdo fisica
também € til para fins de melhoria da inteligéncia
artificid. Por exemplo, na ldgica de um lutador
inteligente, que calcula seu proximo ataque de acordo
com o0 tempo restante para que Seu inimigo aterrisse
depois de um salto.

Para prever 0 que pode acontecer no ambiente
virtual podem-se usar vérios artificios, tais como
cdculos de fisica ou outros cdlculos, as vezes
agilizados pelas proprias estruturas de dados usadas no
sistema. Sempre € preciso considerar 0 que 0 objeto
tende a fazer (como gravidade e outras velocidades) e
0s objetos que estdo em volta, além de considerar
COMO O USU&rio ou outros componentes podem intervir
na cena. No jogo produzido, como a nave tende sempre
air para afrente, a probabilidade de colisio a frente se
torna maior conforme o tempo passa, ja que sempre
exigtird algo a frente para colidir. Com isso o sistema
estara cada vez mais preparado para filmar a colisdo,
gue pode eventualmente ndo acontecer, devido a
intervencdo do usuario. Também, para a jogada
especial, € muito provavel que o jogador consiga
conclui-la se ja coletou mas de ¥ dos cristais
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necessarios para tal; a camera estara preparada para
filmar ajogada bem-sucedida.

5.3 Posicionando a Camera

A partir das agBes que foram reconhecidas e pelas
inferéncias obtidas pela manipulacéo fisica, é possive
posicionar a cABmera e fazé-la se comportar segundo os
ensinamentos de cinematografia. Todos os dados
obtidos nas etapas anteriores seréo processados por um
agente diretor, que possui seu proprio estilo de
filmagem. Como resultado o agente diretor altera
diretamente as propriedades da classe camera, que
passa ao shader da aplicacdo a visualizacdo a ser
renderizada. A Figura 7 mostra um esquema de
funcionamento.

Entrada de Dados

= Erngins de logo

#

Racoahacimenta
da Acac

—

Fravisdao Fisica

Feosicionamento
da Camara

!
Rerderzazda
oa Cena

I
Figura 7: Processo de posicionamento de cAmera

Como mostrado na Figura 7, o posicionamento de
camera é resultado de todas as etapas anteriores. A
engine de jogo informa os eventos relativos a l6gica do
jogo ou as propriedades e maguinas de estados dos
objetos. Com base nessas informagdes, € possivel que
eventos subjetivos sejam reconhecidos, e que proximos
eventos sgjam previstos. Entdo o agente diretor pode
posicionar a camera de acordo com a linguagem
cinematografica utilizada, pois €le ja tem acesso a
todas as informagOes que ele necessita. Também existe
um fator de aleatoriedade na escolha da posicdo da
camera, para que 0 processo ndo se torne totalmente
deterministico. Dadas de uma a cinco posicdes
aceitaveis, uma é escolhida. Com isso o replay pode
ser visto diversas vezes, cada uma com uma
configuracdo de cAmera diferente. ApGs isso, a cena é
renderizada, e a partir dai 0 processo se repete até que
aconteca outro evento ou o0 agente diretor entenda que
agora existe uma mehor posicdo de camera
Finalmente, como o usuério tem o controle de parte do
ambiente virtual (0 personagem que ele controla),
outros eventos podem ocorrer devido a sua
intervencao.

Segundo Hawkins [2005], as principais questdes que
devem ser consideradas ao posicionar a camera no
ambiente virtual so:
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Enquadramento: Com o uso da plataforma XNA,
€ possivel definir o alvo da camera como sendo o
centro da nave, por exemplo, para fazer a cdmera
segui-la  automaticamente,  independente  da
posicdo da cAmera. Da mesma forma, pode-se
programar a cdmera parafocar em qualquer ponto
ou objeto do cenario. No entanto, enquadrar o
objeto de forma que ele figue muito grande ou
muito pegueno na cena tem seu impacto para o
telespectador. Métodos tradicionais consistem em
calcular arazdo entre a &rea da tela e a &ea da
projecdo da bounding box ou bounding sphere do
objeto focado. No ambiente virtua produzido,
como os tamanhos de todos os objetos ja so
conhecidos, para simplificar os cédlculos basta
afastar ou aproximar a camera em fatores ja
conhecidos.

Oclusdo: Em ambientes virtuais, pode ser muito
dificil detectar quando um objeto esta blogueando
a visdo. Méodos tradicionais compreendem
lancar raios até o alvo da camera e avaliar se 0s
raios interceptam algum outro objeto que esta
entre a cAmera e o avo. No jogo produzido,
porém, sabe-se que ndo existe nenhum objeto
acima de certa altura, e como 0 espaco foi todo
discretizado, é possivel, consultando-se a matriz
da fase, saber se em umaposicéo (X, z) do cenario
existe algum objeto. Como solucdo pode-se
mover a cAmera para um outro local, ou deixar
todos os objetos que atragpalham a visdo
invisivels. Essa segunda opcdo pode ser perigosa
pois leva ainconsisténcia espacial.

Consisténcia espacial: Exisem algumas regras
cinematograficas para manter a consisténcia
espacial, isto é ndo deixar o telespectador ficar
confuso quanto ao posicionamento  dos
componentes da cena em fungdo de um mal
posicionamento de cAmera. A Figura 8 mostra um
exemplo.

A linha tracgjada na Figura 8 € conhecida como
linha de acdo. Para que a cena fique consistente, &
desgjavel que todas as tomadas de camera fiquem do
mesmo lado do espaco definido pela linha de acdo
[Hawkins 2005]. A violagdo desta regra (Figura 8.b) da
a impressdo que 0s personagens trocam de lugar
durante a conversa, e pode deixar o telespectador
confuso. Para 0 jogo produzido, para manter a
consisténcia espacial, a cAmera tende a ser posicionada
de tal forma gque sua componente Z no espago fique
sempre entre a componente Z da nave e zero, que é a
componente Z do ponto de inicio da fase. Isto &, a
posicdo Z da camera é sempre maior que a da nave.
Também, ndo existem cortes ou movimentos de
camera enquanto a nave estd fazendo uma curva,
colidindo com uma bola branca, ou esta muito préximo
da saida da fase (0 Unico momento que a componente
Z da camera pode ser maior que a da nave). Se a
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camera esta se movendo nesse momento, €a péara
imediatamente.

Figura8: (8) Cena com consisténcia espacid
(b) Cenainconsistente.

Usando conceitos da linguagem cinematografica,
segundo Martin  [1985], também existem outras
restrigdes para dar mais dramacidade a acéo, aplicadas
ao contexto do jogo:

Se a nave estéd muito proxima de uma regido onde
€ possivel executar a jogada especial, a camera
tende a ir para um ponto em que pode enquadrar
todos os cristais do grupo e mostrar sua
transformacao.

Se 0 usu&rio era a jogada especial, a Stuacdo
pode se tornar perigosa, e a cAmera deve se
aproximar.

Se a nave estd numa Situacdo segura (evento
reconhecido quando existem poucos cristais ou
bolas brancas préximas da nave), a camera fica
mais longe e mostra todo o cenério.

Quando existem muitos obstaculos em espacos
apertados, existe muito perigo de colisdo. Neste
caso a camera fica sempre perto da nave, e o
tempo da tomada é bastante curto.

Quando a nave esta rodeada de muitos cristais
vermelhos, existe muito perigo. Neste caso a
camera fica sempre perto da nave, e o tempo da
tomada € bastante curto. Pode-se executar entdo o
movimento de sutilmente inclinar a camera
(movimento de roll) para enfatizar o perigo
[Hawkins 2005].

Exceto o fato de a saida se abrir, nenhum outro
evento acontece muito longe do objetivo principa da
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acdo, que é a nave em movimento. Portanto, em quase
todas as tomadas a nave passara na frente da camera
em algum momento, mas isso ndo significa que o alvo
serd sempre fixo na nave. Principalmente nas situactes
de perigo, a cAmera pode ter como alvo uma bola
branca em que exige ata probabilidade de colisfo.
Neste momento, provavelmente a nave ira passar,
colidindo ou desviando a tempo.

Outro fator que deve ser considerado é o tempo das
tomadas. Hoje em dia, o tempo em que uma tomada
dura, para cenas de acdo €/ou reflexo é de 2 segundos
[Hawkins 2005]. Isso ajuda a criar no telespectador a
mesma sensacdo de tensdo vivida pelo protagonista ou
jogador. Quanto mais confortdvel for a situacdo da
nave e quanto mais afastada estiver a cdmera do solo,
mais longa serd atomada, indicando tranqiilidade.

5.4 Resultados

No jogo produzido, o replay é construido por meio de
uma estrutura de dados que armazena todos os
comandos do jogador ao longo do tempo. Exise uma
variavel responsavel por contar o tempo de jogo
restante ao jogador, que € atualizada a cada frame.
Uma entrada do jogador é armazenada juntamente com
0 nimero de game-loops passados desde o inicio da
fase. Esta abordagem é mais robusta do que armazenar
0 tempo passado em milissegundos, pois o replay pode
se tornar defasado em funcéo da execucdo de outros
processos no sistema, como a propria técnica para
geracdo do replay.

Para ndo comprometer a intencdo da previsdo,
apenas a posicdo atual da lista de comandos deve ser
observada, simulando uma situac&o de jogo em tempo-
real. Elementos que representam as préximas entradas
do jogador ndo serdo considerados. Para o
reconhecimento de agdes, ndo considera-se 0s
comandos anteriores, mas Sim 0s eventos anteriores,
tais como virar, colidir etc. Paraisso, durante o replay,
uma outra estrutura de dados € utilizada. Ela armazena
os Ultimos 20 eventos da fase, juntamente com a
posicdo da nave naquele momento. A partir dai o
programa faz suas previsdes e posiciona a camera
Com a adicédo dessas varidveis, 0 consumo de memoria
aumenta em média 5 Kb, 0 que representa uma
porcentagem muito peguena do consumo do jogo
inteiro.

A diferenca de desempenho entre o jogo e o replay
esta relacionada com os processos que sdo executados
amais para posicionar a cBmera corretamente. O Unico
processo que ndo esta presente na hora do replay é a
exibicdo dos painéis informativos (HUD — Head Up
Display), o que representa aproximadamente 10% de
todo o trabalho de renderizacdo. A entrada de dados é
substituida pela leitura da lista de comandos, que é
mais custosa para 0 sistema. A Figura 7 mostra um
ciclo completo do game-loop, que é executado no
momento do replay. Durante a interacdo com o
jogador, as etapas de reconhecimento de acdo, previsdo
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fisica e posicionamento da camera ndo estao presentes.
Todas essas etapas podem representar um acréscimo de
até 50% no processamento da aplicagdo como um todo.
A diferenca foi medida através do frame rate do jogo
em execucao.

Outro fato observado foi que, durante o estado em
gue o jogador pode controlar a nave, existe um
processamento muito maior quando a nave colide com
um cristal azul, pois é preciso testar se a jogada
especial foi concluida. Em caso positivo, ainda existe o
trabalho de transformar os itens da matriz da fase.
Porém, durante o replay, a colisdo com um cristal azul
ndo aumenta tanto o trabalho de processamento, paisja
existem muitos outros processos acontecendo nesse
momento. O gargalo de processamento se transforma
da renderizacdo durante o jogo, para a ldgica de
posicionar a cdmera dinamicamente durante o replay.

6. Conclusdes

Este trabaho mostrou uma solucdo para
posicionamento de cameras, a partir de informacfes
passadas pela engine de jogo, usando as técnicas de
reconhecimento de agdes e previsdo fisica dentro do
ambiente virtual, além de conceitos de cinematografia.
Foi mostrado como funciona a plataforma XNA, com a
qual o jogo para exemplo foi construido, e agumas
técnicas cinematograficas que foram seguidas.

Todas as adaptacBes no ambiente virtua e na
dindmica do jogo foram mostradas de forma que a
técnica pudesse ser aplicada corretamente e de forma
otimizada. Outro fator fundamental para o sucesso da
técnica foi a adicdo de um fator de aleatoriedade, que
evita o determinismo e deixa o resultado final mais
interessante para o tel espectador.

De acordo com as experiéncias tomadas e
resultados alcancados, conclui-se que a utilizagdo da
técnica é viave, tanto para a geracdo de replays,
guanto para a transmissdo em tempo-real para um
grupo de tel espectadores, como explicado em [Drucker
2005].
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Eder L. Trindade

Ricardo P. Martins Ferreira

Eduardo P. C. Fantini  Hugo B. de Paula

Pontificia Universidade Catdlica de Minas Gerais

Resumo

Restricdes de tempo de resposta e de recursos
computacionais oferecem um desafio para o emprego
de técnicas sofisticadas de Inteligéncia Artificial nos
jogos. Neste artigo estudamos como aprimorar 0s
algoritmos de busca em tempo real encontrados na
literatura. Em especial, investigamos como permitir
que vdrios agentes se desloquem simultaneamente no
ambiente de um jogo. Também foi feito um estudo de
caso em um jogo real, o Ultima Online, para avaliar o
comportamento desses algoritmos em jogos digitais.
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1. Introducgao

Os jogos digitais sdo ambientes propicios para a
aplicacdo de técnicas de inteligéncia artificial (IA). Por
um lado, estes ambientes limitados, onde as regras
costumam ser bem definidas, servem como
laboratdrios para testes [Waveren, 2001]. Por outro
lado, a IA ainda tem muito a contribuir para o
desenvolvimento dos jogos. Restricdes de tempo de
resposta e de recursos computacionais oferecem um
desafio para o emprego de técnicas sofisticadas de IA
em jogos digitais.

O planejamento de trajetéria é um dos problemas
presentes nos jogos onde técnicas de inteligéncia
artificial sdo usadas com sucesso. Em muitas situagdes
os movimentos de um agente/personagem nao podem
ser tratados como deslocamentos simples controlados
pelo jogador. Nestes casos, é util o emprego de
algoritmos para o mapeamento do ambiente em um
grafo e de algoritmos de busca de caminhos entre a
posi¢do atual no grafo e a posicdo desejada do agente
no jogo [Nonnenmacher et al, 2007].

A maioria dos jogos digitais resolve o problema de
busca de caminhos com solugdes baseadas no
algoritmo A* [Millington, 2006]. O algoritmo A* é um
algoritmo informado de busca 6tima, off-line. Nos
algoritmos de busca off-line [Russell and Norvig,
2004], a fase do planejamento — mapeamento do
ambiente e busca no grafo — antecede a fase da
execu¢do, quando o agente se desloca pelo caminho
escolhido. Os algoritmos de busca off-/ine nem sempre
sdo capazes de atender as necessidades de tempo de
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resposta em um jogo. Quando um personagem fica
imével aguardando o cédlculo de uma trajetdria, a
cadéncia do jogo pode ficar prejudicada. Assim, uma
decisdo rapida para o préximo movimento, mesmo que
ndo 6tima, em algumas situagdes € mais importante do
que esperar o cdlculo do melhor movimento. Estas
dificuldades ficam evidentes quando é necessario
calcular simultaneamente a trajetéria de diversos
personagens.

Entre as solugdes adotadas na literatura para lidar com
os requisitos de tempo de resposta para o problema de
encontrar caminhos, os algoritmos de busca on-line,
conhecidos como algoritmos de busca em tempo real
sdo freqiientemente adotados [Russell and Norvig,
2004]. Apesar de ndo tratarmos caracteristicas
relacionadas a tempo, adotamos o termo “tempo real”
por ser o termo utilizado na literatura. Os algoritmos
de busca em tempo real sdo algoritmos onde as fases
de planejamento e de execugdo sdo alternadas. O
agente planeja e executa alternadamente  os
movimentos até alcancar o objetivo. Embora ndo sejam
6timos, se algumas condi¢des forem atendidas, como
condi¢des de conexidade do grafo, eles conseguem
orientar o agente até o objetivo, mesmo quando o grafo
sofre alteracdes durante o deslocamento do agente.
Este comportamento € relevante em jogos digitais
porque, muitas vezes, o ambiente € dindmico.

Neste artigo estudamos como aprimorar os algoritmos
de busca em tempo real encontrados na literatura. Em
especial, investigamos como permitir que varios
agentes se desloquem simultaneamente no ambiente de
um jogo. Realizamos um estudo comparativo entre
algoritmos de busca em tempo real presentes na
literatura e nossas adapta¢des. Também foi feito um
estudo de caso em um jogo real, o Ultima Online, para
avaliar o comportamento de alguns algoritmos de
busca em tempo real. O Ultima Online é um jogo
digital do tipo MMORPG (Massive Multiplayer Online
Role-Playing Game) em terceira pessoa [Origin, 2008],
o qual possibilita a interacdo do jogador com um
complexo ambiente virtual. Os resultados obtidos nos
experimentos quantitativos e qualitativos realizados
indicam a eficacia do uso de algoritmos de busca em
tempo real em jogos digitais.

O restante do artigo € organizado da seguinte forma. A
préxima se¢do apresenta alguns dos principais
algoritmos de busca em tempo real. A Secdo 3
apresenta as adaptacdes propostas e na Secdo 4 sdo
apresentados os resultados computacionais e as
alteragdes feitas no emulador do Ultima Online, o
RunUO. Na dltima seg¢do sdo apresentadas algumas
conclusdes e oportunidades para trabalhos futuros.
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2. Algoritmos de busca em tempo real
- Trabalhos Relacionados

Os algoritmos de busca em tempo real propdem uma
solucdo de compromisso entre a qualidade da decisdao
de qual € o préximo estado que um agente deve visitar
e o tempo para calcular esta decisdo [Koenig, 2006].
Existem varios artigos que sugerem a implementagdo
de algoritmos de busca em tempo real em jogos digitais
[Koenig, 2006][Koenig, 2007][Sun, 2008]. Entretanto,
estes artigos ndo apresentam nenhuma implementagio
em um ambiente de jogo real.

A busca em tempo real foi motivada primeiramente
pela robdtica sensivel a tempo [Koenig, 1999] e em
seguida por jogos digitais, abrangendo os jogos de RTS
(real-time strategy), de FPS (first-person shooter) e de
RPG (role-playing games). Em todos eles o tempo
desempenha um papel fundamental, uma vez que
varios agentes fazem buscas de caminhos
simultaneamente e é exigido do jogo um tempo de
resposta muito rdpido para garantir o gameplay
[Bulitko et al., 2007]. Encontrar caminhos em jogos é
computacionalmente muito caro. No jogo RTS “Age of
Empires II”’, por exemplo, o pathfinding consome entre
60 e 70% do tempo de simulagéo [Pottinger, 2000].

O problema de encontrar caminhos em grafos ¢é
representado da seguinte forma: considere um Grafo
G(V, E) onde V representa um conjunto de vértices, £
representa um conjunto de arestas, / representa o
vértice inicial e O representa o conjunto de vértices
finais. Um caminho é um subconjunto conexo do grafo
G. O problema consiste em determinar um caminho de
I para O.

Nas subse¢des seguintes descrevemos dois algoritmos
de busca em tempo real cldssicos, Learning Real-Time
A*e o Real-Time A* [Korf 1990].

2.1 Learning Real-Time A* - LRTA*

O algoritmo LRTA* [Korf 1990] (Learing Real-Time
A*) é um algoritmo de busca informada e em tempo
real. Ele ndo € 6timo, ou seja, ndo garante que serda
encontrado o melhor caminho entre o n6 inicial e o né
objetivo. O algoritmo possui conhecimento da
localizagdo do vértice objetivo e utiliza esta
informacdo para eleger a préxima posicdo do agente.
No contexto onde realizamos os experimentos
utilizamos a distdncia Manhattan como medida
heuristica da distancia até o objetivo.

O LRTA¥* inicia com um agente localizado no vértice
inicial. No passo seguinte, o agente se desloca para o
vizinho mais promissor de acordo com a fun¢do de
custo. A busca termina quando o agente encontra um
vértice objetivo. A cada iteracdo o agente atualiza a
estimativa da distancia até o objetivo melhorando a
informacdo sobre o grafo. Na fase de planejamento o
agente calcula para os nés vizinhos a fungdo de custo
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Considere o vértice A como o vértice inicial e o vértice D como o vértice objetivo.

1 Oagenteestaem A
h(A)=20  h(D)=0
Na lteragdo 1 o agente estd no vértice A,
W apenas o Vértice B é seu vizinho. Através da
e ‘F /; 35 fungéo de custo F(j, k) = h(k) + C(j, k) temos
Su‘:es(so'rEA]- g que F(A, B) = 25. O agente atualiza o valor da
L s o ) heuristica de A com o menor valor das
fungdes de custo de seus vizinhos, ou seja,
h(BJ=15 h(CJ=5 h(A)=F(A B) =25
2 OagenteestaemB
higises  ChD)D Na lteragdo 2 o agente esta no vértice B e
PR seus vizinhos s&o A, C e D. Através da funcao
F(B,A)=35 de custo temos que F(B, A) = 35
F(8,C)=15 F(B C) = 15 e F(B, D) = 28. Como
F(B,D)=28 F(B, CD) < F(B, D) < F(B, A) 0 agente desloca-
MinF(B)=15 se para o \Vértice C atualizando
Sucessor(B)=C h(B)=F(B,C)=15
h(B)=15  h(C)=5
3 Oagenteestaem C
h(a)=25 h(D)=0 Na Iteragé&o 3 o agente esté no vértice C e seus
vizinhos séo B e D onde os valores da fungéo
— de custo sdo F(C, B) = 25 e F(C, D) = 10.
F(C,B)=38 Como F(C, D) < F(C, B) o agente desloca-se
F(C,D)=10 | para o vértice D atualizando o valor heuristico,
MinF(8] =10 h(C)=F(C,D)=10
Sucessor(B)=D
h(B)=15  h(C)=5
4 0O agenteestaem D
h(A)=25  h(D)=0
Fim do algoritmo, o Na lIteragdo 4 o agente encontra o vértice
agente encontrouo objetivo e termina a busca
vértice objetivo
h(B)=28  h(C)=10

Figura 1: Execugdo do LRTA*

Constantes e funcdes:

5 vértice inicial
o vértice objerivo
MinFG) Juncdo que retorna o valor do menor

custo estimado dos caminhos gue
partemde j até o objetivo

Sucessor(j) funcdo queretorna o vértice vizinho
dej cujo custo estimado do caminho
até o objetivo passando porele é o

menor

Heuristica(j) funcdo queretorna a heuristica da
distdncia do vértice j até o objefivo.

Varidveis:

o vértice corrente

Al valor da heuristica do vértice j
vV conjunto devértices do grafo
Procedimento:

[01] Paracadajem V faca

[02] h(j) = Heuristica (j)
[031 j=1

[04] Enguanto(j!'= Q) faca
[05] ¢

[o6] h(j) = MinF()

[07] J = Sucessor(j)

[os]

Figura 2: Pseudocddigo do LRTA*

F(@, k) = h(k) + C(j, k) onde k é um vértice vizinho, j é
o vértice corrente, h(k) representa o valor atual da
heuristica de & até o objetivo O e C(j, k) é o custo da
aresta do vértice corrente j até k. O agente atualiza a
heuristica do vértice corrente com o menor valor de
F(, k) e move-se para ele. O processo entdo reinicia.
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A Figura 1 ilustra um exemplo de execucdo do
LRTA*. O n6 inicial € o vértice A e o n6 objetivo é o
vértice D. O algoritmo calcula a heuristica de cada
vértice, consideremos o seguinte estado corrente
h(4) =20, h(B) = 15, h(C) =5 e h(D) = 0.

2.2 Real-Time A* - RTA*

O Algoritmo RTA* [Korf 1990] (Real Time A*) é um
algoritmo de busca por qualquer caminho e em tempo
real semelhante ao LRTA*. A diferenca entre o
LRTA* e o RTA* é que o RTA* atualiza a heuristica
do vértice corrente com o segundo melhor valor de
F(@, k) mantendo uma informagdo mais precisa do
grafo. A Figura 3 apresenta o pseudocddigo do RTA*.

Constantes e funcdes:

24 vértice inicial
Q vértice objetivo
SegundoMinF(j) Juncdo queretorna o valor o

segundo menor custo estimado dos
caminhos que partem dej até o

objetivo

Sucessor(j) Jungdo que retorna o vértice vizinho
deJ cujo custo estimado do caminho
até o objetivo passando porele é o
menor

Heuristica () Jungdo queretorna a distdncia de
heuristica do vértice j até o objetivo.

Variaveis:

F vértice corrente

h(i) valorda heuristica do vértice j

V conjunto devértices do grafo

Procedimento:

[01] Paracadajem V faca

[02] h(j) = Heuristica ()
[03] j=1

[04] Enqguanto (i !'= O) faca

[05] ¢

[06] h(j) = Segundo MinF (j)
[07] J = Sucessor(j)

[o8]

Figura 3: Pseudocédigo do RTA*
3. Variagbes propostas dos algoritmos

Neste trabalho estudamos algoritmos de busca em
tempo real e propomos novos algoritmos adotando
duas estratégias:

e Investigamos o efeito nos algoritmos da falta
de informacdo sobre o ambiente de busca.
Propomos uma variacdo no algoritmo RTA*
melhorando o aprendizado do agente sobre o
ambiente;

e Estudamos diversos agentes no processo de
busca. Propomos um algoritmo baseado em
sistemas multiagentes onde  agentes
compartilham informagao, o que pode agilizar
o processo de busca.

Belo Horizonte - MG, November 10 - 12

Considere o vértice A como o vértice inicial e o vértice D como o vértice objetivo.

1 Oagenteestaem A
h(A)=20  h(D)=0

10 ///
s 10
®—

h(B)=15  h(C)=5

F(AB)=25
SegundoMinF(A)= 25
Sucessor(A) = B

2 Oagenteestaem B
h(A)=25  h(D)=0

F(8,A) =35
F(BC)=15
F(8,D)=28
SegundoMinF(B) = 28

Sucessor(8) = C

Na lteragdo 1 o agente estd no vértice A,
apenas o vértice B ¢ seu vizinho. Através da
funcdo de custo F(j, k) = h(k) + C(j, k) temos
que F(A, B) = 25. O agente atualiza o valor da
heuristica de A com o menor valor das fungdes
de custo de seus vizinhos, ou seja,
h(A)=F(A B) =25

Na lteracdo 2 o agente estd no vértice B e
seus vizinhos séo A, C e D. Através da fungéo
de custo temos que F(B, A) = 35
FB, C) = 15 e F(B, D) = 28 Como
F(B, C) < F(B, D) < F(B, A) o agente desloca-
se para o Vértice C atualizando o valor
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heuristico com o segundo menor valor da
fungdo de custo dos vizinhos, ou seja,
hpl=ts  hic)S h(B) =F(B, D) = 28

3 O agenteestaem C

h(A)=25  h(D)=0 Na Iteragdo 3 o agente esta no vértice C e seus
vizinhos s&o B e D onde os valores da fungdo

F(CB)= 38 de custo sd F(C, B) = 38 e F(C, D) = 10.
F(C,D)= 10 Como F(C, D) < F(C, B) o agente desloca-se
SegundoMinF(B) = 38 para o vértice D atualizando o valor heuristico,
Sucessor(B)= D h(C)=F(C,D)=38
10
h(B)=28 h(c)=5
4 Oagenteestaem D

h(A)=25  h(D)=0
Na lteragdo 4 o agente encontra o vértice
Fim do algoritmo, o objetivo e termina a busca
agente encontrouo
vértice objetivo

h(B)=28  h(C)=38

Figura 4: Execucido do RTA*

A seguir apresentamos dois algoritmos o Real Time A*
plus, onde melhoramos o aprendizado do algoritmo
Real Time A* e o Relay Real Time A*, onde mais de
um agente cooperam para agilizar o processo de busca.

3.1 Real-Time A* Plus — RTA*P

O Real-Time A* Plus (RTA*P) é uma variagdo do
algoritmo Real-Time A*, onde a novidade € acrescentar
mais informacdo ao algoritmo. No RTA* o algoritmo
analisa todos os vizinhos do vértice corrente para
escolher o vértice mais promissor e atualizar a
heuristica do vértice corrente com o segundo melhor
valor de custo. Contudo esse algoritmo descarta as
informagdes previamente calculadas sobre os outros
vizinhos. O algoritmo RTAP armazena também qual é
o vizinho do segundo melhor valor de custo e qual é o
valor do terceiro melhor custo. Caso o agente retorne a
um vértice jid expandido o agente desloca-se para o
vértice de segundo melhor custo e atualiza o valor da
heuristica do vértice corrente com o terceiro melhor
custo, sem a necessidade de realizar nova andlise dos
vizinhos.

