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Abstract

Asthe complexity of computer games grows, it beames increasingly necessary to manage the
computational cost of both geometry and behavior. Although there have been many advances in software
and hardware for efficiently processng geometry, there aereatively few techniques for managing
behaviors. In anticipation of therising cost of behavior exeaution, we identify tedhniques for improving
behavior efficiency and dscusshow these techniques are applicable to spedfic properties of behavior. We
present examples that we have implemented that demondgirate the use and effedivenessof these techniques.
We also describe a framework that all ows applications to reuse these techniques. Although we focus on
game environments, we beli eve thiswork is appli cable to aher virtual environments, such asinformation
visuali zation, animated films, and virtual walkthroughs.



1 Introduction

Our goal isto crede large, scalable games with rich environments and many interesting and compelling
characters. We desire antent that exceedls the complexity and level of detail provided in current games. To
achieve this, we need to use techniques that efficiently processand display a virtual environment to the
user.

Two componentsthat influencethe runtime performance of virtual environments are geometry and
behavior. Geometry defines the visua oljects and their properties, such as shape, position, material, and
color. An application uses these objects and properties to render and dsplay a scene. Behavior makes the
scene dynamic by modifying, creding, or deleting oljeds. These changes occur in response to events such
as the passage of time or user interaction.

As games and aher virtual environment appli cations have become increasingly complex, researchers
have devel oped many techniques for efficiently processng the geometry in a scene. Several algorithms use
gpatial partitioning to efficiently determine visible sets of geometry [Clark 1976; Fuchs 1980, Teller 1992].
Others use mst/benefit heuristics to perform an “optimal” rendering strategy [ Funkhouser 1993. The
advent of consumer 3D graphics hardware has a so played arole in accderating the geometry pipeline.
Much of thisresearch has migrated to commercia 3D packages that take advantage of hardware
accderation and support these algorithms [Sowizral 1997; OpenGL 1997; Openinventor 1994]. These
advances have generated rapid improvement in the geometric capabili ties of games and as a result, many
games are differentiated by their visual qualities, such as polygon throughput, texture detail, and ather
effeds.

Similar techniques can be used to manage the complexity of behaviors. For example, consider playing an
auto-racing game. The appli caion could stop spinning the wheds on carsthat are not visible or arefar in
the distance Computational resources are saved by not calculating or updating the rotation of the wheds. A
behavior isconsidered “culled” while it isnot updated. The application can do this becuse the spinning
whed behavior addsalevel of detail that is only necessary when you can seeit.

As the behavior complexity increases, it becomes both more difficult and more important to simplify the
computations. Suppose you were playing alarge simulation game like Age of Empires [Microsoft 1999 or
SimCity [Maxis 1999, but on a much larger scale —an entire planet. It would be computationally
intractable to continually smulate millions or billions of individual people. One solution isto arganize
behaviorsin ahierarchy. For instance, for distant countries the appli cation need only simulate actions that
have long range or long term effed, such as political activities. Instead of simulating many individual
entiti es, one entity represents alessdetail ed, or “degraded,” simulation of the entire country. Asyou move
closer to the cuntry, the hierarchy expands to include the simulation of citi es, and eventuall y of individual
people as you approach a dty. Werefer to the levels of the hierarchy as “resolutions’ — our imagined game
therefore @mntains multi-resolution simulations. By analogy, alocal newspaper presents a multi-resolution
view of the world. The newspaper reports many events from thelocal areg but only the most important
ones from therest of theworld. Determining which behaviors in a gamerequire high or low resolution
simulation isa cmmplex dedsion, one that depends on the arrent game state, the overhead of managing
behaviors vs. the savings gained, and ather cost/benefit tradeoffs. For instance, suppose in the example
above that your friend from far away has agreed to tel ephone you tonight. Y ou will never hea from him if
heisnot being smulated. Although heisnot visible, his actions diredly influenceyou. The system needs
to determine that his Smulation isimportant to you.

We eploretheseisaues and provide several solutions for improving the efficiency of behaviors. While
our work focuses on games, he hope our techniques will apply to several types of applications, such asthe
crowd scenesthat are starting to appea in animated films. However, the @mntext of games defines
particular constraints. Because games are atistic and entertaining, the cnstraints are designed to produce
enjoyable gameplay. A game should have smoath framerate, responsive interaction, and convincing
animation. It does not, however, always require visual or physical accuracy, which creges opportunity to
sacrificeaccuracy for efficiency.



1.1 Overview

We have aeaed a set of examples that demondtrate tedhniques for improving the performance and
scalabil ity of an appli caion. We describe these behavior management techniques and draw analogies to the
geometry domain.

Along with the examples, we have devel oped a framework for multi-resolution behaviors. This
framework includes reusable awmponentsfor creding behaviors, spedfying behavior properties, and
performing level of detail management.



2 Related Work

Thissedion discuses me of theresearch that isrelevant to ou work.

2.1 Behavior Analysis and Approximation

Chenney et al. use analysis techniques to control the @st of dynamicsin virtual worlds [Chenney 1999 .
They present examples of behavior optimization in avirtual fun park with amusement rides. Their system
cull s the geometry and behavior of aride when it is out of view. When the user looks back at theride, the
system must determine aplausible state of theride, which is difficult because the ride’ s motion is governed
by differential equations.

