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Glossary

Computer generated imagery (CGI) The use of com-
puter generated images for special effects purposes in
film production.

Intelligent agent A hardware or (more usually) software-
based computer system that enjoys the properties au-
tonomy, social ability, reactivity and pro-activeness.

Non-player character (NPC) A computer controlled
character in a computer game - as opposed to a player
controlled character.

Virtual character A computer generated character that
populates a virtual world.

Virtual world A computer generated world in which
places, objects and people are represented as graphical
(typically three dimensional) models.

Definition of the Subject

As graphics technology has improved in recent years,
more and more importance has been placed on the behav-
ior of virtual characters in applications set in virtual worlds
in areas such as games, movies and simulations. The be-
havior of virtual characters should be believable in order
to create the illusion that these virtual worlds are popu-
lated with living characters. This has led to the applica-
tion of agent-based modeling to the control of these vir-
tual characters. There are a number of advantages of using
agent-based modeling techniques which include the fact
that they remove the requirement for hand controlling all
agents in a virtual environment, and allow agents in games
to respond to unexpected actions by players.

Introduction

Advances in computer graphics technology in recent years
have allowed the creation of realistic and believable vir-
tual worlds. However, as such virtual worlds have been de-
veloped for applications spanning games, education and
movies it has become apparent that in order to achieve
real believability, virtual worlds must be populated with
life-like virtual characters. This is where the application of
agent-based modeling has found a niche in the areas of
computer graphics and, in a huge way, computer games.
Agent-based modeling is a perfect solution to the prob-
lem of controlling the behaviors of the virtual characters
that populate a virtual world. In fact, because virtual char-
acters are embodied autonomous agents these applications
require an even stronger notion of agency than many other
areas in which agent-based modeling is employed.

Before proceeding any further, and because there are
so many competing alternatives, it is worth explicitly stat-
ing the definition of an intelligent agent that will inform
the remainder of this article. Taken from [83] an intelli-
gent agent is defined as “... a hardware or (more usually)
software-based computer system that enjoys the following
properties:

e autonomy: agents operate without the direct interven-
tion of humans or others, and have some kind of control
over their actions and internal state;

o social ability: agents interact with other agents (and
possibly humans) via some kind of agent-communica-
tion language;

o reactivity: agents perceive their environment, (which
may be the physical world, a user via a graphical user
interface, a collection of other agents, the INTERNET, or
perhaps all of these combined), and respond in a timely
fashion to changes that occur in it;

o pro-activeness: agents do not simply act in response to
their environment, they are able to exhibit goal-directed
behavior by taking the initiative.”

Virtual characters implemented using agent-based mod-
eling techniques satisfy all of these properties. The char-
acters that populate virtual worlds should be fully au-
tonomous and drive their own behaviors (albeit some-
times following the orders of a director or player). Vir-
tual characters should be able to interact believably with
other characters and human participants. This property is
particularly strong in the case of virtual characters used
in games which by their nature are particularly interac-
tive. It is also imperative that virtual characters appear to
perceive their environments and react to events that oc-
cur in that environment, especially the actions of other
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A

Separation: steer to avoid Alignement: steer towards
the average heading of
local flock-mates

crowding local flock-
mates

Agent-Based Modelling in Computer Graphics and Games, Figure 1

Cohesion: steer to move
toward the average
position of local flock-
mates

The three rules used by Reynolds’ original Boids system to simulate flocking behaviors

characters or human participants. Finally virtual charac-
ters should be pro-active in their behaviors and not always
require prompting from a human participant in order to
take action.

The remainder of this article will proceed as follows.
Firstly, a broad overview of the use of agent-based model-
ing in computer graphics will be given, focusing in partic-
ular on the genesis of the field. Following on from this,
the focus will switch to the use of agent-based model-
ing techniques in two particular application areas: com-
puter generated imagery (CGI) for movies, and computer
games. CGI has been used to astounding effect in movies
for decades, and in recent times has become heavily re-
liant on agent-based modeling techniques in order to gen-
erate CGI scenes containing large numbers of computer
generated extras. Computer games developers have also
been using agent-based modeling techniques effectively
for some time now for the control of non-player characters
in games. There is a particularly fine match between the re-
quirements of computer games and agent-based modeling
due to the high levels of interactivity required.

Finally, the article will conclude with some suggestions
for the future directions in which agent-based modeling
technology in computer graphics and games is expected to
move.

Agent-Based Modelling in Computer Graphics

The serious use of agent-based modeling in computer
graphics first arose in the creation of autonomous groups
and crowds - for example, crowds of people in a town
square or hotel foyer, or flocks of birds in an outdoor
scene. While initially this work was driven by visually
unappealing simulation applications such as fire safety
testing for buildings [75] focus soon turned to the cre-
ation of visually realistic and believable crowds for ap-
plications such as movies, games and architectural walk-

throughs. Computer graphics researchers realized that
creating scenes featuring large virtual crowds by hand
(a task that was becoming important for the applications
already mentioned) was laborious and time-consuming
and that agent-based modeling techniques could remove
some of the animator’s burden. Rather than requiring that
animators hand-craft all of the movements of a crowd,
agent-based systems could be created in which each char-
acter in a crowd (or flock, or swarm) could drive its
own behavior. In this way the behavior of a crowd would
emerge from the individual actions of the members of that
crowd.

Two of the earliest, and seminal, examples of such sys-
tems are Craig Reynolds’ Boids system [64] and Tu &
Terzopoulos’ animations of virtual fish [76]. The Boids
system simulates the flocking behaviors exhibited in na-
ture by schools of fish, or flocks of birds. The system was
first presented at the prestigious SIGGRAPH conference
(www.siggraph.org) in 1987 and was accompanied by the
short movie “Stanley and Stella in: Breaking the Ice”. Tak-
ing influence from the area of artificial life (or aLife) [52],
Reynolds postulated that the individual members of a flock
would not be capable of complex reasoning, and so flock-
ing behavior must emerge from simple decisions made by
individual flock members. This notion of emergent behav-
ior is one of the key characteristics of aLife systems.

