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Abstract

Advances in computing hardware, software, and network technology have enabled

a new class of interactive applications involving 3D animated characters to become

increasingly feasible. Many such applications require algorithms that allow both

autonomous and user-controlled animated human �gures to move naturally and real-

istically in response to task-level commands.

This thesis presents a research framework aimed at facilitating the high-level con-

trol of animated characters in real-time virtual environments. The framework design

is inspired by research in motion planning, control, and sensing for autonomous mobile

robots. In particular, the problem of synthesizing motions for animated characters is

approached from the standpoint of modelling and controlling a \virtual robot".

Two important classes of task-level motion control are investigated in detail.

First, a technique for quickly synthesizing from navigation goals the collision-free

motions for animated human �gures in dynamic virtual environments is presented.

The method combines a fast 2D path planner, a path-following controller, and cyclic

motion capture data to generate the underlying animation. The rendering hardware

is used to simulate the visual perception of a character, providing a feedback loop

to the overall navigation strategy. Second, a method for automatically generating

collision-free human arm motions to complete high-level object grasping and manipu-

lation tasks is formulated. Given a target position and orientation in the workspace, a

goal con�guration for the arm is computed using an inverse kinematics algorithm that

attempts to select a collision-free, natural posture. If successful, a randomized path

planner is invoked to search the con�guration space (C-space) of the arm, modeled

as a kinematic chain with seven degrees of freedom (DOF), for a collision-free path

v



connecting the arm initial con�guration to the goal con�guration.

Results from experiments using these techniques in an interactive application with

high-level scripting capabilities are presented and evaluated. Finally, how this re-

search �ts into the larger context of automatic motion synthesis for animated agents

is discussed.
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Chapter 1

Introduction

1.1 The Challenge of Model Complexity

Computer graphics involves the creation of images of things both real and imagined.

Computer animation entails the generation and display of a series of such images. In

either case, mathematical models are used to represent the geometry, appearance, and

motion of the objects being rendered. Recent improvements in computer hardware

and software have enabled mathematical models of increasing complexity to be used.

Indeed, synthetic images of some objects have been created which bear remarkable

similarity to actual photographs of real objects. As computing technology continues

to improve, we can expect computer graphics and animation of increasing realism in

the future. Ultimately, the dream of virtual reality may be fully realized, in which

arti�cial scenes can be created that are indistinguishable from real life.

The fundamental challenges in computer graphics and animation lie primarily in

having to deal with complex geometric, kinematic, and physical models. Researchers

have developed 3D scanning, procedural modeling, and image-based rendering tech-

niques in order to automate the modeling of the geometry and appearance of complex

objects. For the purposes of animation, algorithms are needed to automate the gen-

eration of motions for such objects. Moreover, even objects whose geometry and

appearance are very simple, may be di�cult to animate due to the number of moving

parts/joints which must be dealt with.

1



2 CHAPTER 1. INTRODUCTION

Figure 1.1: An animated human character composed of 52 moving parts with a total
of 104 degrees of freedom

1.2 Task-Level Character Animation

This thesis concerns the automatic generation of motion for animated characters.

Character animation poses particular challenges to motion generation due to the

often complex, multi-jointed structure of the models (see Figure 1.1). In addition,

the motion of each joint may be subject to multiple kinematic or dynamic constraints

in order to produce body poses and motions that appear natural. Fundamentally,

our goal is to create software that will enable a character to move naturally given

a task-level command such as \walk over to the table and pick up the book". The

underlying software must automatically generate the motion necessary to animate

the character performing the given task.

We have concentrated on the animation of human-like character models, though

the basic ideas contained in this thesis are applicable to other types of characters. We

have focused our experimental e�orts on human-like models for the following reasons:

1. Human characters (or characters with a human-like structure) are commonly

portrayed in animated �lms or video games.
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2. Human character models involve a complex, multi-jointed kinematic structure

that is challenging, such that synthesizing human motion can be considered a

benchmark for motion generation algorithms.

3. Real humans are very good at evaluating human motion and detecting subtle


aws, thus making it easier to compare the output of various motion generation

strategies.

Researchers in the �eld have recently coined several new terms that refer speci�-

cally to animated human characters. Some of the more popular terminology includes

\virtual humans", \virtual actors", \digital actors", \synthetic actors", \animated

agents", and \avatars". Many of these terms have found their way into the main-

stream media. Although these terms are often used synonymously, their origins can

be traced back to disparate applications involving animated human characters that

are very di�erent in terms of scope and purpose. These di�erences stem primarily

from the required characteristics of the animated characters, two of which are dis-

cussed in the next section. In order to avoid confusion due to pre-conceived notions,

we will simply use the term animated characters as it applies in the broad sense.

1.3 Autonomy and Interactivity

Beyond geometry and kinematics, animated characters possess two fundamental char-

acteristics which are primarily determined by the application domain in which they

are being used:

The degree of autonomy : This generally refers to how much intervention the

character requires from a user. At one extreme, are completely �ne-grained, user-

controlled characters that demand a human operator specify all joint motions by

hand. At the other extreme, are completely autonomous characters whose motions are

controlled entirely by a software program requiring no user intervention whatsoever.
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Figure 1.2: The characteristics of animated characters vary according to the applica-
tion domain.

The degree of interactivity : This has to do with the time constraints of the

application in relation to the user. At one extreme are completely non-interactive

(o�-line) software applications, such as simulations that have no strict execution time

requirements. At the other extreme are highly-interactive applications that have

strict execution time constraints. A common requirement is that of maintaining

display update rates at 30 frames per second in order to allow real-time interaction

with a user.

These two characteristics are orthogonal, and form a space of potential uses for

character motion generation software that covers a wide range of applications. These

include virtual reality, video games, web avatars, digital actors for desktop movie

studios, and real-time virtual human simulations for urban, industrial, or military

purposes. Some of these are plotted on the diagram in Figure 1.2.

As researchers, we are intrigued by the most challenging problems, namely fully-

autonomous human character motion generation for applications that provide real-

time interaction (such as virtual reality or video games). Clearly, any motion gener-

ation algorithm that is able to satisfy these criteria can also be used in applications
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with less demanding constraints. For example, generated motion for a character in

an interactive application could be simply stored and used later to animate the same

character o�-line. However, generated motion that is acceptable for interactive video

games may not be of an acceptable quality for o�-line animation production (in terms

of smoothness, naturalness, precision, or general artistic impression). Thus, tradeo�s

exist between the quality, 
exibility, and the time needed to compute motions for

various applications.