Chenney et al. take advantage of the assumption that viewers cannot accurately predict the state of a
system over time. This unpredictability is aresult of threefactors: a viewer’s uncertainty of the last known
state of the system, a viewer’s uncertainty of the details of the model, and a viewer’ s lack of knowledge
about factors that influencethe system. The duration an objead is out of view influences the degreeof
uncertainty, andis clasdfied into threelevels: short, medium, and long periods out of view. In a short
period of time, users can make accurate predictions, so the behavior must be mmpletely smulated. The
dynamicsissimulated ahead o the rendering and values are buffered. When the object goes out of view,
the geometry and dynamics are allled and the buffer isno longer fill ed. If the olject soon reentersthe view,
values are read from the buffer. For medium periods out of view, aviewer can accurately predict only a
small number of things. Chenney et a. train neural networks to approximate a new state based on the last
known state and the elapsed time. For long periods out of view, a viewer cannot predict a new state based
on aprevious gate, though the viewer till has some knowledge about the system’s general behavior.
Chenney et al. take advantage of this by sampling the new state from a statisticd distribution over all states
—the gationary distribution. This approach is based on the premise that a small amount of uncertainty in a
viewer’s knowledge of state will grow over time to match the stationary distribution.

These anaysis techniques are useful because they automatically generate models for culling. A
drawback of this approach isthat the system must undergo a pre-processng stage. Additionaly, the
behaviors mug be self-contained systems; they neither react to nor affed other behaviors. Chenney states
that their software airrently assumes a mntinuous, low-dimension state space though he does mention the
posshili ty of adding support for state machines and hierarchies of behaviors.

2.2 Simulation Levels of Detail

Carlson and Hodgins developed a smulation where aedures playing a gameinteract with each other at
different levels of detail [Carlson 1997. The game mnsists of aredanguar court in which legged creatures
run around and attempt to avoid a puck, the wall s, and aher creatures. The credures’ dynamics are
represented at threelevels of detail: a dynamic model, ahybrid kinematic/dynamic model, and a kinematic
model. The highest level of detail uses arigid-body dynamic smulation with threebodies and four

controll ed degrees of freedom. The middle kinematic/dynamic level of detail uses a point-mass model to
determine the location of the bady on the plane and a kinematic model to determine the joint angles for the
legs given the airrent running speed. The lowest level of detail uses a point-massmodel for the body and
holdsthe leg at a constant angle.

A creaure' slevel of detail is switched based on the importance of the aeature’ s behavior and the
creature svisibility. Creaturesthat are nea other entiti es (creaures, walls, or puck) are simulated at high
resolution. Creatures that are in view but far from the viewer are smulated at the medium level of detail.
Creduresthat are not visible are smulated at the low resolution. Carlson and Hodgins achieve smoath
switching between levels by only switching during a particular phase of the running behavior. They claim
that this technique should work well for any running a walking system, but may not generali ze to more
compli cated, non-cycli c behaviors.

Carlson and Hodgins plan to implement more complex switching rules based on tradeoffs between frame
rates and smulation accuracy. For example, cost/benefit heuristics might be designed to assgn a switching



priority for each creature. In their system, the levels of detail were aeated by hand, but they point out that
automaticdly generating simulation levels of detail will be an important problem.

2.3 Java™ 3D

Sun Microsystems' Java 3D is an example of acommercia 3D graphics package that attemptsto gptimize
behaviors [Sowizra 1997]. Java 3D performs execution culling viathe Behavi or node. Each behavior
contains a volumetric scheduling region and a wakeup condition. A behavior isexeaited when it becomes
active and its wakeup condition has been met. A behavior isconsidered active only if the viewer’s
activation region interseds the behavior’ s scheduling region. Java 3D saves computation by only testing
wakeup conditi ons of active behaviors. This scheme allows Jva 3D to automatically activate and
deactivate behaviors based on viewer proximity.

In later sedions, we describe some examples and a framework that use asimilar approach for managing
behaviors. In addition to proximity, we use visibility to perform behavior culling.

2.4 Plausible Motion Simulation

Visual aestheticsis more important than physical accuracy for many entertainment appli caions such as
games and animated films. Barzdl et a. therefore point out that the goal of computer animation isto create
“plausible motion” ingtead of physically acaurate motion [Barzel 1996]. Physically based animation often
appeas gerile because the model isa practicd simplification of red-world conditions. Accurately
measuring all variablesisimpossble, and furthermore, smulating them is computationally intractable.
Their solution adds variabil ity to the dynamics, while maintaining visua plausibility. Artists can control
this “motion texture” to create redistic and visua effects.

Thiswork provides insight into achieving our goal of smulating large interactive worlds. Instead of
attempting to model the world accurately, we strive to create a degraded simulation that provides a
plausible and convincing experience

2.5 Incorporating Update Rate in Graphics Systems

Wl oka describes a framework for atime-critica graphics g/stem — one that trades quality for efficiency and
guarantees certain response times [Wloka 1993. A time-critical system isnecessary for sustaining auser’s
feeling of immersion in avirtua environment.

Wl oka points out that current graphics g/stems updete all objects every frame. Instead, bath the
programmer and the system should have explicit control over the update rate of objeds and their attributes.
An upate rate dower than the frame rate isuseful, for example, if the ojed ismoving dowly, in the
background, or visualy unimportant. An update rate faster than the framerate is useful for error-sendtive
numerical simulations or for interaction objeds (e.g. cursors).

Wl oka states that an ideal system would automaticdly determine update rates sich as by updating an
objed when its sreen representation has “noticeably” changed (e.g. pixel comparison). The system would
degrade the update rate based on the rate of change of an object, size of an object, oljed-viewer distance
and possbly other measures of object importance WIloka statesthat such a system is currently infeasible
and hisreseach therefore initially focuses on manually spedfying the update rate. WIloka describes three
models for spedfying update rate: sSmple mode, jitter-interval model, and weighted jitter-interval model.
The ssimple model all ows an application to spedfy exactly when updates should ocaur. Thejitter-interval
model allows an application to spedfy atimeinterval during which an update should occur. The weighted-
interval model all ows an application to spedfy preferences along thetime interval.

Our work issimilar to Wloka sin that we attempt to minimize the mmputation of an object based on
perceivable properties of the ojed, such asvishility, disance predictability, and subjective importance
Ingtead of spedfying update rates, though, we aeate behaviorsthat are ailled whil e out of view and later
initialized to a plausible state.