O RTA*P ilustra o comportamento do agente quando
aumentamos seu aprendizado sobre o ambiente.
Comparamos o RTA*P e o RTA* em diversas
situagdes explorando ambientes com e sem
informacdo. O RTA*P inicia com um agente
localizado no vértice inicial, no passo seguinte o agente
se desloca para o vizinho mais promissor. A busca
encerra quando o agente encontra um vértice objetivo.
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Considere o vértice A como o vértice inicial e o vértice D como o vértice objetivo.

1 OagenteestaemA h(A)=20 h(D)=0

t(A)=? t(D) =2

s(A)=-1  s(D)=-1 Na lteragdo 1 o agente esta no vértice A,
apenas o Vértice B é seu vizinho. Através da
fungdo de custo F(j, k) = h(k) + C(j, k) temos
que F(A, B) = 25. O agente atualiza o valor
da heuristica de A com F(A, B) assim temos
que h(A) = F(A, B) = 25.

F(A,B)=25
SegundoMinF(A) = 25
TerceiroMinF(A) = 25
Sucessor(A)= B
SegundoSucessor(A)= B

h(B)=15 h(C)=s
1)=2 Q=2
sB)=1  s(0)=-1

2 0 agenteestaemB

Na Iteragdo 2 o agente est4 no vértice B e
seus vizinhos s@o A, C e D onde os valores
da funcdo de custo sdo F(B, A) = 35,
F(B, C) = 15 e FB D) = 28 Como
F(B, C) < F(B, D) < F(B, A) o agente desloca-
se para o vértice C atualizando h(B) com o
segundo menor valor da fungo de custo dos
vizinhos, ou seja, h(B) = F(B, D) = 28, o
agente armazena o vizinho com o segundo
menor valor da fungéo de custo, s(B) =D e o
terceiro menor valor da fungdo de custo,
{(B) = F(B, A) = 35.

h(A)=25 h(D)=0

—_—  t{A)=25 (D) =?

F(B,A)=35 s(A)=B s(C)=-1
F(B,C)=15
F(8,D)=28
SegundoMinF(B) = 28
TerceiroMinF(A)= 35
Sucessor(B)= C
SegundoSucessor(A)=D

hB)=15 ()
WB)=? Q=2
s(B)=-1 s(C)=-1

3 OagenteestaemC

h(A)=25  h(D)=0
tA)=25 D)=
s(A)=B s(D)=-1

Na lteragéo 3 o agente esta no vértice C e
seus vizinhos s&o B e D onde os valores da
funcdo de custo sdo F(C, B) = 38 e
F(C, D) = 40. Como F(C, B) < F(C, D) o
agente desloca-se para o vértice B
atualizando h(C) = F(C, D) =38, s(C) =D e
{(C) = 40.

F(C,B)=38
F(C,D) =40
SegundoMinF(B) = 40
TercelroMinF(A) = 40
Sucessor(B)= D
SegundoSucessor(A) = D

h(B=28 h(Q)=s
B)=35 )=
B0 s()=-d

4 OagenteestaemB

h(A)=25 h(D)=0
t{A)=25 t{D)=2

s(A)=B s(C)=-1 Na Iteragdo 4 o agente encontra o vértice B
e como s(B) = D o agente escolhe o vértice
D para ser o novo Vértice visitado sem
realizar nenhuma comparagéo entre o0s
vizinhos. O agente atualiza h(B) ={(B) = 35 e
reinicia os valores de t(B) =? e s(B) =-1.

0s valores dos custos
estimados ndo sdo
calculados porque o vértice
possuis(8) I= -1

h()=28 h(c)=40
t(B)=35 t(C)=40
s(B)=D s(C)=D

OagenteestaemD
h(A)=25 h(D)=0
t(A)=25 t(D)=?
sW=8 <0121 | N teragao 5 o agente encontra o vértice

objetivo e termina a busca.

Fim do algoritmo, o

agente encontrouo

vértice objetivo

h(B)=35  h(C=40
t(B)=? 1(0)=40
sB)=1  s(0=D

Figura 5: Execucdo do RTA*P

A cada iteragdo o agente atualiza a estimativa
heuristica do vértice. Na fase de planejamento o agente
calcula para todos seus vizinhos a fun¢do de custo
FG, k) = h(k) + C(j, k) onde j é o vértice corrente, k é
um vértice vizinho de j, h(k) representa o valor da
heuristica da distancia de k até O e C(j, k) é o custo da
aresta do vértice corrente j até o vizinho . O algoritmo
também armazena qual o vértice s(j) possui o segundo
menor valor da funcdo de custo e o valor do terceiro
menor valor da fun¢do de custo, #(j). Se o vértice j
ainda ndo foi visitado o agente atualiza a heuristica do
vértice corrente com o segundo menor valor de F(j, k)
e move-se para o vizinho de menor F(j, k). Se o vértice
k ja foi visitado o agente ndo calcula a funcdo de custo
para os vizinhos de k e caminha para o vértice s(k)
atualizando a heuristica h(k) = #k). A Figura 5
apresenta um exemplo de execucdo do RTA*P. A
Figura 6 apresenta o algoritmo RTA*P.
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Constantes e funcoes:

I vértice inicial
] vértice objetivo
SegundoMinF(j)  fungdo queretorna o valor do segundo menor custo estimado

dos caminhos até o objetivo que partem de j

TerceiroMinF(j) fungdo que retorna o valor do terceiro menor custo estimado
dos caminhos até o objetivo que partem de j
Sucessor(j) fungdo queretorna o vértice vizinho de j cujo custo estimado do

caminho até o objetivo passando porele é o menor

SegundoSucessor(j) fungdo queretorna o vértice vizinho de j cujo custo estimado do
caminho até o objetivo passando por éle é o segundo menor

Heuristica (j) Jungdo queretorna a distdncia de Manhatam do vértice f até o
objetivo.

Variiveis:

j vértice corrente

hj) valor da heuristica do vértice j

(i) vizinho dej com a segundo menor custo estimado

1) valorda heuristica do vizinho de j com o terceiro menor custo
estimado

vizinho(j) conjunto de vértices vizinhos de .

14 conjunto devértices do grafo

Procedimento:

[01] Paracadajem V faga

2] {

[03] h(j) = Heuristica (j), 1(j) = 0, s(j) = -1

(o4 }

[05] j=I

[06]  Enguanto(j# O) faga

07 ¢

[08] ses(j) #-1 entdo

[09]

[10] J=s0), () =t(), si) =-1

[11]

[12] Sendo

[13]

[14] h(j) = SegundoMinF (j)

[15] i(j) = TerceiroMinF (j)

[16] s(j) = SegundoSucessor (j)

[17] J = Sucessor(j)

[18] }

(9 ;

Figura 6: Pseudocédigo do RTA*P

3.3 Relay Real-Time A* - RRTA*

O Real Time A* (RRTA*) é um algoritmo de busca
informada em tempo real baseado em sistemas
multiagentes [Yokoo and Ishida, 1999] [Wooldridge,
2002]. O RRTA* ¢ formado por dois ou mais agentes
que dividem informacdo para encontrar um caminho
entre dois nés. Vamos discutir neste artigo o caso com
apenas dois agentes. Chamamos o primeiro agente de
A e o segundo agente de B. O agente A € o agente
responsavel por encontrar um caminho entre o né
inicial e o né final passando pelo né origem de B. O
agente B tem o objetivo de encontrar um caminho entre
um né qualquer do grafo que é seu nd inicial e o nd
objetivo. O né de origem de B deve pertencer ao
caminho de A. Assim, o agente B antecipa o
conhecimento sobre o grafo para A. Neste artigo
vamos utilizar como estratégia para a escolha da
posi¢do inicial de B o ponto médio da semi-reta entre o
né inicial e o né objetivo.



VIl SBGames - ISBN: 85-766-9204-X

SBC - Proceedings of SBGames'08: Computing Track - Full Papers

O RRTA* ¢ formado por duas esferas de decisdo: uma
esfera tdtica onde o algoritmo coordena os agentes e
uma esfera operacional onde os agentes executam a
busca.

Na esfera tdtica o agente A comeca a busca no né
inicial. O algoritmo elege um vértice para B iniciar a
busca, neste caso, o ponto médio da semi-reta entre o
nd inicial e né objetivo. O agente B tem a fungdo de
encontrar o né objetivo e A, a priori, tem o objetivo de
encontrar o vértice por onde B iniciou a busca. Quando
o agente A encontrar o nd por onde B partiu ou algum
vértice que foi caminho de B o agente A passa a
procurar o né objetivo. A busca termina quando o
agente A encontra o né objetivo.

NG inicial Reta do nd inicial ao nd objetivo

0000 OagenteAé
0-0-0 posicionado
no né inicial

OagenteBé
posicionado
noné do

ponto médio

0 0-0-0- =00

Ponto médio

NG objetivo

Figura 7: Estratégia de posicionamento dos agentes - RRTA*
- Ponto Médio — Dois Agentes

1 Z

Agente A Objetivode A 0 agente A estaem busca o né de origem de B

Agente A

[ OagenteB
O marcaos nés
O visitados

0-0-0

oooif

AgenteB  Objetivode B 0 agente B esta em busca do nd objetivo

3 4

O agente A encontra o né de origem de | O agente A executa a busca pelo né objetivo

B e passa a procurar o n6 objetivo
00600100000

Oagente A
seguea
marcagdo
deixada pelo
agente B.

(oo}

0 agente B encontra o n6 objetivo 0 agente A encontra o nd objetivo

Figura 8: Execucdo do RRTA*

Na esfera operacional, ambos agentes utilizam o
algoritmo RTA* para realizar a busca. O agente B
realiza a busca a procura do né objetivo marcando os
nds por onde passou, o agente B marca no né visitado
qual € o préximo né que ele ird visitar. O Agente A
realiza a busca e quando encontra um no visitado por B
segue as marcagdes deixadas por B sem fazer qualquer
verificagdo, assim o agente A utiliza do conhecimento
do grafo adquirido na busca de B. A Figura 7 ilustra a
defini¢éo das posicdes inicias dos agentes.
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Nos exemplos adotados neste trabalho o algoritmo
traca uma semi-reta entre o nd inicial e o né objetivo.

O algoritmo calcula o ponto médio desta semi-reta. As
coordenadas do ponto médio sdo definidas pela
< XL +AT FL+YE

equagdo: X' = ——, ¥ =—— onde X representa a
ordenada do ponto médio, x/ a ordenada do né inicial e
x2 a ordenada do né objetivo, Y representa a abscissa
do ponto médio, y/ representa a abscissa do né inicial e
y2 representa a abscissa do né objetivo.

Constantes e funcdes:
I vértice inicial
o vértice objetivo

Estrategialx, I, 0)  fingdo que posiciona o agente x, esta fimgéo é
responscvel pela estratégia de posicionamerto

RTA*x) Jfimgdio gue exaciga uma iteragdo da busca RTA®
para o agentex

Gatcorrentefy) Jimgdo que retorna o vértice correrie do agevie x

SetObjativolx, j) Jfimgdio gue substitui o vértice objative do agente x
porj

GaObjetivo(x) fimgdio gue retorma o vértice objetivo tampordrio
do agentex

PortoMarcado(i, x| fimgdo gua reforna se o vértice J esta marcado pelo

agente x
Sucessor(x) fimcéio gue retorna o agevie gue x persegue
Variaveis:

vértice corrante

agerie correvie
A Conjunto de Agentes
Procedimento:

[01] Paracada agentex € A faga

[02] Estrategialx, I, O)

[03] Engumio axistir (Getcorrente (x) '= 0¥ x € 4) faga
[04]

[05] Para cada agente x € 4 faca

[06] {

[07] RTA*R)

[08] sefGetcorrente (x) = GetObjetivo(x)) ou
{PontoMarcado (Getcorrente (x), Sucassar(x) J)

[09] Setobjetivo (v, GetObjetivolSucessorix)))

[10] Sa Garcorrente (x) = 0

[11] A=d-x

n2] }

(3]}

Figura 9: Pseudocédigo do RRTA*

A estratégia para posicionamento dos agentes depende
muito do tipo do grafo. Apresentamos um critério mais
didético, contudo outros critérios podem ser adotados.
A Figura 9 apresenta o pseudocédigo do algoritmo
RRTA¥*, o procedimento RTA* além de executar uma
iteracdo da busca RTA* marca os nds por onde B
passou e o agente A quando encontra um né visitado
pelo agente B segue a marcagdo sem analisar os
vizinhos. O primeiro passo do algoritmo é posicionar
os agentes, o agente A € posicionado no né inicial e o
agente B é posicionado no né escolhido. O algoritmo
atribui ao agente A a funcdo de encontrar o né por
onde B iniciou a busca e ao agente B a fungdo de
encontrar o né objetivo. No segundo passo os agentes
executam a busca utilizando o algoritmo RTA*, o
agente B durante a busca deixa marcas que depois
poderdo ser seguidas pelo agente A.
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Quando o agente A encontra o ponto por onde B
iniciou a busca ele passa a procurar o nd objetivo. O
agente B termina sua busca quando encontra o né
objetivo, quando encontra com o agente A ou quando o
agente A encontra o né objetivo. Quando o agente A
encontra as marcas deixadas pelo agente B ele passa a
segui-las, assim o agente A aproveita o conhecimento
do grafo adquirido por B durante sua busca. A busca
termina quando o agente A encontra o né objetivo. A
Figura 8 apresenta a execu¢cdo do RRTA*.

Realizamos experimentos como o RRTA* apenas em
grafos conexos, a estratégia de posicionamento dos
agentes utilizando o ponto médio deve ser usada em
somente em grafos conexos.

4. Experimentos Computacionais

Foram realizados dois grupos de experimentos. O
primeiro grupo trata de um estudo comparativo entre
os diferentes algoritmos propostos na literatura e os
novos algoritmos propostos neste trabalho em um
ambiente estruturado. Sdo ambientes tipicos para testes
de algoritmos de busca [Koenig, 2006][Koenig,
2007][Sun, 2008]. O segundo grupo trata de
experimentos qualitativos onde algoritmos de busca
on-line sdo aplicados em um jogo MMORPG - o
Ultima Online - para avaliar seus comportamentos em
um ambiente de jogo real.

Os ambientes estruturados sdo labirintos representados
em grafos 4-conexos gerados aleatoriamente de
tamanho entre 100 a 1.000.000 vértices. Sdo labirintos
quadrados de tamanhos entre 10 x 10 a 1000 x 1000.
Escolhemos o jogo eletrdnico Ultima Online por sua
grande popularidade e por possuir um emulador de
servidor — o RunUO — de cédigo aberto o qual permite
alteracdes nos algoritmos de busca. Os experimentos
foram realizados em uma mdquina com processador
Intel Core 2 Duo 2.2 Ghz, 2 GB de Memédria RAM,
sistema operacional Windows XP Professional 2002
Service Pack 2. Utilizamos como compilador o
Borland C++ Builder 6.0.

41 Experimentos quantitativos em
grafos baseados labirintos

Para comparar o desempenho dos algoritmos
consideramos o nimero médio de vértices expandidos
e o tempo médio de execucdo de cada algoritmo.
Consideramos como vértices expandidos os vértices
por onde os agentes passaram e o tempo de execugao
de um algoritmo representa o tempo em milissegundos
gasto para atingir o objetivo. Estes dados sdo as médias
das execugdes do mesmo algoritmo no mesmo grafo.
Para cada grafo executamos repetidamente o mesmo
algoritmo. Limitamos o tempo total de execuc¢do do
algoritmo e, por isso, os grafos maiores foram menos
executados.
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Para a realizacio dos experimentos foram
desenvolvidos dois geradores de grafos: gerador de
grafos aleatérios (GCA), e gerador de grafos conexos
(GCC). O tamanho do grafo corresponde ao produto do
nimero de colunas pelo nimero de linhas do grafo. Por
exemplo, um grafo de tamanho igual 7/0.000 vértices
possui /00 colunas e /00 linhas.

Definimos como vértices obstaculos os vértices que
possuem grau zero. Os geradores recebem como
pardmetros os vértices iniciais e finais, o tamanho, o
percentual do nimero de arestas ou o percentual de
vértices obstaculos, o grau médio do grafo e o tipo do
grafo. O tipo do grafo € definido pelas distdncias entre
nds vizinhos que podem ser constantes ou aleatérias.

Algoritmo Gerador do grafo |Algoritmo | Pesos das arestas [Heuristica  [Niimero de execugfes
GCA RTA® Constante Manhatt 18600]
GCA RTAP* Constante lanhatt 18600]
GCA RTA® Aleatério Manhatt 18600]
GCA RTAP* Aleatdrio Monhatt 18600
GCA RTA* Aleatrio Sem heuristica 18600
GCA RTAP* Aleatério Sem heuristica 18600
GCC RTA® Constante lanhatt 18600]
GCC RTAP* Constante Manhatt 18600]
GCC RRTA* Constante lanhatt 18600]
GCC RTA* Aleatdrio Monhatt 18600]
GCC RTAP® Aleatério Manhatton 18600
GCC RRTA® Aleatrio Manhattan 18600
GCC RTA* Aleatdrio Sem heuristica 18600
GCC RTAP* Aleatdrio Sem heuristica 18600
GCC RRTA* Aleatdrio Sem heuristica 18600
Total de execugbes 279000
Tabela 1: Numero de execugdes dos experimentos
quantitativos em grafos baseados em labirintos

O gerador de grafos aleatérios (GCA) garante a
geragdo de grafos com pelo menos um caminho entre o
vértice inicial e o vértice final, mas ndo garante que o
grafo seja conexo. Por este motivo, nos grafos gerados
pelo o GCA nio € possivel garantir o funcionamento
correto do algoritmo RRTA* utilizando a estratégia de
posicionamento pelo ponto médio. No GCA o
percentual de vértices obsticulos define a densidade do
grafo, uma vez que o obstidculo possui grau zero e
conseqiientemente o nimero de arestas ¢ menor. A

O Gerador de grafos conexos (GCC) garante a
existéncia de caminhos entre quaisquer vértices do
grafo, ou seja, todos os vértices estdo interligados.
Este algoritmo contempla a geracdo de grafos de
tamanhos e densidades diferentes. Os grafos sd3o no
maximo 4-conexos, ou seja, cada vértice possui no
maximo quatro vizinhos. Os pesos das arestas
representam as distancias entre os vértices que podem
ser uniformes ou aleatdrias. No GCC a quantidade de
arestas define a densidade do grafo, consideramos um
grafo com 100% de densidade quando todos os vértices
possuirem grau igual a quatro.

Os experimentos foram separados em dois subgrupos
distintos, o primeiro sdo experimentos executados nos
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grafos gerados pelo GCA e o segundo nos grafos
gerados pelo GCC.

Utilizamos como heuristica a distdncia de Manhattan e
para cada subgrupo estudamos o comportamento dos
algoritmos em grafos onde os pesos das arestas sdo
iguais, em grafos onde os pesos das arestas sdo
aleatérios ou em situacdes sem heuristica. Para os
grafos gerados pelo GCA ndo estudamos o RRTA*
porque a estratégia de posicionamento através do ponto
médio ndo é adequada neste tipo de grafo.

A Tabela 1 apresenta o nimero de execugdes dos
algoritmos RTA*, RTA*P e RRTA* nos experimentos
deste artigo, foram realizados 111600 execugdes para o
Grupo I e 167400 execugdes para o grupo II.
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Figura 11: Gréfico da média do nimero de vértices
expandidos para grafos gerados pela GCA com pesos
variados entre 14 10
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Figura 12: Gréfico da média do tempo de execugdo para
grafos gerados pela GCA com pesos variados entre 1 a 10

Foram gerados 200 grafos para cada configuracio,
onde 100 t&ém peso uniforme nas arestas e 100 possuem
pesos aleatérios. Cada configuracdo é definida pelo
algoritmo que o criou: GCA, ou GCC; pelo seu niimero
de vértices: 100, 10.000, 1.000.000; e pelo percentual
de vértices obsticulos, no caso dos grafos gerados pelo
GCA ou pela percentual de arestas, para os grafos
gerados pelo GCC.
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Os resultados sdo apresentados em graficos de barras
onde as colunas estdo ordenadas de acordo com a
legenda, ndo sendo necessdrio orientar-se pela cor.

Grupo I: os experimentos do Grupo I foram realizados
em grafos com pelo menos um caminho entre o vértice
inicial e o vértice final (grafos gerados pelo GCA), mas
ndo necessariamente conexos. Cada vértice possui no
maximo quatro vizinhos, a quantidade de vértices
obstéculos define a densidade do grafo.

A Figura 11 compara o nimero de vértices expandidos
versus o percentual de vértices obsticulos nos grafos
do grupo I. O nimero de vértices expandidos aumenta
quando o percentual de vértices que sdo obstdculos
aumenta. O RTA* e o RTA*P empatam quando o
grafo ndo possui obsticulos. A medida que aumenta o
nimero de vértices que sdo obstidculos o RTA*
apresenta resultados melhores que o RTA*P. Esta
diferenca é menor em grafos com pesos aleatoérios.

A Figura 12 compara o tempo de execugdo (em
milissegundos) com o percentual de vértices obsticulos
nos grafos do grupo I. Os algoritmos gastaram mais
tempo para solucionar os problemas quando o grafo
possui 40% de vértices obstdculos. O RTA* e o
RTA*P apresentam comportamentos semelhantes. Nao
ha diferencas nos resultados entre os grafos com
arestas com pesos uniformes e os grafos com arestas
com pesos aleatorios.

Grupo II: os experimentos do Grupo II foram
realizados em grafos conexos gerados pelo algoritmo
GCC. Cada vértice possui no mdximo quatro vizinhos,
a quantidade de arestas define a densidade do grafo. As
figuras 13 e 14 comparam o nimero de vértices
expandidos versus o percentual de densidade nos
grafos do grupo II. Os gréaficos ndo indicam uma
relacdo direta entre o nimero de vértices expandidos e
a densidade do grafo.

O RTA*P e o RTA* apresentam resultados
semelhantes. O RRTA* apresenta nimero de vértices
expandidos maior que o RTA*. Entretanto, se
dividirmos o nimero de vértices expandidos pelo
nimero de agentes temos uma média de vértices
expandidos menor que o RTA*.  Sem utilizar
heuristicas, o RTA*P expande menos vértices que o
RTA*,

As figuras 15 e 16 comparam o tempo de execugdo
(em milissegundos) versus o percentual de vértices de
densidade nos grafos do grupo II. O RTA* e o RTAP
apresentaram desempenhos semelhantes. Nao hd
diferencas nos resultados dos grafos com arestas com
pesos uniformes e arestas com pesos aleatorios.

O RTA* gasta mais tempo para executar a busca
quando nio utiliza heuristica. O RTA*P € mais estdvel
e mais eficiente que o RTA* em todas as densidades.
Em grafos com pesos aleatérios a diferenca entre o
RTA*P e o RTA* € menor, mesmo assim o RTA*P é
mais eficiente.



SBC - Proceedings of SBGames'08: Computing Track - Full Papers

10000 1000000 12000 1000000 10000 1000000

10000

H RTA

=
o
Q
<}

m RTAP

RRTA

Vértices expandidos
. 5
- 5 8

60 100

Aresigs (%)
Figura 13: Grafico da média do niimero de vértices
expandidos para grafos gerados pela GCC com pesos

constantes
1E+09 X 1 1 T ES 2 0
10000000
10000000 B RTA
3
T 1000000
©
% 100000
3 HRTAP
]
[ 10000
u
2
t |
g 1000
RRTA-M
100 —
10 —
1
60 80 100
Arestas (%)

Figura 14: Gréfico da média do niimero de vértices
expandidos para grafos gerados pela GCC com pesos
constantes e sem a utilizacdo de heuristica
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Figura 15: Gréfico da média do tempo de execugdo para
grafos gerados pela GCC com pesos constantes
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grafos gerados pela GCC com pesos variados entre 1 a 10 e
sem a utilizacdo de heuristica
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4.2 Experimentos realizados no Ultima Online

Existem vdrios emuladores de servidor para o Ultima
Online: UOX, POL, SPHERE e RunUO [Wikipedia,
2008]. Escolhemos o RunUO versdo 2 RC2 pelo fato
do mesmo ser bastante utilizado. O RunUO possui
coédigo aberto e recria por meio da plataforma
Microsoft NET o ambiente de um servidor para o
Ultima Online. No RunUO € possivel personalizar
grande parte das caracteristicas funcionais do jogo e
manipular NPCs (non player characters). O teste de
algoritmos de busca on-/ine implementados no RunUO
teve como objetivo avaliar qualitativamente, no fluxo
do jogo, a capacidade de um agente NPC determinar
sua trajetdria e executa-la.

O Ultima Online apresenta situacdes onde o
deslocamento dos NPCs € dirigido por algoritmo de
busca. Os movimentos de animais de estimacdo do
jogador, denominados pets, representam uma destas
situacdes. Os pets sdo agentes NPCs que se descolam
pelo mapa entre obstdculos em busca de um
determinado alvo, o qual pode ser um agressor, um
alvo de perseguicdo mdvel ou o seu respectivo dono, o
jogador, Figura 17.

O algoritmo de busca utilizado pelo emulador RunUO
é o A*, com drea de busca bastante limitada (38 x 38
quadrantes). O mapa completo do jogo possui 6144 x
4096 quadrantes, sendo que cada um possui até oito
vizinhos. A restri¢do na drea de busca é motivada pelo
onus no tempo de resposta e de recursos
computacionais.

Ao analisar os algoritmos de busca do RunUO, os
quais se comportam de forma equivalente aos
servidores oficiais de Ultima Online, constatamos a
combinag¢do de dois algoritmos O primeiro algoritmo é
executado quando ndo ha obsticulos entre o NPC e o
seu alvo. Este algoritmo é uma simples tentativa de
andar em linha reta na dire¢cdo do alvo, intercalando
com movimentos aleatérios quando é necessirio um
desvio simples. Nos casos onde essa tentativa ndo
obtém sucesso, um algoritmo A* é executado. Se um
obstdculo intransponivel surge repentinamente na rota
do NPC, a busca é cancelada e o primeiro algoritmo é

executado novamente.

Os algoritmos de busca on-line sdo capazes de
encontrar um caminho até o objetivo, se 0 mesmo
existir. O processamento dessa busca ndo ocasiona
lentidao perceptivel no servidor. O A* também resolve
a busca em todo o mapa do jogo se ampliamos sua area
de busca. Contudo percebemos que as respostas do
jogo ficam criticamente lentas, principalmente quando
mais de vinte agentes executam a busca off-line
simultaneamente.

A vantagem dos algoritmos off-/ine em relagdo aos on-
line é a 6tima solu¢do com o menor nimero de passos
entre dois pontos. Por esse motivo, a busca off-line é
utilizada em grande parte dos jogos. Porém, quando o
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jogo possui caracteristicas de um sistema em tempo
real, como os MMORPG e RTS (real-time strategy) , a
busca off-line compromete a sua cadéncia.

A utilizagdo de busca off-/ine consome maior tempo de
processamento para o primeiro passo do agente do que
a busca on-line. Na busca off-line, toda a rota é
calculada antes do primeiro passo do agente, enquanto
que na busca on-line cada passo pode ser planejado e
executado logo em seguida. Pelo fato dos jogos digitais
em tempo real terem caracteristicas dinamicas, os alvos
também se movimentam e as rotas se modificam,
inutilizando grande parte do célculo da busca off-line, a
qual deve ser refeita.

O RunUO utiliza algoritmo de busca off-line com éarea
de busca bastante limitada em torno do agente (Figura
18a) e ignora os obsticulos dindmicos do trajeto
calculado. Porém esses ajustes no algoritmo provocam
dois problemas de jogabilidade. O primeiro € a
impossibilidade de calcular uma rota quando ha
obstdculos fixos seccionando a drea de busca do
agente, Figura 18b. O segundo é a sobreposicido de
agentes durante e apés o caminhamento,
impossibilitando a sele¢do unitdria dos mesmos para
demais atividades in-game, Figura 18d.

Implementamos no RunUQO os algoritmos de busca on-
line RTA* e LRTA* com o intuito de observar, na
perspectiva do jogador, o diferencial em rela¢do ao uso
do A*.