1.4 Motivation and Previous Work

The primary motivation for task-level control in o�-line animation systems stems

from the time and labor required to specify motion trajectories for complex multi-

jointed characters, such as human �gures. Traditional keyframe animation techniques

are extremely labor-intensive and require the artistic skill of highly-trained animators.

For real-time interactive animation, keyframing \on-the-
y" is not an option. Rather,

animation for both autonomous characters and characters under high-level control by

the user must be generated via software.

The body of research relating to algorithms for generating animation is young

but vast[TT90, BPW92, TDT96]. We only highlight here a few of the key ideas and

brie
y explain how they �t into the context of human �gure animation. Like many

things in computer graphics, some of these ideas were originally developed in other

�elds, such as robotics, computer vision, and arti�cial intelligence (AI), and have

been slowly making their way into the �eld of computer animation.

The obvious �rst option to motion generation is to simply \play back" previously

stored animation clips (\canned" motions). The animations may have be key-framed

by hand, or obtained by motion capture. Motion capture techniques o�er a fairly

simple means of obtaining realistic-looking motion. The key idea is to record the

motion of a real human performing the desired task via magnetic sensors, optical

tracking, or other means[Mai96, BRRP97]. The motion is stored and used later to

animate a character. With only minor editing, motion capture data can provide

striking realism with little overhead. However, motion capture data alone (as well as
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all clip motions) are in
exible in the sense that the motion may often be only valid

for a limited set of situations. Such motions must often be redesigned if the relative

locations of other objects, characters, or starting conditions change even slightly.

Motion warping, blending, or signal processing algorithms[WP95, BW95, UAT95]

attempt to address this problem by o�ering some added 
exibility through interpolat-

ing or extrapolating joint trajectories in the time domain, frequency domain, or both.

In practice however, they can usually only be applied to a fairly limited set of situa-

tions involving minor changes to the environment or starting conditions. Signi�cant

changes typically lead to unrealistic or invalid motions.

Alternatively, 
exibility can be gained by adopting kinematic models that use

exact, analytic equations to quickly generate motions in a parameterized fashion.

Forward and inverse kinematic models have been designed for synthesizing walking

motions for human �gures[KB82, GM85, BC89, BTMT90]. Some kinematic models

are based on the underlying physics of walking[AG85, OK94, KB96]. While most of

these techniques assume level terrain, or a straight-line trajectory, some can handle

curved trajectories and limited variations in the environment terrain[CH99]. Noise

functions have also been proposed as a means of adding lifelike behavior to individual

motions, or blends between motions[Per95, PG96]. These methods generate motions

that exhibit varying degrees of realism.

Dynamic simulation and physically-based modeling techniques nicely handle the

problems of physical validity and applicability to arbitrary situations. Given initial

positions, velocities, forces, and dynamic properties, an object’s motion is simulated

according to natural physical laws[AG85, Bar89, MZ90, Mir96]. Dynamic simulation

techniques are well-suited for generating non-intentional motions (such as animating

falling objects, clothing, hair, smoke, wind, water, and other natural e�ects). While

simulations are fairly straightforward to initialize and compute, specifying the de-

sired outcome of the simulation is typically not possible. Thus, we are faced with

a classic tradeo� between physical realism and control. If the animator wants full

control (i.e. keyframing all motions), they will often sacri�ce physical realism. Alter-

natively, if an animator desires physical realism, they sacri�ce control. For animating

intentional motions (such as walking, jumping, or lifting), the problem is reduced
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to designing a good controller that produces the necessary forces and torques to

solve a particular task. Given the forces and torques, the simulation generates the

resulting motions. Due to the complex dynamics of a multi-jointed system, design-

ing a good controller is an extremely di�cult task. Nonetheless, e�ective controllers

have been successfully designed (by hand) for human running, diving, and gymnastic

maneuvers[RH91, BH95, Hod96, HW98]. The advantage to designing a controller

is that it is generally reusable for a given character and behavior. However, new

controllers must be designed each time a new behavior or character morphology is

desired. There has been some work on adapting existing controllers to other char-

acter morphologies[HP97]. Still other research focuses on automatically generating

controllers via dynamic programming[dPFV90], genetic algorithms[NM93, Sim94],

control abstraction[GT95], or through training a neural network[dPF93, GTH98].

These techniques have not yet been applied to complex human models.

Spacetime constraints provide a more general mathematical framework for ad-

dressing the problem of control [IC88, WM88, LGC94, GRBC96]. Complex ani-

mations with multiple kinematic[Gle98], and dynamic[PW99] constraints have been

generated. Constraint equations imposed by the initial and �nal conditions, obsta-

cle boundaries, and other desired properties of the motion are solved numerically.

Related constraint-based and optimization techniques include [ZB94] and [BB98].

Other constraint-based techniques involving physically-based models are described in

[LM99] and [AN99]. The potential downside to these methods is that the large num-

ber of constraints imposed by complex obstacle-cluttered environments can sometimes

result in poor performance.

Various forms of motion planning have also been used to animate human �gures.

Motion planning techniques are designed to calculate collision-free trajectories in the

presence of obstacles, and handle arbitrary environments. Motion planning algorithms

have been successfully applied to the automatic animation of goal-directed navigation

[LRDG90, HC98, BT98, Kuf98], object grasping and manipulation tasks [KKKL94a,

BT97, Ban98], and body posture interpolation [BGW+94, JBN94]. These algorithms

operate by searching the system con�guration space (C-space) for a collision-free

path connecting a start con�guration to a goal con�guration. Though reasonable
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performance can be achieved for low degree of freedom problems (low dimensional

C-spaces), motion planning algorithms typically run slowly when faced with many

degrees of freedom. Much of this thesis focuses on presenting techniques aimed at

making motion planning practical for the real-time interactive animation of goal-

directed navigation (Chapter 3) and object manipulation tasks (Chapter 5).

Nearly all of the motion generation techniques described in the previous para-

graphs can be uni�ed under a common framework by viewing the motion generation

problem as a problem involving two fundamental tools: model-building and search.

More speci�cally, solving a motion generation problem almost always involves con-

structing a suitable model and searching an appropriate space of possibilities.