3 Improving Behavior Efficiency

Asthe complexity of behavior becomes a dominant asped of computer games, we want to make behavior
exeadtion as efficient as posdble. Since many techniques have been devised for managing geometric
complexity in virtual worlds, we would liketo barow ideas from this work bath to help understand the
isaues and to devel op anal ogous tedhniques for behavior management. In this dion, we examine some
techniques for optimizing the exeaution of behavior. Becuse our techniques are based on various
properties of behaviors, we begin with a brief description of these properties.

To motivate the discusgon, we draw examples from a hypotheticd bike messenger gamein which the
player competesto be the fastest messenger in San Francisco. The player must efficiently deliver packages
to locations around the dty whil e navigating around various obstacles, such as vehicles and pedestrians.

3.1 Properties of Behaviors

The properties discussed below are divided into two categories: cost and influence Cost refersto the
authoring and runtime resources expended for a behavior. Influencerefers to the degreeof influencethat an
objed hason the user and is affeded by an abject’ s visihility, predictability, and semantic importance

3.1.1 Cost

Runtime Cost

The desire to reducetheruntime cost of behavior isthe motivating factor for behavior optimization. Both
algorithmic complexity and the runtime environment affed the runtime st of evaluating a behavior. The
author could statically approximate the st or the appli caion could obtain it dynamically at runtime.

History Dependence

A behavior’s history dependence affeds the authoring cost for the behavior. Behaviors are ather
instantaneous or cumulative: instantaneous behaviors depend only on the aurrent state of the world, while
cumulative behaviors depend on a history of events. A clock isan example of an object with an
instantaneous behavior because its gate can be mmputed as a pure function of time. Cumulative behaviors
include state-based behaviors which must be updated in order to maintain corred state and integral-based
behaviors which require frequent update to produce accurate values. A traffic light can be modeled with a
finite state machine (FSM) that reactsto waiting cars aswell asthetime. If thetraffic light behavior is
culled for aperiod of time, it will not be able to give an accurate value when it returnsto view. Itsvalue, or
state, depends on a history of events, which is captured by the FSM.

3.1.2 Influence

Visibility

The appeaance of objeds affects the user’ s perception of the world. Visible objects have a high degreeof
influence on the user and therefore there is a high benefit to simulating and dsplaying them. Visibility
need not be mnsidered an al-or-nothing quality: instead it can be assgned a scalar value based on distance

objed size, screen-size, or al of the above. Coarser geometric models can be substituted when visihility is
low with the intent of preserving the user’ s perception of the ojed whilereducing dsplay time.

Visihility can be further qualified by the user’ sfocus. A user can discen ohjeds nea the center of the
view with higher accuracgy. Objeds that are visible but on the periphery can therefore be degraded
[Gossweil er 199€]. For example, when a bike messenger is cruising down the stred, the messenger will be



more focused on the cars than on the pedestrians on the sdewalk. Gossweil er performed studies of human
perception to determine relative influence of objedsin avirtual environment [Gosswveil er 1996].

Mation blur also affects the gpeaance of objeds. Objeds that are moving quickly with respead to the
user appea blurred or can be seen only for a short time and cannot be seen clealy by the user [Funkhouser
1993. An example of motion blur isthe spinning wheds on amoving car. Because the wheds are moving
so fast, we @n degrade bath the geometry and the behavior.

Objeds have relationships that determine how one object aff ects another object. Data structures can be
used to model these relationships and provide dficient data pruning. Ocdusion and containment are
relationships that are used to accderate visibil ity determination.

Containment can also be applied to behavior. In particular, the dfect of a behavior or group of behaviors
may be spatially bounded, i.e. have afinite spatial extent delimited by spatial bounds. For instance,
throughout our game, the people and elevatorsinside an office buil ding wil | remain inside the buil ding. The
behaviors of these people and eevators do not affed any behaviors outside the buil ding. Sinceno behaviors
outside the buil ding are dependent on them, the system can cull the contained behaviors along with the
geometry when the building is out of view. If the messenger’ s dispatcher isinside abuil ding, however, his
behavior extends outside the buil ding because he can call the messenger with his cdl phone. The
dispatcher’s behavior, therefore, isnot spatially bounded by the buil ding.

Ancther exampleistherotation of car wheds. Therotation of a car whed is spatialy bounded by the
geometry of the whed, allowing usto cull the behavior when the car is distant or out of view. The mation
of the car, however, isnot spatiall y bounded because the ca could travel almost anywhere within the aty.
Many behaviors that only add visual redism to an environment are spatiall y bounded.

Predictability

A user may be able to percave cetain characteristics of abehavior. A behavior’s predictability refersto
the ability of the user, not the ammputer, to predict state, and is measured on a continuous gale. The mation
of atrolley is very predictable to the player sinceit often travels at constant velocity on afixed track. On
the other hand, the motion of a pedestrian or ataxi is very unpredictable. A computer smulation can
acaurately predict future state sinceit has knowledge of al the variables and equations, but a human cannot
predict this chaotic behavior. If abehavior haslow predictabil ity, the user will presumably not noticeif itis
simulated with deaeased accuracy.

A behavior may also appea cyclic, repeating its output over a mnstant period of time. An animated
bill board, for instance, has cycli c behavior. Behaviors with complex output or long periods may technically
be cyclic, but may not be recognizable as sich by the user. Conversely, mathematically chaotic behaviors
may appea cyclic to a human. Cyclic behaviors are often predictable.