Nos experimentos, diferentemente dos pseudocédigos
da literatura, ndo pré-calculamos as heuristicas de cada
vértice do mapa, pois no Ultima Online cada NPC
necessitaria calcular e armazenar 6144 x 4096 valores
heuristicos cada vez que uma nova busca fosse
iniciada. Entdo optamos por calcular as heuristicas
necessdrias em tempo de execugdo e associamos a cada
agente uma drvore bindria para armazenar apenas as
heuristicas atualizadas durante a busca. Essa drvore
comega vazia e a medida que o agente se desloca, as
atualizacOes heurfsticas s@o inseridas na drvore.
Quando o agente alcanga o seu objetivo ou quando o
alvo se desloca, a busca é dada como encerrada ou se
prepara para calcular outro trajeto. Nesse instante a
arvore bindria € reiniciada.

Observamos que os algoritmos on-line resolvem os
problemas gerados pela utilizagdo de busca off-line
com drea limitada. Os agentes sdo capazes de caminhar
até o seu alvo sempre que existir um caminho véalido
em qualquer parte do mapa e os agentes jamais se
sobrepdem, Figura 18e. Essas solu¢des melhoram
consideravelmente a jogabilidade com os pefs.

Um problema observado com os algoritmos on-line
ocorre quando hd muitos obstaculos na vizinhanca dos
NPCs formando uma drea cOncava. Nesse caso o0s
NPCs parecem, por um momento, estarem perdidos.
Este efeito acontece porque os movimentos dos pets
acompanham o planejamento do algoritmo. Apesar
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dessa desvantagem, os agentes encontram seu objetivo,
Figura 18c. Este problema pode ser resolvido
calibrando o nimero de iteragdes que o agente deve
planejar a rota antes de se deslocar efetivamente no
ambiente do jogo.
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Figura 18: Comparagdes entre algoritmos off-/ine (a, b, d) e
on-line (c, €) em situacdes observadas no RunUQ.

5. Consideragoes Finais

Em jogos digitais existem situagdes onde € necessdria a
utilizacdo de algoritmos de busca. A maioria dos jogos
eletronicos resolve o problema de busca com solugdes
baseadas no algoritmo A*. Os algoritmos de busca off-
line consomem mais recursos que os algoritmos de
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busca on-line. A utilizagdo de algoritmos de busca on-
line em jogos digitais economiza processamento e
memdria viabilizando a busca simultinea de vdrios
agentes em ambientes mais complexos. Outra
vantagem ¢é que os algoritmos de busca on-line
encontram a solu¢do mesmo em ambientes dindmicos
sem a necessidade de recalcular toda a trajetdria.

O RRTA* (Relay Real Time A¥) distribui a busca em
mais de um agente e é util em situacdes onde a busca
possa ser dividida, em jogos digitais, com vdrios
jogadores podemos distribuir a busca e também utilizar
este algoritmo em situagdes de perseguicao. Apesar do
RRTA* apresentar nimeros que indicam que ele é
menos eficaz que o RTA*, ele encontra caminhos para
mais de um agente. Para conseguir o mesmo resultado,
o RTA* teria que executar uma busca para cada
agente.

Quando dispomos de heuristicas adequadas o RTA* é
mais eficiente que o RTA*P. Entretanto existem
situagdes em que ndo possuimos heuristicas, por
exemplo, em alguns jogos digitais ndo conhecemos a
posicdo do vértice objetivo. Para estas situagdes o
RTA*P € mais eficiente que o RTA*. O RTA*P ¢ mais
estavel que o RTA*, em grafos 4-conexos o nimero de
vértices expandidos e o tempo de execucdo do RTA*P
sofrem menos variagdo que os do RTA* quando
acrescentamos, retiramos ou apenas modificamos a
heuristica. Quando o RTA* apresenta-se mais eficiente
que o RTA*P esta diferenca ndo é grande, por isso a
utilizagdo do RTA*P em jogos digitais € indicada.

O emulador RunUO é um ambiente adequado para
teste de algoritmos de busca em jogos pois mostrou ser
suficientemente completo e flexivel.

Aplicar algoritmos de busca on-line em jogos digitais é
motivado pelo fato desses experimentos nos levarem a
uma melhor observacdo do comportamento dos agentes
da inteligéncia artificial (IA) em situagdes diversas.
Tais observagdes sdo inspira¢des para novas idéias de
implementacdes. A percepcdo humana sobre a
inteligéncia de um agente de IA pode ser presumida
quando hd uma imersio no universo de acdo do
mesmo, essa especificidade é bastante comum nos
jogos. Os algoritmos on-line sdo eficientes nos jogos
possibilitando a busca em ambientes dindmicos e
provendo a possibilidade de executar a busca para um
nimero maior de agentes.

5.1 Trabalhos Futuros

Propusemos alguns algoritmos e estudamos o
comportamento de algoritmos de busca em tempo real
em jogos digitais. Contudo ainda é necessdrio avaliar
estes algoritmos em outros jogos e em contextos
diferentes.

z

A estratégia de posicionamento do RRTA* ¢
fundamental para sua eficiéncia, é necessario estudar
outras estratégias e validd-las no contexto de jogos
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digitais além de explorar o potencial do RRTA* em
situagdes de perseguicdo.

E importante investigar o comportamento de outros
algoritmos de busca on-line em jogos eletronicos e
estudar a complexidade e a completude dos algoritmos
propostos.
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Figure 1: Example of characters performance in our prototype during an expressive talk.

Abstract

In this paper we describe our approach of generating convincing
and empathetic facial animation. Our goal is to develop a robust
facial animation platform that can be scalable, usable and easily ex-
tended, in order to allow integration of research on the area and also
the direct incorporation of the characters in interactive applications,
such as Embodied Conversational Agents and games. We have de-
veloped a framework capable of animating MPEG-4 parametrized
faces easily through high-level description of facial actions and be-
haviors. We also present a case study which integrates computer
vision techniques in order to provide interaction between the user
and a character, that interacts with different facial actions according
to detected events in the application.
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1 Introduction

Animated virtual human faces have been widely used in many ap-
plications, such as movies, games and Embodied Conversational
Agents (ECAs). In all of these applications, characters’ reactions
should help in user immersion as well as to provide a believable
interaction. Thus the facial behavior coherence is very important,
to increase the credibility of the character.

Recent research on facial animation has lead to models that explore
expressiveness, communication and interactivity. Many of these
research are focused on ECA development [de Rosis et al. 2003;
Smid et al. 2004; Cosi et al. 2007; Huang et al. 2008] and provide
us a range of studies that correlate human psycho-social behavior
and facial animation. Together with a facial animation platform de-
velopment, we find several studies about face parameterization and
scripting languages for assisted and automatic animation genera-
tion [Perlin 1997; Cassell et al. 2001; Rutledge 2001; Arafa and
Mamdani 2002; Byun and Badler 2002; Carolis et al. 2004; Not
et al. 2005; Arya and DiPaola 2007; Vilhjdlmsson et al. 2007].
Those studies have provided ways to the higher-level description
of a character’s face actions. Most of these languages are based on
XML and try to describe face actions in different levels, such as
attributing values of some specific parameters, or specifying more
complex behaviors which implicate the animation of various facial
attributes in a synchronized way.

We observe that in some works focused on complex facial models,
such as the physically-based animation by [Sifakis et al. 2005], the
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implementation of the facial animation platform is constrained to
a single character model where all tests are performed on. In fact,
if a facial animation prototype is focused only on its main research
subject, it becomes difficult the addition of new functionalities or its
use in other environments or applications. Concerning the project
of a facial animation platform, we can emphasize some require-
ments in order to obtain a robust and usable tool:

e A consistent set of face animation parameters, which allows
us to get a satisfactory control of face attributes in different
faces;

e Minimal need of animator manual work, such as preparing a
set of animation keyframes to be interpolated;

e Mesh-deformation algorithms which produce realistic repre-
sentation of facial muscle actions;

e An interface which can be understood both by computer and
humans, enabling them to determine or edit characters’ ac-
tions;

e The real possibility of easy incorporation of the animated
faces in other applications;

e A framework which enables interactivity with real time an-
imation generation, without the need of previously recorded
animations.

In this context, our work presents an interactive facial anima-
tion framework which considers facial expressions, synchronized
speech and eye behavior generation where the users define the char-
acters’ actions by high-level description and can use the produced
animations on different face models. Our goal is to develop a robust
facial animation platform that can be easily extended, scalable and
usable in order to allow integration of other research on the area
and also the direct incorporation of the characters in interactive ap-
plications such as ECAs and games. Our main contribution is the
methodology of building an animation platform using free or open
source tools, integrating some known animation models and capa-
ble of generating a substantial amount of different face actions in
good quality animations.

This paper is organized as follows: the next section presents some
related work. Section 3 describes the architecture of our model and
the main technologies and tools that we have used for development
of the framework. In Section 3.4 we describe a case study: an inter-
active application where a character reacts according to detection
of the user’s face. Finally we make some final remarks and suggest
future work in order to improve and evaluate our model.

2 Related Work

Parameterization techniques for facial animation have been an area
of active research since Parke [Parke 1982]. We can identify in the
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Figure 2: Overall architecture diagram of the framework

literature two standards of parameter sets that are widely used in
facial animation works: Facial Coding System (FACS) [Ekman and
Friesen 1978] and the MPEG-4 Facial Animation (MPEG-4 FA)
[Pandzic and Forchheimer 2003]. However, these standards provide
a rather low-level basis for animators, as they describe the param-
eters as a set of pseudo-muscles which can be activated in a given
moment, producing a facial expression (Subsection 3.3 overviews
the MPEG-4 FA). Hence there are several efforts to produce a more
high-level parametric approach to generate facial animations in a ef-
fective way [Perlin 1997; Cassell et al. 2001; Rutledge 2001; Byun
and Badler 2002; Carolis et al. 2004; Not et al. 2005; Arya and
DiPaola 2007].

In the bibliography, we can also find some works that describe their
facial animation frameworks, which aim to provide a desirable plat-
form for facial animation research or the development of talking
heads applications. Wang [Wang et al. 2007] describes a methodol-
ogy to build an expressive facial animation system with lip synchro-
nization using affordable off-the-shelf components. This include
the FaceGen Modeller' software for face and key meshes genera-
tion, and the Microsoft Speech SDK ? as the speech API.

Cosi [Cosi et al. 2005] proposes a facial animation toolkit imple-
mented in MATLAB? created mainly to speed up the procedure for
building the LUCIA talking head [Cosi et al. 2007] through motion
capture techniques, translated to MPEG-4 parameters. Although
it seems to be a promising approach, it was built over proprietary
software.

DiPaola and Arya [DiPaola and Arya 2007] propose a facial an-
imation framework compatible with the MPEG-4 standard called
iFace, whose binaries are available on the web*. iFace allows in-
teractive non-verbal scenarios through a XML-based scripting lan-
guage called FML (Face Modeling Language) [Arya and DiPaola
2007], which allows both parallel and sequential description of face
actions. Face actions include talking, expressions, head movements
and low-level MPEG-4 parameters. Actually, iFace has been used
for behavioral animation studies in order to reach a comprehensive
association of facial actions to personality types, creating a higher-
level facial parameter set in a personality-space [Arya et al. 2006].

Balci et al. [Balci et al. 2007] designs Xface, a set of open source
tools for creation of talking heads using MPEG-4 and keyframe-
based animation driven by the SMIL-Agent scripting language. The
toolkit is freely available 3 and aims to supply the lack of free and
open source tools for research as mentioned above. However, Xface
uses the SMIL-Agent scripting language for its keyframe-based an-
imation module. In other words, for each face model it is necessary
a set of corresponding key-meshes with the different facial expres-
sions and visemes.

Our approach uses Xface as the facial animation engine and in-

http://www.facegen.com/

’http://www.microsoft .com/speech/download/sdk51
3http://www.mathworks.com/
4http://ivizlab.sfu.ca/research/iface/
Shttp://xface.itc.it/
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tegrates a model to generate MPEG-4 animation automatically
through facial actions scripts with lip synchronization [Rodrigues
2007] and eye behaviors [Queiroz et al. 2007], without the need of
keyframing meshes. Moreover, in our framework external controls
are possible in order to interactively define characters’ actions. As
a case study of the framework capabilities, we have developed a
simple application where the character eye movements are driven
by detection of the user’s face, in an approach slightly similar to
[Courty et al. 2003].

3 Model

This section presents the overall architecture of our framework, as
well the scripting language for the description of facial actions. We
also present the approach to animation synthesis and interactivity.

3.1 Architecture

The overall architecture of our framework is presented in Figure 2.
The input for the Animation Engine is a script file containing the
description of one or more facial actions. Our scripting language is
called FDL (Face Description Language) hence we name our script
files as FDL files. The Animation Engine interprets the facial ac-
tions within a FDL file and generates the animation according to
them. In the current stage of our research, the FDL files can de-
scribe a sequence of three types of high-level face actions: talk-
ing, facial expressions and eye behaviors. Each of these types of
face actions are independent, and the processing of them in our
Animation Engine is performed by three different modules: Lip-
Synchronization Module, Facial Expression Module and Eye Be-
havior Module. This provides the values of each MPEG-4 facial
animation parameter (FAP) corresponding to the desired facial ac-
tions through time. After this step, the FAPs Synchronization Mod-
ule receive the FAP values and resolves possible conflicts among
them, such as making the combination of facial expressions and
visemes. The output is a FAP file containing the final animation,
which can run on any MPEG-4 compliant player and with differ-
ent face models. Our Facial Animation Module uses Xface for the
facial animation synthesis (described in Subsection 3.3).

The Eye Behavior Module, whose architecture is illustrated in Fig-
ure 3 contains the implementation of [Queiroz et al. 2007] a model
for automatic generation of eye animation. This provides a set
of eye behaviors which can be used in combination with different
affective states. The model uses a known statistical model [Lee
et al. 2002] (Default Model) as a saccadic eye movement engine
and creates differentiated behaviors (Behavioral Database) through
changes in the gaze parameters, such as direction, magnitude and
interval between movements. Saccadic movements (or saccades)
are rapid movements of both eyes from one gaze position to an-
other [Lee et al. 2002].

Eye behaviors are described as high-level actions in FDL scripts.
When combined with facial expressions, they contribute for in-
creasing both the expressiveness and engagement in communica-
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tion. The Expressive Gaze Generator receives descriptions of face
actions and returns the FAP values for each gaze generated accord-
ing to the specified eye behavior, also providing head and eyelids
movements according to the model rules. The Interactive Module,
described in Subsection 3.4, can provide the input eye behavior se-
quence (e.g. following the user face) in a interactive way.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Face Action
Script Behavioral Dl
(for eyes) Database Mades

V1

Expressive Gaze Generator

y 1

Eye Behavior
i Module

Figure 3: Diagram of the Eye Behavior Module

The job of the Facial Expression Module (Figure 4) is simpler:
currently, it only produces facial expressions predefined as a set of
FAP values in the Emotional Database, representing “pure” emo-
tions. But the framework can be easily extended, in order to allow
new facial expressions and algorithms to generate derived expres-
sions. The facial expressions are also described as facial actions in
the FDL language.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Emotional

Database

V1

Facial Expression Generator

Face Actions
Script
(expressions)

Facial Expressions
i Module

Figure 4: Diagram of the Facial Expressions Module

The Lip Synchronization Module follows the methodology de-
scribed in [Rodrigues 2007]. Basically the module receives a sound
file (.wav) as input, containing the character speech and an auxil-
iary file containing its textual description. For the generation of lip
animation, we use the CSLU Toolkit ® which aligns the sound file
with the textual description and provides a file with the timeline of
the phonemes through time. This file is the input for the Phoneme-
Viseme Mapping Module, which connects the phonemes to their vi-
sual representation (visemes), according to [Rodrigues 2007]. The
CSLU toolkit alignment script generates 41 English phonemes that
are mapped to the 14 visemes specified in the MPEG-4 standard.
There is also an auxiliary “viseme” we have called silence to rep-
resent the pauses in speech. After this step, we have the complete
timeline of visemes, whose mapping to FAPs are carried out in the
Viseme-FAP Mapping Module. In this stage the blending of visemes
(i.e. the transition between two visemes) is also performed. For this
transition, we apply a linear interpolation between them. Figure 5
illustrates the architecture of this module.

After the three modules of the Animation Engine have finished, the
FAPs Synchronization Module receives the output FAP values and
resolves possible conflicts among them. Meanwhile, our frame-
work solves three types of conflicts:

Ohttp://cslu.cse.ogi.edu/toolkit/
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Figure 5: Diagram of the Lip Synchronization Module

1. Viseme-Expression conflict: occurs mainly in mouth region
FAPs, when the facial expression includes mouth movement.
To solve this conflict, we blend the mouth FAP streams gener-
ated by the Facial Expression and Lip Synchronization mod-
ules, in a weighted sum of them. Pyun [Pyun et al. 2003]
proposes that the weights for different visemes and expres-
sions should variate according to the “importance” of them.
However, in the current stage our framework uses the same
weights for all combinations of expressions and visemes, as
shown in equation 1. Therefore, each final FAP (F;) will be
generated through the weighted sum of both expression (E;)
and viseme (V;) FAPs.

_E

3V
J’_

F.
YT 4

()]

2. Eyes-Expression conflict: the Eye Behavior Module generates
eyelid movements related with the gaze direction and shift
[Queiroz et al. 2007]. But some facial expressions also in-
clude the eyelids conformation. In such cases, we also make a
weighted sum, as in the Viseme-Expression conflict (25% for
eye behavior and 75% for expression FAPs)

3. Head control: during FDL processing, some eye behaviors
lead to head movements. If that happens, the Eye Behavior
Module signals the FAPs Synchronization Module, which in
turn preserves the generated head FAPs. If there are no head
movements, then our framework provides an implementation
of Perlin Noise [Perlin 1985] to generate subtle head move-
ments instead of none, in order to approach a more realistic
head behavior.

We also include in our framework a more generic module we named
Interactive Module which is a hotspot to enable the inclusion of in-
teractive events detection and automatic generation of animation
with their respective characters’ responses in runtime. Through
this module, we can incorporate Virtual Reality approaches (e.g.
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through Computer Vision techniques), emotional models which
lead to facial expressions, Natural Language Processing techniques
to verbal or textual communication (e.g. a chat), and such. We can
also define rules of the interactivity of two or more virtual agents in
a simulation or game application.

3.2 Facial Description Language

In our previous work [Queiroz et al. 2007], we have encoded our
face actions as a high-level parameterized set of commands in Lua’
scripts we called Facial Description Language (FDL). We opted to
use Lua as auxiliary scripting language instead of XML-like nota-
tions (as SMIL-Agent and FML) for two reasons: i) Lua syntax is
clearer and its structure helps intuitively to understand the sequenc-
ing of actions; and ii) it is a powerful way to easily incorporate new
functionalities in the framework.

Our approach describes each expression, viseme or eye behavior as
a facial action which is triggered by script files supplied by an inter-
active application, or simply selected by an user. These script files
describe one or more face actions, which are interpreted, processed
and translated to low-level MPEG-4 Facial Animation Parameters
(FAPs). The main script file contains the information about the
speech (sound and text file names) and the scripts with the eye be-
havior and expressions “storyboard”, as shown below. If there is no
speech in the desired animations, the speechSound and speechText
fields should be filled with the "none" string value.

FDL = {
speakSound = "hastalavista.wav",
speakText = "hastalavista.txt",
expressionScript = "expressions.sb",
head = "default",
eyesScript = "eyes.sb",
output = "animation",

}

A sequence of facial expressions can be described as the script be-
low, which informs the desired expressions through time, with their

respective duration times in frames. The example shows some of

the facial expressions which are part of our Emotional Database.

expressions = {
{"joy", 100},
{"sadness", 100},
{"surprise", 100},
{"anger", 50},
{"disgust", 50},
{"fear",100},
{"trust",100},
{"tongueout", 100},
{"inlove", 100},
{"worry",100},
{"sleepy", 100},

}

Similarly, the eye behavior sequence can be described as the exam-
ple below. The set of eye behaviors description and its parameters
are the same of GDL (Gaze Description Language) files of [Queiroz
et al. 2007] adding the “pursuit” behavior we describe in Section 4
in order to generate the eyes pursuit movement.

eyes = {
{"lookTo","left",17.0,"yes",50},
{"lookTo", "upleft",10.0,"yes",150},
{"lookTo", "up",15.0,"no", 150},
{"lookTo", "upright", 7.0, "yes", 50},
{"lookTo", "right",15.0,"yes", 50},
{"lookTo", "downright",12.0, "no",50},
{"lookTo", "down",12.0,"yes",50},
{"lookTo", "downleft",12.0,"yes",50},

{"default", "talking", 0.9, 500},
{"concentration", 0.01,50},
{"discomfort"™, 0.99, 0.6,500},
{"distress", 0.5,400},

{"ironic", 0.5,50},

}

As we show above in the first FDL script, we generate mouth speech
animation automatically through a sound file and its textual de-
scription. After the phoneme-viseme mapping, our system gener-
ates a FDL script such as example below, which is processed by
the Viseme-FAP Module. This type of script can be alternatively

"http://www.lua.org
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used for, e.g. the output of other speech-processing system, or
even edited manually. Following the same syntax of the other FDL
scripts, it describes the sequence of visemes through time.

Sentence = {
{"silence",
("a", 6},
{"kg", 1},
{"o", 1},
("nl", 3},
{"sz", 3},
("", 6},
{"a", 2},
{"silence",

11},

27},

3.3 Animation Platform

Our framework follows the MPEG-4 Facial Animation standard for
face and animation parameterization. The MPEG-4 FA describes
the steps for creation of an animated face by definition of a set of
parameters in a standardized way. First, MPEG-4 defines 84 feature
points (the FPs - see Figure 6) placed on a character head, which in
turn define animation parameters, as well as calibrating the models
when they are exchanged between different players.

111

42 41

-a:‘qf\

310

Tongue Mouth 82

61

* Feature points affected by FAPS
o Other feature points

Figure 6: MPEG-4 Feature Points

In the standard, 68 values (the Facial Animation Parameters, or
FAPs) define the deformation between two frames of animation.
The first two suit a framework with high level parameters, repre-
senting visemes and the six basic emotions defined by Ekman [Ek-
man 1999]. The next ones deal with specific regions on the face,
as left eyebrow, right corner lip, tongue tip, etc. FAP values are
independent of model geometry. For this reason, FAPs have to be
calibrated prior to use on a face model. This is done using Face An-
imation Parameter Units (FAPU, illustrated in Figure 7) which are
defined as fractions of distances between key facial features. More-
over, the information about the 3D model is provided through the
Facial Definition Parameters (FDPs) which allow one to configure
the 3D facial model to be used at the receiver, either by adapting
a previously available model or by sending a new model. The new
or the adapted model is then animated by means of FAPs [Abrantes
and Pereira 1999; Balci 2004].

Each model geometry has its own FAPU and every FAP value is
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calibrated by a corresponding FAPU value as defined in the stan-
dard. Together with FPs, they serve to achieve independence of the
face model for MPEG-4 players [Balci 2004]. Figure 8 illustrates
the FAP file format, which can be read by any MPEG-4 compliant
player.

Figure 7: MPEG-4 FAPU

We use Xface as the MPEG-4 FA engine which plays the FAP an-
imation generated by the Animation Engine Module. The Xface
toolkit is implemented in C++ using the OpenGL API and incorpo-
rates four pieces of software [Balci et al. 2007]: i) the Xface core
library, which enables the developers to embed 3D facial animation
into their applications; ii) XfaceEd, an authoring tool to generate
MPEG-4 parameterized meshes; iii); Xface Player, a sample appli-
cation that demonstrates the toolkit in action; and iv) XfaceClient,
which allows remote network control of XfacePlayer. Our Fa-
cial Animation framework module is implemented over the Xface-
Player, adding a FDL loader function and integrated to the Interac-
tive Module, as we describe in Subsection 3.4. Our 3D face mod-
els were generated in FaceGen Modeller, and body and hair was
modeled by artists. Our faces were parameterized according to the
MPEG-4 standard using the XfaceEd tool. XfaceEd generates a
configuration file containing FAPU and FDP data, which are read
by XfacePlayer to open a face model.

Streams of 68 FAPs
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Figure 8: FAP file scheme

Figure 1 illustrates the visual results during the performance of
some scripted expressive talks. The 3D model independence of
our generated animations is illustrated in Figure 9, which shows
our two different characters performing the same facial expressions
(i.e. playing the same generated FAP file for both characters).

3.4 Interactivity

In our prototype, we can currently generate new animations by two
ways:

e loading FDL files, which calls the FDL processing routines
and then runs the generated FAP file; or

e enabling our Interactive Module to detect events and generate
runtime specific FDL/FAP files with the respective character
responses for these events.

The next section presents a case study in which our framework
was extended to an interactive application using a Computer Vision
technique to drive the animation of a character’s eye.
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Figure 9: Performance of facial expressions by two different char-
acters in our system.

4 A Case Study: Following Faces

As we described in the previous sections, a robust facial animation
platform should be extensible enough to allow the developers to
build its applications in an effective way. When referring to facial
animation, we see that many applications need automatic runtime
generation of animation generation, in order to produce coherent
characters’ reactions throughout the interaction with other agents
or users.

In order to provide support for these features, we have extended our
framework with the Interactive Module and created an interactive
application that generates eye motion driven by Computer Vision
techniques. Specifically, our interactive application presents a vir-
tual character, which follows the user’s face through gaze behavior.
The module that detects and tracks the user’s face employs the face
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detection method provided by the OpenCV® Computer Vision li-
brary as a starting point [Viola and Jones 2001].

The face tracker runs on a separate thread, hence face detection
data is readily available. The OpenCV detection function returns
the location and the face radius (in pixels) of all recognized faces,
but at this moment we consider just the face which is closest to the
virtual character, i.e. the face with the largest radius. Based on this
information, the direction and magnitude (angle of eyeball rotation)
of the virtual character’s eyes are calculated as follows:

1. Obtain x and y coordinates from the face tracker for the clos-
est face. These coordinates are converted to the range [—1, 1]
(zero being the center of the camera image).

2. Determine gaze direction independently for x and y:

o If x < —0.1 we assume that the face is towards the
right side of the camera image. This is 10% of the right
half size, so very small face movements will not cause
any change in the eye direction. Note that the meaning
is reversed, as the camera image is normally mirrored.

e Likewise, if z > 0.1 then the face is towards the left
side of the camera image. The process is carried out
similarly for y.

3. Now to determine the direction, we just combine the vertical
and horizontal information. This produces one out of eight
discrete directions (up, up and left, left, etc).

4. Finally, the magnitude is computed through the Euclidean dis-
tance of the face to the center of the camera image, scaled by
a factor of 20. This produces roughly 12-15 degrees of hori-
zontal and vertical rotation, as the face tracker does not return
coordinates for faces that are very close to the edges of the
screen, as there is not enough data.

After that, these parameters are used to generate an eye behavior
FDL script file, which is processed by the Animation Engine Mod-
ule. Note that there is a single computation for both eyes: we as-
sume, for the purposes of this test application, that the user will
never get too close to the camera, thus the virtual character eyes
will never need to converge inwards.

In order to make the virtual character’s gaze follow the user’s face,
a new gaze behavior was implemented. This behavior (called pur-
suit), allows eyeball rotation without returning to a central position,
allowing continuity between eye’s face actions. Pursuit movements
occur when the eyes follow a moving object, either voluntarily or
involuntarily. They are quite different from saccadic movement:
they are smooth, slower and have a smaller latency [Lee et al. 2002].
After each face detection, a FDL script is generated, as shown in the
example below:

eyes = {
{"pursuit","right",17.0,"yes",50},
}

The parameters recognized by the pursuit behavior are the follow-
ing:

e gaze direction (2D rotation axis), described in a textual rep-
resentation as eight discretized directions (such as 0°, 45°,
90°as “left”, “upleft”,“right™). The use of this discretized val-
ues is inherited of the Default Model implementation of the
model developed by [Lee et al. 2002];

e magnitude angle of eyeball rotation;

e a yes/no value indicating if the head should follow eye move-
ment or not;

e duration (in frames).

Figure 10 illustrates our “Following Faces” application.