Parallel to the research in solving motion generation problems for speci�c tasks,

there has also been work on creating suitable architectures for designing autonomous

animated characters in virtual worlds. Related research in robotics has been fo-

cused on designing control architectures for autonomous agents that operate in the

physical world[Bro85, Ark92]. For animation, the ultimate goal is the realization

of fully-autonomous, interactive, arti�cial human-like characters. Reactive behav-

iors applied to simple simulated creatures appeared in the graphics literature with

Reynolds’ BOIDS model[Rey87]. Tu and Terzopoulos implemented a strikingly real-

istic simulation of autonomous arti�cial �shes, complete with integrated simple be-

haviors, physically-based motion generation, and simulated perception[TT94]. This

work was extended to include high-level scripting and cognitive models[Fun98]. Re-

searchers at EPFL (Switzerland) have been working on realizing similar goals for

human characters. Noser, et al. proposed a navigation system for animated charac-

ters using ideas for synthetic vision originally developed by Renault, et al.[RTT90].

Their implementation also included memory and learning models based on dynamic

octrees[NRTT95]. These ideas were later expanded to include virtual tactility and

audition[NT95, TNH96]. Researchers at the University of Pennsylvania have pio-

neered e�orts at human simulation. Various algorithms for controlling their Jack

human character model have been developed[JBN94, GBR+95], incorporating body

dynamics[KMB95, LM99], and high-level scripting[BWB+95, Bad97]. Other systems

include Perlin and Goldberg’s Improv software for interactive agents[PG96, Per95],
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the ALIVE project at MIT[BG95, MTBP95, Blu96], Johnson’s WavesWorld, the Oz

project at CMU[BLR94], and the work of Strassman[Str91, Str94], and Ridsdale, et

al.[RHC86]. Despite these achievements, creating autonomous animated human-like

characters that respond intelligently to task-level commands remains an elusive goal,

particularly in real-time applications.

1.5 The \Virtual Robot" Approach

Much research e�ort in robotics has been focused on designing control architectures for

autonomous robots that operate in the real world[Lat91, Bro85, Ark92]. Researchers

at U. Penn and EPFL have designed robotics-like architectures for animating hu-

man �gures in virtual worlds [BWB+95, TDT96]. This thesis also approaches the

problem of automatically generating motion for interactive character animation from

a robotics perspective. Speci�cally, the problem of controlling an autonomous ani-

mated character in a virtual environment is viewed as that of controlling a virtual

robot complete with virtual sensors. A virtual robot is essentially an autonomous

software agent that senses, plans, and acts in a virtual world. User commands or

high-level scripts provide task commands, while the software automatically generates

the underlying motion to complete the task. This thesis focuses on developing prac-

tical methods for implementing a virtual robot approach to synthesizing motions for

high-level navigation and manipulation tasks for animated human �gures.

1.6 Overview of the Thesis

Chapter 2 describes a framework for automatically generating animation. Chapter 3

deals with the design of an e�cient motion generation strategy for goal-directed nav-

igation. Chapter 4 describes a method to e�ciently simulate the visual perception

and visual memory of a character, and explains how to combine this with the plan-

ning method of Chapter 3 to obtain a perception-based navigation strategy. Chapter 5

describes a new technique for single-query path planning used to quickly synthesize
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object manipulation motions. Chapter 6 describes how the algorithms from the pre-

vious chapters can be integrated using high-level scripting to create more interesting

and complex behaviors. Finally, Chapter 7 summarizes the key concepts in this thesis

along with a concluding discussion.



Chapter 2

Character Animation Framework

2.1 Introduction

One of the fundamental problems concerning the creation of fully-autonomous ani-

mated characters is the design of an overall motion-control software framework. Our

approach is to view the problem from a robotics perspective, drawing upon the tools

and techniques used in the design and control of actual robots. Such tools include

algorithms from computational geometry, arti�cial intelligence, computer vision, and

dynamic control systems. The animated character is viewed as an autonomous agent

in a virtual environment (i.e. a \virtual robot")

2.2 Autonomous Agents

Background

The concept of an autonomous agent has received a fair amount of attention in the

recent arti�cial intelligence literature. Indeed, autonomous agents have been touted as

representing \a new way of analysing, designing, and implementing complex software

systems"[JSW98]. Ironically, even though several international conferences are held

annually on the topic, the term agent lacks a universally accepted de�nition (for a

summary discussion, see [FG97]). The word autonomy is similarly di�cult to de�ne

11
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Sense

Act

Plan

Task

Figure 2.1: The control loop of a robot (physical agent).

precisely. In the context of animated characters, we will consider autonomous to

mean not requiring the continuous intervention of a user, and adopt the following

general de�nition as a starting point:

\An autonomous agent is a system situated within and a part of an

environment that senses that environment and acts on it, over time, in

pursuit of its own agenda and so as to e�ect what it senses in the future."

Franklin & Graesser, 1996
\Is it an Agent, or just a program?"

Proc. of 3rd. Int. Workshop on Agent Theories

Physical Agents

A physical agent (what we commonly conceive of as a \robot") is essentially a col-

lection of hardware and software that operates in the physical world. It has control

inputs (motors) that apply forces and torques on its joints, which in turn cause the

robot to move itself or other objects in it environment. The robot also comes equipped

with various kinds of sensors that provide feedback on its motion, along with infor-

mation about its surroundings. Periodically, the robot gathers input from its sensors

and formulates a plan of action based upon its current goals and internal state. The

plan of action is converted into control inputs, and the cycle repeats.

Figure 2.1 shows the control loop of a generalized physical agent. In reality, the

underlying architecture may be much more complex, with potentially several servo or
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high-level planning control loop modules executing in parallel. However, the overall

operation is essentially the same. Given a program of tasks, the robot utilizes the

cycle of sensing, planning, and acting, in an e�ort to accomplish its goals. If the robot

has been well-designed and programmed, it will correctly perform its given tasks.

Animated Agents

An animated agent is a software entity that exists and moves within a graphical

virtual world. We consider the problem of motion generation for an animated agent

as essentially equivalent to that of designing and controlling a virtual robot. Instead

of operating in the physical world, an animated agent operates in a simulated virtual

world, and employs a \virtual control loop". The virtual control loop operates as

follows:

Control Inputs: The animated agent has a general set of control inputs which

de�ne its motion. These may be values for joint variables that are speci�ed explicitly,

or a set of forces and torques that are given as input to a physically-based simulation

of the character’s body.