In the original Boids system, each virtual agent (repre-
sented as a simple particle and known as a boid) used just
three rules to control its movement. These were separa-
tion, alignment and cohesion and are illustrated in Fig. 1.
Based on just these three simple rules extremely realistic
flocking behaviors emerged. This freed animators from the
laborious task of hand-scripting the behavior of each crea-
ture within the flock and perfectly demonstrates the ad-
vantage offered by agent-based modeling techniques for
this kind of application.
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The system created by Tu and Terzopoulos took
a more complex approach in that they created complex
models of biological fish. Their models took into account
fish physiology, with a complex model of fish muscular
structure, along with a perceptual model of fish vision. Us-
ing these they created sophisticated simulations in which
properties such as schooling and predator avoidance were
displayed. The advantage of this approach was that it was
possible to create unique, unscripted, realistic simulations
without the intervention of human animators. Terzopou-
los has since gone on to apply similar techniques to the
control of virtual humans [68].

Moving from animals to crowds of virtual humans, the
Virtual Reality Lab at the Ecole Polytechnique Fédérale
de Lausanne in Switzerland (vrlab.epfl.ch) led by Daniel
Thalmann has been at the forefront of this work for many
years. They group currently has a highly evolved system,
VICrowd, for the animation of virtual crowds [62] which
they model as a hierarchy which moves from individuals to
groups to crowds. This hierarchy is used to avoid some of
the complications which arise from trying to model large
crowds in real time - one of the key gaols of ViCrowd.

Each of the levels in the ViCrowd hierarchy can be
modeled as an agent and this is done based on beliefs,
desires and intentions. The beliefs of an agent represent
the information that the agent possesses about the world,
including information about places, objects and other
agents. An agent’s desires represent the motivations of
the agent regarding objectives it would like to achieve.
Finally, the intentions of an agent represent the actions
that an agent has chosen to pursue. The belief-desire-in-
tention (BDI) model of agency was proposed by Rao and
Georgeft [61] and has been used in many other application
areas of agent-based modeling.

ViCrowd has been used in ambitious applications in-
cluding the simulation of a virtual city comprised of,
amongst other things, a train station a park and a the-
ater [22]. In all of these environments the system was ca-
pable of driving the believable behaviors of large groups of
characters in real-time.

It should be apparent to readers from the examples
given thus that the use of agent-based modeling tech-
niques to control virtual characters gives rise to a range of
unique requirements when compared to the use of agent
modeling in other application areas. The key to under-
standing these is to realize that the goal in designing agents
for the control of virtual characters is typically not to de-
sign the most efficient or effective agent, but rather to de-
sign the most interesting or believable character. Outside
of very practical applications such as evacuation simula-
tions, when creating virtual characters, designers are con-

cerned with maintaining what Disney, experts in this field,
refer to the illusion of life [36].

This refers to the fact that the user of a system must
believe that virtual characters are living, breathing crea-
tures with goals, beliefs, desires, and, essentially, lives of
their own. Thus, it is not so important for a virtual hu-
man to always choose the most efficient or cost effective
option available to it, but rather to always choose rea-
sonable actions and respond realistically to the success or
failure of these actions. With this in mind, and following
a similar discussion given in [32], some of the foremost re-
searchers in virtual character research have the following
to say about the requirements of agents as virtual charac-
ters.

Loyall writes [46] that “Believable agents are personal-
ity-rich autonomous agents with the powerful properties of
characters from the arts.” Coming from a dramatic back-
ground it is not surprising that Loyall’s requirements re-
flect this. Agents should have strong personality and be
capable of showing emotion and engaging in meaningful
social relationships.

According to Blumberg [11], ...
imated creature is an animated object capable of goal-di-
rected and time-varying behavior”. The work of Blumberg
and his group is very much concerned with virtual crea-
tures, rather than humans in particular, and his require-
ments reflect this. Creatures must appear to make choices
which improve their situation and display sophisticated
and individualistic movements.

Hayes-Roth and Doyle focus on the differences be-
tween “animate characters” and traditional agents [27].
With this in mind they indicate that agents’ behaviors
must be “variable rather than reliable”, “idiosyncratic in-
stead of predictable”, “appropriate rather than correct”, “ef-
fective instead of complete”, “interesting rather than effi-
cient”, and “distinctively individual as opposed to optimal”.

Perlin and Goldberg [59] concern themselves with
building believable characters “that respond to users and
to each other in real-time, with consistent personalities,
properly changing moods and without mechanical repeti-
tion, while always maintaining an author’s goals and in-
tentions”.

Finally, in characterizing believable agents, Bates [7]
is quite forgiving requiring “only that they not be clearly
stupid or unreal”. Such broad, shallow agents must “ex-
hibit some signs of internal goals, reactivity, emotion, natu-
ral language ability, and knowledge of agents ... as well as
of the ... micro-world”.

Considering these definitions [32] identifies the fact
that the consistent themes which run through all of the
requirements given above match the general goals of

an autonomous an-
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agency - virtual humans must display autonomy, reactiv-
ity, goal driven behavior and social ability — and again sup-
ports the use of agent-based modeling to drive the behav-
ior of virtual characters.

The Spectrum of Agents

The differences between the systems mentioned in the pre-
vious discussion are captured particularly well on the spec-
trum of agents presented by Aylett and Luck [5]. This
positions agent systems on a spectrum based on their ca-
pabilities, and serves as a useful tool in differentiating be-
tween the various systems available. One end of this spec-
trum focuses on physical agents which are mainly con-
cerned with simulation of believable physical behavior,
including sophisticated physiological models of muscle
and skeleton systems, and of sensory systems. Interesting
work at this end of the spectrum includes Terzopoulos’
highly realistic simulation of fish [76] and his virtual stunt-
man project [21] which creates virtual actors capable of re-
alistically synthesizing a broad repertoire of lifelike motor
skills.

Cognitive agents inhabit the other end of the agent
spectrum and are mainly concerned with issues such as
reasoning, decision making, planning and learning. Sys-
tems at this end of the spectrum include Funge’s cogni-
tive modeling approach [26] which uses the situation cal-
culus to control the behavior of virtual characters, and
Nareyek’s work on planning agents for simulation [55],
both of which will be described later in this article.

While the systems mentioned so far sit comfortably
at either end of the agent spectrum, many of the most
effective inhabit the middle ground. Amongst these are
c4 [13], used to great effect to simulate a virtual sheep dog
with the ability to learn new behaviors, Improv [59] which
augments sophisticated physical human animation with
scripted behaviors and the ViCrowd system [62] which sits
on top of a realistic virtual human animation system and
uses planning to control agents’ behavior.