8http://sourceforge.net/projects/opencvlibrary/
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5 Final Remarks

This paper presents an interactive facial animation framework
which considers facial expressions, synchronized speech and eye
behavior generation where the users define the characters’ actions
by high-level description. For animation generation, we follow the
MPEG-4 Facial Animation standard. Consequently, the generated
animations can be used in different face models. We also present a
case study that incorporates Computer Vision techniques in a sim-
ple Virtual Reality application, in which character’s interacts with
user following his/her face with gaze behavior. This application
shows that our Interactive Module is promising for the incorpora-
tion of different events and runtime interactive issues.

As future work, we aim to:
e improve the Facial Expression Module;

e provide head control, also allowing independent head motion
as facial actions (head behaviors);

e support visemes from other languages;

e incorporate a GUI tool for editing facial actions in an easier
way;

e cvaluate some framework features with subjects.

In summary, our visual results show that in the current stage of de-
velopment, our approach is promising, since our framework allows
the integration of other research on the area and also provides in-
teractive control of characters for applications such as ECAs and
games.
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Um Algoritmo Evolutivo para Aprendizado On-line em Jogos
Eletrbnicos

Marcio Kassouf Crocomo  Eduardo do Valle Simdes
Laboratorio de Robotica Moével, Universidade de Baalo, Brasil

Figura 1: Imagem do jogo produzido

Abstract motores graficos, fisicos, de audio e de Inteligénc
Artificial (IA) [Bittencourt e Os6rio 2006]. Grande
. : o esforgos foram empregados principalmente na
Abstr_act. The goal of thls work is to verify if 15 ambigntagéo gréafica Stiligada. Poprém,pjé ha algum
p035|_ble _to apply Evolutionary Algorithms to ondin tempo, a previsdo para o mercado de jogos erajaale
Iearnmg in compu_ter games. Some authors agree thaf) gay préximo foco seria nos personagens que se
evolutionary algorithms do not work properly intha comportam de forma realista e podem aprender e se
case. With the objective of contesting this affitior, adaptar, ao invés de personagens com maiores
this work was performed. To accomplish the goal of resolucses e com mais quadros por segundo [Sweetser
this work, a computer game was developed, in which 2002]. Atualmente, é possivel  observar essa
the learning algorithm must create intelligent and tendéncia em empresas gque possuem jogos que tém se
adaptive strategies to control the non-player attara destacado pela qualidade de sua IA, como Black &
using an evolutionary algorithm. Therefore, the @im  Whitel e The Sims2.
the evolutionary algorithm is to adapt the strateggd Maquinas de estado finito, nesse contexto, vém
by the computer according to the player’s actions sendo empregadas na elaboracdo das estratégias
during the game. A review on Evolutionary utilizadas pelo computador com uma freqiiéncia maior
Computation and the techniques used to producedo que outros métodos nos jogos atuais [Ponsem
intelligent behaviors for the computer controlled 2004]. Isso se deve ao fato de serem faceis de
characters in modern game is presented, exposeg thmplqm_entar € .geralmente suficientes para atingir o
advantages, the problems and some applications ofP"OPOSItO desejad,o.. No entanto, essa técnica torna
each technique. The proposed game is also explainedpreV'S'V_e' a estratégia utilizada pelo computationa
together with the implemented algorithms, the @ltérnativa — promissora ~ para  contornar  0s
experiments and the obtained results. Finally,sit i comportamentos —previsiveis € a .ut|I|za(;ao de
presented a comparison between the implementedAlgor'tmos Evolutivos (AI.ES) [Yannak_akls~2005]. :

. . . . . Os AEs possuem diversas aplicagbes em jogos
algorithm and the Dynamic Script technique. Thhis t [Yannakakis 2005], como por exemplo, adaptar as
work offers contributions to the fields of Evolutiary ’ '

: . . ) estratégias utilizadas pelo computador aquelas
Computation and Artificial Intelligence applied to utilizadas pelo usuario, encontrar caminhos e évolu

games. _ _ comportamentos de personagens controlados pelo
Keywords: games, Evolutionary Algorithms, computador. Apesar das possibilidades de suas
Artificial Intelligence, online adaptation. aplicagbes serem numerosas, 0os AEs encontram

resisténcia em serem utilizados pelos desenvolesdor

de jogos. Alguns autores afirmam que essa técnica
(assim como a técnica de Redes Neurais Atrtificiais)
permite a obtencdo de comportamentos “néo

Authors’ contact:
mar ci okc@nai | . com
si nbes@ cnt. usp. br

1. Introducéo
Lionhead Studios. Black & White 2. Disponivel em:

- . A . . <http://www.lionhead.com/bw2/>. Acesso em: 16 &2207.
Nos ultimos anos, muita énfase foi dada ao realismoz ) T . ) :
Eletronic Arts.The Sims.Disponivel em: <http://thesims.ea.com/>. Acesso

dos jogos eletronicos, fazendo surgir uma varied®de ¢y 16 ago. 2007.

VIl SBGames - ISBN: 85-766-9204-X 159



SBC - Proceedings of SBGames'08: Computing Track - Full Papers Belo Horizonte - MG, November 10 - 12

aceitaveis” durante o processo de aprendizado do$2005] descreve um jogo que utiliza RNA em seu

personagens [Ponsem 2004]. Entre esses autoregprendizado on-line, demonstrando com sucesso a

Spronck [2004] afirma que AEs nao sdo uma viabilidade de utilizacdo pratica dessa técnical Ta

alternativa que funcione na prética para o aprawdiz  trabalho ganhou o titulo de melhor artigo no CIG

on-line em jogos, por ndo satisfazerem os critédi®s (IEEE Symposium on Computational Intelligence and

eficiéncia e efetividade necessarios. Este artigmé Games) 2005. Em um trabalho desenvolvido

resposta a essas afirmagdes, pois propde um AE quanteriormente, um AE utilizado no aprendizado oe-li

satisfaca esses requisitos. apresentou o critério de eficiéncia, no entantomée

Dessa forma, é esperado com este trabalhoefetividade [Crocomo et. al 2005].

contribuir para o campo de IA em jogos respondendo

pergunta: E possivel construir um AE para o0 3. QO Jogo Desenvolvido

aprendizado on-line de jogos que possa ser utdirad

pratica, por satisfazer os requisitos de rapidez,o jogo implementado segue o modelo do simulador

efetividade, robustez e eficiéncia? elaborado para a realizacdo dos experimentos de
Spronck et al. [2004]. Nesse jogo, o jogador sera

2. Trabalhos Relacionados responsavel pela estratégia de quatro personagens,
contra quatro personagens controlados pelo

Diversos trabalhos envolvendo IA em jogos podem sercomputador. O jogo € um simulador das batalhas que

encontrados, utilizando técnicas como, por exemplo,ocorrem em jogos de RPG do estilo Baldur's &ate

Légica Fuzzy, Flocking, Arvores de Decisdo, Esse estilo utiliza os sistemas de jogos mais oexol
Méquinas de Estado FinitO, Scripting, RNAs e AEs. encontrados em RPGs eletronicos.

Uma revisdo do uso destas técnicas em jogos paode se

~ O jogo ocorre com o encontro de dois grupos de
encontrada em [Sweetser 2002]. Com relagdo ao Cad q trolad
aprendizado em jogos, 0 mesmo pode ocorrer de duaB®rsonagens. tada um desses grupos (um controlado

formas: on-line e off-line [Spronck et al. 2004]. O pe!o computador e outro pelo jogadqr) € comppsto po
aprendizado off-line é aquele onde ndo é necessarid0iS Personagens magos e dois guerreiros. O
uma interacdo com o usuario, podendo ocorrer atgeduipamento dos personagens € estatico. Cada
mesmo antes do jogo ser lancado. Por sua vez, ®ersonagem possui duas pogdes magicas dentresas tré
aprendizado on-line permite que no decorrer do,jago POssiveis e cada mago possui sete magias de uim tota
adaptacdo da estratégia utilizada pelo computasor e de 21 possiveis. As magias existentes sdo de wvariad
relagdo ao comportamento do jogador. Spronck et altipos, como, por exemplo, maldicdes, invocagdes,
[2004] afirma que AEs ndo satisfazem os dois Gkimo danos e béncaos.

dos quatro requisitos apontados por ele como  Cada um dos personagens possui as agdes que serdo
necessarios no aprendizado on-line e, por issosé@0  tomadas representadas por scripts compostos p cin
candidatos a serem utilizados nesses jogos. Ogegras para um guerreiro (selecionadas de uma base
requisitos levantados por esse autor s&o: contendo 20 regras) e 10 regras para um mago

i Rap|d9: 0 algorltnjo_ de gprgndlzgdo deve ser (selecionadas de uma base de 50 regras). A Tabela |
computgmonalmente rapido, pois € realizado durante mostra o exemplo de um script de guerreiro, no qual
execucdo. Dessa forma, um algoritmo lento atrapalha cada linha representa uma regra.

desempenho do jogo.

* Robusto: o mecanismo de aprendizado deve Tabela 1 — Exemplo de um script

suportar uma quantidade de aleatoriedade significat Acio Alvo Condiches

normalmente presente nos jogos comerciais. Beber Pocad Proprio Pontos de vida < 50% k
+ Efetivo: as estratégias adaptadas devem ser pelp ge cura personagem | personagem possuir pocéo

menos tdo desafiadoras quanto as programada Beber Pocad Proprio Personagem ostr

expllc_ltan]ente. P. Spronck_aﬂrma que este requisit | oo personagem | paralisado e possuir pocio
exclui métodos de aprendizado aleatorios, como 0§ paralisacio

AEs, pois permitem a geracdo de estratégias muitq Atacar Oponente com Existir  oponente  con

ruins para serem utilizadas contra o jogador. condicéo condicio paralisado g
< Eficiente: um pequeno conjunto de testes deve se paralisado personagem ndo estar
suficiente para que o aprendizado ocorra. P. Sgronc paralisado

diz que este requisito exclui técnicas de aprendiza | Atacar Mago  maig Existir mago oponente
lento, como RNAs, AEs e Aprendizado por Reforco, proximo VIvVO € personagem n&o
pois tomariam muito tempo dos jogadores para estar paralisado

Atacar Oponente com Personagem ndo estar

No trabalho de Spronk et al. [2004] é afirmado que menor saugle paralisado -
AEs e Redes Neurais ndo sdo técnicas utilizaveis na _Quanto - mais .aC|ma na tabela, maior a
pratica para a obtencdo de um bom aprendizadmen-li prioridade  da regra. a cada turno, o guerreiro
em jogos e uma técnica chamada Dynamic Scriptingcontmlado pelo script da Tabela | testa as cordigie
(DS) é proposta como alternativa. Como um contra-3

exemplo para tal afirmacéo, o trabalho de Startey.e BIOWARE. Baldur's Gate. Disponivel em:
<http://www.bioware.com/games/baldurs_gate/>. Ace=s: 16 ago. 2007.

poderem ajustar suas estratégias.
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sua primeira regra. Caso elas sejam satisfeitagda  combater no ambiente de jogo em background, ou seja
da regra é executada. Caso contrario, sdo testedas esse confronto ndo é visto pelo usuario do jogon @o
condicbes da proxima regra. Esse procedimento sdinalidade de gerar os quatro individuos da pogidag
repete até que alguma agéo seja executada. Naleaso inicial, sdo realizados quatro torneios de estiastgy
nenhuma agao poder ser executada, a acio de “passalCOMo 0 mostrado pela Figura 4. Essa Etapa néo
turno” entra em execucdo (isso significa que o compromete o desempenho do jogo, pois ocorre antes

personagem abre mao de seu movimento). das partidas com o usuario comecarem.

As regras que compdem os scripts sdo formadas Oito estratégias geradas aleatoriamente |
partir de cinco acBes basicas: atacar, beber ug@opo T T T T T T
se mover, executar uma magia ou passar avez. J 1 [ 2 |3 1[4 1[5 1[6 1[7 |[&]
conjunto contendo quatro scripts (dois para magos e L ] L ] L ]
dois para guerreiros) constitui uma estratégia ra se T

usada por um time. Dois times sdo colocados no — — —
. " J Estratégia vencedora: um dos individuos da populagéo inicial |

mesmo ambiente e entram em combate utilizando, cada

um, sua respectiva estratégia. Quando um time fica Figura 4: Torneio entre oito estratégias (geradas

sem personagens vivos, é considerado derrotado. Se aleatoriamente). A vencedora ira compor um dosrquat

time do jogador vencer o time controlado pelo individuos da populagdo inicial.

comput_ador, um novo time e criado para Fiar Na Etapa 2, ocorre o confronto entre as estratégia
continuidade ao jogo, resultando em uma préximaqa populaciio sendo evoluida com a estratégia do

batalha. jogador. Os seguintes procedimentos sdo realizados:
1. O valor aptiddo de cada cromossomo € iniciado
3.1 O Algoritmo Evolutivo Proposto como -1, significando que os cromossomos ainda néao

possuem um valor de aptiddo. E selecionado o
O AE proposto possui como cromossomos as primeiro cromossomo da populagéo.

estratégias de comando de um time composto pon (g scripts que compdem O Cromossomo S30

quatro personagens: dois guerreiros e dois magos (U jlizados para controlar o grupo de personagens do
conjunto de quatro scripts). Cada regra que compde computador.

esses scripts é considerada um parametro do3 o batalh q
cromossomo sendo avaliado, resultando em um tetal d 3: Oc¢orre uma  batalna entre os personagens do
30 regras por cromossomo: 5 para cada guerreifb e 1 computador e os personagens do jogador. Apds o

para cada mago. O cromossomo descrito pode ser vist t€rmino da batalha, calcula-se uma pontuacéo para a
na Figura 2. estratégia utilizada pelo computador, dada pela

funcéo de aptiddo do grupo: Fit(p), representadia pe

Guerreiro 1 Guerreiro 2 Mago 1 Mago 2 Equa(;ao la seguir.

‘Rl‘ ‘RSIRI‘ ‘RSIRl‘ ‘RlOI Rl‘ ‘RIO‘

) h(m)
05-0125 1 {00 plh(n) < 0}

Figura 2: O cromossomo proposto

Fit(p) = h(n) {th0 p|h(n) > 0}
A populagdo evoluida é composta por quatro 0'5+0’12527) P
cromossomos. O funcionamento do AE proposto é P .
composto por trés etapas basicas: geracédo da gépula Equagao 1
inicial, teste dos individuos no ambiente e gerapdio ~Sendo: 3 .
uma nova populacdo. A Figura 3 ilustra o *  F(p): Func&o de aptidao do grupo p
funcionamento do algoritmo. * H(n): Saude total do personagem n
« h(n): saude restante do personagem n apés a
J | batalha (nimero natural entre 0 e H(n))
Etapa 1 Tiﬁréadis Etapa 3 ~ A aptiddo do grupo possui um valor real no
Gera populagao i dividuos o »{Geracio de uma|  intervalo [0,1]. E O.se 0 grupo perdeu a luta erfibs
inicial ambiente nova populacdo|  a metade da média da percentagem de saude restante

dos personagens do time.
4. Caso a estratégia do computador tenha sido
Na Etapa 1, é gerada a populacao inicial contendo Vitoriosa, a mesma estratégia € mantida para a
guatro cromossomos. Para cada um dos quatro proxima batalha (retorna para o procedimento 3).
membros da populacéo, séo geradas oito estratgias 5 Caso o computador tenha sido derrotado pelo
jogo selecionando-se de forma aleatoria as regie®s P jogador, o individuo com o cromossomo responsavel
os scripts. E realizado um torneio entre €ssas pe|a estratégia utilizada recebe um valor de aptida
estrategias, como ilustra a Figura 4, e a estateqi (fitnes$ igual a média aritmética das pontuacdes

Lencecors & 0pcioTossoTo nick do ConeshOndents s por us estaéoia no procedimento doi da
popuiagao. 6(pela Equacao 2 abaixo:

essas estratégias ocorrem colocando as duas par

Figura 3: Funcionamento do Algoritmo Evolutivo
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n esperando uma grande quantidade de processamento
Z X para continuar jogando.
aptidao[j]="*— + Robusto: 0 AE proposto é robusto, pois nenhuma
Equacao 2 regra é excluida em momento algum, ou seja, toslas a
sendo: regras podem voltar a ser utilizadas em algum
e j: cromossomo sendo avaliado momento do jogo devido ao operador evolutivo de

- aptidao[j] : valor de aptiddo do cromossomo j Mutacdo. Desta forma, mesmo que uma regra seja
Lo L . prejudicada devido ao estilo de um jogador, a mesma
* n:numero de vitérias + 1 (nimero de batalhas ™, . . .
o L . ndo ¢é excluida permanentemente. Ela podera
utilizando a estratégia de j) N ~ .
. B ) o reaparecer devido a mutacdo e caso o jogador nmude d
* Xi: pontuaco obtida na i-ésima batalha dada gstratégia, ela podera ter um efeito positivo na
pela Equagéo 1 pontuacéo, sendo incorporada na populacéo desscript
6. Se ainda houver um cromossomo na populacéo sem  Efetivo: P. Spronck afirma que AEs sdo incapazes
um valor de aptidao (aptiddo = -1), entdo retom@p  de garantir que as solugdes geradas sejam pelosmeno
0 procedimento 2, testando 0 Cromossomo emyz,  desafiadoras quanto  solugdes  projetadas
questdo. Caso contrario, a etapa dois chega ao fim.  ,5nualmente [Spronck et al. 2004]. No entanto,
Apbs todos os individuos serem avaliados, étambém afirma que a técnica DS desenvolvida sempre
execuEada a etapa 3 com o ObJeUVO de aprovestar aproduz solugdes pelo menos tdo desafiadoras quanto
estratégias que obtiveram maior sucesso para gerasquelas projetadas manualmente, por utilizar regras
uma nova populacéo, da qual € esperado um maiohaseadas em dominio de conhecimento (as regras
potenmal para superar a estratégia ut!I|;§1qa pe'°pertencentes A base de regras sdo projetadas
jogador. Para se gerar a nova populacéo, € inief@n  nanyaimente) [Spronck et al. 2004]. O AE proposto
utilizado o elitismo [Bramlette 1991] como técnida neste trabalho possui como fungo realizar a seléga
wal, isto & divid . lor de aiid 0regras também baseadas em dominio de conhecimento.
atual, isto &, o individuo com maior valor de a0 Sendo assim, utilizando a mesma argumentacgéo de P.

(chamad~0 de “pai o!a populagao). Apos o pal da Spronck, o AE proposto também cumpre o requisito de
populacdo ser selecionado, o operador evolutivo de

crossover [Bramlette 1991] ¢é responsavel por ser efetivo.
determinar trés cromossomos da nova populacdoy tend  Foi necessario realizar experimentos para verificar
50% de chance de receber o valor do cromossomo dé€ 0 quarto requisito (eficiéncia) € cumprido pelo
“pai” e 50 % de chance de receber o valor do algoritmo. Para esta finalidade, foram repetidos os
cromossomo antigo; o quarto cromossomo é testes realizados durante o trabalho de P. Sproaek
exatamente igual ao cromossomo do “pai”. verificar a eficiéncia da técnica DS. Tais experitos
se baseiam em projetar scripts manualmente que

Apos realizado o crossover, cada parametro dogimulem um jogador humano. Apds o script ser
cromossomo resultante possui 5% de chance de Sehrojetado, 0 jogo € realizado, sendo que um comjunt
substituido por uma regra aleatoria que ndo peated¢  de personagens (personagens do jogador) é cortrolad
script em questdo. Apés a nova populacdo ter sidopelo script pré-concebido, e os outros (personagens
gerada, a mesma € avaliada chamando novamente gmputador) controlados pelos scripts gerados AElo

etapa dois. O lago entre as etapas dois e résréF®)  proposto. As estratégias projetadas para simutar u
representa a capacidade de adaptagdo do algoritmgegador humano s3o:

presente durante todo o jogo. O laco sd termina no,

. . Ofensivo: os personagens do jogador possuem
momento em que o jogo for encerrado pelo jogador.

como prioridade diminuir a vida de seus oponentes n
maior velocidade possivel: guerreiros sempre atacam
inimigo mais préximo, enquanto 0s Mmagos usam suas
magias de dano mais fortes.
Com a finalidade de responder a questa}o apresentad@ peteriorante: os guerreiros

ao final do capitulo 1 (Introdugdo), € necessario
verificar se o AE implementado durante o trabalho
apresenta 0s quatro requisitos para um aprendm@do g5 magias para debilitar 0s oponentes (como, por
line utilizavel na pratica: Rapido, Efetivo, Rolmst  gyemplo, magia de paralisacéo) durante os primeiros
Eficiente. O AE proposto foi projetado de maneira a {,;nos.

cumprir pelo menos trés dos requisitos: _ . L
i » Amaldicoante: guerreiros sempre atacam o inimigo

* Rapido: o AE proposto € rapido, pois funciona wais préximo: os magos utilizam magias de invocago
entre as batalhas exigindo apenas uma PequUeNdeqcao de atributos, e magias de controle.

quantidade de operacfes ldgicas e aritméticas.aDest. Defensivo: . bebend ~
forma a proxima batalha é rapidamente carregada, se €lensivo.  guUEerreIros comecam bebendo  pocoes

que o processamento feito pelo computador sejaloota que reduzam dar_10 d.o elgmgnto fogo (d|m|r.1u.|n<_jo danc_)
pelo usuario, ou seja, o jogador ndo precisa ficarde algumas magias); apds isso, atacam o inimige mai

3.2 Os experimentos

iniciam a batalha
utilizando poc8es contra paralisia; apos isso atagsa
inimigo mais proximo. Os magos utilizam todas as
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préximo. Os magos usam todas suas magias defensiva$.3 Resultados Obtidos

e magias de invocacao.
bo iéenicas poposias wé o momenio nio DSOS e ITpeTeIAd: b einos <
apresentam variagcbes durante a batalha. Isto P zado, 12 Xper P

~ verificar se 0s mesmos apresentam capacidade de
geralmente ndo ocorre com um oponente humano, P P

ortanto outras trés técnicas compostas foramasiad adapta¢do. Para isso, os personagens adaptados pela
P P técnica DS disputaram duas mil partidas contra

 Técnica aleatéria: a cada batalha, uma das quatrersonagens com a estratégia ofensiva, explicada no
taticas apresentadas anteriormente € selecionada dgapitulo anterior. Em cada partida, as pontuac@ss d
maneira aleatdria. duas equipes s8o comparadas. A equipe com maior

« Técnica aleatéria para cada personagem: para cadBontuacéo € considerada a vencedora na partida em
batalha, cada um dos personagens utiliza qUeStao. )

aleatoriamente um script relativo a uma das priaseir Para melhor compreensédo dos dados coletados
quatro técnicas apresentadas anteriormente. Ahgscol NESte experimento, os resultados foram represesitado
de um script para um personagem ndo depende d§™ UM grafico, utilizando média moével com largura

escolha dos scripts para os outros personagens d 0. A equagdo da m~ed|a mpvel utilizada  esta
grupo representada pela Equacéo 2 abaixo:

* Mudanca de estratégias: O grupo comeca utilizando i

uma das quatro primeiras técnicas aleatoriamente. z f (k)

Enquanto a técnica utilizada pelo grupo é vitorieta i p = k=i-9 10

€ mantida; quando a técnica € derrotada, outra é : 10 Equacéo 2
selecionada.

Para avaliar a eficiéncia das técnicas desenvavida ser:do: Y _ _
pelo AE em relagdo as técnicas apresentadas parhi:‘Pontuacéo media” explicada no texto acima.
simular o jogador, a cada batalha foi calculada af(k): A pontuacdo da equipe sendo avaliada, explicada

aptidio média dos grupos durante as Cltimas 10P€a funcdo de avaliacdo da técnica DS. _
batalhas. Quando este valor for maior para o grupoA funcéo fS") acima, e dada p,ela. Equagdo 3 abalx_o.
controlado pelo computador, € dito que a estratdgia Ta[ equacao € Emhzada_ na tecnica DS de maneira
computador dominou a estratégia do usuario. A rparti analoga a Equagao 1, utilizada no AE deste trabalh
da estatistica apresentada, serdo verificados dois 0
valores: F(p) = h(n) {Dn O p|h(n) < O}
1. Ponto de equilibrio médio: nimero da primeira 0’5+0’1252W{D’1D p | h(n) >O}
batalha apés a qual o grupo controlado pelo e
computador domina o grupo do usuario por pelo .
menos 10 batalhas consecutivas. Equagao 3

S , .. sendo:
2. Ponto de ,equmbno absolutq: namero da primeira F(p): Funcao de aptid&o do grupo p
batalha ap6s a qual um numero consecutivo de )
batalhas em que o grupo do computador vence o  H(n): Satde total do personagem n
grupo do usuario nunca € seguido por um namero* h(n): saude restante do personagem n apés a
maior de batalhas consecutivas em que o grupo do batalha (nimero natural entre 0 e H(n))
jogador vence o grupo do computador. Os pontos de equilibrio médio e absoluto
Os valores destes pontos de equilibrio s&o avaliado €ncontrados no experimento representado pela Figura
para revelar a eficiéncia do a|goritm0, sendo queforam 54 e 92 respectivamente. O mesmo experimento

quanto menores os valores encontrados mais efisient f0i realizado para se verificar a capacidade de

sdo os algoritmos. As simulagbes realizadas sacdaptacdo do AE. Desta vez, para a exibicéo dos
mostradas abaixo. dados, foi utilizada a média movel feita com a

pontuacdo obtida pela funcdo de avaliacdo da equipe

1. DS X Jogador Humano utilizada no AE, representada pela Equagio 1 Ossdad
2. AE X Jogador Humano coletados desta forma estdo representados no grafic
3. AE X DS da Figura 6, e apresentaram pontos de equilibrihiané

e absoluto de 41 e 43 respectivamente.

Os resultados coletados durante estas simulagdes A Figura 5 e a Figura 6 permitem verificar que os
foram avaliados com o objetivo de verificar a algoritmos implementados fornecem ao computador a
eficiéncia do AE implementado. Estes resultados capacidade de gerar estratégias que vencam aéggrat
também possibilitam a compara¢do entre os doissendo enfrentada. Ambos os algoritmos necessitaram
algoritmos de aprendizado on-line: o DS proposto po de um pequeno nuamero de partidas para superar a
P. Spronck e o AE proposto neste trabalho. estratégia pré-elaborada, sendo isso uma evidéecia

que os algoritmos satisfazem o critério de efide&nc
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Tabela Il — Resultados obtidos confrontando os scrtp
desenvolvidos pela técnica DS com as estratégiagpr

Estratégia Ofensivae " Dinamic Scripting " elaboradas da primeira coluna.
1 - — —— 7
09 Dynamic Scripting- Ponto de Equilibrio Médio
08 Estratégias Menor Maior Média Mediana
D 0,7 Ofensiva 12 1129 88 38
3 Q06 Deteriorante 11 36 20 18
§ T 05 Amaldicoante 11 51 26 22
= 2 g‘a‘ ] Defensiva 11 48 18 12
S ol Aleatdria 11 214 70 53
o1l Personagens 11 35 17 16
’ gv T LA R B A4 ' v Z
0 Aleatérios
1 208 415 622 829 1036 1243 1450 1657 1864 Mudanca de 11 102 60 56
. Estratégia
Partida Dynamic Scripting Pontos de Equilibrio Absoluto
——10 por. Méd. Mév. (Estratégia Ofensiva) (E;tratggms Migor '\l/'gg Mf:éa Mezl;an 3
< . ensiva
10 por. Méd. Mov. (DS) Deteriorante 1 832 112 28
Amaldicoante 6 115 39 31
Figura 5 - DS Disputando Contra a Estratégia Otensi Defensiva 1 80 21 12
Gréfico de Média Mdvel Aptiddo por Partida Aleatoria 70 406 174
Personagens 1 70 21 18
Aleatérios
Média M6vel Aptidéo X Partida Mudanca de| 62 1938 507 254
Esfratégia Ofensivae " Dinamic Scripting " Estratégia
I
0'9 ) d A H 13 H ” H
08 AR 1. A estratégia “Deteriorante” apresentou maior
S o dificuldade a ser vencida neste trabalho do que em
S8 s [Spronck et al. 2004].
% %gv‘a‘: 2. A estratégia Defensiva apresentou maior facilidade
= ' a ser vencida neste trabalho do que em [Spronak et

0,2

0,1
0

1 208 415 622 829 1036 1243 1450 1657 1864

Partida

— 10 por. Méd. Mdv. (Estratégia Ofensiva)
10 por. Méd. Mov. (AE)

Figura 6 - AE Disputando Contra a Estratégia Ofemsi
Grafico de Média Mével Aptiddo por Partida

2004].