Virtual Sensors: The animated agent also has a set of \virtual sensors" from which

it obtains information about the virtual environment.

Planning: Based on information provided by the virtual sensors and the agent’s

current tasks and internal state, appropriate values for its control inputs are com-

puted.

The animated agent exists entirely as a software program that runs in a simulated

virtual environment. This environment is periodically rendered on a graphic display

to produce a series of images. The viewer of the display (the user) interprets the

sequence of images as apparent motion of the objects and characters within the virtual

environment.
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In some cases, the user is capable of directly interacting with the simulation

through input devices. This distinguishes the situation from the passive act of sim-

ply viewing a television or movie screen, where the information 
ow is unidirectional

(from the screen to the user). The animated agent can respond to the interactions of

the user, as it goes about attempting to ful�ll its agenda of tasks.

The advantages that a virtual robot has over a physical robot are numerous. While

a physical robot must contend with the problems of uncertainty and errors in sensing

and control, a virtual robot enjoys \perfect" control and sensing. As an aside, this

means that it should be easier to design an animated agent that behaves intelligently,

than a physical agent that does so. In fact, creating an intelligent autonomous an-

imated agent can be viewed as a necessary step along the way towards creating an

intelligent autonomous physical robot. If we cannot create a robot that behaves in-

telligently in simulation, how can we expect to create one in the real world? Thus,

in some sense, this research goes beyond just computer animation, but also extends

into the realm of arti�cial intelligence.

2.3 Motion Synthesis

Animation Variables

Let us now assume that we are faced with the problem of generating motion for

an animated character given a task command. With so many possible ways for a

character to move, how can a software program select from among the near in�nite

choices available to complete a given task? The di�culty of this problem generally

increases with the complexity of the character. Human-like characters have a large

number of animation variables (avars), or degrees of freedom (DOF) that must be

speci�ed. The variables that control the positions of the parts of the human body

model are sometimes referred to as the joint variables. These variables typically

control approximately 15 to 60 movable parts arranged hierarchically, with anywhere

between 40 to 110 degrees of freedom (e.g. the model shown in Figure 2.2). This total

does not include the detailed degrees of freedom in the face, which can number in the
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Figure 2.2: Multiple views of a human character model composed of 52 moving parts
with a total of 104 degrees of freedom

hundreds depending upon the complexity of the face model.

Mathematically, the animation variables for a character together form a param-

eter space of possible con�gurations or poses. From a robotics standpoint, this

space can be considered the joint space, or the con�guration space (C-space) of the

character[LP83]. Any motion for the character will trace out a curve (i.e. a path) in

this multi-dimensional space as illustrated in Figure 2.3. The curve is normally a con-

tinuous function of time (i.e. a trajectory). In addition, the topology of the space may

be multiply connected so as to re
ect the fact that certain variables \wrap around" in

value (e.g. global orientation). Conceptually, the fundamental goal of any motion syn-

thesis strategy is to generate a trajectory in the con�guration space that accomplishes

the desired task. In addition to this basic requirement of accomplishing the task, other

important criteria may include generating smooth motion, physically-valid motion,

or simply motion that is perceived by a user as generally aesthetically-pleasing. This
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Figure 2.3: Motions for a character trace out a time-parameterized curve in the multi-
dimensional joint space.

last criterion is perhaps the most important for computer animation, yet also the

most di�cult to satisfy, since \aesthetics" cannot be readily de�ned mathematically

or objectively.

Classes of Motion

The motions that we may wish to generate for animated characters tend to fall into

two categories:

Primary Motions: These include gross body movements (e.g. walking, jumping,

reaching), as well as facial animation (e.g. speech, expressions). Primary motions are

sometimes referred to as active or intentional motions, since they often involve joints

that are under a character’s direct control. Thus, they are driven by a character’s

willful (intentional) acts.

Secondary Motions: These include the animation of hair, skin, clothing, or mo-

tion related to environmental e�ects (e.g. smoke from a character’s cigarette). Sec-

ondary motions are sometimes referred to as passive or non-intentional motions, since

they involve animation variables that are typically not under a character’s direct con-

trol. Instead, the motions are an indirect result of the character’s actions (e.g. the



2.4. HIGH-LEVEL TASKS 17

wrinkling of a character’s shirt in response to a reaching motion).

The approaches taken to solving motion generation problems among these two

classes of motion will often di�er. Some motion synthesis strategies are more suited

to primary motions (e.g. motion planning), while other are more readily useful for

creating secondary motions (e.g. physically-based modeling).

Facial animation is a highly-specialized topic with its own unique challenges, and

is beyond the scope of this thesis. However, as any skilled animator will testify, facial

animation is a vitally important aspect to creating believable action and drama. Thus,

any serious automatic motion generation software should support the animation of

the face.

Within the remaining chapters of this thesis, we will focus our attention on the au-

tomatic generation of gross body motions, speci�cally that of goal-directed navigation

(walking and running), and object grasping and manipulation.

2.4 High-Level Tasks

Speci�cation of Task Commands

We will consider the generation of motion for human-like animated characters that

can respond to task-level commands. such as \walk to the kitchen", \open the refrig-

erator", \take out the milk", \pour a glass", \sit down at the table", \take a drink",

\wave hello to Mr. Smith", or \move the teapot next to the Luxo lamp in front of

the ray-traced sphere". Task commands may be given to a character in a number of

ways:

User-speci�ed: Task commands generated explicitly by a user through keystrokes,

mouse clicks, voice commands, or other direct means.

Software scripts: High-level behavior programs speci�ed via combinations of typ-

ical programming language constructs, such as if-then-else, while-do, repeat,

etc.
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Behavior simulations: Software that attempts to model the physical, mental,

or emotional state of the character, and generates task-level commands based on

its internal goals, needs, desires, or preferences. This approach may be considered

a special case of a software script approach that employs a detailed model of the

character’s internal functions or thought processes.

Given a task command (or a set of high-level goals) provided by one of the above

sources, the software must automatically generate the motion for the character to

complete the task. From here on, we shall refer to this problem as the motion synthesis

problem, and the corresponding software as the motion synthesis software.

Desired Motion

From any given task command, the input and the output are essentially of the same

form. The input given is:

1. A geometric description of the environment.

2. A kinematic and geometric description of the character (possibly including joint

limits, or physical attributes such as mass, moments of inertia, etc., for each

link).