Virtual Fidelity

The fact that so many different agent-based modeling sys-
tems, all for the control of virtual humans exist gives rise to
the question why? The answer to this lies in the notion of
virtual fidelity, as described by Badler [6]. Virtual fidelity
refers to the fact that virtual reality systems need only re-
main true to actual reality in so much as this is required
by, and improves, the system.

In [47] the point is illustrated extremely effectively.
The article explains that when game designers are archi-
tecting the environments in which games are set, the scale

to which these environments are created is not kept true to
reality. Rather, to ease players’ movement in these worlds,
areas are designed to a much larger scale, compared to
character sizes, than in the real world. However, game
players do not notice this digression from reality, and in
fact have a negative response to environments that are de-
signed to be more true to life finding them cramped. This
is a perfect example of how, although designers stay true
to reality for many aspects of environment design, the par-
ticular blend of virtual fidelity required by an application
can dictate certain real world restrictions can be ignored
in virtual worlds.

With regard to virtual characters, virtual fidelity dic-
tates that the set of capabilities which these characters
should display is determined by the application which they
are to inhabit. So, the requirements of an agent-based
modeling system for CGI in movies would be very differ-
ent to those of a agent-based modeling system for control-
ling the behaviors of game characters.

Agent-Based Modelling in CGI for Movies

With the success of agent-based modeling techniques
in graphics firmly established there was something of
a search for application areas to which they could be ap-
plied. Fortunately, the success of agent-based modeling
techniques in computer graphics was paralleled with an
increase in the use of CGI in the movie industry, which
offered the perfect opportunity. In many cases CGI tech-
niques were being used to replace traditional methods for
creating expensive, or difficult to film scenes. In particular,
scenes involving large numbers of people or animals were
deemed no longer financially viable when set in the real
world. Creating these scenes using CGI involved painstak-
ing hand animation of each character within a scene,
which again was not financially viable.

The solution that agent-based modeling offers is to
make each character within a scene an intelligent agent
that drives its own behavior. In this way, as long as the ini-
tial situation is set up correctly scenes will play out without
the intervention of animators. The facts that animating for
movies does not need to be performed in real-time, and is
in no way interactive (there are no human users involved
in the scene), make the use of agent-based modeling a par-
ticularly fine match for this application area.

Craig Reynolds’ Boids system [64] which simulates the
flocking behaviors exhibited in nature by schools of fish,
or flocks of birds and was discussed previously is one of
the seminal early examples of agent-based modeling tech-
niques being used in movie CGI. Reynold’s approach was
first used for CGI in the 1999 film “Batman Returns” [14]
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to simulate swarms of bats. Reynold’s technologies have
been used in “The Lion King” [4] and “From Dusk ‘Till
Dawn” [65] amongst others. Reynolds’ approach was so
successful, in fact, that he was awarded an Academy Award
for his work in 1998.

Similar techniques to those utilized in the Boids sys-
tem have been used in many other films to animate such
diverse characters as ants, people and stampeding wilde-
beest. Two productions which were released in the same
year, “Antz” [17] by Dreamworks and “A Bug’s Life” [44]
by Pixar took great steps in animating large crowds for
CGI effects. For “Antz” systems were developed which
allowed animators easily create scenes containing large
numbers of virtual characters modeling each as an intel-
ligent agent capable of obstacle avoidance, flocking and
other behaviors. Similarly, the creators of “A Bug’s Life”
created tools which allowed animators easily combine pre-
defined motions (known as alibis) to create behaviors
which could easily be applied to individual agents in scenes
composed of hundreds of virtual characters.

However, the largest jump in the use of agent-based
modeling in movie CGI was made in the recent Lord of
the Rings trilogy [33,34,35]. In these films the bar was
raised markedly in terms of the sophistication of the vir-
tual characters displayed and the sheer number of char-
acters populating each scene. To achieve the special ef-
fects shots required by the makers of these films, the
Massive software system was developed by Massive Soft-
ware (www.massivesoftware.com). This system [2,39] uses
agent-based modeling techniques, again inspired by aLife,
to create virtual extras that control their own behaviors.
This system was put to particularly good use in the large
scale battle sequences that feature in all three of the Lord
of the Rings films. Some of the sequences in the final film
of the trilogy, the Return of the King, contain over 200,000
digital characters.

In order to create a large battle scene using the Massive
software, each virtual extra is represented as an intelligent
agent, making its own decisions about which actions it will
perform based on its perceptions of the world around it.
Agent control is achieved through the use of fuzzy logic
based controllers in which the state of an agent’s brain is
represented as a series of motivations, and knowledge it
has about the world - such as the state of the terrain it
finds itself on, what kinds of other agents are around it and
what these other agents are doing. This knowledge about
the world is perceived through simple simulated visual, au-
ditory and tactile senses. Based on the information they
perceive agents decide on a best course of action. Design-
ing the brains of these agents is made easier that it might
seem at first by the fact that agents are developed for short

sequences, and so a short range of possible tasks. So for ex-
ample, separate agent models would be used for a fighting
scene and celebration scene.

In order to create a large crown scene using Massive
animators initially set up an environment populating it
with an appropriate cast of virtual characters where the
brains of each character are slight variations (based on
physical and personality attribute) of a small number of
archetypes. The scene will then play itself out with each
character making it’s own decisions. Therefore there is no
need for any hand animation of virtual characters. How-
ever, directors can view the created scenes and by tweak-
ing the parameters of the brains of the virtual characters
have a scene play out in the exact way that they require.

Since being used to such impressive effect in the Lord
of the Rings trilogy (the developers of the Massive sys-
tem were awarded an academy award for their work), the
Massive software system has been used in numerous other
films such as “I, Robot” [60], “The Chronicles of Narnia:
The Lion, the Witch and the Wardrobe” [1] and “Rata-
touille” [10] along with numerous television commercials
and music videos.

While the achievements of using agent-based model-
ing for movie CGI are extremely impressive, it is worth
noting that none of these systems run in real-time. Rather,
scenes are rendered by banks of high powered comput-
ers, a process that can take hours for relatively simple
scenes. For example, the famous Prologue battle sequence
in the “Lord of the Rings: The Fellowship of the Ring” took
a week to render. When agent-based modeling is applied
to the real-time world of computer games, things are very
different.