3. A estratégia “Aleatéria” apresentou neste trabalho
um caso em que a técnica DS ndo conseguiu obter um
ponto de equilibrio absoluto (tal verificacédo ertcan

se explicada mais adiante). Tais diferencas sé&o
naturais dado que o ambiente construido neste
trabalho ndo é exatamente igual, embora tenha sido
montado de maneira a se assemelhar ao ambiente
criado por Spronck [2004]. Além disso, as estratggi
foram montadas por especialistas diferentes, embora

Para cada uma das estratégias pré-elaboradas
explicadas no capitulo anterior, foram realizadas 2
testes como os descritos acima contra cada algoritm .

sigam a mesma idéia nos dois trabalhos.
O importante é verificar a eficiéncia da técnica DS

de aprendizado implementado, e para cada uma dal'dépendente das diferencas do ambiente e das
estratégias compostas (técnica aleatéria, alegbaria - _ >
cada personagem, e mudanca de estratégia) forarffPServacoes feitas em [Spronck et al. 2004] séo
realizados 11 testes. O numero de testes realifados

estratégias enfrentadas. Com relagdo a isso,

também validas para a Tabela Il e encontram-se
realizadas mais adiante.

assim escolhido para reproduzir os testes realizado
pelo criador da técnica DS no artigo [Spronck et al
2004]. Os resultados baseados nos pontos de eguilib
médio e absoluto podem ser visualizados na Tabela |
na Tabela lll. E importante observar que, de acordo
com as definicbes dos pontos de equilibrio, quanto
menores 0s valores encontrados, mais eficiente é o
algoritmo.

A Tabela | representa os resultados obtidos pela
técnica DS neste trabalho. A tabela referente aos
mesmos experimentos realizados pelo criador da
técnica DS pode ser encontrada em [Spronck et al.
2004]. Nos dois trabalhos, a estratégia “Mudanca de
Estratégia” foi a indicada pela mediana como a mais
dificil de ser vencida. E possivel verificar tambgue

da primeira coluna.

Algoritmo Evolutivo- Ponto de Equilibrio Médio
Estratégias Menor Maior Média Mediang
Ofensiva 11 167 61 40
Deteriorante 11 170 30 17
Amaldigoante| 11 354 54 22
Defensiva 11 124 18 11
Aleatéria 11 214 70 53
Personagens | 11 35 17 16
Aleatérios

Mudanga de| 11 102 60 56
Estratégia

as estratégias pré-elaboradas possuem algumas
diferencas:

testes em que um ponto de equilibrio absolutorfobetrado.
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4 Neste caso, o valor da média foi calculado utilitaapenas os 10
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Algoritmo Evolutivo- Ponto de Equilibrio Absoluto Tabela V- Pontos de Equilibrio obtidos pela técnica ®
Estratégias Menor Maior Média| Mediana ao confrontar o AE
gf(:nglva : 11 l:gé 1512 12087 DS — Ponto deEquilibrio Médio
cteriorante Menor Maior Média Mediana
Amaldicoante 1 1326 174 38
Defensi 1 137 13 2 11 240 55 38
Ale etqs!va 6 1798 505 102 DS — Ponto deEquilibrio Absoluto
P catoria 1 370 57 25 Menor Maior Média Mediana
ersonagens 76 - 1172 1997
Aleatérios
Mudanga de 4 1996 776 506 o ) .
Estratégia Olhando os pontos de equilibrio obtidos a partir

deste experimento, é possivel observar que:
Analisando as duas tabelas (Tabela Il e Tabela lll) 1. Tanto o AE quanto a técnica @Bcontraram casos
€ possivel observar que: em que nao foi possivel obter um ponto de equilibri
1. Em todos os experimentos, e para os dois pontos de absoluto. Dos 21 testes realizados, o AE néo
equilibrio, a média sempre possui valor maior que a conseguiu obter um ponto de equilibrio absolutd®2em
mediana. Isso se explica pelo fato de serem raras a testes. J4 a técnica DS nédo foi capaz de obter este
ocorréncias de pontos de equilibrio com valoressalt ponto de equilibrio em 5 testes.

2. Ambos os algoritmos mostraram médias e 2. A mediana do ponto de equilibrio absoluto obtida
medianas factiveis para os pontos de equilibrio pela técnica DS foi de 1997. Este valor é muito alt
médio, isto é, para que a adaptagdo ocorra, € considerando o numero de partidas realizadas em
necessario que o jogador jogue uma quantidade de cada teste (2000), o que é um indicador de que o AE
partidas aceitavel (levando em consideracéo que cad dominou a técnica DS na maioria das partidas.

partida leva geralmente menos de um minuto no jogoz As médias e as medianas apresentaram melhores
implementado). Tal constatacdo indica que 0S regyltados para as estratégias desenvolvidas fElo A
algoritmos séo eficientes.

3. Comparando as duas tabelas, é dificil afirmar gual Media Mével Aptidéo X Partida
o melhor algoritmo, sendo que em alguns testes, a DSe AE
técnica DS obteve melhores resultados, e em oatros

utilizagédo do AE teve melhor desempenho. 1
4. Ao enfrentar a estratégia “Aleatoria”, A técnica DS 0.8
0,6

ndo conseguiu obter um turning point absoluto em um
dos experimentos. A ocorréncia de tal acontecimento
€ dada ao fato de que em algumas partidas, dewido a
fator sorte, a técnica DS pode aumentar o peso de
regras ndo adequadas, e até mesmo excluir regras
necessarias para obter uma estratégia venceddra. Ta
limitacdo do algoritmo ja havia sido constatadagpel
desenvolvedores da técnica. O fato de permitiraue ‘ 10 por. Méd. Mov. (DS) =10 por. Méd. Mév. (AE)
peso minimo para uma regra seja zero, resulta €Mkigura 7 - AE Disputando Contra a Técnica DS, Grfle
uma grave desvantagem, pois com o passar do tempayédia Mével Aptidao por Partida

a técnica perde a capacidade de adaptar suas
estratégias. A fim de verificar as constata¢tes 2 e 3 realizadas

Para chegar a uma melhor comparacdo entre Oéora_m verificgdos 0s comportamentos dos testes
algoritmos, a préxima etapa dos testes foi readizad r(?all_zados. Foi constatado que © grupo adaptaNdD pel,
confrontando no jogo as duas técnicas. Ou seja,tecnlca .DS perde a capamdgde ,de adaptagdo apos
enquanto um grupo de personagens € evoluido peléfjIlguns 10gOs. Tal constatagao € coerente com a
AE, 0 grupo oponente foi adaptado pela técnica@s. ~°Pservacdo realizada no experimento anterior, @b qu
pontos de equilibrio obtidos pelo AE podem ser a técnica DS ndo encontra um ponto de equilibrio

verificados na Tabela IV. Enquanto os obtidos pe|aabsoluto ao confrontar a estratégia “Aleatéria”. A

técnica DS se encontram na Tabela V. Para obtengég igura |7 _mosl_tra um do(l)s dteSteS r%alzjza((jjos onde ¢
destes pontos de equilibrio foram realizados 2teges  POSSivel visualizar a perda da capacidade de agipta

cada um composto por duas mil partidas. da técnica DS. ,
Para colher dados capazes de confirmar a

0,4
0,2

o

Média Mével Aptidao

1 262 523 784 1045 1306 1567 1828

Partida

Tabela IV- Pontos de Equilibrio obtidos pelo AE ao superioridade do AE sobre a técnica DS ao longo de
confrontar a técnica DS um jogo composto por 2000 partidas, foi utilizadon u
AE — Ponto deEquilibrio Médio método que utiliza como critério o erro maximo de
Menor | Maior | Média | Mediana estimacdo com um nivel de confianca de 95% [Bussab
11 393 49 12 e Morettin 2006]. O método utilizado é explicaddape
AE — Ponto deEquilibrio Absoluto Figura 8.
Menor | Maior Média | Mediana
2 - 598 301
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1 Repita

2 Realize um jogo composto por 2000 partidas;

3 Calcule a freqiiéncia das partidas vencidas
grupo adaptado pelo Algoritmo Evolutivo;

Até que (Numero de Jogos > 2P6u (erro maximo < 0.05
* (Média dos valores calculados no passo 3)).

belo

Figura 8 - Método Adotado para a Coleta dos Dados

No passo 2, o jogo é

sendo:

NP

Belo Horizonte - MG, November 10 - 12

Os resultados obtidos encontram-se no grafico da
Figura 9, onde as colunas indicam as frequéncias
obtidas de vitdrias do AE e da técnica DS, e avale
indicado sobre as colunas representa o intervalo de
possiveis valores para as frequéncias esperadas,
considerando o erro maximo encontrado.

Tais resultados permitem concluir, com um nivel de

confianca de 95%, que em um jogo composto por 2000
partidas, as estratégias geradas pelo AE vencem as

realizado como no €stratégias geradas pela técnica DS na maioria das
experimento relatado anteriormente, realizando 2000vezes. A afirmacdo € possivel de ser realizada, §oi
partidas. No passo 3 o valor calculado da amostravisivel no grafico que o pior caso do AE (frequénci
(freq[]éncia das partidas vencidas pe]o grupo adapta encontrada de vitérias do Afienoso erro méximo) é
pelo Algoritmo Evolutivo durante o jogo i) é chamad
de xe dado pela razdo abaixo:
X :ﬂE

« VAE Numero de vitérias obtidas pelo grupo cuja
estratégia é evoluida pelo AE
« NP NUmero total de partidas realizadas,

(2000 neste caso).

No critério de parada, o erro maximo (e) € caltola
a partir dos valores amostrados até o0 momento fBuss
e Morettin 2006]. A formula para célculo deste efro

dada pela Equacéo 7:

_ /S
e = JR—
n
Equacéo 7

sendo:
e € erro maximo
e s2 variancia amostral
e n namero de jogos realizados (amostras)

A variancia amostralst ) é estimada através da

Equacéo 8 abaixo.
1
n-1

SZ

sendo:

i=1

e Xi Valor da amostra

3 (6 -x)

. X Média das amostras

e n Nmero de jogos realizados (amostras)

Frequéncias de Vitérias em 2000 Partidas
erro amostral = 0,028

o
]

H

T

T

0,600005

0,397403

cooo0o0o

oRrNMw™uU o

Frequéncia de Vitérias

DS

Algoritmo

AE

Figura 9 — Frequéncia de Vitorias das TécnicagAES em

2000

Partidas
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melhor que o melhor caso da técnica DS (freqiiéncia
encontrada de vitérias da técnica DBais erro
maximo). Tal resultado é esperado, dada a conétatac
de que a técnica DS perde a capacidade de adaptar s
estratégia ap6s um determinado nimero de partidas,
sendo que 2000 partidas sdo suficientes para se
verificar tal acontecimento, como visto no experitoe
anterior. Os casos de empate ndo foram exibidos no
grafico, pois se mostraram despreziveis (casos de
empates e erro maximo de aproximadamente 0%).

Os resultados explicados até o momento sao
suficientes para apontar os Algoritmos Evolutivos
como uma melhor opcéo a ser utilizada em jogos nos
quais a adaptacdo deve ocorrer continuamente. Em
jogos em que ocorrem poucas partidas, as duasascni
seriam aceitaveis, pois a técnica DS s6 perde sua
capacidade de adaptagdo apés um numero de partidas
suficiente para reduzir os pesos de suas regrada
guantidade de partidas varia de acordo com fatores
como o espaco de busca e a quantidade de
aleatoriedade do jogo). No entanto, isso ndo permit
comparar as duas técnicas com relagdo ao critério d
eficiéncia, pois 0 mesmo diz respeito a um nimero
pequeno de partidas para que o aprendizado ocorra.
Para comparar este critério, 0 Ultimo experimenio f
repetido, mas desta vez o numero de partidas gosjo
foi diminuido, realizando testes para 300, 200, @00
50 partidas por jogo. Os resultados do teste pasim
visualizados na Tabela VI abaixo.

Tabela VI — Comparacdo das freqii€éncias de vitorias
entre o AE implementado e técnica DS. Resultados
coletados utilizando 300, 200, 100 e 50 partidasrgogo.

Partidas Frequiéncia de Vitérias

por jogo DS AE Erro amostrat
300 0,514 0,475 0,026
200 0,505 0,487 0,025
100 0,509 0,479 0,025
50 0,463 0,521 0,023

E valido avisar que a soma das freqiiéncias de uma
linha da tabela ndo é exatamente um, pois exisem o
casos de empate (que possuem valores a partir da
quarta casa decimal) e também devido a
arredondamentos realizados pelo computador. Estes
casos de empate, mais uma vez nao foram mostrados
na tabela acima, pois se mostraram despreziveis.
Observando os dados resultantes dos experimentos, é
possivel verificar que as freqiiéncias de vitoriatdas
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para o AE e para a técnica DS foram similares. SO éon-line eficiente utilizando Algoritmos Evolutivos
possivel concluir que a eficiéncia de uma técniea d Redes Neurais Artificiais.

aprendizado ‘A’ é superior a eficiéncia da outniéa
de aprendizado ‘B’, se o pior caso de ‘A’ for super
ao melhor caso de ‘B’. Ao dizer pior ou melhor ¢a&so

Para constatar que o AE funciona de fato no
aprendizado on-line, foi verificado se 0 mesmossati
0s requisitos: rapidez, robustez, efetividade e

considerado o erro maximo, assim como feito no eficiéncia. O AE broposto foi proietado de maneira
experimento com 2000 partidas por jogo. De outra cla. © AL propo brojet
cumprir 0s primeiros trés dos requisitos. Para rapst

maneira, podemos afirmar a superioridade da técnica A . . ~
‘A’ com relacéo a técnica ‘B’ caso a inequacdo sbai  Presenca destes critérios, foi realizada uma cceggar

seja satisfeita [Bussab e Morettin 2006]: da estrutura do algoritmo a téqn_ica de aprendii}ﬁo
FVA — ea > FVB + eb que satisfaz os quatro requisitos. Para verificar o
critério de eficiéncia, foi necessario:

Fregliéncia de Vitérias do Grupo cujos 1. Produzir um jogo como ambiente de testes assim
como uma linguagem de scripting capaz de controlar
0 comportamento dos personagens. Para a produgéo
deste jogo, foi procurado recriar o0 ambiente deeges
produzido pelos criadores da técnica DS, cujos
detalhes explicados no artigo [Spronck et al. 2004]
Vitérias do Grupo cujos scripts foram adaptados exigiram grande atengdo para estarem presentes
pela técnica ‘A’ também no jogo produzido neste trabalho.
e eb erro maximo da Percentagem de 2. Propor e codificar um AE, realizando testes sobre a
Vitérias do Grupo cujos scripts foram adaptado funcéo de avaliagdo utilizada, e otimizando suas
Lo funcBes evolutivas. Inicialmente a funcdo de
pela técnica ‘B o o I b b
. avaliacdo utilizada seria igual a funcdo de avabac
Como consequiéncia dos casos de empate terem seqo time utilizada pela técnica DS. Os testes radtis
mostrado despreziveis, o erro amostral aproximado durante esta etapa mostraram a necessidade de se
(representado na Tabela VI) € igual pesze eb (ea~= modificar esta avaliagdo para o funcionamento junto
eb). Em nenhum dos resultados apresentados pelaao AE implementado. A taxa de mutagdo e o tamanho
Tabela VI pode ser constatada superioridade na da populacdo do AE foram definidos empiricamente,
eficiéncia da técnica DS sobre o AE, ja que, embora realizando alguns testes nesta etapa do projeto.

alguns experimentos apontem a técnica DS comogz, |mplementar a técnica DS e realizar testes para
vencedora (experimentos com 300, 200 e 100 partidas yerificar a capacidade de adaptacdo da mesma. Para
por jogo), ao considerar o erro amostral enconttatlo  jsso foi necessario um estudo cuidadoso da téenica
superioridade néo pode ser admitida, pois nenhusn do fim de ndo cometer enganos em sua implementacao.
experimentos torna  verdadeira a inequagdo Os testes realizados permitiram verificar a correta
apresentada. De maneira analoga, ao se comparar amplementacdo desta, assim como mostrar sua

Sendo:
* FVA
scripts foram adaptados pela técnica ‘A’

« FVB Frequiéncia de Vitérias do Grupo cujos
scripts foram adaptados pela técnica ‘B’

e ea erro maximo da Percentagem de

superioridade do AE sobre a técnica DS, é possivel capacidade de adaptacgao.

verificar a superioridade do AE no ultimo experingen
realizado (50 partidas por jogopois os dados
coletados tornam valida a inequacéo verificada.

4. Elaborar estratégias de jogo, com o objetivo de
simular um jogador humano para permitir a
realizacdo de grandes quantidades de testes com as

E possivel concluir, com base nos dados obtidos, técnicas de aprendizado. Estas estratégias foram

que a eficiéncia apresentada pelo AE se mostrou extraidas do

trabalho de Spronck [2004], e

melhor ou préxima a da técnica DS, que ja teve sua Procuraram ser reproduzidas neste trabalho.

eficiéncia verificada no trabalho de Spronck. Cain t
verificacdo tornou-se evidente que Algoritmos
Evolutivos podem satisfazer o critério de efici@nci
para um aprendizadon-line que funcione na pratica.
Atingido este objetivo, os experimentos foram
finalizados.

3. Conclusao

A proposta deste trabalho foi a de verificar a
possibilidade de se construir um Algoritmo Evolativ
(AE) capaz de ser aplicado de fato no aprendizado o

5. Reproduzir, para os dois algoritmos de
aprendizado, os testes realizados para verificar a
eficiéncia da técnica DS no trabalho onde a mesma
foi proposta, assim como realizar testes confralgan
diretamente os dois algoritmos de aprendizado.a\est
etapa foi necesséario um estudo detalhado sobre os
testes realizados no artigo que apresenta a tébDEca
[Spronck et al. 2004].

6. Avaliar os dados coletados segundo os critérios
estatisticos adotados durante a etapa seis.
Dificuldades foram encontradas com o rigor
estatistico a ser utilizado. Foi entdo buscadoxdiau
de um especialista da area de estatistica, que se

line em jogos, capacidade esta apontada como Mostrou de grande ajuda para o cumprimento desta
impossivel por alguns autores [Spronck et al. 2004] €tapa.

[Ponsem 2004]. Para o cumprimento de tal objetivo,

inicialmente foi realizada uma revisdo bibliografic
que apresentou fatos encorajadores, pois possibilit
encontrar trabalhos que diziam ter obtido apremitiza
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Ao final da Ultima etapa descrita acima, foi poskiv
verificar que o algoritmo de aprendizado proposto
neste trabalho satisfaz o requisito de eficiéncia.
Também foi observado que o algoritmo em questao
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apresenta eficiéncia melhor ou similar a da técbiga 3. Re_sultados experimenta_is que: (1) mostram que o
cuja eficiéncia ja havia sido comprovada no trabalh AE implementado € mais eficiente ou apresenta

[Spronck et al. 2004]. Tal constatacdo permite €ficiéncia similar a da técnica DS desenvolvida por
A - Spronck; (2) apontam deficiéncias da técnica DS e

responder & pergunta chave deste trabalho: sim, é Bos hori ) 3
possivel desenvolver um AE que satisfaga os quatro sugestoes de menorias para a mesma, € (3) negam
afirmagBes que d&o suporte a resisténcia encontrada

requisitos: rapidez, robustez, efetividade e dficié. para a aceitacio de AEs por desenvolvedores de
Os testes realizados permitiram verificar uma jogos.

deficiéncia da técnica DS: esta perde a capacidade
adaptacdo ap6s um determinado tempo d
funcionamento. Uma forma para corrigir tal defici@n

seria definindo um peso minimo de valor maior que
zero a ser utilizado. Assim, nenhuma regra seria
permanentemente descartada e, portanto, a técnica

Ao se concluir este trabalho, vérias alternativas
€para sua continuacdo foram encontradas, dentre as
guais podem ser citadas:

1. Implementar a correcéo proposta para a técnica DS
e realizar outros experimentos para verificar se o
mesmo continua satisfazendo o critério de efic&nci

e com esta correcio a eficiéncia da técnica danin eg Comparar outros algoritmos de aprendizado com os
q ¢ e utilizados neste trabalho.

pois regras que ja tenham sido testadas e mostrada3§ T AE ind .
inadequadas contra a estratégia utilizada coniamar éfic(iaenr:?ersenucggtrdaerste t?agg(lehose mostrem ainda mais
apresentando a possibilidade de serem testadas. q

A obtencdo de um AE como o implementado neste
trabalho traz contribuicbes para o campo de Referencias

Intellgenc_la Artificial apllt;ad_a a .JOgO,:S’ no qual e ~BITTENCOURT, J. AND OsORIQ, F., 2006.Motores de jogos
reconhecido que as POSSIVels aplicacoes para _AE SAFara criagdo de jogos digitais — graficos, audierface,
numerosas, embora a técnica encontre certa res&tén rede, inteligéncia artificial e fisican: Anais da V ERI-MG
para ser aceita pelos desenvolvedores de jogos. Ta$BC,v. 1, 1-36.

resisténcia € reforcada por afrmacdes como ASBRAMLETTE, M., 1991. Initialization, mutation and selection
contestadas e negadas neste trabalho. Portanesaesp methods in genetic algorithms for function optintiae. In:
se com este trabalho, que os desenvolvedores ds jog Proceedings of the 4th International Conference @medic
tornem-se mais receptivos as técnicas evolutivdd.de  Algorithms,San Mateo, CA, USA, 100-107.

Uma aplicacdo em potencial de AEs seria em jogosBussas, W.O., Morettin, P. A. 2006Estatistica Basica 5.
como MMORGPs, que estdo em destaque atualmentegd- SARAIVA. P. 540. ISBN 8502034979.

Este tipo de jogo permite que uma grande quantidadecrocomo, M. K.; Miazaki, M.; SMOEs, E.V. 2005.
de usuarios jogue simultaneamente. A avaliacdo deAlgoritmos evolucionarios no desenvolvimento de o@g
seus individuos poderia ocorrer de forma paralela,adaptativos, In: Simpdsio Brasileiro de Jogos Para
sendo que cada jogador funcionaria como uma fungad=0omputador e Entretenimento Digital — WJogos, Saol®a
de avaliacio para os oponentes que os enfrentassem. Brail: 342-347.

O nivel de complexidade do jogo produzido foi FAIRCLOUGH, C. ET AL., 2(_)01.Research Directions for AI in
. . Computer Games. In: Irish conference on Al and dbgni
escolhido de maneira a ser alto quando comparado g.iance 12. Kildare AICS. 1 — 12

outros jogos mais simples (espaco de busca de

tamanho 25*1027 aproximadamente) [Fairclough et PONSEM M., 2004. Improving adaptive game Al with

I, 2001]. Desta forma, ao se constatar que o AEevoIgtlonary learning Dlssert.a(;ao. de Mestrado,. Fac.ulty of
a., ) ’ . q, Media & Knowledge Engineering, Delft University of
apresentou bom desempenho neste jogo, € esperadfschnology.

ue em jogos similares, mas com solucoes contitias e
q 199 ¢ SPRONCK, P., YEE, N., SHPRINKHUIZEN-KUYPER, |. AND

um espaco de busca menor do que o deste projefo o APOSTMA, E., 2004. Online adaptation of game opponent Al in

apresente um desempenho ainda melhor. Em sumapeory and practicén: Proceedings of the 4th International
foram obtidos neste trabalho: Conference on Intelligent Games and Simulatibondon,

1. Uma revisdo sobre técnicas utilizadas na UK, 45-533.
Inteligéncia Avrtificial dos jogos atuais.Um jogoéne STANLEY, K., BRYANT, B. AND MIIKKULANINEN , R., 2005.

alta complexidade que serve como ambiente de testegvolving neural network agents in the NERO video gam
para técnicas de aprendizado on-line. In: Symposium on Computational Intelligence and Game

2. Um AE capaz de produzir estratégias inteligentes Piscataway, NJ, USA, IEEE Press, 182-189.

adaptadas as estratégias utilizadas pelo usuario ergweetser P., 2002. Current Al in games: a review
tempo de jogo. Além disto, foi verificado que este Relatério Técnico, School of ITEE, University of
algoritmo funciona na pratica, pois satisfaz quatro Queensland.

requisitos: rapidez, efetividade, robustez e eficii. Y ANNAKAKIS, G., 2005.Al in computer games: generating

interesting interactive opponents by the use ofutiomary
computation Tese de doutorado, Faculty of Media &
Knowledge Engineering, University of Edinburgh.

® Site do jogo ZantArena. Disponivel em:
<http://quadros.no-ip.org/zantarenaAcesso em: 02
fev. 2008.
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Abstract

In this work, we focus on fluid modeling and animation through
Lattice Gas Cellular Automata (LGCA) for computer games.
LGCA are discrete models based on point particles that move on
a lattice, according to suitable and simple rules in order to mimic a
fully molecular dynamics. In this paper, we combine the advantage
of the low computational cost of LGCAs and its ability to mimic
the realistic fluid dynamics. The new animating framework is com-
posed by two LGCAs models: (a) A 3D fluid animation technique;
(b) A GPU surface flow animation over terrain models. In this work
we highlight the advantages of our proposal for computer games ap-
plications. In the experimental results we emphasize the simplicity
and power of the proposed models when combined with efficient
techniques for rendering.

Keywords:: Real-time Simulation, Cellular Automata, Fluid Ani-
mation, Terrain Models
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1 Introduction

Physically-based techniques for the animation of natural elements
like fluids (gas or liquids), elastic, plastic and melting objects,
among others, have taken the attention of the computer graphics
community. The motivation for such interest rely in the potential
applications of these methods and in the complexity and beauty of
the natural phenomena that are involved. In particular, techniques
in the field of Computational Fluid Dynamics (CFD) have been ap-
plied for fluid animation in applications such as virtual surgery sim-
ulators and visual effects [Miiller et al. 2004a; Miiller et al. 2004b;
Miiller et al. 2003].

The traditional fluid animation methods in computer graphics rely
on a top down viewpoint that uses 2D/3D mesh based approaches
motivated by the Eulerian methods of Finite Element (FE) and Fi-
nite Difference (FD), in conjunction with Navier-Stokes equations
of fluids [Stam 2003b; Foster and Metaxas 1997; Hirsch 1988].

Animation of fluids is important for computer games applications in
order to immerse players into plausible virtual worlds [Gam 2004].
However, real time is a fundamental requirement in this area which
is the main challenge for traditional CFD methods due to the cost
of the computational simulation [Stam 2003a].

Recently, we demonstrated the advantages of changing the view-
point to the bottom up models of the Lattice Gas Cellular Automata
(LGCA) [Xavier et al. 2005; Barcellos et al. 2007]. These are dis-
crete models based on point particles that move on a regular grid
structure (lattice), according to suitable and simple rules in order
to mimic a fully molecular dynamics [Frisch et al. 1987a]. Parti-
cles can only move along the edges of the lattice and their interac-
tions are based on simple collision rules. Such framework needs
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low computational resources for both the memory allocation and
the computation itself. Such models have been applied for scien-
tific application in two-phase flows description (gas-liquid systems,
for example), numerical simulation of bubble flows [Inamuro et al.
2004], among others.

Besides, a multiscale technique was applied to demonstrated that a
particular type of LGCAs, the so called FHP model, can reproduce
Navier-Stokes behaviors for 2D fluids [Frisch et al. 1986; Wolfram
1996]. However, there is no need to solve Partial Differential Equa-
tions (PDEs) to obtain a high level of description. Besides being
fast and realistic from the physical viewpoint, it is based on binary
variables, and so, there are no numerical instabilities at all [Doolen
1990]. In [Giraldi et al. 2005] we show the FHP capabilities for
animating 2D fluid-fluid interactions. In [Barcellos et al. 2007] we
demonstrated the advantages of a technique inspired in the FHP
model for surface water flow simulation in digital terrain models.