3. The initial state of the character (the initial values for each joint parameter of

the character, and any auxiliary animation variables).

4. The goal state of the character (either directly speci�ed or computed from the

task command).

The desired output will be a speci�cation for each of the character’s joint variables

expressed as a continuous function of time. The simultaneous playback of all of the

joint trajectories will cause the character to move so as to accomplish the given task.
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Figure 2.4: A composite task broken down into a linear sequence of atomic tasks

Composite Tasks and Atomic Tasks

The ability to synthesize motion for a character depends upon restricting the domain

of task commands allowable. Therefore, some task commands can be considered as

basic atomic tasks such as \move to a location" or \grasp an object". Atomic tasks

such as these have �nal goal states which are generally less ambiguous, or may have

default parameters speci�ed to allow a fast and fairly straightforward computation of

the goal state.

From these atomic task primitives, one can build up more complicated composite

task commands. For example \retrieve the sword near the throne" may be decom-

posed into the following sequence of sub-tasks: \move to the throne", \locate the

sword", \get the sword", and \move to the starting location" (see Figure 2.4). The

sub-task \get the sword" may be further subdivided into the tasks \reach towards the

sword handle", \grasp the sword handle", and \lift the sword". Each sub-task will

generally involve an initial and a goal state which is less ambiguous, and therefore

simpler to compute. The goal state of one sub-task will become the initial state of the

subsequent sub-task. Structuring task commands based on a hierarchy of sub-tasks

allows one to perform a recursive decomposition until a linear chain of atomic task

commands is obtained. To complete the composite task, the character needs only to

complete all atomic sub-tasks in the chain.
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2.5 A Virtual Robot Architecture

Overview

If every atomic task was very narrowly and explicitly de�ned, one could imagine sim-

ply maintaining a vast library of pre-computed, captured, or hand-animated motions

to accomplish every possible task. The reality is that, in general, tasks cannot be so

narrowly de�ned, lest the set of possible tasks become in�nite. Instead, atomic tasks

are typically speci�ed at a high-level, and apply to a general class of situations, such

as \move to a location" or \grasp an object". Thus, they are speci�c in one sense

(the required end result), but also very vague (how the result is achieved).

At present, no single motion synthesis strategy can adequately handle the variety

of tasks that can arise. Instead, a 
exible underlying software framework is needed

to bring together di�erent tools and techniques. As a foundation, we propose an

animated agent framework based on a virtual control loop as outlined in Section 2.2.

At regular intervals, the agent computes a motion strategy based on the current

task, its internal state, and its perceived model of the environment. The motion

is generated using a collection of fundamental software modules and data libraries

depending upon the task.

Some possible software components include a large library of \canned motions"

(clip motions), a simulated sensing module, a physically-based simulation module,

and a library of motion planning and geometric algorithms. Other potential compo-

nent modules include numerical optimization libraries, inverse kinematics routines,

and collections of biomechanical or neurophysiological data appropriate to speci�c

classes of character morphology (e.g. humans, dogs, birds). As an example, Chap-

ter 3 describes a goal-directed navigation strategy that combines cyclic motion capture

data, a path planning module, and a path following controller. Chapter 4 extends

this technique to incorporate a simulated sensing module. Chapter 5 describes a mo-

tion strategy for object grasping and manipulation that utilizes an inverse kinematics

module and a randomized path planner and optimizer. What is important is that dif-

ferent software modules are accessible for use by di�erent motion synthesis strategies

depending upon the task.
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Figure 2.5: Resources available for motion synthesis.

A block diagram of the agent’s available software resources is depicted in Fig-

ure 2.5. A set of high-level goals are generated and passed to the motion synthesis

software. Utilizing some or all of the fundamental software components and data li-

braries, the resulting motion for the character is computed and passed to the graphic

display device for rendering.

Mathematical Formulation

To make things more precise, we now give a more formal formulation of the motion

synthesis problem for animated characters. The notation adopted here is loosely

based on the conventions used in [Lat91], which are often used in the robotics and

motion planning literature.

1. A character or agent is called A. If there are several characters, they are called

Ai (i = 1; 2; : : :).
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2. The 3D environment in which the characters move is denoted byW (commonly

called the workspace in robotics), and is modeled as the Euclidean space <3 (<
is the set of real numbers).

3. Each character A is a collection of p links Lj (j = 1; : : : ; p) organized in a

kinematic hierarchy with cartesian frames Fj attached to each link.

4. A con�guration or pose of a character is denoted by the set P = fT1; T2; : : : ; Tpg,
of p relative transformations for each of the links Lj as de�ned by the frame Fj

relative to its parent link’s frame. The base or root link transformation T1 is

de�ned relative to some world cartesian frame Fworld.

5. Let n denote the number of generalized coordinates or degrees of freedom (DOFs)

of A. Note that n is in general not equal to p. For example, a simpli�ed human

arm may consist of three links (upper arm, forearm, hand) and three joints

(shoulder, elbow, wrist) but have seven DOFs (p = 3, n = 7). Here, the shoul-

der and the wrist are typically modeled as having three rotational DOFs each,

and the elbow as having one rotational DOF, yielding a total of seven DOFs.

6. A con�guration of a character is denoted by q 2 C, a vector of n real numbers

specifying values for each of the generalized coordinates.

7. Let C be the con�guration space or C-space of the character A. C is a space of

dimension n.

8. Let Forward(q) be a forward kinematics function mapping values of q to a

particular pose P. Forward(q) can be used to compute the global transfor-

mation Gj of a given link frame Fj relative to the world frame Fworld.

9. Let Inverse(P) be a set of inverse kinematics (IK) algorithms which maps

a given global transformation Gj for a link frame Fj to a set Q of values for

q. Each con�guration q 2 Q, represents a valid inverse kinematic solution

(Forward(q) positions the link Lj, such that the frame Fj has a global trans-

formation of Gj relative to Fworld). Note that the set Q may possibly be in�nite,

or the empty set (no valid solutions exist).
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10. The obstacles in the environment W are denoted by Bk (k = 1; 2; : : :).

11. We de�ne the C-obstacle region CB � C as the set of all con�gurations q 2 C
where one or more of the links of A intersect (are in collision) with another link

of A, any of the obstacles Bk, or any of the links of another character Ai with

Ai 6= A. We also regard con�gurations q 2 C where one or more joint limits

are violated as part of the C-obstacle region CB.