Importance

Anocther property that aff ects the degreeof influenceisimportance. Theimportanceis a subjedive aad
context-dependent quality that an author can spedfy. Importance can be attributed to either the existence of
the object (will i t matter if it is culled?) or the accuracy of the object (will i t matter if | use fewer polygons
or asimpler agorithm?) or bath. In the messenger game, the vehicles and pedestrians have alarge
importance, while other ojeds such as birds or animated window displays have small importance
Funkhouser demongtrated an adaptive display algorithm that uses a @st/benefit heuristic for maximizing
scene quality [Funkhouser 1993]. The heuristic takes into acoount visibilit y, motion-blur, focus, and
importance

3.2 Techniques for Improving Behavior Efficiency

We now ill ustrate techniques for improving behavior efficiency by describing the @mnstruction of the bike
mesenger game. Each of the foll owing sedions adds more dementsto the game and d scusss techniques
for optimizing the behavior.



3.2.1 Culling Static Geometry

We begin by creating the scenery — roads, buil dings, and the sky. These static d ements constitute most of
the geometric complexity of the game, and need to be dficiently managed. We can think of the rendering
of geometry as a behavior whose spatial extent is simply the geometry that is displayed. Because the
geometry is gatic, we can cull the geometry and then later display it knowing that it has not changed. This
permits systemsto cull geometry based on visibility. A simple technique for determining visibility is view-
frustum culling —removing dbjects outside the user’ s field of view. Additionally, the relationships of
occlusion and containment can be used to efficiently determine visible sets of geometry. Binary space
partitioning (BSP) trees [Fuchs 1980] and cdl/ portal graphs [Teler 19927 can be used for ocd usion-based
visibilit y determination, and baunding-volume hierarchy (BVH) trees[Clark 1976 can be used to define
hierarchical containment relationships.

3.2.2 Culling and Reinitializing Spatially Bounded Behaviors

Suppose that we now want to animate the scene with a simple behavior — we attach aworking clock to ane
of the buil dings. This animation requires extra mmputation, so we would like to minimize its exeaution
cost. Can we alll the behavior when itisnot visible? What does it mean for a behavior to ke visible?

Because the dock animation exists only to provide visual detail to the player, the behavior has a well -
defined spatial extent. The animation aff ects only the geometry of the dock, and furthermore, no aher
objeds in the scene are dependent on the value of the dock. Therefore, the dock behavior is spatially
bounded by the dock geometry. A behavior can be ailled when its spatial extent isnot visible by the player
sincethe player cannot witnessany effeds of the behavior. Culling spatially bounded behaviorsis
anaogous to using geometric containment to cull oljeds or groups of objects whaose bounding boxes are
not visible. We cannot, however, simply suspend the aomputation of the behavior. If the dock is gopped
whileit isout of view, it will show theincorred time when the user seesit later. Fortunately, this behavior
isingantaneous; the clock can be modeled purely as a function of time. We can therefore smply restart the
clock animation with the current time when the dock becomes visible.

Suppose we now add some more dynamic dements, such asthetroll eys. We model the overall position
of the cable ar with an FSM that respondsto the loading and unloading of passengers aswell asthetraffic
conditi ons. We model therotation of thetrolley wheds as an integra of the ca’svelocity. Sincethese
behaviors are wmulative, we annot trivially initialize them after they have been culled. One option isto
evaluate the behavior from the moment it was cull ed to the present time. If the behavior is reactive to
externa events, the system must queue these events. The main problem, however, isthat this approach
entail sareinitialization lag, which resultsin no overall computational savings. An aternative approach is
to approximate an initial state of the behavior.

Chenney et al. demonstrated two techniques for reinitializing cumulative behaviors, bath of which
generate a plausible state based on a pre-processng analysis [Chenney 199§. Neura nets were trained to
produce an approximate state given the last known state and duration out of view. Over longer periods of
time, a stationary distribution over all the states was used to reinitiaize behaviors. Note that these
techniques apply only if a system is non-reactive and spatiall y bounded.

After along time of not seeénga particular troll ey, the player will not be able to accurately predict the
location of the trolley. Additionally, the locations of thetroll eys over time ae not that important to the
overall game, so it isreasonable to approximate the initial state of thetroll ey. Suppose that instead o trying
to approximate the motion of the wheds, we dedde to reiniti alize the rotation to an arbitrary state. Since
the wheds are spinning rapidly, the user will not be able to predict an accurate state of the whed.
Furthermore, sincetheir importanceislow, the user will neither carenor noticeif the wheds areinitiaized
to an inacaurate state. The low predictability and importance indicate that the accuracy of the behavior cen
be degraded.

A behavior’s gatia boundsis smilar to Java3D’s Bounds ohjed [Sowizral 1997. Lights, sounds, and
behaviorsin Java 3D can be activated/deactivated as the user enters/exits a bounding vdume. In contrast,
we use visibilit y to determine when to cull a behavior.



3.2.3 Level of Detail Behavior

Suppose we now add crowds of pedestrians, which provide additional detail to the city as well as being
obstacles for the messenger. The pedestrians need to avoid colli sions with each other and with the cas The
addition of the human models and their behavior adds more complexity. Often during the game, many
people will be visible, so we @nnot cull them. The people in the distance, however, take uplittle screen
space, perhaps only afew pixels. A distant person’svisibility is low, which lowersits perceptual influence
on the user. The player will li kely be focused on the nea pedestrians and not the pedestrians further ahead.
Thus, we @n use geometric level of detail (LOD) to substitute alternative polygonal model s of an object
[Clark 1976; Krus 1994. Therenderer chooses which model to dsplay based on the ohjed’s sreen-size.

We @n apply an analogous technique to the exeaution of behaviors. Carlson and Hodgins siowed that
creatures could be simulated with multiple levels of detail [Carlson 197]. The dynamics of the creatures
had threedifferent representations, which were switched based on the viewer |ocation and the game action.
We @n use asimilar approach for the pathing behavior of the pedestrians. Sincethe distant pedestrians
have low visihility, we @n use lessexpensive pathing and colli sion detedion algorithms on them. For
instance, we @n use pol ygonal-based colli sion detedion for near people and simple bounding-bax tests for
distant people and the user will presumably be unable to discern the reduced accuracy of the distant
behaviors. Hubbard demonstrated a more sophisticated colli sion detedion system that uses pheretreesto
trade accuracy for speed [Hubbard 1995. We can also all ow colli sionsthat are unnoticeable, permitting
distant people to walk through each other.