In this paper we propose a framework for real time fluid animation
based on two elements: (a) A three dimensional fluid simulation
model based on the FHP and interpolation techniques; (b) The sur-
face flow simulation in Digital Terrain Models (DTMs) proposed in
[Barcellos et al. 2007]. In the former, our proposal consists of regu-
larly distribute independent FHP planes along the x and z directions
and perform simple interpolations to generate a 3D macroscopic
flow. The latter is a LGCA which is based on (water) particles
which can move over the terrain surface but the projections of their
displacements are constrained to the lattice directions. The DTM
is a piecewise linear approximation of the terrain surface built as
a digital elevation model (DEM); that means, there is a lattice that
keeps the elevation of the terrain at each grid node. We can apply
the 3D fluid simulation method to animate rainfall. On the other
hand, we can simulate flood and watershed rainfall by using simple
interaction model between the fluid and the terrain.

The main contributions of this work is the development of a par-
ticle based framework, combining LGCA techniques and DTMs
to create realistic animations of systems that involve 3D fluid and
fluid-terrain interaction for computer graphics and computer games
applications.

The paper is organized as follows. Section 2 gives a review of re-
lated works. Section 3 describes the FHP model and our extension
for 3D. In sections 4 and 5 we describe our technique for simulat-
ing surface water flow over terrains and its GPU implementation.
The interaction between models is discussed on section 6. Section
7 presents experimental results. In section 8 we present the conclu-
sions and future works.

2 Related Work

This work focuses on the animation of three dimensional fluids and
fluid-terrain interaction. The former involves numerous works that
can be coarsely classified in non-physically and physically based
models [Iglesias 2004; Deusen et al. 2004]. Our work belongs to
the latter class, which can be subdivided in PDEs and Lattice based
techniques [Frisch et al. 1987b; Iglesias 2004]. PDEs methods in-
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cludes continuous fluid equation, like the Navier-Stokes ones, and
numerical techniques based on discretization approaches that can
be Lagrangian Smoothed Particle Hydrodynamics (SPH) [Liu and
Liu 2003], method of characteristics [Stam 1999], Moving-Particle
Semi-Implicit [Premoze et al. 2003] or Eulerian (Finite Element)
ones [Foster and Metaxas 1997].

Lattice based techniques, like HPP, FHP and Lattice Boltzmann
methods, work following a different viewpoint [Frisch et al. 1987b;
Benzi et al. 1992]. For instance, in the case of HPP and FHP, in-
stead of applying continuous mechanics (and, consequently, PDEs)
principles, they model the system as a set of point particles, that
move on a lattice, interacting according to suitable and simple rules
in order to mimics a fully dynamics [Frisch et al. 1987b]. These
are bottom up approaches in which the macroscopic behavior of
the fluid can be recovered by interpolation techniques [Frisch et al.
1987b].

Lattice models have a number of advantages over more traditional
numerical methods, particularly when fluids mixing and phase tran-
sitions occur [Rothman and Zaleski 1994]. The simulation is al-
ways performed on a regular grid and can be efficiently imple-
mented on a massively parallel computer. Solid boundaries and
multiple fluids can be introduced in a straightforward manner and
the simulation is performed equally efficiently, regardless of the
complexity of the boundary or interface [Buick et al. 1998]. In
addition there are not numerical stability issues because the evolu-
tion follows integer arithmetic. However, system parametrization
(viscosity, for example) is a difficult task in such lattice models and
they are less realistic than PDE based models.

For the purpose of game application, real time is a fundamental
requirement. So, the trad-off between realism and frame rate be-
comes the main challenge. Therefore, Navier-Stokes equations
solvers, based on finite difference approaches, with special care
about stability and speed were proposed [Stam 2003a] as well as
Lattice Boltzmann methods (LBM) on graphics hardware [Zhao
et al. 2007] and real time techniques for simulating atmospheric
effects [Wenzel 2006].

SPH has been also applied for fluid simulation and interaction of the
fluid with rigid bodies through penalty techniques, contact (pres-
sure) forces, and a discrete angular velocity representation ([Gam
2004], Vol. 6, page 189). Besides, Linearized Bernoulli’s equations
and convolution techniques for discretization have been applied for
real time computer-generated ocean surface ([Gam 2004], Vol. 4,
page 256).

Interaction between fluids models and digital terrains is a subclass
of fluid-surface interaction [Ye et al. 1996]. It can be addressed
by hybrid methods in which the fluid is a continuum medium, sim-
ulated by Navier-Stokes plus SPH or grid based techniques, and
the surface is represented as a discrete one [GENEVAUX et al.
2003; Solenthaler et al. 2007; Batty et al. 2007]. These approaches
deal with the specific problem of preventing the leaking of fluid
across the polygonal surface [Guendelman et al. 2005; Bridson
et al. 2002].

In addition, fluid flows can be simulated on 2D manifolds repre-
sented by (continuous) subdivision surfaces that have a natural quad
patch parametrization [Stam 2003b]. Besides, a hybrid particle and
implicit surface approach to simulating water was proposed in [Fos-
ter and Fedkiw 2001], which led to the particle level set method
[Enright et al. 2002].

Finally, rendering techniques must be applied to ensure the desired
level of realism but keeping the frame rate suitable for game appli-
cations. Realistic rendering can be properly addressed through sev-
eral algorithms incorporating usual refraction, reflection and Fres-
nel terms ([Gam 2004], Vol. 1, page 583), refraction approaches
based on perturbing the texture coordinates used in a texture lookup
of an image of the nonrefractive objects in the scene ((GPU 2005],
Chap. 19) and accelerated volume rendering on GPU [Krger and
Westermann 2005].
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3 FHP

The FHP was introduced by Frisch, Hasslacher and Pomeau [Frisch
et al. 1986] in 1986 and is a model of a two-dimensional fluid. It
can be seen as an abstraction, at a microscopic scale, of a fluid. The
FHP model describes the motion of particles traveling in a discrete
space and colliding with each other. The space is discretized in a
hexagonal lattice.

The FHP particles move in discrete time steps, with a velocity of
constant modulus, pointing along one of the six directions of the
lattice. The dynamics is such that no more than one particle enters
the same node at the same time with the same velocity. This restric-
tion is the exclusion principle; it ensures that six Boolean variables
at each lattice node are always enough to represent the micrody-
namics.

The velocity modulus is such that, in a time step, each particle trav-
els one lattice spacing and reaches a nearest-neighbor node. When
exactly two particles enter the same node with opposite velocities,
both of them are deflected by 60 degrees so that the output of the
collision is still a zero momentum configuration with two particles.
The deflection can occur to the right or to the left, indifferently, as
shown in Figure 1. For symmetry reasons, the two possibilities are
chosen randomly, with equal probability.

/

A
/

\

Figure 1: The two-body collision in the FHP Source.

When exactly three particles collide with an angle of 120 degrees
between each other, they bounce back to where they come from
(so that the momentum after the collision is zero, as it was before
the collision). Both two- and three-body collisions are necessary to
avoid extra conservation laws. For all other configurations no colli-
sion occurs and the particles go through as if they were transparent
to each other.

The full microdynamics of the FHP model can be expressed by evo-
lution equations for the occupation numbers defined as the number,
n; (r, t), of particle entering node r at time ¢ with a velocity point-
ing along direction ¢;

—(cos@sin@)
N 6’ 6/’

, 6 labels the six lattice directions, as shown in

(€]

&

where 1 = 1,2, ...

Figure 2.
G5
G G

Figure 2: The six lattice directions.

The numbers n; can be 0 or 1. We also define the time step as A,
and the lattice spacing as A,.. Thus, the six possible velocities ¥; of
the particles are related to their directions of motion by

(@)
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The microdynamics of a LGCA is written as

i (r+AT€i7t+Af) =N, (rvt)+Qi (n (I‘,t)) 3)

where €2; is called the collision term [Chopard and Droz 1998].

Now we propose an extension to 3D, using the 2D FHP model ex-
plained above. In practice, the system of a given cellular automata
rule cannot deal with an infinite lattice, it must be finite and have
boundaries [Chopard and Droz 1998]. So, first we must define a
domain in the three dimensional space, where the microscopic par-
ticles can evolve. Then, our proposal consists of regularly distribute
planes along the x and z axis, like in Figure 3. Each of these planes
is a system whose cellular automata rule is the 2D FHP.

y

a)

\V
\VAVAVAVAVAVAVAVAVAY/
VAVAVAVAVAVAVAVAVAV),

4

Figure 3: (a) Domain in 3D Space and (b) the distribution of 2D
FHP planes.

b)

Once simulated the two dimensional FHP in each plane indepen-
dently, we perform a simple interpolation to generate a 2D macro-
scopic flow in each plane. In this step, we add new nodes to the
FHP grid in order to complete a rectangular grid in each plane, as
pictured in Figure 4.

< Nodes of the 2D FHP grid ‘

x New nodes to the 3D FHP

b)

a)

Figure 4: Extend the (a) FHP grid to generate a (b) rectangular
mesh.

Following the usual definition of statistical mechanics, we compute
the macroscopic density in each node (z;, yi, 2;) of the plane z =
x; through the expression:

@

6
= Zznk (5,95, 25, 1)

JEV k=1

Pz (xi,yi,Zi,t)

where V' is a neighborhood of point (x;, y;, z;).

An analogous expression can be used for the plane z = z;. Now,
we must render a 3D macroscopic flow. We shall observe that each

VIl SBGames - ISBN: 85-766-9204-X

171

Belo Horizonte - MG, November 10 - 12

node (x;,yi, z;) in Figure 3 belongs to the planes z = z; and z =
zi. So, the 3D density can be finally obtained through a simple
mean of the corresponding values in the FHP planes, that means:

Pz (xivyiaziat) + Pz (x’hyivzivt)

. ®)

p(l‘i7yi,2—;,t) =

We also calculate the velocity field through macroscopic samples of
the FHP behavior. In order to do that, we use a set of test particles
whose initial positions in 3D domain are random. For each macro-
scopic particle ppqc, we take a neighborhood V' (pmac, radius),
where radius is an radius of influence, and we calculate the sum of
the velocities ¢; (equation (1)) of the microscopic particles inside
the neighborhood:

T (pmac) = (6)

7€V (Pmac,radius)

Once we have calculated the velocity field, given a test particle p,
in Z (p, t) position at instant ¢, the position of the particle p at next
time is:

Z(p,t + At) = Z (p,t) + oU(p), @)

where o is a constant for the macroscopic step in time.

4 Surface Flow Simulation Model

The model is composed by two basic elements: (1) A DEM that ap-
proximate the terrain; (2) A LGCA for water flow simulation [Bar-
cellos et al. 2008]. The DEM is composed by a regular lattice and
an elevation function (%, j) that gives the elevation of the terrain
in the lattice node (4, j). The LGCA is a particle based model that
uses the 2D regular lattice of the DEM. The Figure 5 highlights a
(,7) node of the lattice and its 4 neighbors given by (¢ — 1,7),
(4,7 — 1), (i + 1,7) and (4,5 + 1). These nodes are numbered
Vi, Vo, V3 and V4, respectively. We also can compute the terrain
slope at point s (3, 7). It is defined as the projection of the surface
normal over the domain D.

Figure 5: Neighborhood of a lattice node.

For each grid node (4, ) a particle counter is associated, which
mimics the water held at terrain point (, 7, (¢, 7)). The particle
system is used in order to update the field of counters of the lattice.
The elevation and the slope define the stationary fields of the model.
The water particles evolution updates the counter field which will
be a non-stationary one.

The particles movement are discrete; that means, each particle
moves from one lattice node to another one in the neighborhood,
in the time step At. Therefore, given a particle at the position
(i,7) and its slope 5 (7, ), we can define its direction of move-
ment through the Algorithm 1.

Specifically, the particle moves from a node (z,7) to a nearest
neighbor P, if the corresponding lattice direction P— (4, 5) is closer
the slope direction at (¢, 7) and the high of the water free surface at
(i,7) is greater than in P. This is verified in the 4th line in the Al-
gorithm 1. A four bit string n1 (2, §), n2(4, j), ..., na(4, j) is related
to each node (4, j) of the lattice. We set nx(i,5) = 1 if the node
(2,7) has one particle to send to the neighbor &, as we will see in
the Algorithm 2, in the 14th line, explained below.
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Algorithm 1: findVelocityDirection

. P < findVelocityDirection(i, j, §);

Ve {(kal) ‘ (27.7) - (kal) ‘S 1};

. while V # NULL do
P < argmin{arc(¥, (k,1) — (i,5)), (k,1) e V};
Delete P from V;
P < NULL;

end while

: return P;

The Algorithm 2 summarizes the whole method. The inputs are the
elevation function ¢ and the precipitation P (¢). In the initializa-
tion step, we must initialize the field ny (4, j), the particle counter
counter(i, j) and the slope field s(¢, 7). In the first loop of the sim-
ulation, given a particle at the position (¢, 7) and its slope 5 (3, j),
the direction of movement is obtained through Algorithm 1, and,
consequently, the four bits string n are updated. The second loop
of the simulation step updates the particle counters of each node
(4,7) and its neighbors.

Algorithm 2 : calculateWaterSurface()

1: Input:

2:  Elevation function .

3:  Precipitation P (t).

4: Initialization:

5:  Define the lattice L;

6:  np(i,j) < 0, counter(i, j) <
7. Compute the slope 5 (3, 5), (¢,7
8: Simulation:

9: for each (i,5) € L do

10: P < findVelocityDirection(i,j,s);

1n: m(i,7)=0,1=1,2,3,4;

12 for [ € {1..4} do

13: if P =V, then

14: setni(i,7) = 1;

15: end if

16:  end for

17: end for

18: for each (7,j) € L do

19:  counter(i,j) < counter(i,j) — ni(i,j) — n2(i,5) —
20:  counter(i—1,7) < counter(i—1,7) +ni(i,5) + P (t);
21:  counter(i,j+ 1) < counter(i,j+ 1) +na2(i, j) + P (t);
22:  counter(i+1,j) < counter(i+1,5) +ns(4,5) + P (t);
23:  counter(i,j — 1) <= counter(i,j — 1) +n4(i, j) + P (t);
24: end for

The result is a function

which gives the high of the free surface flow f, at the point (¢, j) in
the simulation time ¢ (/3 is a scale parameter). We shall emphasize
that the algorithm does not suffer from numerical stability issues
because the floating point fields are stationary and the update of
the counter field is based on simple comparisons and integer arith-
metic. Besides, volume conservation, an important issue to accurate
simulates the flood distribution, is straightforward verified because
all operations are conservative with respect to the number of parti-
cles. This algorithm can be generalized for DTMs that approximate
the terrain surface for triangulations, as demonstrated in [Barcellos
et al. 2008; Barcellos et al. 2007].

5 GPU-Based Simulation Model

The algorithm described in section 4 for surface flow simulation in
DTMs is based on a cellular automaton approach, with local and
simple rules. Therefore it may be very suitable for a GPU imple-
mentation. The main idea is to encode the information needed in
the simulation as textures into the video memory (see [Barcellos
et al. 2008] for more details).
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The Figure 6 gives an overview of the whole GPU processing. At
each interaction of the main loop a 2D texture, called Property
Texture, encoding the automaton configuration is generated as fol-
lows. To each texture point (4, ) it is associated the index k, such
that each color channel represents a different data: the four bit string
nk(i,j) = 1; k = 1,2,3,4, the terrain elevation (i,5) and a
particle counter, respectively channels R, B and GG. Based on the
Property Texture a RG B A texture is generated, named Incident
Directions Texture, with each channel been a flag that is set to 1 if
the corresponding neighbor of a node has one particle to send to its
position and set to 0 otherwise.

By using the Incident Directions Texture and the particles counter
at time interaction ¢, two new fields are generated at time ¢ + 1.
One with the updated particle counters and a second field with the
elevation of the free surface flow f(i, ) at each (7, j) node of the
lattice. These fields will be composed to form the new Property
Texture and the Free Surface Texture, at time ¢ + 1, represented
on Figure 6. Then, the visualization pipeline starts, producing a
new texture to encode the normal field of the free surface, called
Normal Vector Texture in Figure 6.

(t) (t)

Propert; Incident Directions
Update
— Incident | cos-
Update
—— Free —
Surface

(t+1) / \ t+1)

Propert; Free Surface
Compute
Normals
VBO
gICOpYtoVBO | s
Normal Vectors

Figure 6: GPU processing for the surface flow animation.

The Normal Vector Texture and the Free Surface Texture are
used as input to the Vertex Buffer Object (VBO), as Figure 6 shows.
The VBO will be managed as a Vertex Array to render the final visu-
alization of the free surface of the fluid. Therefore, the whole com-
putation (simulation and visualization) is performed in the GPU.
This scheme allow us to minimize the information flow between
the CPU and the GPU and improve the performance of the applica-
tion. The GPU implementation is summarized by the algorithm 3.
The corresponding shader are described in [Barcellos et al. 2008].

Algorithm 3 :

1: Input:

2:  Property Texture (Velocity, Terrain Elevation, Particles
Counter);

: Simulation:

Update Incident Directions;

Update Free Surface;

Compute Normals;

Send Results to Vertex Array;

: Visualization:

Draw Vertex Array;

GPU Simulation()

B A A g
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6 Interaction between Models

Our proposed framework for real time fluid animation is based on
two elements: (a) A 3D fluid simulation model based on the FHP
and interpolation techniques, that is implemented in CPU; (b) The
surface flow simulation in DTMs, that is implemented in GPU. To
integrate this two elements we have to implement a communication
between then through a suitable boundary condition.

We use the 3D FHP to simulate a rainfall over a random region of
the terrain, chosen by the user. After setting the initial configuration
and parameters, we can start the evolution of the system. The Figure
7 shows the interaction between the models in each time step.

0

SIMULATE
3D FLUID
< SEND LATTICE
h OF HEIGHTS
SEND LATTICE .
OF PRECIPITATION 4
SIMULATE

SURFACE FLOW

Figure 7: Interaction between models in each time step.

Basically, the rainfall has to evolve to reach the terrain. This is
what happens in the Simulate 3D Fluid box in CPU (Figure 7).
In each time step the microscopic particles of the 3D FHP evolve
following the rules explained in section 3. After that, the system
has to know if some of these particles have overtaken the limits of
the three dimensional fluid (FHP). To perform this task, the GPU
implementation has to send to the CPU implementation a lattice
with the information about the field computed by the expression (8)
at each node (%, j). With this data, the system can check all the new
position of the 3D FHP particles: if the particle has reached the
limit it dies in the FHP grid and feed the lattice of the LGCA for
water flow simulation. So, the CPU implementation has to send to
the GPU implementation the updated particles counter field. The
corresponding precipitation is used in the algorithm 2, updating the
P (t) variable. Then, the GPU implementation is able to simulate
the fluid behavior over the terrain, what is represented in Figure 7 by
the Simulate Surface Flow box in GPU. The GPU implementation
has to update the free surface elevation, given by expression (8).

7 Experimental Results

In this section we describe details of the implementation and some
experiments with the proposed framework. In these experiments
we show the behavior of the fluid in different digital terrain models
and highlight aspects that can be useful for computer graphics and
real time applications: simple to initialize the animation, simulation
over complex topography and computational efficiency.

The framework was developed in C'/C + + language, with GLUI
[Rademacher 1999; Stewart 2006] library for the graphic inter-
face. The visualization was implemented in OpenGL [Wright et al.
2007]. To increase the scene realism we applied the environment
mapping technic , the point sprite method to render the rainfall and
Fresnel effects (based on the physical laws of reflection and refrac-
tion) to render the water free surface. The shaders was implemented
in OpenGL Shading Language.

The experiments were performed in a Intel Core 2 Duo
2.66 GHz, with 4 GB of RAM and a Video Card NVidia
GeForce 8800 GTX, running Windows XP. The pictures
included in this paper are snapshots obtained from the
framework. The corresponding videos can be found in
http://virtualO1.Incc.br/~barcellos/videosSBGames2008.zip
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7.1 Particles Visualization

The microscopic particles of the FHP are initialized in random posi-
tions at the top of the bounding box. As the system evolve, new mi-
croscopic particles are born to feed the rainfall flow. As explained
in section 3, with simple interpolation techniques we can fill the
3D macroscopic fields (density and velocity) over a regular grid. In
this way we can estimate the particle density (equation (5)) at each
node of the grid, and visualize then using the Point Sprite method.
Meanwhile, we can observe the patterns of a regular grid, as shown
in Figure 8.(a).

Figure 8: Particles visualization: (a) Microscopic particles; (b)
Macroscopic particles.

To avoid this patterns we use a set of macroscopic particles at ran-
dom positions, inside the bounding box of the rainfall. This macro-
scopic particles move according to the macroscopic velocity field,
following expressions (6) and (7). In this way we have a more real-
istic visualization of the rainfall, as shown in Figure 8.(b). That is
the way in the following examples, we render macroscopic particles
to visualize the rainfall.

7.2 Fluid Behaviors

Before initialize the framework the user has to decide which digital
terrain model he wants to use in the simulation. Then, the graphical
user interface implemented allows to interactively place the rainfall
domain over the terrain. Figure 9 shows some examples of digital
terrain models and a bounding box that represents the location of
the 3D fluid model. With the environment mapping technique we
are able to generate different environments, like a sunny or cloudy
day.

The Figure 10 shows some snapshots of the fluid motion with the
downhill path over the terrain surface and affected regions. As ex-
pected, the water flows directly downhill and it takes the easiest
downhill path that is available.

The lake formation can be better observed in Figure 11. We can
notice, along time evolution, the enlargement of the flooded area,
generating a watershed. A watershed is an area of land that drains
downhill to a body of water, such as a river. It includes both the
waterway and the land that drains to it.

The Figure 12 shows a concave region in the terrain digital model
and the the water accumulation along time evolution.

7.3 Computational Efficiency

The examples of section 7.2 where performed with 20 x 30 x 30
(height x width x depth) nodes in the 3D fluid simulation. We
use a 256 x 256 lattice resolution for the surface flow simulation.
Both initialization as particle generation methods for the particles
of the FHP and for the set of macroscopic particles are random.
The microscopic particles iterate following the rules explained in
section 3. In our implementation the FHP particle are restricted to
the bounding boxes pictured in Figure 9. If a microscopic particle
goes outside this volume it is discarded by the simulation. The set
of macroscopic particles iterate following the FHP velocity field.
We use radius = 5 in expression (6) and o = 0.0015 in expression
7. All the examples were simulated until 3000 frames.
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Figure 9: Examples of FHP bounding box over some DTMs with Figure 11: The lake formation: (a) At initial configuration; (b)

different environments: (a) Cloudy day at Mars terrain; (b) Sunny . .
day at Puget Sound terrain; (c) Canyon terrain with sunrise; (d) After 60 steps; (c) After 900 steps; (d) After 3000 steps.

Starry night at Venus terrain.
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. . . FOT Figure 12: The water accumulation: (a) At initial configuration;
Figure 10: Fluid motion: (a) At initial time steps; (b) After 400 ) ;
steps; (c) Configuration after 1200 time steps; (d) After 3000 steps. (b) After 940 steps; (c) After 1500 steps; (d) After 3000 steps.
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The time measurements presented in Table 1 were performed in or-
der to compare the increase of the FPS when using different 3D
FHP grid dimensions, as to observe what happens with the num-
ber of the FHP particles per frame and the accumulated particles
in the water flow over the terrain. We maintain the configuration
explained above and the Puget Sound as the terrain model.

Table 1: Table listing the 3D FHP grid dimensions (height X width
X depth), the average number of FHP particles per frame, the ac-
cumulated number of particles in the water flow over the terrain,
the average number of Macro particles per frame and finally the
frames per second rates(FPS).

FHP Grid FHP Water Macro FPS
1) 10 x 10 x 10 772 479 61 60
2) 10 x 20 x 20 4333 26033 178 44.78
3) 10 x 30 x 30 10653 64549 383 31.91
4) 10 x 40 x 40 19343 | 121747 651 22.72
5)20 x 10 x 10 6541 14958 35 60
6) 20 x 20 x 20 5686 1029 274 37.50
7)20 x 30 x 30 16464 41086 553 25
8) 20 x 40 x 40 32219 | 104146 937 16.04
9)30 x 10 x 10 11620 16343 44 56.60
10) 30 x 20 x 20 | 36535 54453 165 35.29
11) 30 x 30 x 30 | 18397 1381 765 19.35
12) 30 x 40 x 40 | 40038 56094 1230 12.24
13) 40 x 10 x 10 | 14380 14853 53 53.57
14) 40 x 20 x 20 | 52295 54265 191 30.61
15) 40 x 30 x 30 | 104865 | 118215 454 17.65
16) 40 x 40 x 40 | 42559 2039 1572 | 10.27

The 7th line shows the 3D FHP grid configuration used to generate
the examples of section 7.2. We can observe that it returns a 25
FPS, which is closer a real time one. Other configurations, like the
30 x 20 x 20 (line 10th), gives a FPS that goes beyond the real
time frame rate.

The frame rate is very dependent from the number of FHP nodes
and particles. However, once the FHP particles that goes outside
the bounding box is simply discarded, it is possible that two similar
configurations show different frame rates. That is why the experi-
ments reported in the 2nd and 13¢h lines have the same number of
nodes (4000) but the FPS is larger in the latter one.

We can observe that the experiment reported in the 13th line has
a highest bounding box (height = 40) than the one in the 2nd line
(height = 10), which ensures a large average number of FHP parti-
cles per frame in the first case ( 14380 against 4333). However, due
to be higher, the experiment reported in the 13th line has a larger
number of discarded particles (the particles that goes outside the
bounding box), which means that it contributes less to the precipi-
tation over the terrain (14853 against 26033).

Once the surface flow simulation is performed in GPU, an im-
portant concern is the accuracy of the numerical simulation. The
graphics hardware used supports 4 bytes per color channel which
fits the requirement on the accuracy of the computation.

Table 2: Table listing the lattice dimensions, the average number
of FHP particles per frame, the accumulated number of Water Par-
ticles in the surface flow and the frame rate.

Lattice FHP Water | FPS
128 x 128 | 15884 | 53911 | 32.9
256 x 256 | 19163 | 71345 | 24.8
512 x 512 | 19219 | 77390 | 13.6

In the Table 2 we report the FPS evolution against the lattice res-
olution. If we keep parameters for the rainfall simulation and vi-
sualization unchanged, we get lower frame rates when increasing
the lattice resolution because the computational cost of the surface
flow simulation gets larger. Figure 13 pictures the effect of the lat-
tice resolution in the final scene visualization. According to Table
2 we have a real time frame rate in this case. We observe also that
the visual quality of the generated scene was preserved quite well.
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Figure 13: 128 x 128 digital terrain model.

8 Conclusion and Future Works

In this work, we propose a framework for fluid animation based
on Cellular Automata models for computer games. The new ani-
mating framework is composed by a 3D fluid animation technique
and a GPU surface flow simulation over terrain models. In the ex-
perimental results we emphasize the simplicity and power of the
proposed models when combined with efficient techniques for ren-
dering.

Future directions in this work are to perform a GPU implementation
of the fluid model in order to improve performance and to compare
the obtained results with the Lattice Boltzmann model to quantify
the level of physical realism obtained.
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Resumo

Este artigo apresenta o Projeto SABERLANDIA,
uma plataforma para o desenvolvimento de jogos
educacionais que, a partir de contextos e conteudos
fornecidos,, propicia a geragdo automatica de jogos
de agdo. O projeto SABERLANDIA tem como focos
principais: i. o desenvolvimento de sistemas de
autoria que estimulem a construgdo do conhecimento,
de forma ludica, propiciando aos diferentes atores
(professores, aprendizes) atuarem como autor no
desenvolvimento destes jogos; ii. a utilizagdo de
recursos multimidias como motivacdo, fazendo uso
de recursos de Realidade Virtual e Robotica. Séo
utilizadas técnicas de planificagdo associadas a 1A
(Inteligéncia Artificial) para gerar a
seqiienciabilidade do  jogo, utilizando-se o
formalismo STRIPS para definicdo genérica das
possiveis agdes permitidas, definidas pelo autor. O
roteiro e conteudos, fornecidos pelo autor, sdo entdo
inseridos de forma automatica no plano do jogo. Um
conjunto de cenarios pré-disponiveis, armazenados
em uma biblioteca de cenarios e personagens, sdo
reproduzidos de forma virtual (com visualizagao 3D)
e em maquetes. Os personagens também sdo
disponibilizados de forma virtual e através de
sistemas roboticos, em kit fornecido. Habilidades
necessarias a jogabilidade sdo adquiridas através de
atividades de motricidade associadas ao sistema
robdtico. A proposta encontra-se em fase final de
implementacdo, sendo apresentados testes e analises
do protdtipo hoje existente.