12. The open subset C n CB is denoted by Cfree and its closure by cl(Cfree), and it

represents the space of collision-free con�gurations in C of the character A.

13. Let � : I 7! C where I is an interval [t0; t1], denote a motion trajectory or

path for a character A expressed as a function of time. �(t) = qt represents the

con�guration q of A at time t, where t 2 I.

14. A trajectory � is said to be collision-free if �(t) 2 Cfree for all t 2 I.

In response to an atomic task command for a character, we wish to compute a motion

trajectory � that satis�es certain criteria. At a minimum, the resulting motion of A
should connect the initial con�guration qinit and the goal con�guration qgoal. Though

not strictly required, it is also helpful if the motion trajectory is collision-free (the

character’s geometry does not pass through objects in the environment). In other

words, � should be computed such that:

1. �(t0) = qinit for the start time t0.

2. �(t1) = qgoal for some �nal time t1.

3. 8t 2 [t0; t1] , �(t) 2 Cfree.

The forward kinematics function Forward(q) can be used to map intermediate

con�gurations de�ned by � to the corresponding character poses used during graphic

rendering and display. A software module that computes � for speci�c task commands

is called a motion synthesis strategy.

There are several criteria which are important for the purpose of evaluating any

proposed motion synthesis strategy.
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1. Computational e�ciency : Given the available computing resources, how much

time is required to compute a motion? Is this strategy practical for the desired

application?

2. Reliability and consistency : Do the algorithms always terminate? Do they �nd

valid solution trajectories whenever they exist? Do similar task queries yield

similar results?

3. Quality of the motion: Is the generated motion physically valid? Does it appear

natural? Does it re
ect the personality or unique aspects of the character?

Overall, is it aesthetically pleasing?

These criteria (especially naturalness and aesthetics) are more di�cult to de�ne math-

ematically, and typically must be evaluated by viewing the output motions resulting

from repeated trials.

In designing a motion synthesis strategy, a variety of general-purpose software

tools (software modules) are available for use. Di�erent modules will be more e�ec-

tive and useful for certain classes of task commands. In addition, typically one or

more modules can be used in combination in order to solve speci�c motion synthesis

problems.

The Roles of Speci�c Software Modules

This section describes a few of the fundamental software components identi�ed in Fig-

ure 2.5, and brie
y indicates how they might be utilized for synthesizing motion. This

is by no means an exhaustive list, but adequate for creating interesting animations

(see Chapter 6). Again, we believe that no single component can provide a general

solution to the motion synthesis problem, but rather each technique in combination

with one or more of the others can provide a viable approach to generating animation

for a given set of tasks.
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Clip Motion Libraries

Clip motions or \canned motions" are short animations that have been either key-

framed, pre-generated, or obtained via motion capture systems. Such motions can be

stored and played back very e�ciently. Clip motions obtained via motion capture sys-

tems are recorded directly from a live subject, and then applied to a character for the

purposes of animation. Captured motions are often preferred due to their high level of

visual realism. This is especially true of motions which contain high-frequency com-

ponents in the data (e.g. rapid gestures), or motions in which a character’s particular

body mannerisms (style of motion) must be reproduced.

Large libraries of clip motions can potentially become a powerful resource for

animation. Eventually, animating a character in a given situation could ultimately

involve selecting a pre-recorded motion from a vast motion dictionary indexed by task

or motion characteristics. For example, there may be hundreds of walking motions

stored, from among which a character might utilize a \medium-fast walk with a slight

limp in the left leg".

As mentioned in Chapter 1, the primary drawback to clip motions is that any

given data set can usually only be used in a very speci�c set of situations. For ex-

ample, consider a captured motion of a human character opening a refrigerator and

taking out a carton of milk. The motion will only appear perfect if the virtual model

of the character, the refrigerator, the carton, and their relative positions match the

actual objects used when the motion was captured. What happens if the carton

is placed on the lower shelf instead of the upper shelf? What if the refrigerator

model is made larger, or the location of the handle on the refrigerator door changes?

What happens if a bottle of orange juice is placed in front of the milk carton? Mo-

tion warping, interpolation, or spacetime constraint techniques exist that adapt clip

motions to a broader class of situations while enforcing kinematic and/or dynamic

constraints[WP95, Gle98, BB98, PW99]. However, larger deviations can often cause

such adapted motions to lose their visual realism, and hence their aesthetic quality.

Finding new techniques to adapt individual motions and connect sequences of clip

motions is an active area of research.

Captured motions are most useful for e�ciently animating activities that would
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otherwise be very di�cult to model in software (e.g. sitting in a chair, dancing, or

animating human speech and facial expressions). The human eye is very keen at

detecting subtle 
aws in human motion animation. Thus, most software simulations

have so far been unable to match the pure visual realism obtained by simply using

captured motions. For this reason clip motions will continue to play an important

role in real-time animation systems.

Motion Planning

Motion planning algorithms were initially developed in the context of robotic sys-

tems. Such algorithms generate motion given a high-level goal and a geometric

description of the objects involved[Lat91]. In the context of computer animation,

motion planning can be used to e�ectively compute primary (intentional) motions.

Examples include computing collision-free motions to accomplish high-level naviga-

tion or object manipulation tasks[KKKL94a, Ban98, Kuf98], or connecting di�erent

body con�gurations[CB92, BMT97]. Motion planning is particularly suited to such

tasks, since there is a near in�nite number of possible goal locations and obstacle

arrangements in the environment. This combinatorial explosion of possibilities cur-

rently prohibits the direct use of pre-recorded motion sequences. Instead, 
exible

and e�cient planning algorithms can be designed to compute collision-free motions

for speci�c categories of tasks commands that apply to a broader set of situations

(see Chapter 3 and Chapter 5).

However, motion planning is less useful for tasks in which few obstacles to motion

exist and/or aesthetics are of paramount importance (such as facial animation). As an

example, consider the task of animating a human �gure sitting down on a chair. This

task results in a highly-specialized class of motions involving a direct interaction of the

entire body with an environment object (in this case, a chair). Grasping the armrests

during the sitting motion and adjusting the body posture afterwards are subtleties

of motion that are important for naturalness, and are unlikely to be obtained by

directly searching the body con�guration space. In this case, using motions derived

from captured data can potentially yield much better results, when compared with

attempts to construct complicated kinematic or physically-based models, or apply
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motion planning techniques.