Geometric LOD entail s substitution of a coarser geometry model that resembles the full y detail ed model.
The analogy for behavior isto substitute lessexpensive algorithms that produce similar but lessaccurate
outpu.

3.2.4 Aggregate Groups of Behavior

We now add some more obstacles, such as motorcycle gangs that taunt the messenger. Although the
tedchniques used so far have reduced the mmputational 1oad, the geometry and behavior of these additional
entiti es add a substantial |oad.

Often, a motorcycle gang drives as a pack, without much interesting individual behavior. When the pack
isdigant or out of view, we @n model the pack as one entity. The “pack” ohjed can perform a degraded
simulation in which all bikes are represented by a single objed that determines the overall position of the
pack andisresponsible for generating and receaving any events for the individual bikers. For example, if
the pack drives over a patch of broken glass the pack object needs to approximate the dfect of that event,
dedding which of the bikes got flat tires and need to pull over and leave the pack. The pack disaggregates
those bikes and reinitializes their behaviors. The same disaggregation occurs for all bikes when the pack
becomes visible to the player.

3.2.5 Factoring Out Simpler Behaviors From More Complex Behaviors

We add cars which need to make dedsions such aswhat roads to take and when to pass Isthere any way to
simplify this behavior? The motion of the casisneither deterministic nor spatially bounded. The action of
the ommputer cars affect each other and in turn the player.

Let us examine more details of the behavior with theintent of breaking it into smpler parts. Consider a
car that istravelling down a stred towards an intersedion. The car is out of the player’ s view and there ae
no aher carsin thevicinity. Asit neastheintersedion, the ca will dedde which road to take. Suppose the
car isgoing to continue moving towards the intersedion at a mnstant speed. Until the car reachesthe
intersedion, the behavior is bath instantaneous and spatially bounded. We can take this phase of the
behavior and apply the technique of culling spatialy bounded behaviors. The behavior can calculate the
time to the next event based on the distance and speed, seg until thetime expires, and then teleport to the
destination. If the ca comesinto view or another vehicle approaches, it can accurately initialize its position
and velocity based on the airrent time.
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The technique of breaking a complex behavior into simpler components may makeit posshle to apply
other techniques to the sub-behaviors. Any complex behaviors created from a sequence of primitive
behaviors can benefit from the same treament.

3.3 Discussion

Many of the techniques and properties described abave aose from abstracting concepts from the examples
that we implemented. We envision a behavior management system that would use the techniques described
above in conjunction with al of the propertiesto determine an “optimal” behavior execution strategy. For
example, the system would consider a behavior’s predictability over time and degreeof influenceto
determine how accurately to compute the behavior. The system would automaticdly perform simple
culling o ingtantaneous behaviors whose spatial extent isnot visible to the player. The system would use
geometric visibility information (e.g. view-frustum, ocdusion, or containment) to determineif a behavior’s
Spatial extent is visible to the player. The system would use visibility and proximity information to
determine an appropriate level of detail for abehavior. There ae drawbacks to such adesign, though; the
time spent determining what work to do may exceed the dfort saved. For example, determining visibility
of aflashing neon sign over time may require more wmputation than simply exeauting the animation all
thetime. A large-scale system must be able to make predictions about its own performance factoringthis
into the overall runtime st of behaviors.

We have included several of the techniques and properties discussed above in our framework so that
authors may construct behaviorsthat are automaticdly managed by the system. The next sedion describes
how we used these techniques and propertiesin our examples.
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4 Examples

This sedion describes sveral examples of behavior optimization that we have implemented. The examples
are based on behaviors that ared game might include. We beli eve that atypical 3D game environment
requires smoath frame rate, responsive interaction, convincing animation, and physical plausbility (though
not necessarily physical accuracy).

The main purpose of games isto entertain and entice With thisin mind, our first goal was to design
examples of active behaviors. Many current games contain only reactive entities that are effectively adee
until the player’ s presence wakens them. Our more independent behaviors are intended to evoke a sense of
continual action of all the entities throughout the game.

A second goal in implementing the examples was to increase the ratio of behavior load to geometry load,
imitating what we believe will be the future @mntext of game devel opment. This goal isimportant for
demonstrating our results, for if an application spends 90% of the time rendering, then behavior
optimizations will have negligible dfect. An ided environment therefore required many active entities and
a small amount of displayable geometry.

Our solution was to use a 3D first-person dungeon environment. The dungeon consists of wall s, doars,
and mongers. A portal graph [Teller 1992] was used for efficient visibility determination, and also proved
useful for optimizing the behaviors. To facilitate path planning, we mnstructed a “pathing” graph from the
portal graph where each node @rresponds to a waypoint’. By traversing the pathing graph, monsters can
explore the entire dungeon whil e avoiding colli sions with walls.

Figure 1: Cellsand pathing graph The thick white lines represent wall segments; each colored rectange
represents a cell. The pathing graph consists of the red waypoints connected by thin white lines.

To visualize the game action we ran a server on aremote machine. The server displays an overhead view
of the entire dungeon, showing the state of all the entities, including the player. The gameregularly
transmits new game date to this overhea display.

4.1 A Searching and Hopping Example

In this example alarge number of mongters are actively searching for the player. The searching algorithm is
to foll ow an edge of the pathing graph until the next waypoint isreached. The monster then chooses a
random waypoint from among the mnneded edges and travel s towards the new destination. To add visual
detail, each monster also hops up and down as it travel s forward. The hopping behavior isimplemented as
an instantaneous function that computes projedil e motion based on the modulus of the aurrent time.