Palavras-chave: jogos eletronicos, jogos
educacionais, robotica, Planejamento (planning),
sistemas de autoria

1. Introducao

Conceber a aprendizagem como um processo de
interagdlo em que todos participam, trocam e
compartilham conhecimentos ¢ um dos caminhos
para substituir a concep¢do de aprendizado, na qual
os conhecimentos sdo apresentados pelo professor,
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cabendo aos alunos a recepgdo passiva. A troca por
uma concep¢do mais dindmica, na qual os
conhecimentos sdo socialmente (re) construidos,
conduzira a uma interagdo que, no é sendo uma nova
maneira de descrever o que se passa na historia de
um sujeito, entre ele e o mundo, é a propria dindmica
da aprendizagem (Merieu, 1998, p. 57).

As atividades ludicas estimulam a curiosidade, a
autoconfianga, o potencial criador e a autonomia,
proporcionando o desenvolvimento da linguagem, do
pensamento, da concentragdo e atencdo, exercendo
assim, fun¢do educativa.

Os jogos educativos sdo atividades ludicas que
possuem objetivos pedagogicos especializados para o
desenvolvimento do raciocinio e aprendizado de
criangas ¢ adultos.

Tendo o pedagdgico como meta, deve-se atentar
ao fato de que a motivagio ndo deva ser
desconsiderada. Por exemplo, por divertir e motivar
sabe-se que jogos de acdo retém a atencdo e o
interesse de criangas e adolescentes, exercitando as
fungdes mentais e intelectuais dos jogadores. Se
convenientemente planejados, estes poderiam ser um
recurso pedagdgico eficaz para a construgdo do
conhecimento.

O uso de recursos tecnoldgicos, dentre eles o
computador e a Internet, pode vir a potencializar os
aspectos acima descritos, produzindo jogos
eletronicos educativos, sempre que atrelado a
principios tedrico-metodologicos claros e bem
fundamentados. Defende-se que tais principios
passam pela individualizagdo dos aprendizes,
respeitando sua cultura, interesses, duvidas e
incertezas. Busca-se assim aliar-se o ladico as
necessidades e contexto do aluno, permitindo a estes,
e aos professores desenvolverem jogos educativos,
cujos cenarios, roteiros, personagens, € outros
elementos, facam parte da sua realidade.

O presente trabalho visa apresentar um sistema
baseado em técnicas de planificagdo associadas a
Inteligéncia Artificial (IA) para a autoria de jogos



eletronicos educacionais de acdo, onde, a partir do
roteiro definido pelo autor, o jogo de agdo é gerado
de forma automatica. Além de o sistema oferecer aos
educadores e educandos a oportunidade de interagir
num ambiente ludico, flexivel e dindmico, propde-se
também neste artigo combinar a motivagdo associada
a jogos de agdo/estratégia com diferentes recursos
tecnologicos como a Realidade Virtual e a Robdtica.

A proposta esta sendo implementada no projeto
SABERLANDIA, atualmente financiada pela FINEP,
através do Edital FINEP/MCT/MEC  para
desenvolvimento de jogos educacionais para o ensino
fundamental.

As principais caracteristicas deste sistema sdo: a
possibilidade dos atores envolvidos, alunos e
professores, serem “autores” dos roteiros de acdo a
serem criados (jogo que faz jogo); a possibilidade de
utilizacdo colaborativa do ambiente de aprendizado; e
a utilizagdo de diferentes midias integrando recursos
de realidade virtual e robotica; com portabilidade
para diferentes tipos e custos de maquinas.

Neste enfoque, a proposta propicia a criagdo de
jogos de aventura em terceira pessoa, onde o roteiro
do jogo possa ser fornecido pelos autores. Associados
ao roteiro, professores e alunos poderdo criar
situagdes problemas, cenarios e personagens de
acordo com a realidade das criangas envolvidas, além
da possibilidade de serem compartilhados de forma
remota entre diferentes grupos. Cré-se que através da
interagdo aluno/aluno, aluno/professor e
professor/professor, a  educagdo pode  ser
transformada em um processo dindmico, motivador e
significativo.

A plataforma sera validada em algumas escolas
do ensino fundamental da cidade de Rio Grande/RS.

A seguir contextualiza-se a proposta, seguida pela
apresentagio da arquitetura do sistema desenvolvido,
seu estado atual de desenvolvimento, conclusdes e
trabalhos futuros.

2. Contextualizagao

As tecnologias da informag¢do e comunicagio,
especialmente o  computador, propiciam a
transformagdo dos mais diversos setores da
sociedade. A inser¢do da tecnologia computacional
na educagdo tem sido alvo de muitas pesquisas
(Lévy, 1995, 1999; Fagundes et al, 1999; Mantoan et
al, 1999; D’Abreu ¢ Chella, 2001; Palloff e Pratt,
2002; Ramal, 2002; Behar et al, 2005; etc...),
evoluindo desde a introdug¢do dos laboratdrios de
informatica nas escolas, desenvolvimento de
softwares educacionais, ambientes de ensino na Web,
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sistemas de autoria e tutores inteligentes, robotica
pedagdgica, realidade virtual e jogos educativos.

Apesar de algumas limitacdes, a escola busca
acompanhar os avangos tecnoldgicos, em sintonia
com os processos de transformagio da sociedade em
meio a tais demandas. A utilizacdo dos computadores
e da Internet permite a criagio de ambientes de
aprendizagem que possibilitam novas formas de
pensar e aprender, favorecendo a aprendizagem ativa
e o desenvolvimento de processos metacognitivos
levando os alunos a aprender a aprender.

Os jogos educacionais, se convenientemente
planejados, sdo um recurso pedagdgico eficaz para a
construgdo do conhecimento. Segundo Vygotsky
(1984), o brinquedo estimula a curiosidade e a
autoconfianga, proporcionando desenvolvimento da
linguagem, do pensamento, da concentracdo ¢ da
atencdo; através do brinquedo a crianga aprende a
agir numa esfera cognitivista, habilitando-se a
escolher suas proprias agdes.

Nesta perspectiva, salienta-se a importancia do
jogo para o desenvolvimento de criangas e
adolescentes, como uma atividade que envolve
aspectos ludicos, intelectuais, afetivos e sociais.
Além disso, os jogos educacionais podem ser
utilizados para introduzir e aprofundar conteudos e,
se desenvolvidos considerando-se o0s pressupostos
pedagdgicos adequados, podem se apresentar como
motivadores e facilitadores na construgdo do
conhecimento.

2.1 Saberlandia como sistema de autoria

Ao enfocar o uso de sistemas computacionais no
desenvolvimento de jogos, destaca-se a possibilidade
de potencializacdo do desenvolvimento de situagdes
significativas, levantamento de hipoteses e a
reconstrugdo de conceitos, bem como da interacdo
dos usuarios em ambientes virtuais de aprendizagem.

Sob essa otica, a constru¢do dos conhecimentos ¢
um processo em que o sujeito elabora os significados
e ndo simplesmente os assimila, construindo o

caminho especifico de sua evolugdo
(D’Ambrosio, 1986, p. 14). Neste caminho, ndo
existem  estruturas rigidas e Unicas de

desenvolvimento pré-fixadas, o que existem sdo
caminhos individuais e coletivos que se pretende
alcangar. Caminhos estes associados as experiéncias
dos atores, as suas vivéncias e expectativas.

Esta proposta busca desenvolver um sistema de
autoria de jogos educacionais voltados ao ensino
fundamental, tendo como principais premissas a
motivagdo no processo de ensino e aprendizagem, o
tratamento do erro como parte desse processo, ¢ a
interdisciplinaridade.



Estas diretrizes conduzirdo a implementacdo da
possibilidade de autoria, a partir da concep¢do do
professor ¢ mesmo dos proprios alunos, os quais
definem o cendrio, os personagens e o roteiro; tudo
isso aliado a utilizagdo de recursos tecnoldgicos
diversos.

As ferramentas de autoria se caracterizam por
permitirem aos seus usuarios que estes criem suas
proprias produgdes. Tais sistemas devem ser de facil
operacdo, ndo necessitando de  profundos
conhecimentos de programacdo (Valle Filho et al,
2000).

A utilizagdo de ferramentas de autoria para o
desenvolvimento de jogos apresenta-se como uma
alternativa para diminuir o custo, o tempo e a
dependéncia em relagdo aos conhecimentos
especificos em computacdo que seriam necessarios
para sua criagéo.

2.1 Saberlandia e os recursos tecnolégicos

No sistema proposto, os recursos tecnolégicos serdo
disponibilizados como  ferramentas  didatico-
pedagbgicas, conforme o pressuposto do proprio
termo SABERLANDIA, o qual ¢ entendido como um
espago onde se propicia a criagdo dos seus proprios
saberes, de explicacdo, reformulagdo, de criacdo de
'teorias' através da agdo, da operagdo e mesmo da
construgdo de sistemas simbdlicos diferenciados.

Entende-se tal proposta como um sistema
cognitivo, considerando os sujeitos em atividade
cognitiva na interacdo uns com 0s outros € com as
tecnologias disponiveis. Este serd construido na
interacdo entre sujeitos-sujeitos e sujeitos-objetos,
transformando-se na medida em que as interagdes
vdo ocorrendo, sendo atualizado a cada solugdo
provisoria, e sua natureza modificando-se a cada
problematizagdo. Da mesma forma os sujeitos sdo
transformados na/pela interagéo.

Nesta proposta é apresentada a possibilidade da
autoria, sendo que no jogo, podem ser acoplados
sistemas robdticos, que visam reproduzir em um
tabuleiro as agdes do avatar além dos recursos
multimidia. Dessa forma ¢ disponibilizada uma
diversidade de midias (som, video, sistemas
roboticos,...) que privilegiam ndo s6 o acesso
informacdo, mas também a troca e O
compartilhamento de idéias e ag¢des, conduzindo a
educagdo a um processo cognitivo, abrangente e
transdisciplinar.

(%

3. A Arquitetura SABERLANDIA

Formalismo do Jogo. Para implementar o sistema
proposto, formaliza-se o jogo das seguinte forma:
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® clementos grdficos: conjunto de objetos virtuais
a serem confeccionados pelo autor do jogo. Um
objeto, obyj;, ¢ classificado pelo autor como sendo
um prémio, barreira, chave ou cendrio. Prémios
sdo os elementos graficos que devem ser
resgatados, barreiras sdo elementos graficos que
restringem o acesso a obtenc¢do dos prémios e as
chaves sdo elementos graficos que permitem a
liberagdo dos diferentes prémios espalhados pelo
cenario. Finalmente, cenarios s3o elementos
graficos que compde o ambiente de jogo, ndo
podendo, ao contrario dos demais, terem seu
estado modificado ao longo do jogo.

® arributos: sdo caracteristicas associadas aos
diferentes elementos do jogo, que podem ser
modificadas durante a partida. Um atributo, attr;,
descreve uma caracteristica de um determinado
elemento obyj; attrj(obj;). O conjunto de atributos
verdadeiros em determinado instante de tempo ¢
descreve o estado do mundo W(?#) associado ao

jogo.

® gcdes: ao longo da partida, os atributos dos
diferentes elementos sdo modificados por
eventos que os jogadores realizam, conduzindo a
diferentes seqiiéncias de estado de mundo. Estes
eventos sdo formalizados através de acdes
descritas através do formalismo STRIPS (Silva,
2000). Neste formalismo, as agdes sio
compostas de trés campos basicos: 1. pré-
condigdes: conjunto de atributos que necessitam
ser verdadeiros para que a agdo possa ser
aplicada, ii. efeitos de adic@o: atributos que sio
adicionados ao estado do mundo W(t) apds
aplicacdo da agdo e iii. efeitos de remocdo:
atributos que sdo deletados do mundo W(t) apds
arealizacdo da agdo.

Dinamica do Jogo. O formalismo adotado visa
permitir a descri¢do de diferentes dindmicas de jogo.
Entretanto, devido a necessidade de visualizacdo
grafica dos efeitos das diferentes agdes no ambiente
de jogo, neste primeiro momento busca-se
desenvolver um jogo de aventura em terceira pessoa
que permita a criacdo de diferentes roteiros que
envolvam situagdes virtuais e reais, onde
avatares/robos devem procurar/resgatar elementos
dispostos em diferentes regides do cendrio
desenvolvido. Assim, parte-se de um conjunto de
acdes cuja lista de efeitos é preestabelecida do ponto
de vista grafico.

De acordo com o roteiro criado pelo autor, os
personagens explorardo tais cendrios de forma
virtual, movimentando-se através de ambiente 3D ou
real, através da navegacdo teleoperada pelo
computador, e/ou dos veiculos roboéticos pelas
maquetes desenvolvidas.



Ao longo da evolugdo do jogo, obtida através da
realizacdo de agdes pelos seus jogadores, prémios sao
resgatados, sendo apresentadas, ao jogador, partes do
roteiro criado, bem como os conteudos relacionados
ao conhecimento a ser adquirido. Contetidos podem
ter associados a testes e desafios, que validardo o
elemento resgatado ou nio conforme resposta dada
pelo jogador.

Os resgates podem ser realizados de forma
individual por um jogador, ou de forma colaborativa
em grupo de jogadores.

A seqiiéncia de prémios a serem resgatados ¢
obtida de forma dindmica através do uso de
planificadores advindos da Inteligéncia Artificial. O
planificador estabelece uma seqiiéncia adequada de
acdes a ser cumprida pelo jogador(es), em fungdo do
conjunto de elementos descritos, nivel do aluno e
caracteristicas do conteudo a ser apresentado.

Tal dindmica ¢ implementada em uma plataforma
multi-tecnoldgica, onde a partir de cenarios e
personagens, proprios a realidade dos grupos,
utilizam-se situagdes-problema como ferramentas
pedagbdgicas de ensino colaborativo. Para tal, o
sistema SABERLANDIA ¢ dividido em trés médulos
principais: o i. Modulo de Autoria, ii. Modulo Jogo, e
o0 iii. Mddulo Recursos Multi-Tecnologicos. A seguir
detalham-se as caracteristicas e metodologia
associadas a cada um destes modulos.

3.1 Médulo Autoria

O moédulo autoria ¢ responsdvel por permitir a
criagdo de diferentes cenarios e personagens, bem
como diferentes roteiros e conteudos associados as
caracteristicas do grupo e conhecimentos a serem
trabalhados. O modulo ¢ composto de dois principais
blocos: i. o editor de jogo e ii. a biblioteca de
elementos .

3.1.1. O Editor de Jogo

Foi desenvolvido um sistema de edi¢do visando
possibilitar a autoria do roteiro, contetidos, cenarios e
personagens. Tal sistema é baseado na biblioteca de
cddigo aberto Radiant, utilizado pela Id Software na
criacdo do jogo Quake.

Editando cendrios e Personagens: partindo-se de
um cubo que encapsula todo o cenario onde o0 jogo se
passara, o Editor de Jogo permite a criagdo de objetos
tridimensionais simplificados, utilizados para criagdo
de paredes e demais objetos que possuam formas
geométricas primitivas. Podem também ser definidos
scripts que possibilitam a criacdo de efeitos como:
texturas com diversos graus de transparéncia,
chamadas de Alpha Channel, propriedades de
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penetracdo e densidade. Elementos grdficos podem
ser criados e colocados no cendrio, associando-se a
estes atributos (regides a que pertencem, estados
quanto a resgate, abertura, etc), bem como
categorias (prémio, barreira, chave ou cendario) e
roteiros/conteudos  relacionados. Cada atributo
especificado, se modificavel ao longo do jogo, deve

possuir descricio de ag¢do que permita tal
modificagdo.

Editando  Roteiros e  Contetidos:  como
apresentado anteriormente, o SABERLANDIA

apresenta a implementagdo de um jogo de aventura
em terceira pessoa, cujo objetivo do(s) personagens é
resgatar elementos (prémios) distribuidos no cendrio.
Mesmo partindo de tal dindmica de jogo fixa, o
sistema permite a criagdo de diferentes roteiros, que
associados a conteudos distintos, permite o
desenrolar de diferentes historias ambientadas em
diferentes cenarios e realizadas por diferentes
personagens.

O roteiro ¢ apresentado ao longo do jogo. A¢des
realizadas pela obtengdo de chaves, aberturas de
barreiras e resgate de prémios conduzem a
apresentagdo de partes da historia ao jogador. Esta
historia ¢ fornecida pelo autor através de uma
interface que permite a criagdo de textos com
diferentes recursos multi-midia (som, imagens e
filmes). Contetidos podem ser associados a tais
agdes, inclusive com a disponibilidade de insergdo de
questdes de multipla escolha associadas a estes. Cabe
ao autor definir um ordenamento parcial de
apresentagdo de tal roteiro/contetido ao jogador.

O autor pode fixar contetidos/trechos de roteiros a
acdes especificas, ou pode delegar tal associagdo ao
proprio planificador do SABERLANDIA. Neste caso
de forma automatica, o sistema atrelara o roteiro a ser
apresentado ao aluno as diferentes possiveis acdes a
serem realizadas ao longo da partida.

3.1.2 A Biblioteca de Elementos

Para criagdo de objetos mais complexos, com formas
organicas, como avatares, terrenos, carros ou arvores,
¢é requerida a utilizagdo de softwares que envolvam
maior complexidade na manipulagdo. A fim de que,
professores e estudantes, ndo estivessem privados do
uso destes objetos, foi criado um banco de objetos
modelados em Jlow-poly (modelos com menor
numero de poligonos) e texturizados com
mapeamento UVW. Desta forma, ao criarem seus
mapas os usuarios poderdo simplesmente agregar
estes elementos. Assim, a Biblioteca de Elementos
implementa uma biblioteca virtual com objetos em
3D, tais como casas, ruas, relevos, rios, etc,
permitindo compor diferentes cendrios. Um conjunto
de personagens virtuais também ¢ disponibilizado,
desde elementos mais genéricos como meninos e



meninas, passando por animais, personagens de
lendas, etc...

De posse da Dbiblioteca virtual, figuras
representativas dos cendrios e personagens poderdo
ser impressas (via impressora comum) e anexadas as
maquetes de elementos de cenarios e sistemas
roboticos entregues através de kit. As figuras poderdo
ser facilmente anexadas, recolocadas e retiradas das
maquetes e sistemas roboticos.

3.2 Médulo Jogo

Este modulo ¢ responsavel pelo controle e realizacdo
do jogo, incorporando conceitos pedagogicos a
plataforma. De forma mais precisa, o moédulo ¢
responsavel pelas seguintes atividades: i. Roteiro de
Partida, ii. Motor de Jogo e iii. Interface Interativa.

3.2.1 O Roteiro da Partida

A proposta visa o uso de jogos como ferramenta
educacional. Conteudos serdo associados ao jogo, de
forma que ao longo de cada partida sejam
apresentados ao jogador/aluno conhecimentos a
serem transmitidos. O Autor do jogo estabelece tais
conteudos fixando, a priori, apenas uma ordenag@o
parcial entre estes. O planificador além de estabelecer
a seqiiéncia de agdes a ser realizada para obtengio
dos prémios a cada partida, distribui também o
conteido informado pelo autor, respeitando o
ordenamento parcial fornecido.

A seqiiéncia de agdes, com seus devidos
contetdos, fornecida pelo planificador constitui o
roteiro da partida. Mais do que a implementagdo de
um jogo de resgaste de elementos através de cenario,
0 SABERLANDIA permite que a cada nova jogada,
sejam estabelecidas diferentes a¢des de resgate,
resultando em diferentes seqiiéncias de obtengdo de
chave/barreira/prémio, respeitando apenas a relac@o
de precedéncia entre os conteiidos fornecidos pelo
autor do jogo.

Criando Novas Partidas: o planificador, a partir
do estado de mundo inicial, W}, definido pelo autor,
gera a cada nova partida, de forma auténoma, uma
seqiiéncia de agdes de procura/resgate a ser realizado
pelo jogador.

Conjunto de diferentes custos podem ser
atribuidos a cada tipo de a¢do conduzindo a partidas
diferentes. Pode-se modificar tais custos ao longo do
jogo, em fungdo da atuagdio do(s) jogadores(s),
conduzindo a possibilidade de uma dindmica de jogo
auto-configuravel on-the-fly pelo sistema. Ou seja, o
jogo percebendo a atuagdo do aluno, pode ter seus
objetivos modificados durante cada partida.
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3.2.2 O Motor do Jogo

O Motor do Jogo € o conjunto de procedimentos que
controlam a evolug@o do jogo. Tais procedimentos
associam-se a duas atividades principais: i. a
verificagdo, monitoramento e liberagdo das possiveis
acdes, action;, a serem realizadas no tempo ¢, ii.
atualizagdo do estado do mundo Wy.; apés a
aplicacdo das agdes, action;, em t.

A cada instante 7, tem-se como verdadeiro um
conjunto de atributos attr;(obj;) que descrevem o
estado do mundo, W,. O motor de jogo verifica quais
acdes sdo aplicaveis em ¢, . permitindo que estas
sejam realizadas pelo jogador.

Uma vez realizadas as agdes, action; ,pelo
jogador em ¢, o Motor de Jogo ¢ responsavel por
atualizar o novo estado do mundo em (#+1), W,.;
através da adigdo e delegdo de atributos associados ao
efeitos de action;, bem como ¢ responsavel pela
apresentagdo dos conteudos e pontuagdo do(s)
jogadore(s) de acordo com o roteiro estabelecido pelo
autor e fornecido pelo planificador.

Cabe também ao Motor do Jogo a avaliacdo do
desempenho do jogador, de forma a adequar a
dindmica do jogo aos atores envolvidos a partida
corrente.

3.3.3 A Interface Interativa

A interface interativa ¢ responsavel pela renderizacdo
e visualizacdo do sistema 3D. A interface deve
apresentar graficamente ao(s) jogador(es) os
diferentes objetos e seus atributos presentes a cada
estado do mundo W, Tal representagdo deve
considerar aspectos inclusive de simulagéo fisica dos
elementos.

A interface interativa desenvolvida é baseada no
motor de jogo do Quake 3: Arena' [ _]. A interface
permite o gerenciamento das diversas possibilidades
de interacdo com o ambiente, de forma a seguir
estritamente a dindmica gerada pelo planificador. E
também responsavel por gerenciar os conteudos que
foram inseridos pelo educador e apresentd-los ao
jogador de uma forma que estes ndo possam ser
simplesmente ignorados, e sim que sejam parte
fundamental da estrutura do jogo.

3.3 Modulo Recursos Multi-Tecnolégicos

O moédulo Recursos Multi-Tecnoldgicos congrega
uma série de recursos multi-midias que podem ser
inseridos pelo autor e utilizados durante o jogo. Uma
série de recursos estdo presentes, tais como:

'O jogo Quake 3 teve seu codigo liberado pela

desenvolvedora Id Software [ [, sob licenga GPL
(]



® possibilidade de inclusdo de videos, imagens e
sons nos ambientes, retratando, inclusive, em
tempo real a situagdo dos participantes,

® utilizagdo de sistemas roboticos de baixo custo,
compostos de pequenos veiculos teleoperados,
que permitem a realizagdo de acdes da mesma
forma que personagens virtuais no cendrio
virtual do jogo.

® maquetes compostas de diferentes blocos cujo
layout possa ser modificado, e que compdem
cenario real a ser explorado pelos robos.

® sistema para a comunicagdo entre o jogo virtual e
0 sistema robotico;

® disponibilizacdo online da plataforma com
possibilidade de uso remoto por diferentes
jogadores.

Com base no formalismo apresentado e nos
modulos descritos ¢ possivel o desenvolvimento de
um sistema de autoria para jogos de acdo bastante
genéricos. De forma a permitir sua efetiva utilizacdo
por professores do ensino fundamental, optou-se por
restringi-lo a criagdo de jogos de agdo em terceira
pessoal, associado a busca/resgate de prémios. O
sistema efetivamente implementado apresenta-se
descrito na proxima sessio.

4. A Implementacéo do Jogo
SABERLANDIA - Testes e Analises

Um sistema de autoria que possibilite a criagdo de um
jogo de agdo onde o objetivo principal € fazer com
que o jogador explore os varios ambientes existentes
em busca de um objetivo, possibilitando a existéncia
de diferentes tramas foi desenvolvido.

Para avancar no jogo, o jogador deve seguir uma
ordem especifica de interagdes com objetos do
ambiente, fornecidas de forma automatica por um
planificador. Tais interacdes liberam acdes que antes
ndo seriam possiveis.

As interagdes ocorrem da seguinte forma:
enquanto move-se livremente pelos locais acessiveis
do mapa, o jogador é sinalizado na tela ao encontrar
um objeto com o qual pode executar alguma agfo; ao
interagir podem ser apresentados conteudos e
desafios que devem ser superados para possibilitar o
avango.

Os conteudos/desafios sdo fornecidos pelos
proprios professores, contextualizados conforme sua
vivéncia, e podem ser apresentados em forma de
questdes de multipla escolha, para facilitar a
"comunicagdo" entre o aluno ¢ o computador, ou
através de respostas discursivas. Inserir os contetidos
na criagdo do jogo ¢ uma tarefa simples, ndo
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necessitando conhecimento técnico por parte dos
educadores.

Além de um jogo-modelo completo acompanhar a
Plataforma Saberlandia, ¢ disponibilizada uma
ferramenta de edi¢do de jogos, permitindo ao usuario
a criagdo de seus proprios jogos, bem como
bibliotecas de modelos prontos. A ferramenta,
baseada na biblioteca Radiant, utilizado pela Id
Software na criagdo do jogo Quake, é apresentada na
figura 1.

Esta ferramenta permite a criagio de brushes, os
quais s3o objetos tridimensionais simplificados,
ideais para criacdo de paredes e demais objetos que
possuam formas geométricas primitivas. Neste

mesmo programa ¢é possivel a aplicagdo de texturas
sobre a superficie destes brushes, seu mapeamento, a
iluminagdo do cendrio e a inser¢do de pontos
especificos de materializagdo dos personagens no

jogo.

Brushas: 24 Enies & 58 R4 C13 LOFF

Figura 1: Editando cenarios e personagens
Por meio da utilizagdo de scripts, ja
implementados, é possivel a criagdo do skybox,
composto por texturas especiais aplicadas sobre as
superficies de um cubo que envolve o cenario, o qual
dard origem a atmosfera do jogo. A utilizagdo de
scripts permite também a criagdo de efeitos como:
texturas com diversos graus de transparéncia, a
criagdo de agua, onde os brushes terdo propriedades
de penetragio e densidade; agua corrente e
movimento de fogo e fumaca.

A figura 2 apresenta alguns dos cenarios
desenvolvidos e que compdem a biblioteca do jogo:
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Figura 2: Alguns Cenarios do jogo “Os quatro
elementos”

Além de criar e compilar os mapas, o editor
também ¢€ responsavel por gerar uma estrutura logica
das areas de um mapa que serd usada como entrada
no planificador. Esta entrada é apresentada em
linguagem especifica, gerada a partir de uma analise

l6gica dos modelos e estruturas do mapa.

Foi utilizado o planificador IPP escrito em C++
utilizando linguagem PDDL no dominio STRIPS. A
seguir é apresentado um exemplo de elementos
graficos fornecidos ao planificador e que compdem
os componentes do jogo.