Agent-Based Modelling in Games

Even more so than in movies, agent-based modeling tech-
niques have been used to drive the behaviors of virtual
characters in computer games. As games have become
graphically more realistic (and in recent years they have
become extremely so) game-players have come to expect
that games are set in hugely realistic believable virtual
worlds. This is particularly evident in the widespread use
of realistic physics modeling which is now commonplace
in games [67]. In games that make strong use of physics
modeling objects in the game world topple over when
pushed, float realistically when dropped in water and gen-
erally respond as one would expect them to. Players expect
the same to be true of the virtual characters that populate
virtual game worlds. This can be best achieved by mod-
eling virtual characters as embodied virtual agents. How-
ever, there are a number of constraints which have a major
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influence on the use of agent-based modeling techniques
in games.

The first of these constraints stems from the fact that
modern games are so highly interactive. Players expect to
be able to interact with all of the characters they encounter
within a game world. These interactions can be as simple
as having something to shoot at or having someone to race
against; or involve much more sophisticated interactions
in which a player is expected to converse with a virtual
character to find out specific information or to cooper-
ate with a virtual character in order to accomplish some
task that is key to the plot of a game. Interactivity raises
a massive challenge for practitioners as there is very little
restriction in terms of what the player might do. Virtual
characters should respond in a believable way at all times
regardless of how bizarre and unexpected the actions of
the player might be.

The second challenge comes from the fact that the
vast majority of video games should run in real time. This
means that the computational complexity must be kept to
a reasonable level as there are only a finite number of pro-
cessor cycles available for Al processing. This problem is
magnified by the fact that an enormous amount of CPU
power it usually dedicated to graphics processing. When
compared to the techniques that can be used for control-
ling virtual characters in films some of the techniques used
in games are rudimentary due to this real-time constraint.

Finally, modern games resemble films in the fact that
creators go to create lengths to include intricate story-
lines and control the building of tension in much the way
that film script writers do. This means that games are
tested heavily in order to ensure that the game proceeds
smoothly and that the level of difficulty is finely tuned so
as to always hold the interest of a player. In fact, this testing
of games has become something of a science in itself [77].
Using autonomous agents gives game characters the abil-
ity to do things that are unexpected by the game designers
and so upset their well laid plans. This can often be a bar-
rier to the use of sophisticated techniques such as learning.

Unfortunately there is also a barrier to the discus-
sion of agent-based modeling techniques used in commer-
cial games. Because of the very competitive nature of the
games industry, game development houses often consider
the details of how their games work as valuable trade se-
crets to be kept well guarded. This can make it difficult to
uncover the details of how particularly interesting features
of a game are implemented. While this situation is improv-
ing — more commercial game developers are speaking at
games conferences about how their games are developed
and the release of game systems development kits for the
development of game modifications (or mods) allows re-

searchers to plumb the depths of game code - it is still of-
ten impossible to find out the implementation details of
very new games.

Game Genres

Before discussing the use of agent-based modeling in
games any further, it is worth making a short clarifica-
tion on the kinds of computer games that this article refers
to. When discussing modern computer games, or video
games, this article does not refer to computer implemen-
tations of traditional games such as chess, backgammon
or card games such as solitaire. Although these games are
of considerable research interest (chess in particular has
been the subject of extremely successful research [23]) they
are typically not approached using agent-based modeling
techniques. Typically, artificial intelligence approaches to
games such as these rely largely on sophisticated search-
ing techniques which allow the computer player to search
through a multitude of possible future situations dictated
by the moves it will make and the moves it expects its
opponent to make in response. Based on this search,
and some clever heuristics that indicate what constitutes
a good game position for the computer player, the best se-
quence of moves can be chosen. This searching technique
relies on the fact that there are usually a relatively small
number of moves that a player can make at any one time
in a game. However, he fact that the ancient Chinese game
of Go-Moku has not, to date, been mastered by computer
players [80] illustrates the restrictions of such techniques.

The common thread linking together the kinds of
games that this article focuses on is that they all con-
tain computer controlled virtual characters that possess
a strong notion of agency. Efforts are often made to sepa-
rate the many different kinds of modern video games that
are the focus of this article into a small set of descriptive
genres. Unfortunately, much like in music, film and liter-
ature, no categorization can hope to perfectly capture the
nuances of all of the available titles. However, a brief men-
tion of some of the more important game genres is worth
while (a more detailed description of game genres, and ar-
tificial intelligence requirements of each is given in [41]).

The most popular game genre is without doubt the ac-
tion game in which the player must defeat waves of de-
mented foes, typically (for increasingly bizarre motiva-
tions) bent upon global destruction. Illustrative examples
of the genre include Half-Life 2 (www.half-life2.com) and
the Halo series (www.halo3.com). A screenshot of the up-
coming action game Rogue Warrior (www.bethsoft.com)
is shown in Fig. 2.
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Agent-Based Modelling in Computer Graphics and Games, Figure 2

A screenshot of the upcoming action game Rogue Warrior from Bethesda Softworks (image courtesy of Bethesda Softworks)

Strategy games allow players to control large armies
in battle with other people, or computer controlled op-
ponents. Players do not have direct control over their
armies, but rather issue orders which are carried out
by agent-based artificial soldiers. Well regarded exam-
ples of the genre include the Age of Empires (www.
ageofempires.com) and Command & Conquer (wWww.
commandandconquer.com) series.

Role playing games (such as the Elder Scrolls (www.
elderscrolls.com) series) place game players in expansive
virtual worlds across which they must embark on fantasti-
cal quests which typically involve a mixture of solving puz-
zles, fighting opponents and interacting with non-player
characters in order to gain information. Figure 3 shows
a screenshot of the aforementioned role-playing game The
Elder Scrolls IV: Oblivion.

Almost every sport imaginable has at this stage been
turned into a computer based sports game. The challenges
in developing these games are creating computer con-
trolled opponents and team mates that play the games
at a level suitable to the human player. FIFA Soccer
08 (www.fifa08.ea.com) and Forza Motorsport 2 (www.
forzamotorsport.net).