1 A waypoint isa “well-known” location used for path planning. To calculate apath, an entity plans a path
to its nearest waypoint, traverses the pathing graph to the waypoint neaest the destination, and plansthe
remaining path to the destination.
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The game starts with the monsters evenly distributed throughout the dungeon. The user can move
anywhere about the dungeon and olserve the monsters. Because thisis just atest scenario, nothing happens
when amonger encounters the player.

We implemented threediff erent approaches for degrading the behaviors. The first approach uses
distanceto determine level of detail. The seaond approach uses visibility to determine level of detail. The
third approach uses bath visibility and dstanceto determine level of detail and updte rate.

4.1.1 First lteration: Distance-based LOD

We first created two levels of detail for the seaching behavior. The low detail behavior isused for
monsters whose distanceto the player is greater than a predefined amount, the distancethreshold (30
metersin our case). Each monster has an LOD manager that periodically computes the distanceto the
player. The manager switches behaviors when the distance crosses the threshold. Because both player
spead and monster speed are bounded, we @n ensure that the switch occurs when the player and monster
are still fairly far apart.

At high resolution the monsters are updated each frame by the seaching and hopping behaviors. At low
resolution the seaching behavior cdculates the arrival time to the destination based on the distanceto the
waypoint and the monster’ s velocity. Instead of updating the monster each frame, the behavior schedules
itself to be notified when the arival time occurs. The behavior then degs until it receves thetime event
and then “teleports’ the monster to the destination. The hopping behavior was optimized by stopping it
entirely at low resolution.

The overhead view shows which mongters are searching at high resolution and which monstersare
searching at low resolution. Most of the monsters are far from the player, and are therefore being simulated
at low resolution. They are updated only about every 20 seconds — corresponding to the average distance
between waypoints and the vel ociti es of the monsters.

Figure 2: Player view and overhead view. The left image shows the player’ s view of the dungeon and
monsters. The right image shows the overhead view. The cyan dot andlinesindicate the player and field of
view. The gray areasindicate the visible cells.

This example demonstrates good performanceimprovement, but there is a problem: Becuse the player
can, by looking through alarge sequence of doors, seefurther than the distancethreshold, the player can
seemongtersthat appea frozen. Disance may be a good visibilit y metric for some environments such as

13



densely ocduded dungeons or foggy areas, however in this example, distanceisnot a good measure.
Increasing the distance threshold, on the other hand, would cause the majority of the monstersto be
simulated at high resolution, counteracting the benefits of the behavior detail control.

Figure 3: Distance problem. The green monsters are at high resolution and the ydlow monsters are at low
resolution. The player isableto see “ frozen” low resolution monsters.

4.1.2 Second Iteration: Visibility-based LOD

The semnd iteration addresses the distance problem by using visibility to switch levels of detail. The portal
graph conveniently all ows us to reuse the visihbility information computed by the renderer. Therenderer
storesalig of the cdl s visible by the player, and each entity tracks which cdl it occupies. Instead of
computing dstance each monster’s LOD manager compares the mongter’scdl to thelist of visible cdls.
This method achieves bath more accuracy and efficiency than the distance-based approach. It guarantees
that the player will not see ay idle mongers, and dten yieldsincreased culling, such as when many
monsters are nea but not visible. This method also has a drawback — visihility can change instantaneously,
requiring avisibility ched at every frame. The next iteration addresses this problem by using bath
visibility and distanceto manage level of detail.
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Figure 4: Visibility switching. All visible monsters are simulated at high resolution. All non-visible
monsters are simulated at low resolution.

4.1.3 Third lteration: Three Levels of Detail

The next step was to increase the scale of the ssmulation to a much larger world that contains 1000
monsters. To manage this, we added a third level of detail for mongers that are bath not visible and further
away than asemnd dstancethreshold. Instead of teleporting from waypoint to waypoint a ong the pathing
graph, the distant mongters leep for a period of time proportional to the distanceto the player. The monster
then computes how far it would travel and teleports to a random location within that distance

L]

Figure 5: Threelevels of detail. The visible monsters in green are simulated at high resolution. The non-
visible but near monstersin yellow are simulated at medium resolution. The nonvisible and far monsters in
red are simulated at low resolution.
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4.1.4 Results and Discussion

For thefirst two iterations, simulating al 100 monsters at high resol ution achieves about 40 frames per
second (fps).? The distance-based LOD increases the frame rate to approximately 60 fps, a 50% increase.
The visibilit y-based LOD further increases the frame rate to about 80 fps, two times faster than with no
behavior management. In thethird iteration, simulating all 1000 monsters at high resolution produces a
framerate of only 5 fps. Using threelevels of detail increases the frame rate to 60 fps, a 1200% increase.

Deaeasing the anount of computation performed as entities get further away from the user all ows the
designer to enlarge the appli cation. For example, if each doubling of entities only adds a mnstant
computational load, then we @n greatly expand the scale of the application. Consider a game ntaining 10
monsters in which each mongter uses 10 ms of computation per seand. The total work donefor all
monstersis 100 ms per seand. By using alower level of detail, we can add 10more monsters, each of
which only uses 5 ms of computation per seand, bringing the total work to 150 msingtead of 200ms. We
could add another 20 monsters, each of which uses 2.5 ms per seand, bringing the total work to 200 ms.
Continuingin this manner, we seethat the computational |oad increases linealy as the number of entities
increases exponentialy. Our examples dow that thisisaplausible goal, at least over alimited scale.

4.2 A Looting Example

Our next example expands on the seaching example. The monsters now have agoal: seach a dungeon for
treasure and escape with the lod.

Each monster travels along the pathing graph as before, but with some added capabilities and
congtraints. Each time a monster arrives at a waypoint it chedks the arrent cdl for any treasure. If it deteds
any items it hopsto the neaest item and grabs it. The monster continuesto pick up any other itemsin the
cdl beforereturning to the pathing graph. The monsters also remember the last ten waypoints visited,
which helpsthem explore new territory. In addition, a “commander” has ingtructed the monsters to stay
within a particular region of the dungeon. There ae four such zones andthe cmmmander has evenly divided
the monsters among them.