The primary challenge when using motion planning to generate animation is to de-

sign e�cient algorithms that achieve visual realism. Aesthetics of motion are of little

concern for robots, but are vitally important for animated characters. The computed

motion must look natural and realistic. It may be possible to encode aesthetics as

search criteria to use during planning, or to perform post-processing on the planned

motion. For example, the naturalness and realism of a planned motion could arise

from an underlying physically-based model that guides the search. Alternatively,

search criteria might be ultimately derived from clip motion libraries that represent

a particular \style" of motion.

Physically-Based Simulation

All motions in the physical world are driven by the laws of physics. Motions in virtual

worlds typically aspire to give the appearance that they are also driven by the laws of

physics. Graphical models simulate the visual appearance of objects, while physical

models simulate their behavior in the physical world.

Animation generated using physically-based models (dynamic simulation) has the

potential advantage of exhibiting a very high level of realism. Given a set of initial

conditions and force/torque models, the motions of objects and their interactions can

be calculated precisely. However, since the underlying motion is dictated by physics, it

is di�cult to control the simulation at a task-level. Spacetime constraint optimization

techniques can alleviate some of these di�culties[IC88, WM88, LGC94], but at a

computational cost that is largely prohibitive for interactive animation systems.

Physically-based techniques are very well-suited for generating secondary motions.

Examples include the animation of rigid objects[AG85, Bar89, Mir96], hair, skin,

and clothing[TF88, VCNT95, BW98], or environmental e�ects (wind, water, smoke,

�re)[SOH99]. Animating special e�ects whose motion derives primarily from the force

of gravity (e.g. a human character falling from a bicycle or slipping on a banana peel)

are ideal situations where physically-based simulations can be applied.

However, it is more di�cult to apply such techniques to the animation of primary

(intentional) motions, using a physically-based model of a character. For example,
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consider tasks in which the dynamics of the underlying physical system (e.g. the hu-

man body) plays a signi�cant role in the overall quality of the motion (e.g walking,

dancing, running, jumping, kicking, etc). Fundamentally, the key di�culty lies in

computing the required controls necessary to achieve a particular task. Some com-

plex controllers have been carefully hand-designed for animating human walking, run-

ning, and athletic maneuvers[MZ90, RH91, Hod96, HW98]. Other researchers have

proposed automatically synthesizing controllers via dynamic programming[dPFV90],

genetic algorithms[NM93, Sim94], control abstraction[GT95], or through training a

neural network[dPF93, GTH98].

Deriving the necessary controls to animate a physically-based model may be an-

other area in which both motion planning and libraries of captured motions might

be useful. Motion planning problems that involve dynamic constraints (kinodynamic

planning) can be formulated as a search among the space of available controls to move

a physical system from one state to another[DXCR93, BL93, Fer96, LK99, LM99].

Alternatively, one can envision using the \inverse dynamics" of a given physically-

based model in order to compute the set of controls necessary to achieve a particular

captured motion. Ultimately, libraries of \canned motions" may eventually be re-

placed by libraries of \canned sets of controls" that can be used in combination with

a physically-based model of a character.

Clearly, as the computational resources available to desktop systems grows, in-

creasingly sophisticated physically-based models can be used in a variety of ways in

order to generate increasingly realistic animations.

Simulated Sensing

Creating an autonomous animated agent with believable behavior in an interactive

virtual environment will ultimately require some kind of simulated sensing (see Chap-

ter 4). This can include one or more of simulated visual, aural, olfactory, or tactile

sensing. The basic idea is to more realistically model the 
ow of information from the

virtual environment to the character. The character should act and react according

to what it perceives.

Sensory information can be encoded at both a low level and a high level and
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utilized by high-level decision-making processes of the animated agent. Examples of

sensory encodings include \all objects that are currently visible", \all other characters

that are currently nearby", or \sounds that can be currently heard". Because ani-

mated agents operate in virtual environments, they can potentially avoid many of the

problems that physical agents (robots) have when dealing with sensory information

(e.g. noisy data, con
icting data, etc). However, in the interests of realism, it may

not always be desirable to equip animated agents with perfect sensors. For example,

real humans can become confused in rooms with mirrors, or mistake a tiger-skin for a

real tiger. In the same way that some computer-generated images of real-life objects

are sometimes criticized as being \too perfect", an animated agent that never makes

mistakes might also be criticized as being unrealistic.

The output of the agent’s sensors can be used to incrementally build a perceived

model of the world, with which the agent utilizes to plan its motion. This completes

the cycle of the virtual control loop. Note that the agent’s perceived model of the

virtual world need not coincide with the actual model. This means that agents can

sometimes make poor judgments, or be forced to make decisions based on incomplete

information (which is what happens to humans in real life).
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Chapter 3

Goal-Directed Navigation

3.1 Introduction

This chapter combines several of the software component modules discussed in Chap-

ter 2 to design a motion generation strategy for goal-directed navigation. Navigation is

an important task that frequently arises in the context of animated characters. Nav-

igation task commands require that a character move from one location to another

within a virtual environment �lled with obstacles.

Consider the case of an animated human character given the task of moving from

a starting location to a goal location in a 
at-terrain virtual environment (such as

the virtual o�ce in Figure 3.1). An acceptable navigation algorithm should produce

a set of natural-looking motions to accomplish the task while avoiding obstacles and

other characters in the environment.

Related Work

The problem of goal-directed navigation has received much attention in the robotics

literature, as it is fundamental to designing practical mobile robots. In particular,

the objective has been the design and implementation of task-level motion planning

algorithms for real-world robotic systems[Lat91]. Variations on an assortment of

robot navigation techniques have been used for the purposes of animation.

31
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Figure 3.1: A human character navigating in a virtual o�ce.