Finally, many people expected that the rise of mas-
sively multi-player online games (MMOGs), in which
hundreds of human players can play together in an online
world, would sound the death knell for the use of virtual
non-player characters in games. Examples of MMOGs in-
clude World of Warcraft (www.worldofwarcraft.com) and
Battlefield 2142 (www.battlefield.ea.com). However, this
has not turned out to be the case as there are still large

numbers of single player games being produced and even
MMOGs need computer controlled characters for roles
that players do not wish to play.

Of course there are many games that simply do not
fit into any of these categorizations, but that are still rel-
evant for a discussion of the use of agent-based tech-
niques - for example The Sims (www.thesims.ea.com) and
the Microsoft Flight Simulator series (www.microsoft.com/
games/flightsimulatorx). However the categorization still
serves to introduce those unfamiliar with the subject to the
kinds of games up for discussion.

Implementing Agent-Based Modelling Techniques
in Games

One of the earliest examples of using agent-based model-
ing techniques in video games was its application to path
planning. The ability of non-player characters (NPCs) to
manoeuvre around a game world is one of the most ba-
sic competencies required in games. While in very early
games it was sufficient to have NPCs move along pre-
scripted paths, this soon become unacceptable. Games
programmers soon began to turn to Al techniques which
might be applied to solve some of the problems that were
arising. The A* path planning algorithm [74] was the first
example of such a technique to find wide-spread use in
the games industry. Using the A* algorithm NPCs can be
given the ability to find their own way around an envi-
ronment. This was put to particularly fine effect early on
in real-time strategy games where the units controlled by
players are semi-autonomous and are given orders rather
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A screenshot from Bethesda Softwork’s role playing game The Elder Scrolls 1V: Oblivion (image courtesy of Bethesda Softworks)

than directly controlled. In order to use the A* algorithm
a game world must be divided into a series of cells each
of which is given a rating in terms of the effort that must
be expended to cross it. The A* algorithm then performs
a search across these cells in order to find the shortest path
that will take a game agent from a start position to a goal.

Since becoming widely understood amongst the game
development community many interesting additions have
been made to the basic A* algorithm. It was not long be-
fore three dimensional versions of the algorithm became
commonly used [71]. The basic notion of storing the en-
ergy required to cross a cell within a game world has also
been extended to augment cells with a wide range of other
useful information (such as the level of danger in crossing
a cell) that can be used in the search process [63].

The next advance in the kind of techniques being used
to achieve agent-based modeling in games was the finite
state machine (FSM) [30]. An FSM is a simple system in
which a finite number of states are connected in a directed
graph by transitions between these states. When used for
the control of NPCs, the nodes of an FSM indicate the
possible actions within a game world that an agent can
perform. Transitions indicate how changes in the state of
the game world or the character’s own attributes (such as
health, tiredness etc) can move the agent from one state to
another.

Enemy Disappears

Enemy Present

Bored
Chasing

Enemy
Present

Enemy
Defeated

Health
Low

Enemy Present
& Health Low

Escape Successful

Agent-Based Modelling in Computer Graphics and Games, Fig-
ure4
A simple finite state machine for a soldier NPC in an action game

Figure 4 shows a sample FSM for the control of an
NPC in a typical action game. In this example the behav-
iors of the character are determined by just four states —
CHASE, ATTACK, FLEE and EXPLORE. Each of these states
provides an action that the agent should take. For exam-
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ple, when in the EXPLORE state the character should wan-
der randomly around the world, or while in the FLEE state
the character should determine a direction to move in that
will take it away from its current enemy and move in that
direction. The links between the states show how the be-
haviors of the character should move between the various
available states. So, for example, if while in the ATTACK
state the agent’s health measure becomes low, they will
move to the FLEE state and run away from their enemy.

FSMs are widely used because they are so simple, well
understood and extremely efficient both in terms of pro-
cessing cycles required and memory usage. There have
also been a number of highly successful augmentations
to the basic state machine model to make them more ef-
fective, such as the introduction of layers of parallel state
machines [3], the use of fuzzy logic in finite state ma-
chines [19] and the implementation of cooperative group
behaviors through state machines [72].

The action game Halo 2 is recognized as having a par-
ticularly good implementation of state machine based
NPC control [79]. At any time an agent could be in any
one of the four states Idle, Guard/Patrol, Attack/Defend,
and Retreat. Within each of these states a set of rules was
used in order to select from a small set of appropriate ac-
tions for that state — for example a number of different
ways to attack the player. The decisions made by NPCs
were influenced by a number of character attributes in-
cluding strength, speed and cowardliness. Transition be-
tween states was triggered by perceptions made by charac-
ters simulated senses of vision and hearing and by internal
attributes such as health. The system implemented also al-
lowed for group behaviors allowing NPCs to hold conver-
sations and cooperate to drive vehicles.

However, FSMs are not without their drawbacks.
When designing FSMs developers must envisage every
possible situation that might confront an NPC over the
course of a game. While this is quite possible for many
games, if NPCs are required to move between many dif-
ferent situations this task can become overwhelming. Sim-
ilarly, as more and more states are added to an FSM de-
signing the links between these states can become a mam-
moth undertaking.

From [31] the definition of rule based systems states
that they are “... comprised of a database of associated
rules. Rules are conditional program statements with con-
sequent actions that are performed if the specified condi-
tions are satisfied”. Rule based systems have been applied
extensively to control NPCs in games [16], in particular
for the control of NPCs in role-playing games. NPCs be-
haviors are scripted using a set of rules which typically in-
dicate how an NPC should respond to particular events

within the game world. Borrowed from [82], the listing be-
low shows a snippet of the rules used to control a warrior
character in the RPG Baldur’s Gate (www.bioware.com).

IF

/I If my nearest enemy is not within 3

IRange(NearestEnemyOf(Myself),3)

// and is within 8

Range(NearestEnemyOf(Myself),8)

THEN

// 1/3 of the time

RESPONSE #40
/] Equip my best melee weapon
EquipMostDamagingMelee()
// and attack my nearest enemy, checking every 60
// ticks to make sure he is still the nearest
AttackReevalutate(NearestEnemyOf (Myself),60)

/1 2/3 of the time

RESPONSE #60
/] Equip a ranged weapon
EquipRanged()
// and attack my nearest enemy, checking every 30
/1 ticks to make sure he is still the nearest
AttackReevalutate(NearestEnemyOf (Myself), 30)

The implementation of an NPC using a rule-based system
would consist of a large set of such rules, a small set of
which would fire based on the conditions in the world at
any given time. Rule based systems are favored by game
developers as they are relatively simple to use and can be
exhaustively tested. Rule based systems also have the ad-
vantage that rule sets can be written using simple propri-
etary scripting systems [9], rather than full programming
languages, making them easy to implement. Development
companies have also gone so far as to make these scripting
languages available to the general public, enabling them to
author there own rule sets.