2 Theresults are obtained from a Sun 20aMihz Ultra 1 with 1281 RAM and Creator3D graphics hardware.
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Figure 6: A zone. The mongters have just started looting the zone for treasure (orange dots). The entry
doar to the zone isrepresented by the magenta dot at the top left of the image.

This example serves two purposes: to demonstrate the use of spatially bounded behaviors and aggregate
behaviors. The dungeon is divided into four zones, each of which acts as a behavior boundary: no events
can enter or exit the bounds of the zone. Each mongter is contained in its zone and the player cannot affed
any behaviors from outside the zone. Consequently, we @n cull all the behaviorsinside azone whil ethe
player is outside the zone.

Each zone aggregates the behavior of the monsters. When the player enters the zone, the zone
reinitializes the monstersto a plausible state and starts their behaviors. The zone must estimate the group
behavior based on the dapsed time and the previous date of the monsters. Thisrequiresamodel of the
cumulative behavior of all the monsters. Thelocations of the monsters and the spedfic treasurethat is
acquired over time ae not deterministic. We therefore devised a heuristic to approximate the wlledive
behavior of the mongers. All the monstersin azone start near each other. Starting from anode nea this
location, we perform a breadth-firgt traversal of the pathing graph. The number of nodes traversed is
proportional to how long the zone was adeg. At each node, any neaby treasureis grabbed. When the
traversal is complete, the zone distributes the monsters among the leaves of the traversal. This
approximation spreads the monsters out from their starting locations, finding al treasure along the way. In
practice this appeaed to be agood approximation of the full | oating simulation.

Thistedhnique works well thefirst timethe player entersthe zone. A different techniqueis needed to
initialize state when the player enters subsequent times. The monsters are then scattered and a breadth-first
traversal from any single node would be a poar approximation. Sincethe monsters are scattered, we just
advance ech monger aong the pathing graph, grabhing any treasure along the way.

The zone can perform an additional optimization: the author has spedfied that the monsters will
complete their task in an approximate anount of time, the task duration. If the player enters the zone after
the task duration, the zone simply removes all the mongters and loat.

4.2.1 Results and Discussion

To demonstrate the dfedivenessof this example, we ran the example with and without the behavior
management. Without the behavior management, all of the monsters are actively looting the dungeon and
we achieve about 45 fps. With the behavior management, we are able to maintain about 70 fps.
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Each zone aggregated the mll edive behavior of its mongers by initializing the monstersto a plausible
state, and acted as a behavior boundary between the monsters and the player. Although bath the
aggregation and the spatial bounds were “hand-coded,” understanding the mncepts was helpful in
implementing this example. A future system may be able to automatically generate aggregated behaviors
and determine spatial bounds of behaviors.

Our measure of successdoes not take into account the user’s perception of the smulation. Although we
are able to maintain an acceptable frame rate, we have not attempted to measure the accuracy of the
degraded simulation. Through informal observation, the behaviors appeaed to be mnsistent and plausible,
though wser studies would provide a better measure of success
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5 Framework

We have devel oped a framework in Java that supports behavior authoring and behavior management. The
framework isnot tied to a particular graphics g/stem; an appli cation that controls the main loop can plug-in
the framework. We chose Magician (a Java/OpenGL wrapper) [Descartes 1999 asthe renderinglibrary
because of OpenGL’s good immediate mode support. We provide a brief description of some of the
components of this framework.

5.1 Creating Behaviors

The mechanism for creding behaviorsisflexible. The framework provides alow-level event model and a
hierarchical FSM (HFSM) library built on top of it. Authors can implement behaviors using just the event
model, or also in combination with the HFSM library. Behaviors are not required to subclassany spedfic
class thoughbehaviors that wish to support automatic culling and level of detail switching must implement
the Behavi or Properti es interface

Behavior

HFSM

Event mode

Java AWT

Figure 7: Behavior creation components. The event model abstracts Java AWT events. The HFSM library
liesontop d the event model. Behaviors are created using the event model and HFSM library.

5.1.1 Event Model

The event modd isthe foundation of the behavior framework. The eszent model isathin layer that provides
an efficient and consistent interfaceto bah system (Java AWT) and application-defined events. Based on
discrete event smulation principles, the event model provides a central priority queue for reading and
writing events. The event model’s AppQueue isresponsible for dispatching eventsin order by event
timestamp. A subinterfaceof Java'sEvent Li st ener interfaceallows an objed to register interest in a
future event, which will cause the object to be notified when the event fires. The event model wraps all
Java AWT eventsto fit into thismodel, and includes support for other frequently-used events such as
elapsed time, elapsed frames, and appli caion-defined events.

5.1.2 HFSM Library

On top of the event model liesthe HFSM library. The HFSM library is a flexible and extensible library that
can be used to crede omplex behaviors. Thislibrary isbased on the description of state diagrams for
dynamic moddling gven by Rumbaughet a. [Rumbaugh 19971, and supports sates, transitions, guards,
FSMIs, composite states, activities, and actions upon transition, sate entry, and state exit. State-based
behaviors can choose to use this library or implement their own state management.

5.2 Managing Behaviors

The framework for managing behaviors includes components for sensing proximity and dstanceto the
player, an interfacefor spedfying behavior properties, and classes that implement spedfic behavior
optimization techniques.
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5.2.1 Sensors

Sensors are used to deted proximity and visibility of entities. The abstract Vi si bi | i t ySensor dass
contains an abstract method for sensing visibility. Subclasses provide the implementation for deteding
visibility. This allows implementations to be based on the environment. Our examples use a

Port al GraphVi si bi | i t ySensor todetermine visihility of entitiesin aporta graph. The
implementation simply queriesthe Por t al G- aphRender er for thelig of visible cdlsand it then
chedsif the entity ocaupies one of the cédls. The Pr oxi ni t ySensor measures the squared distance
between any two entities.