((DOMAINS::PEGA-ITEM DOMAINS::AVA DOMAINS::ITEM3 DOMAINS :REG1
DOMAINS::AREA3)

(DOMAINS::PEGA-ITEM DOMAINS::AVA DOMAINS :ITEMI DOMAINS::REG1
DOMAINS::AREA3)

(DOMAINS::PEGA-ITEM DOMAINS::AVA DOMAINS :ITEM2 DOMAINS::REG1
DOMAINS::AREA3))

((DOMAINS::DESTRAVA-BARREIRA DOMAINS::AVA DOMAINS::BARI
DOMAINS:ITEM3 DOMAINS:AREA] DOMAINS::REG1))

((DOMAINS::MOVE DOMAINS::AVA DOMAINS::AREA] DOMAINS::AREA3
DOMAINS:REG1))

((DOMAINS::DESTRAVA-BARREIRA DOMAINS::AVA DOMAINS::BAR3
DOMAINS::ITEM2 DOMAINS::AREA3 DOMAINS::REG1))

((DOMAINS::MOVE DOMAINS::AVA DOMAINS::AREA3 DOMAINS::AREA2
DOMAINS:REG1))

((DOMAINS::DESTRAVA-BARREIRA DOMAINS::AVA DOMAINS::BAR2
DOMAINS::ITEMI DOMAINS::AREA2 DOMAINS::REG1)))

(define (domain saberlandia-strips)
(:requirements :typing)
(:types regiao area barreira item avatar)
(:predicates (regiao ?r - regiao)
(regiao-liberada ?r - regiao)
(area % - area)
(barreira ?b - barreira)
(item % - item)
(area-regiao ?r - regiao ?a - arca)
(barreira-area ?a - area ?b - barreira)
(area-aberta ?area - area)
(fechada ?b - barreira)
(aberta ?b - barreira)
(item-barreira ?b - barreira ?i - item)
(avatar ?A - avatar)
(item-avatar ?A - avatar %i - item)
(avatar-regiao ?r - regiao ?A - avatar)
(avatar-area 7a - area ?A - avatar)
(item-regiao ?r - regiao ?i - item)
(item-area ?a - area ?i - item)
(sem-item ?A - avatar ?i - item)
(deletado ?i - item)

Um conjunto de agdes pode ser definido, que
modificardo o estado do mundo, permitindo a
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evolucdo do mesmo. A seguir apresenta-se um
exemplo de um conjunto de acgdes definidas para a
dindmica de resgate de prémios.

(caction destrava-barreira
:parameters (? Avatar - avatar ?barreira - barreira ?item - item
?area - area ?regiao - regiao)
:precondition(
and
(regiao ?regiao)
(regiao-liberada ?regiao)
(area ?area)
(area-regiao 7regiao ?area)
(barreira ?barreira)
(barreira-area ?area ?barreira)
(fechada ?barreira)
(avatar ?Avatar)
(avatar-arca %area ?Avatar)
(item ?item)
(item-avatar ?Avatar ?item)

;s(item-barreira ?barreira %item)

)
seffect
and (aberta ?barreira)
(area-aberta ?area)
(deletado ?item)
(not (fechada ?barreira))
(not (item-avatar ?Avatar item))
)
)

(:action pega-item
:parameters (?Avatar - avatar %item - item %regiao - regiao ?area - area)
:precondition (
and (regiao ?regiao)

(avatar ?Avatar)

(item ?item)

(area ?area)

(sem-item ?Avatar ?item)

(not (deletado ?item))

s5(or (

(an?itemd (item-regiao %regiao ?item)
(avatar-regiao ?regiao ?Avatar))
(and (item-area ?area ?item) (avatar-area

?area ?Avatar) (area-regiao ?regiao ?area))

50)

3)
)
«effect (and (item-avatar ?Avatar %item)

(not (sem-item ?Avatar ?item))
;3(not( or (item-area ?area ?item) (item-regiao

?regiao ?item)))

)
)
(:action move
:parameters (?Avatar - avatar ?origem - area ?destino - area
?regiao - regiao)
:precondition (
and (regiao ?regiao)
(area Porigem)
(area 2destino)
(area-regiao ?regiao ?origem)
(area-regiao ?regiao ?destino)
(avatar ?Avatar)
(avatar-area ?origem ? Avatar)
(not(area-aberta ?destino))

)
effect (
and (avatar-area ?destino ?Avatar)
(not (avatar-area %origem ?Avatar))
)

O planificador pode ser chamado a qualquer
instante de tempo, t, com a descricdo do mundo, Wt
e a meta a ser atingida. A seguir apresenta-se um
exemplo de tal chamada.
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(define (problem saberlandia)

(:domain saberlandia-strips)

(:objects Ava - avatar Areal Area2 Area3 - area Barl Bar2 Bar3 -
barreira Regl - regiao Item1 Item2 Item3 - item)

(cinit
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(avatar Ava)
(area Areal)
(area Area2)
(area Area3)
(barreira Barl)
(barreira Bar2)
(barreira Bar3)
(regiao Regl)
(item Item1)
(item Item2)
(item Item3)
(avatar-regiao Regl Ava)
(area-regiao Regl Areal)
(area-regiao Regl Area2)
(area-regiao Regl Area3)
(barreira-area Arcal Barl)
(barrcira-area Arca2 Bar2)
(barreira-area Area3 Bar3)
;(item-barreira Barl Iteml)
s(item-barreira Bar2 Item2)
s(item-barreira Bar3 Item3)
+(item-regiao Regl Ttem1)
s(item-regiao Regl Item2)
;(item-regiao Regl Item3)
(fechada Barl)
(fechada Bar2)
(fechada Bar3)
(regiao-liberada Regl)
(sem-item Ava Tteml)
(sem-item Ava Item2)
(sem-item Ava Item3)
(avatar-arca Arcal Ava)

)

(:goal

(and
(aberta Barl )
(aberta Bar2)
(aberta Bar3)
)
)

O Motor do Jogo gerencia as diversas
possibilidades de interagdo dos personagens com o
ambiente, de forma monitorar se as ag¢des destes
seguem a dinidmica gerada pelo planificador. E
também responsavel por gerenciar o roteiro e
conteidos que foram inseridos pelo educador e
apresenta-los ao jogador de uma forma que estes ndo
possam ser simplesmente ignorados, pois sdo parte
fundamental da estrutura do jogo.

Os elementos robdticos utilizados sdo construidos
a Dbaixo custo utilizando a plataforma movel
FURGBOL. Tais robos moveis (figura 3)
representam em tabuleiro o movimento dos
personagens no jogo virtual.

Figura 3: Fotos do robé moével



Os diferentes modulos da arquitetura compdem
hoje o primeiro protétipo do jogo. O sistema permite
a visualizagdo estereoscopica e utilizagdo em rede.

Outra fun¢do importante desempenhada pela
Interface do Sistema é apresentar, de forma amigavel,
informagdes como inventario dos elementos e alguns
tipos de animagdes para tornar o jogo mais atrativo.

5 Conclusao e trabalhos futuros

Face as mudancas no paradigma pedagdgico e a
evolucdo das tecnologias, tais como o computador e a
Internet, os professores t€ém buscado o uso de
recursos que extrapolem a visdo tradicional e os
métodos meramente discursivos no processo de
ensino-aprendizagem. Assim, os jogos educacionais
se configuram num recurso motivador tanto para o
professor como para o aluno, como uma ferramenta
complementar na construgdo do conhecimento,
chegando a sala de aula.

A possibilidade de autoria de jogos educacionais,
de forma facil, sem que seja necessario um
conhecimento aprofundado em computacdo, pode
fazer com que professores e pedagogos se interessem
pelo desenvolvimento de jogos educacionais, e
passem a utilizar este recurso lidico em sua sala de
aula.

Além disso, busca-se a possibilidade de autoria de
jogos cuja dindmica seja bem atraente a criancas e
jovens, como por exemplo jogos de acdo e aventura.

Assim, neste artigo apresentou-se um sistema de
autoria para jogos de aventura educacionais, que
integra varias midias em um ambiente virtual de
aprendizagem. O sistema permite ao professor
conceber diferentes roteiros para relaciona-los com
diversas disciplinas, possibilitando que novos
desafios sejam propostos.

O jogo ¢é descrito formamente através do
formalismo STRIPS. Um planificador do tipo
GRAPHPLAN ¢ utilizado como gerador automatico
de agdes e seqiiéncias de contetdos.

Foi apresentada a arquitetura do sistema, bem
como o estado atual da sua implementagdo. Foi
também apresentado o editor de jogo, conjunto de
componentes da biblioteca, exemplo de descri¢do de
mundo e agdes, bem como o kit robdtico
disponibilizado.

Em sua fase atual desenvolve-se o avaliador,
capaz de solicitar, on-the-fly, adequagdes da
seqiienciabilidade do jogo, em fungdo do
desempenho do(s) jogador(es). Também se finaliza
o desenvolvimento do Modulo Interface e a
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implementacdo das maquetes associadas ao Kkit-
robdtico.

Como trabalhos futuros, pretende-se associar as

diferentes vertentes pedagdgicas as diferentes
possibilidade de apresentacdo dos contetdos,
estabelecendo-se correlagdo entre os diferentes

algoritmos de busca por agdes ¢ as diferentes linhas
psico-pedagdgicas.
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Jogo Simulador de Vida Artificial Implementado em Hardware
Reconfiguravel

FelipeA. Navas

EduardoV. Simoe:

Universidadede S&doPaulo— Institutode CiénciasMatematicag de Computaca

Figura 1: O jogo rodando na placa de desenvolvimento UP1, com suas interfaces de teclado e monitor

Abstract

This paper presents a one-chip hardware
implementation of a strategic life-simulation game.
This work makes use of a FPGA (Field-Programmable
Gate Array) that can be configured by the user in the
field, through a Computer-Aided Design software. The
game environment is implemented in VHDL language,
together with a keyboard capture module and a VGA
video interface. The article shows how this hardware
solution is optimized to run in a low-cost FPGA
device, with severe speed and memory limitations. The
resulting game makes use of the intrinsic parallelism of
the logic cell array of the FPGA, that is able to read the
user input, analyse the selected actions, redraw the
graphic environment and generate video signals that
control the monitor. The results show a medium
complexity life-simulation game, integrated with its
keyboard interface and video control module, that runs
in a 25MHz hardware.

Palavras Chave: hardware reconfiguravel, FPGA,
vida artificial

Contato dos Autores:
felipenavas@gmail.com
simoes@icmc.usp.br

1. Introducao

Este artigo descreve a implementacio de um jogo
desenvolvido completamente em hardware, integrando
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em um Uunico chip, o hardware e os algoritmos de um
simulador de vida artificial. Foi utilizado, para isso, um
FPGA (Field-Programmable Gate Array), que permite
a configuracdo de suas células programdveis pelo
usudrio em campo, através de uma ferramenta de CAD
(Computer Aided Design) [QUARTUS, 2004]. O
resultado equivale a um videogame completo em um
unico chip, contendo interface com teclado e video (ver
Figura 1).

As vantagens da implementagdo de um jogo em
hardware incluem [WOLLINGER, T. , GUAJARDO, J.,
PAAR, C. 2004]: uma prote¢do maior contra abusos de
falhas de seguranca e pirataria, uma vez que o usudrio
ndo tem acesso aos recursos do chip depois que este é
programado e que nenhuma parte do jogo ¢
implementada em software, este ndo pode ser copiado
ou alterado sem que se realize o rompimento do
encapsulamento do chip do FPGA. Outras vantagens
sd0 a ndo dependéncia das limitacdes impostas por
uma plataforma especifica e a possibilidade de criacao
de hardware dedicado para executar de maneira mais
eficiente as necessidades do jogo, como, por exemplo,
a fisica e a inteligéncia artificial [BOULE, M. and ZILIC,
Z.2002].

Os primeiros jogos eram implementados em
hardwares especificos, mas a generalizagdo das
plataformas e o surgimento dos videogames tornaram
mais rdpido e eficiente a producdo de jogos, que
passaram a ser implementados em software [DEMARIA
R., WILSON, J. 2002]. Com a producdo em larga escala
dos videogames, o custo de um hardware especifico
para cada jogo tornou-se impraticdvel, assim a
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inddstria de jogos passou a se dedicar ao
desenvolvimento de softwares para plataformas
especificas. Atualmente, os jogos tem se tornado cada
vez mais complexos e os fabricantes preocupam-se
novamente com o desenvolvimento de hardwares
especificos para executar necessidades como
aceleracdo de gréficos 3D, como as placas de video e,
mais recentemente, a aceleracdo de fisica [LIENHART,
G., KUGEL, A., MANNER, R. 2002].

O desenvolvimento de jogos em hardware
especifico tem apresentado alguns problemas como a
impossibilidade de modificar o jogo apds este ser
comercializado [CRABILL, E. 2005]. Isso faz com que o
jogador perca rapidamente o interesse apds jogar
diversas vezes. Em contraste, nos videogames atuais, o
jogador tem a possibilidade de utilizar o mesmo
hardware para jogar diversos jogos, apenas sendo
necessdria a mudanga da midia na qual o jogo em
software estd armazenado. Entretanto, a utiliza¢do de
hardware reconfigurdvel, como os FPGAs, vem tornar
possivel modificar a configuragdo do jogo e até mesmo
a substituicilo do mesmo por meio da completa
reprogramagdo do hardware do chip [WATERMAN, S.,
2005]. Assim, novos jogos poderdo ser jogados se o
FPGA for reinicializado com novos arquivos de
configuracdo. Isso vem estimular o desenvolvimento
de novos jogos principalmente para plataformas
mdbveis, que passam a poder contar com solugdes
totalmente  embarcadas em um Unico chip
reconfigurdvel de baixo custo.

2. Descricao do Jogo

Para a implementacdo do jogo foi utilizada a placa de
Desenvolvimento com FPGA UP1 da Altera e, como
plataforma de desenvolvimento, o software Quartus II
[QUARTUS, 2004]. A placa possui conectores para
teclado e video tipo VGA, mas o hardware de interface
com o teclado de computador e o monitor de video
tiveram de ser implementados utilizando-se o préprio
FPGA. A interface com o monitor de computador
implementada para este projeto suporta resolucdo de
640x480 pixels e oito cores por pixel. O hardware
utilizado oferece uma pequena quantidade de memoria,
apenas 4KB, o que exigiu o desenvolvimento de
técnicas para lidar com essa limitacao.

O tema do jogo escolhido é a simulacdo da vida de
um aluno universitdrio da Universidade de Sdo Paulo
que realiza o trabalho final de uma disciplina e,
paralelamente, enfrenta os afazeres didrios em sua
casa. O jogador deve administrar os atributos do
avatar como alimentagdo, higiene, cansaco e humor;
levando-o pela casa e executando a¢des como tomar
banho, dormir e estudar; de maneira que consiga
manter uma qualidade de vida minima enquanto o
avatar desenvolve o seu trabalho de faculdade. O
avatar morrerd caso algum dos seus atributos chegue a
zero. Nao conseguindo terminar o trabalho até o prazo
ou em caso de morte do avatar, o jogador perde o jogo.
O jogador vence se conseguir entregar o trabalho antes
do final do prazo.
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O jogador comega com sete pontos em cada um dos
atributos: descanso, higiene, alimentacdo €
humor. As varidveis trabalho, dia € acdes sdo
inicializadas com zero. O jogador, através de
comandos pelo teclado, pode mover-se pela
representacdo da casa e executar diferentes acdes em
cada comodo. Cada ag@o incrementa ou decrementa
um ou mais atributos ou variaveis, sendo necessario o
jogador manter um planejamento e raciocinio constante
para equilibré-los, de modo a conseguir paralelamente
desenvolver o seu trabalho antes do final do prazo. O
valor mdximo para os atributos € dez e o minimo é
zero. Pode-se ver, na Tabela I, as alteracdes
provocadas em cada atributo e varidvel ao executar
cada ac@o.

Tabela I: Mudancas provocadas por cada agdo

Acao Mudanca
Navegar na Internet Descanso -2
Higiene -1
Alimentacéao -1
Acdes +2
Dormir na Cama Descanso +5
Higiene -1
Humor +2
Alimentacgao -2
Acdes +4
Usar o Banheiro Descanso +1
Higiene +5
Humor +1
Alimentacao -1
Acgdes +2
Ir para a “Balada” Descanso -3
Higiene -2
Humor +4
Alimentacao -2
Agdes +2
“Atacar” a geladeira Descanso -1
Higiene -1
Alimentacao +4
Agdes +2
Ir para a Faculdade Descanso -5
Higiene -3
Humor -2
Alimentacao -2
Trabalho +1
Acdes +4
Ir para a Casa Descanso -3
Higiene -1
Humor +2
Alimentacéao -2
Acdes +4
Fazer Trabalho Descanso -4
Higiene -1
Humor -5
Alimentacao -4
Trabalho +3
Acdes +4
Ir para o Bar Descanso -1
Higiene -1
Humor +2
Alimentacéao +1
Acdes +3
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Ao executar uma acdo, o nimero de acoées §é
incrementado conforme demonstrado na Tabela 1. Ao
atingir um niimero de a¢des maior que 11, o niimero
de dias € incrementado e zero € atribuido ao niimero
de agdes. O jogo comeca no dia igual a zero, e
termina quando atinge o dia dez. Se o jogador chegar
ao décimo dia com o trabalho igual a 10 ou maior,
o jogador vence o jogo; caso contrdrio, ele ndo
conseguiu terminar o trabalho antes do prazo final
perdendo o jogo. O jogador também perderd se a
qualquer momento um dos atributos possuir um valor
igual ou abaixo de zero.

3. Implementacao do
Hardware

Jogo em

Trés modulos responsdveis por todas as fungdes
realizadas pelo jogo foram desenvolvidos e
implementados em linguagem VHDL (Very High
Speed Integrated Circuit Hardware Description
Language): a interface com teclado, a 16gica do jogo e
o médulo de video [WATERMAN, S., 2005]. A Figura 2
mostra a relag@o entre estes modulos.

3.1 Médulo de Interface com o Teclado

A placa UP2 possui um conector para o teclado de
computador do tipo PS2 ligado aos pinos de entrada e
saida do FPGA. Foi implementada a ldgica para a
decodificacdo dos sinais emitidos pelo teclado em
sinais utilizdveis pelo jogo. Este bloco consiste de uma
interface serial para receber bit a bit os bytes
correspondentes as teclas pressionados e um bloco de
filtragem que traduz os bytes enviados no cdédigo
ASCII de cada tecla. Estes cédigos sdo enviados ao
médulo que processa a légica de jogo. A figura 2
apresenta um  diagrama  representativo  desta
configuracdo e também mostra a arquitetura do sistema
e a conexdo entre os blocos. As nove acdes possiveis
sdo escolhidas através das teclas numéricas de “1” a
“9” do teclado.

Placa de Desenvolvimento UP1

FPGA

Interface Filtro
-G »  Serial [ ASCII

Teclado v

[ Médulo
I h 4‘_ Video [

Légica
de Jogo

el

Monitor

Figura 2: Diagrama representativo da arquitetura do sistema.
3.2 Modulo de Ldgica do Jogo
A légica do jogo foi implementada como uma maquina

de estados, conforme descrito na Figura 3. Cada agdo
que o jogador pode executar € um estado da maquina
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de estado. Foram implementados os nove estados da
Tabela I. O estado da méquina € alterado conforme os
comandos dados pelo usudrio através do teclado. Em
cada estado, as varidveis do jogo sdo alteradas
conforme explicado na Tabela I.

E preciso notar que o estado atual do jogador limita
as possiveis acdes que este pode realizar. Por exemplo,
se este estiver em “Casa”, ndo poderd “navegar na
Internet” e terd que “ir para a faculdade” para depois
escolher entre “fazer o trabalho”, “ir para o bar” ou
“navegar na Internet”.

3.3 Mé6dulo de Video

Devido a restri¢do de memoria do FPGA da placa UP1,
de apenas 4kb, foi necessario buscar outra abordagem
para armazenar e exibir o ambiente do jogo em uma
resolucdo 640x480 pixels. A solugdo encontrada foi
descrever toda a interface grifica do jogo diretamente
em codigo VHDL, fazendo assim a utilizagdo de
elementos 16gicos em vez de espaco em memoria para
representar os graficos do jogo.

O FPGA da placa UP1 possui pinos de saida
ligados a um conector para video do tipo VGA, como
pode ser visto na Figura 2. Foi implementado um bloco
de controle no qual é gerado o sinal de video baseado
nos dados apresentados pelo médulo de logica.

Ao gerar o sinal de video, € necessdrio gerar o sinal
que posiciona o feixe de elétrons do monitor na tela em
relac@o aos pulsos de sincronismo vertical e horizontal.
Ao gerar esse sinal, sabe-se a posi¢cdo do feixe de
elétrons em cada instante, em coordenadas (X,Y),
através de contadores que contam os pulsos (480 para
cada linha e 640 para cada coluna). Com base nisso, foi
possivel desenhar os graficos do jogo, fazendo-se uso
da linguagem VHDL. Abaixo, é apresentado um
exemplo de c6digo VHDL para desenhar um quadrado
vermelho com as coordenadas mostradas na Figura 4.
Neste codigo, as varidveis CINT e LINT sdo os
contadores de coluna e linha, respectivamente, e Ra,
Ga e Ba s@o os valores de vermelho, verde e azul para
o monitor colorir cada pixel. Nao sao fornecidos sinais
intermedidrios de intensidade de cor, e Ra, Ga e Ba
podem apenas ligar ou desligar cada cor, formando oito
combinagdes possiveis.

IF ( (cint > 0) AND (cint < 421) AND

(lint > 0) AND (lint < 301) ) THEN
Ra := '1";
Ga := '0";
Ba := '0";

END IF;

Para a construgdo dos textos dos menus do jogo foi
armazenada a posi¢do de cada caractere como
constante, utilizando assim elementos 16gicos ao invés
de memoria. Esses dados entdo sdo utilizados para
buscar em uma memoria do tipo ROM a representacao
do caractere e seu posicionamento na tela. Abaixo, um
trecho onde o caractere ‘D’, representado pelo niimero
quatro, estd na coluna nove e linha 44.
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CONSTANT letra232_c INTEGER := 9;
CONSTANT letra232_1 INTEGER := 44;
CONSTANT letra232ch INTEGER := 4;

Para a execucdo dessa extensa tarefa, foram
implementados scripts na linguagem Ruby para
auxiliar o processo. Esses scripts transformam
representacdes textuais da interface em c6digo VHDL,
que posteriormente foram inseridas no cédigo. Isso
permitiu que fossem escritos ou gerados em torno de 4
mil linhas de cédigo em linguagem VHDL para o
video.

(420,0)

Figura 4: Representacdo do resultado ao executar.

O jogo é constituido de vdrias telas contendo a
descricao dos ambientes (como Casa, USP, Bar, por
exemplo) e uma lista dos possiveis lugares que o
jogador pode ir a partir da posi¢do atual. Também ¢é
apresentado uma lista das varidveis em forma de
barras, indicando o valor dos parametros (alimentacdo,
higiene, descanso, etc...). A Figura 5 apresenta uma
dessas telas do jogo, representando a planta da casa do
jogador. Quando o jogador se movimenta, novas telas
sdo desenhadas, juntamente com suas novas opgdes e
valores dos parametros.

3.4 Detalhes da Implementacao

z

Cada modulo é representando por um ou mais
blocos que foram implementados utilizando linguagem
VHDL. A ligacdo entre os blocos foi feita através do
editor de esquemadtico do Quartusll utilizando linhas,
que representam os fios e os barramentos de
interconexao e também labels demarcando algumas
ligacdes. A Figura 6 mostra quais blocos foram
utilizados para implementar cada médulo e as ligagdes
entre eles.

O médulo de teclado, ndo demonstrado na Figura 6,
envia os sinais j4 decodificados do teclado pelo
barramento key_s, demarcado na figura em amarelo.
O médulo de légica (demarcado em azul),
implementado pelo bloco state_sim, possui a
implementacdo da mdquina de estados do jogo em
VHDL. O médulo de video (demarcado em azul) é
composto por 3 blocos: VGA_SYNC, que € responsivel
pela interface com o monitor; 1pm_rom0, que é uma
memoéria do tipo ROM e decoder, que é o

VIl SBGames - ISBN: 85-766-9204-X 190

Belo Horizonte - MG, November 10 - 12

responsdvel por receber os sinais do médulo de 16gica
e transformar as informacgdes em representacdes
gréficas e sinal de video para o monitor.

4. Resultados

Um grupo de 50 alunos do terceiro e quarto ano do
curso de Bacharelado em Ciéncia da Computacdo da
Universidade de S@o Paulo foram convidados para
avaliar o jogo, em um periodo de duas horas. Com base
nos parametros especificados na Tabela I, somente um
jogador conseguiu concluir o objetivo proposto
(terminar o trabalho) e salvar seu avatar, como pode
ser visto na Tabela II. Isso mostrou que a especificacio
inicial dos parametros do jogo, representados pelos
valores numéricos apresentados na Tabela I, tornou
muito dificil a conclusio do jogo.

Tabela II: Resultado do 1° teste com 50 alunos

Nro de Jogadores | % Total
Vencedores 1 2%
Nao concluiram 49 98%

Os valores dos parimetros que modificam as
varidveis descanso, higiene, alimentagdo, trabalho,
humor e acdes foram entdo modificados conforme a
Tabela III apresentada abaixo, € um novo grupo (no
qual nd3o participaram nenhum dos jogadores do
experimento anterior) foi convidado para avaliar o
jogo. Os resultados da Tabela IV mostram que esta
alteracdo tornou possivel que 46% dos jogadores
completassem o objetivo antes de duas horas ou do
limite de 10 turnos, vencendo o jogo.

Tabela III: Alteracdo nas Mudangas provocadas por cada
acdo para o segundo experimento

Acdo Mudanca
Navegar na Internet Descanso -2
Higiene -1
Alimentacéao -1
Agbes +3
“Atacar” a geladeira Descanso -1
Higiene -1
Alimentacéao +5
Agdes +2
Ir para a Faculdade Descanso -2
Higiene -2
Humor -2
Alimentacao -1
Trabalho +2
Agbes +4
Ir para a Casa Descanso -2
Higiene -1
Humor +3
Alimentacao -1
Agdes +4
Fazer Trabalho Descanso -3
Higiene -1
Humor -4
Alimentacao -3
Trabalho +4
Agdes +4
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Estes  experimentos  permitiram entdo a
especificagdo de dois niveis de dificuldade para o jogo
desenvolvido. Foi decidido, inclusive, permitir que
jogadores mais experientes modifiquem diretamente o
arquivo de pardmetros antes de reprogramar o jogo no
FPGA.

Tabela IV: Resultado do 2° teste com 50 alunos

Nro de Jogadores | % Total
Vencedores 23 46%
Nio concluiram 27 54%

5. Conclusao

Este artigo apresentou a implementa¢do em hardware
de um jogo do tipo simulador de vida artificial.
Diferentemente de outros trabalhos que apresentam a
implementacdo de jogos de baixa complexidade, do
tipo arcade, este artigo apresenta um jogo de maior
complexidade, no qual o jogador pode realizar em cada
turno até nove acOes diferentes. Apds extensa revisao
bibliogréfica, é possivel concluir que este artigo traz
pela primeira vez a descricio de um jogo deste tipo
implementado totalmente em hardware, em linguagem
VHDL, sendo executado juntamente com sua interface
de teclado e video em um tnico chip FPGA.

Este trabalho também contribui com a drea de
desenvolvimento de jogos para plataformas moéveis
como PDAs e telefones celulares ao apresentar
solugdes criativas para os problemas emergentes da
utilizacdo de um hardware de baixo custo, pouca
memoria e pequena velocidade de operacdo. Desta
maneira, foi feito uso extensivo do paralelismo
intrinseco de matrizes de células 16gicas programaveis,
como os FPGAS. Assim, vdrios moédulos do jogo
foram distribuidos no hardware e operam em paralelo
no chip, realizando a interface com o usudrio, a andlise
das acdes escolhidas, o redesenho da tela grafica e a
geracdo dos sinais de video para o monitor.

Também para compensar 0os poucos recursos de
memoria do hardware utilizado, a tela grafica do jogo
foi implementada na forma de um algoritmo em
linguagem VHDL, ao invés de ser desenhada em
memoria. Assim, foi possivel descrever uma tela de
resolucdo 640 por 480 pixels em apenas 4 Kbytes de
memdria.

Outra contribui¢do diz respeito a produ¢do de um
hardware especifico para o jogo, que inclui em um
unico chip a interface com o usudrio e o médulo de
geracdo dos sinais de video para um monitor. Assim,
foi produzido um jogo completo embarcado em um
dispositivo eletronico do tipo FPGA de baixo custo:
cerca de U$ 1,00.
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Figura 3: Diagrama representativo da mdquina de estados que descreve o funcionamento do sistema e as possiveis agdes que o
jogador pode realizar a partir de cada estado.
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Figura 5: Representacéio da tela do jogo, mostrando os ambientes e os locais que o jogador pode visitar de acordo com cada agéo
possivel.
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Figura 6: Representac@o dos blocos que implementam os mddulos de video e da légica do jogo.
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