Rule based systems, however, are not without their
drawbacks. Authoring extensive rule sets is not a trivial
task, and they are usually restricted to simple situations.
Also, rule based systems can be restrictive in that they
don’t allow sophisticated interplay between NPCs motiva-
tions, and require that rule set authors foresee every situa-
tion that the NPC might find itself in.

Some of the disadvantages of simple rule based systems
can be alleviated by using more sophisticated inference
engines. One example uses Dempster Schafer theory [43]
which allows rules to be evaluated by combining multi-
ple sources of (often incomplete) evidence to determine
actions. This goes some way towards supporting the use
of rule based systems in situations where complete knowl-
edge is not available.
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AlLife techniques have also been applied extensively in
the control of game NPCs, as much as a philosophy as in
any particular techniques. However, the outstanding ex-
ample of this is The Sims (thesims.ea.com) a surprise hit
of 2000 which has gone on to become the best selling PC
game of all time. Created by games guru Will Wright the
Sims puts the player in control of the lives of a virtual fam-
ily in their virtual home. Inspired by aLife the characters
in the game have a set of motivations, such as hunger, fa-
tigue and boredom and seek out items within the game
world that can satisfy these desires. Virtual characters also
develop sophisticated social relationships with each other
based on common interest, attraction and the amount of
time spent together. The original system in the Sims has
gone on to be improved in the sequel The Sims 2 and a se-
ries of expansion packs.

Some of the more interesting work in developing tech-
niques for the control of game characters (particularly in
action games) has been focused on developing interesting
sensing and memory models for game characters. Play-
ers expect when playing action games that computer con-
trolled opponents should suffer from the same problems
that they do when perceiving the world. So, for exam-
ple, computer controlled characters should not be able to
see through walls or from one floor to the next. Similarly,
though, players expect computer controlled characters to
be capable of perceiving events that occur in a world and
so NPCs should respond appropriately to sound events or
on seeing the player.

One particularly fine example of a sensing model was
in the game Thief: The Dark Project where players are re-
quired to sneak around an environment without alerting
guards to their presence [45]. The developers of Thief 2
produced a relatively sophisticated sensing model that was
used by non-player characters which modeled visual ef-
fects such as not being able to see the player if they were in
shadows, and moving some way towards modeling acous-
tics so that non-player characters could respond reason-
ably to sound events.

2004’s Fable (fablelionhead.com) took the idea of
adding memory to a game to new heights. In this adven-
ture game the player took on the role of a hero from boy-
hood to manhood. However, every action the player took
had an impact on the way in which the game world’s pop-
ulation would react to him or her as they would remember
every action the next time they met the player. This notion
of long-term consequences added an extra layer of believ-
ability to the game-playing experience.

Serious Games & Academia

It will probably have become apparent to most readers of
the previous section that much of the work done in imple-
menting agent-based techniques for the control of NPCs
in commercial games is relatively simplistic when com-
pared to the application of these techniques in other ar-
eas of more academic focus, such as robotics [54]. The
reasons for this have been discussed already and briefly
relate to the lack of available processing resources and
the requirements of commercial quality control. However,
a large amount of very interesting work is taking place in
the application of agent-based technologies in academic
research, and in particular the field of serious games. This
section will begin by introducing the area of serious games
and then discuss interesting academic projects looking at
agent-based technologies in games.

The term serious games [53] refers to games designed
to do more than just entertain. Rather, serious games,
while having many features in common with conven-
tional games, have ulterior motives such as teaching, train-
ing, and marketing. Although games have been used for
ends apart from entertainment, in particular education,
for along time, the modern serious games movement is set
apart from these by the level of sophistication of the games
it creates. The current generation of serious games is com-
parable with main-stream games in terms of the quality
of production and sophistication of their design. Serious
games offer particularly interesting opportunities for the
use of agent-based modeling techniques due to the facts
that they often do not have to live up to the rigorous testing
of commercial games, can have the requirement of special-
ized hardware rather than being restricted to commercial
games hardware and often, by the nature of their applica-
tion domains, require more in-depth interactions between
players and NPCs.

The modern serious games movement can be said to
have begun with the release of America’s Army (www.
americasarmy.com) in 2002 [57]. Inspired by the real-
ism of commercial games such as the Rainbow 6 series
(www.rainbowé6.com), the United States military devel-
oped America’s Army and released it free of charge in or-
der to give potential recruits a flavor of armylife. The game
was hugely successful and is still being used today as both
a recruitment tool and as an internal army training tool.

Spurred on by the success of America’s Army the seri-
ous games movement began to grow, particularly within
academia. A number of conferences sprung up and no-
tably the Serious Games Summit became a part of the
influential Game Developer’s Conference (www.gdconf.
com) in 2004.
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Some other notable offerings in the serious games field
include Food Force (www.food-force.com) [18], a game
developed by the United Nations World Food Programme
in order to promote awareness of the issues surrounding
emergency food aid; Hazmat Hotzone [15], a game devel-
oped by the Entertainment Technology Centre at Carnegie
Mellon University to train fire-fighters to deal with chem-
ical and hazardous materials emergencies; YourselflFitness
(www.yourselffitness.com) [53] an interactive virtual per-
sonal trainer developed for modern games consoles; and
Serious Gordon (www.seriousgames.ie) [50] a game devel-
oped to aid in teaching food safety in kitchens. A screen
shot of Serious Gordon is shown in Fig. 5.

Over the past decade, interest in academic research
that is directly focused on artificial intelligence, and
in particular agent-based, techniques and their applica-
tion to games (as opposed to the general virtual char-
acter/computer graphics work discussed previously) has
grown dramatically. One of the first major academic re-
search projects into the area of Game-AI was lead by John
Laird at the University of Michigan, in the United States.
The SOAR architecture was developed in the early nine-
teen eighties in an attempt to “develop and apply a unified
theory of human and artificial intelligence” [66]. SOAR is
essentially a rule based inference system which takes the
current state of a problem and matches this to production
rules which lead to actions.