The Vi sProxManager manages efficient retrieval and dssemination of visibility and proximity data.
It uses asmall state machinethat controls when visihility and proximity information is computed. The Sate
machine has two top-level states: visible and not visible. The not visible state has a parameterized list of
states, which correspond to increasing dstance thresholds. When the entity isnot visible, the
Vi sPr oxManager queriesdistance and visibility at a frequency proportional to how far the entity isfrom
the player. When the entity is not visible but nea, the Vi sPr oxManager queriesthe
Vi si bi | i tySensor each frame. Thereisa chancethat the entity will become visible any frame. When
the entity isvisible, the Vi sPr oxManager only nealsto chedk for visihility, but not every frame. It is
acceptableif the behavior continuesto run for ashort duration after the entity is no longer visible. Thisaso
sustainshysteresis 0 that the behaviors do not oscill ate quickly between two levels of detail. The
Vi sPr oxManager is constructed with an insanceof Vi si bi | i t ySensor and Pr oxi m t ySensor .
The Vi sPr oxManager firesaVi sPr oxSt at eChangeEvent when the state of the visibility or
proximity changes. The LODManager listensto the Vi sPr ox St at eChangeEvent sand broadcasts
them toitslist of BehaviorManagers.

visible — not visible
[nea ]T_’[far ]T_’[veryfar ]77’“'

Figure 8: VisProxManagger finite state machine. visible andnot visible are the two top-leve states. The not
visible state is compased of a li st of states representing distance to the viewer.

5.2.2 BehaviorProperties, BehaviorManager

Behaviors that should be automatically managed must implement the Behavi or Pr operti es interface
Thisinterface ontains methods for querying properties of the behavior, starting and stopping the behavior,
and for setting the level of detail of the behavior. Thisinterface dl ows the system to determineif a
behavior isinstantaneous, cumulative, cyclic, etc.

Behavi or Manager isan abstract classthat controls LOD switching and culling for a single behavior
instance The Behavi or Manager usesthevishility and proximity information provided by the
LODManager to manage the behavior. There ae afew concrete subclasses that implement the techniques
discussed in Sedion 3, based on the behavior’s properties. A BoundedBehavi or Manager isused for
behaviors that have known spatial bounds. The manager starts and stops the behavior asit becomes visible
and not visible. An LODBehavi or Manager setsthelevel of detail on its behavior based on the visibil ity
and proximity information provided by the LODVanager .

We anticipate creaing more BehaviorManagers that use other properties sich as predictability and
importance
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5.2.3 GroupManager

This part of the framework provides sipport for aggregation and disaggregation. A G oupManager
managed a group o entities. The G oupManager classdefines two abstract methods: col | apse() and
expand(l ong dt).Thedt argument spedfies how long the group has been culled andis managed by
the base dass Subclasses implement these methods to define the aggregation and d saggregation of
behaviors.

The Gr oupManager is parameterized with the eventsthat causeit to coll apse and expand. For
example, aflock of birds may be expanded/coll apsed based on proximity to the user. In the loating
example, a door’s open event causes a 2oneto expand. The zone @ll apses when the player exits the bounds
of thezone
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6 Conclusions and Future Work

We have described techniques for optimizing behavior exeadtion in virtual worlds. These techniques are
based on properties of objects that relate to the user’ s perception, the appli cation content, or the exeaution
environment. We demonstrated the use and effectivenessof these techniques and properties with examples
from agame. Finaly, we have implemented a framework for reusing these techniquesin other virtua
environments. Our work has generated many ideas for further reseach. This ®dion presents some of the
reseach we are planning.

Our research group intends to write more examples of multi-resolution behavior. In particular, we would
like to devel op methods for managing large-scale hierarchies of geometry and behavior. We aealso
exploring techniques for amulating dense behavior, such as ballroom dancers. Ocdusion cullingisnot as
effedivein thistype of scene and there isahigher geometry load. Consequently, we need to use more
sophisticaed techniques for controllinglevel of detail based on the viewer’s location and orientation. We
are dso coordinating the dancers' behavior level of detail with the geometry level of detail. Another
technique for multi-resol ution behavior we are exploringis filtering of motion-capture or key-frame data.
Thistednique wil | be used to simplify generic character animations, such aswalking, running, or dancing.

One aeawe did not fully discussis how a behavior system would determine the spatial bounds of a
behavior. In our examples, the spatial bounds were implicitly coded into the behaviors: the seaching and
hopping behaviorswere bound by each monster, and the groups of loating monsters were bound by the
zones. It may be possible for a system to automatically determine spatial bounds of behaviors. This could
be impli cit, such as by using an expresson graph that describes relationships between behaviors, or
explicit, asin Java 3D’s sheduling regions.

We plan on expanding the framework and adding automatic support for more of the behavior properties,
such as predictability and importance We would like the system to dynamically scale behaviors based on
the runtime performance The system can add as much detail asthe mmputer can handle. This eliminates
the nead for content credorsto target spedfic runtime environments. All users will experiencethe content
at the full est possble level [Lander 1998).

Multi-player environments bring up several interesting isaues. For example, the system needs to consider
all viewers when managing behaviors. A smple solution may be to manage behaviors based on a “common
denominator” of al the viewers; all the dientsreceve the same data. Alternatively, the server could
manage the behaviors independently for each viewer. A third option isto have each client responsible for
its own behavior management. These last two gptions bring up consistency issies. Two players could
witnessdiff erent resol utions of the same behavior, which may cause an “unfair” inconsistency between
them.

As new standards for authoring and exeauting behaviors arise, and asthe level of behavior complexity
rises, the need for behavior optimization techniques will increase. Thistednology will enable mntent
creatorsto create large-scal e games with unprecealented gameplay.
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