After initial applications into the kind of simple puz-
zle worlds which characterized early Al research [42], the
SOAR architecture was applied to the task of controlling
computer generated forces [37]. This work lead to an ob-
vious transfer to the new research area of game-AI [40].

Initially the work of Laird’s group focused on apply-
ing the SOAR architecture to the task of controlling NPC
opponents in the action game Quake (www.idsoftware.
com) [40]. This proved quite successful leading to oppo-
nents which could successfully play against human play-
ers, and even begin to plan based on anticipation of what
the player was about to do. More recently Laird’s group
have focused on the development of a game which re-
quires more involved interactions between the player and
the NPCs. Named Haunt 2, this game casts the player in
the role of a ghost that must attempt to influence the ac-
tions of a group of computer controlled characters inhab-
iting the ghost’s haunted house [51]. The main issue that
arises with the use the SOAR architecture is that it is enor-
mously resource hungry, with the NPC controllers run-
ning on a separate machine to the actual game.

At Trinity College in Dublin in Ireland, the author
of this article worked on an intelligent agent architec-
ture, the Proactive Persistent Agent (PPA) architecture,

for the control of background characters (or support char-
acters) in character-centric games (games that focus on
character interactions rather than action, e. g. role-play-
ing games) [48,49]. The key contributions of this work was
that it made possible the creation of NPCs that were capa-
ble of behaving believably in a wide range of situations and
allowed for the creation of game environments which it
appeared had an existence beyond their interactions with
players. Agent behaviors in this work were based on mod-
els of personality, emotion, relationships to other charac-
ters and behavioral models that changed according to the
current role of an agent. This system was used to develop
a stand alone game and as apart of a simulation of parts of
Trinity College. A screenshot of this second application is
shown in Fig. 6.

At Northwestern University in Chicago the Interac-
tive Entertainment group has also applied approaches
from more traditional research areas to the problems fac-
ing game-Al Ian Horswill has lead a team which are
attempting to use architectures traditionally associated
with robotics for the control of NPCs. In [29] Horswill
and Zubek consider how perfectly matched the behavior
based architectures often used in robotics are with the re-
quirements of NPC control architectures. The group have
demonstrated some of their ideas in a test-bed environ-
ment built on top of the game Half-Life [38]. The group
also looks at issues around character interaction [85] and
the many psychological issues associated with creating vir-
tual characters asking how we can create virtual game
agents that display all of the foibles that make us relate to
characters in human stories [28].

Within the same research group a team led by Ken For-
bus have extended research previously undertaken in con-
junction with the military [24] and applied it to the prob-
lem of terrain analysis in computer strategy games [25].
Their goal is to create strategic opponents which are ca-
pable of performing sophisticated reasoning about the ter-
rain in a game world and using this knowledge to iden-
tify complex features such as ambush points. This kind
of high level reasoning would allow AI opponents play
a much more realistic game, and even surprise human
players from time to time, something that is sorely miss-
ing from current strategy games.

As well as this work which has spring-boarded from
existing applications, a number of projects began expressly
to tackle problems in game-Al. Two which particularly
stand out are the Excalibur Project, led by Alexander
Nareyek [55] and work by John Funge [26]. Both of these
projects have attempted to applying sophisticated plan-
ning techniques to the control of game characters.
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Agent-Based Modelling in Computer Graphics and Games, Figure 5
A screenshot of Serious Gordon a serious game developed to aid in the teaching of food safety in kitchens

Agent-Based Modelling in Computer Graphics and Games, Figure 6
Screenshots of the PPA system simulating parts of a college
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Nareyek uses constraint based planning to allow game
agents reason about their world. By using techniques such
as local search Nareyek has attempted to allow these so-
phisticated agents perform resource intensive planning
within the constraints of a typical computer game envi-
ronment. Following on from this work, the term anytime
agent was coined to describe the process by which agents
actively refine original plans based on changing world con-
ditions. In [56] Narayek describes the directions in which
he intends to take this work in future.

Funge uses the situational calculus to allow agents rea-
son about their world. Similarly to Nareyek he has ad-
dressed the problems of a dynamic, ever changing world,
plan refining and incomplete information. Funge’s work
uses an extension to the situational calculus which allows
the expression of uncertainty. Since completing this work
Funge has gone on to be one of the founders of AiLive
(www.ailive.net), a middleware company specializing in
Al for games.

While the approaches of both of these projects have
shown promise within the constrained environments to
which they have been applied during research, and work
continues on them it remains to be seen whether such
techniques can be successfully applied to a commercial
game environment and all of the resource constraints that
such an environment entails.

One of the most interesting recent examples of agent-
based work in the field of serious games is that under-
taken by Barry Silverman and his group at the Univer-
sity of Pennsylvania in the United States [69,70]. Silver-
man models the protagonists in military simulations for
use in training programmes and has taken a very interest-
ing approach in his agent models are based on established
cognitive science and behavioral science research. While
Silverman admits that many of the models described in the
cognitive science and behavioral science literature are not
well quantified enough to be directly implemented, he has
adapted a number of well respected models for his pur-
poses. Silverman’s work is an excellent example of the ca-
pabilities that can be explored in a serious games setting
rather than a commercial game setting, and as such merits
an in depth discussion. A high-level schematic diagram of
Silverman’s approach is shown in Fig. 7 showing the agent
architecture used by Silverman’s system, PMFserv.

The first important component of the PMFserv system
is the biology module which controls biological needs us-
ing a metaphor based on the flow of water through a sys-
tem. Biological concepts such as hunger and fatigue are
simulated using a series of reservoirs, tanks and valves
which model the way in which resources are consumed
by the system. This biological model is used in part to

model stress which has an important impact on the way in
which agents make decisions. To model the way in which
agent performance changes under pressure Silverman uses
performance moderator functions (PMFs). An example of
one of the earliest PMFs used is the Yerkes-Dodson “in-
verted-u” curve [84] which illustrates that as a stimulus is
increased performance initially improves, peaks and then
trails off again. In PMFserv a range of PMFs are used to
model the way in which behavior should change depend-
ing on stress levels and biological conditions.

The second important module of PMFserv attempts
to model how personality culture and emotion affect the
behavior of an agent. In keeping with the rest of their
system PMFserv uses models inspired by cognitive sci-
ence to model emotions. In this case the well known OCC
model [58], which has been used in agent-based applica-
tions before [8], is used. The OCC model provides for 11
pairs of opposite emotions such as pride and shame, and
hope and fear. The emotional state of an agent with regard
to past, current and future actions heavily influences the
decisions that the agent makes.

The second portion of the Personality, Culture, Emo-
tion module uses a value tree in order to capture the val-
ues of an agent. These values are divided into a Preference
Tree which captures long term desired states for the world,
a Standards Tree which relates to the actions that an agent
believes it can or cannot follow in order to achieve these
desired states and a Goal Tree which captures short term
goals.

The PMFserv also models the relationships between
agents (Social Model, Relations, Trust in Fig. 7). The re-
lationship of one agent to another is modeled in terms of
three axes. The first is the degree to which the other agent
is thought of as a human rather than an inanimate object
relationship - locals tend to view American soldiers as ob-
jects rather than people. The second axis is the cognitive
grouping (ally, foe etc) to which the other agent belongs
and whether this is also a group to which the first agent has
an affinity. Finally, the valence, or strength, of the relation-
ship is stored. Relationships continually change based on
actions that occur within the game world. Like the other
modules of the system this model is also based on psycho-
logical research [58].

The final important module of the PMFserv architec-
ture is the Cognitive module which is used to decide on
particular actions that agents will undertake. This module
uses inputs from all of the other modules to make these de-
cisions and so the behavior of PMFserv agents is driven by
their stress levels, relationships to other agents and objects
within the game world, personality, culture and emotions.
The details of the PMFserv cognitive process are beyond
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Agent-Based Modelling in Computer Graphics and Games, Figure 7
A schematic diagram of the main components of the PMFserv system (with kind permission of Barry Silverman)

ROBAR RCS0

Agent-Based Modelling in Computer Graphics and Games, Figure 8
A screenshot of the PMFserv system being used to simulate the Black Hawk Down scenario (with kind permission of Barry Silverman)
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103 the scope of this article, so it will suffice to say that action  states. This would be particularly use in CGI for movies o2
s selection is based on a calculation of the utility of a partic-  in which, although agent based modeling techniques are 1103
155 ular action to an agent, with this calculation modified by commonly used for crowd scenes and background charac- 1104
1ss  the factors listed above. ters, main characters are still animated almost entirely by 110
1057 The most highly developed example using the PMF-  hand. 1106
1ss  servmodel is a simulation of the 1993 event in Mogadishu, In the area of computer games it can be expected that 1107
1ss  Somalia in which a United States military Black Hawk he-  many of the techniques being used in movie CGI will fil- 1108
e licopter crashed, as made famous by the book and film ter over to real-time game applications as the process- 1o
s “Black Hawk Down” [12]. In this example, which was ing power of game hardware increases — this is a pattern 110
12 developed as a military training aid as part of a larger that has been evident for the past number of years. In 1
163 project looking at agent implementations within such sys-  terms of depth that might be added to the control of game w12
s tems [78,81] the player took on the role of a US army characters one feature that has mainly been conspicuous 113
165 ranger on a mission to secure the helicopter wreck in by its absence in modern games is genuine learning by 1
s a modification (or “mod”) of the game Unreal Tourna- game agents. 2000’s Black & White and its sequel Black & 115
w57 ment (www.unreal.com). A screenshot of this simulation =~ White 2 (www.lionhead.com) featured some learning by 116
1ss  is shown in Fig. 8. one of the game’s main characters that the player could 17
1069 The PMFserv system was used to control the behav- teach in a reinforcement manner [20]. While this was 11s
w70 iors of characters within the game world such as Somali  particular successful in the game, such techniques have s
171 militia, and Somali civilians. These characters were im- not been more widely applied. One interesting academic 112
172 bued with physical attributes, a value system and relation-  project in this area is NERO project (www.nerogame.org)
173 ships with other characters and objects within the game  which allows a player to train an evolving army of soldiers 1122
w74 environment. The sophistication of PMFserv was appar-  and have them battle the armies of other players [73]. Itis 12
1075 ent in many of the behaviors of the simulations NPCs. One  expected that these kinds of capabilities will become more 1124
w7 particularly good example was the fact that Somali women — and more common in commercial games. 1125
177 would offer themselves as human shields for militia fight- One new feature of the field of virtual character con- 1126
17 ers. This behavior was never directly programmed into the  trol in games is the emergence of specialized middle- 112
w79 agents make-up, but rather emerged as a result of their ~ware. Middleware has had a massive impact in other w2
0 values and assessment of their situation. PMFserv remains areas of game development including character mod- w2
s one of the most sophisticated current agent implementa- eling (for example Maya available from www.autodesk. 130
122 tions and shows the possibilities when the shackles of com-  com) and physics modeling (for example Havok avail- 1131
183 mercial game constraints are thrown off. able from www.havok.com). Al focused middleware for 1
games is now becoming more common with notable of- 113
L ferings including AI-Implant (www.ai-implant.com) and 1
v Future Directions Kynogon (www.kynogon.com) which perform path find- 113
s There is no doubt that with the increase in the amount of  ing and state machine based control of characters. It is ex- 1136
s work being focused on the use of agent-based modeling pected that more sophisticated techniques will over time 113
17 in computer graphics and games that there will be large  find their way into such software. 1138
s developments in the near future. This final section will at- To conclude the great hope for the future is that more 3
s tempt to predict what some of these might be. and more sophisticated agent-based modeling techniques 1140
1090 The main development that might be expected in all from other application areas and other branches of Al will 11a
101 of the areas that have been discussed in this article is an  find their way into the control of virtual characters. 1142
102 increase in the depth of simulation. The primary driver of
1003 this increase in depth will be the development of more so-
10 phisticated agent models which can be used to drive ever Bibliography a3
10s more sophisticated agent behavior. The PMFserv system
105 described earlier is one example of the kinds of deeper sys- ~ Primary Literature 1144

1097

1098

1099

1100

1101

tems that are currently being developed. In general com-
puter graphics applications this will allow for the creation
of more interesting simulations including previously pro-
hibitive features such as automatic realistic facial expres-
sions and other physical expressions of agents™ internal
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