Local approaches use sensors and reactive behaviors to avoid obstacles in the im-

mediate vicinity[Bro85, Ark98]. Some popular techniques utilize arti�cial potential

�elds for obstacle avoidance[Kha86]. Reynolds used a kind of potential �eld to sim-

ulate 
ocking and schooling behaviors[Rey87], and developed an array of reactive

controllers for creating interesting autonomous behaviors[Rey99]. Tu and Terzopou-

los used similar reactive behaviors for their arti�cial �sh[TT94]. Reich, et al used

potential �elds for animating navigation for human characters[RBKB94]. Blumberg

and Galyean used a reactive controller along with simulated perception for their

arti�cial dog, in which motion energy of the visual �eld is used as a heuristic for

avoiding obstacles[BG95]. Van de Panne proposed a footprint-based motion gener-

ation strategy for human �gures along a pre-determined global path[vdP97]. Foot-

prints that intersect obstacles are perturbed locally until a collision-free position is
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found. Noser, et al. used potential �elds for obstacle avoidance for human characters,

along with an integrated simulated visual perception system for exploring unknown

environments[NRTT95].

The advantages to potential �elds are that they are e�cient, simple to compute,

and can be used for both known and unknown environments. The primary disadvan-

tage is their tendency to become trapped in local minima induced by the arti�cial

potential �eld. In general, all local, behavior-based approaches can become trapped

in behavior loops, resulting in the inability to �nd a path to the goal even if one exists.

Global approaches to navigation consider global information to form a plan of

action, as opposed to simply reacting to local information. Global path planning

techniques using a con�guration-space approach have been extensively studied in

robotics [LP83, Lat91]. For navigation in 2D, the con�guration space can often be

explicitly represented and complete algorithms are known[SS83, Can88]. Most path

planning methods operate by �rst building a convenient representation of the free

space (e.g. a graph), and then searching that representation for a path.

Some of these planning methods have been adopted for the purposes of anima-

tion. Lengyel, et al used rasterizing computer graphics hardware for fast motion

planning[LRDG90]. Bandi and Thalmann implemented a global path planning ap-

proach for human navigation using space discretization that can handle environments

with stairs and ramps[BT98]. Ku�ner developed a similar approach for navigation

on a 
at-terrain suitable for interactive applications[Kuf98]. Hsu and Cohen used

an exact cell-decomposition path planner for human �gure navigation on an uneven

terrain[HC98].

The advantages to global approaches to navigation is their ability to �nd paths

even in complex environments, and (for some methods) their ability to always re-

turn optimal paths to the goal (if one exists). The primary disadvantages are that

they typically assume that the complete environment is known in advance, and they

generally involve more computation than local approaches.
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3.2 Navigation using Planning and Control

Overview

The navigation strategy presented in this chapter is a global approach based on

[Kuf98], and is similar in spirit to the work of Bandi[Ban98]. Our strategy will

be to divide the computation into two phases: path planning and path following.

The planning phase computes a collision-free path to the goal location, while the

path following phase synthesizes the character’s motion along the computed path.

Navigation goals are speci�ed at the task level, and the locomotion animation is

created using cyclic motion capture data driven by a path-following controller that

tracks the computed path. Although the planner presented here is limited to �nding

navigation paths that lie in a plane, the algorithm can potentially be modi�ed to

compute paths that include vertical motions of the character (see Section 3.8).

The speed of the navigation planner enables it to be used e�ectively in interactive

environments where obstacles and other characters change position unpredictably.

Chapter 4 extends the navigation algorithm to unknown environments by simulating

the visual perception of a character. This is used to provide a feedback loop to the

overall navigation strategy, as the character reacts in response to obstacles in its

visual �eld. A record of perceived objects and their locations is kept as the character

explores an unknown environment, allowing the character to construct motion plans

based solely on its own internal model of the virtual world. The internal model is

updated as new sensory information arrives, and an updated motion plan is computed

if necessary. The resulting animation can be generated at interactive rates and looks

fairly realistic. The overall data 
ow for the navigation strategy is illustrated in

Figure 3.2.

Limiting the Degrees of Freedom

The theory and analysis of path planning algorithms is fairly well-developed in the

robotics literature, and is not discussed in detail here. For a broad background in

motion planning, readers are referred to [Lat91]. For any path planning technique,
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Figure 3.2: Data 
ow for the navigation strategy

it is important to minimize the number of degrees of freedom (DOFs), since the

time complexity of known algorithms grows exponentially with the dimension of the

C-space[Rei79]. For human locomotion (e.g. walking, running, crawling), the most

important joints that must be animated are the major appendages of the body (i.e. the

torso, legs, and arms). The joint variables in the face, toes, and �ngers of the hands

typically play a minimal role. Figure 3.3 illustrates the major joints of a human

�gure used for navigation and their hierarchical arrangement. Motion capture data

used for animating the gross body motions of human �gures almost invariably speci�es

trajectories for these degrees of freedom.

For fast motion synthesis, we want to only consider planning for the degrees of

freedom that a�ect the overall global motion of the links of a character (i.e. the root

joint DOFs). For the joint hierarchies we used, each of the 6 degrees of freedom of

the Hip joint falls into this category. The idea is to compute motion plans for these
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Hips(6)

  LeftHip(3)

    LeftKnee(1)

      LeftAnkle(3)

  RightHip(3)

    RightKnee(1)

      RightAnkle(3)

  Chest(3)

    LeftShoulder(3)

      LeftElbow(1)

        LeftWrist(3)

    RightShoulder(3)

      RightElbow(1)

        RightWrist(3)

    Neck(3)

      Head(3)

Figure 3.3: The major joints in the kinematic hierarchy used for locomotion are
shown, along with the number of DOF for each joint.

DOFs (which we shall refer to as active DOFs or active joints), while the remaining

joints (which we refer to as passive DOFs or passive joints) are either held �xed,

or controlled by a simple algorithm. For our navigation strategy, passive joints are

animated by cycling through a clip motion locomotion gait. However, passive joints

could also potentially be driven by the active joints with their motion computed using

a simple mathematical relation or even a sophisticated physically-based simulation

(e.g. the motion of a character’s hair in response to the gross motions of the head).

Using a Bounding Volume

Moreover, we can further reduce the dimensionality (and hence the e�ciency) of the

planning phase by considering only a subset of the active joints when possible. For

instance, if we assume that the character navigates on a 
at surface, we can omit one

of the active translational DOFs (the height of the Hip joint above the surface), as

well as two of the active rotational DOFs (by assuming the �gure’s main axis remains

aligned with the normal to the surface). Suppose all of the passive DOFs and the

omitted active DOFs are driven by a controller that plays back a simple locomotion

gait derived from motion capture data. By approximating the character by a suitable
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Bounding Cylinder

Figure 3.4: The character’s geometry is bounded by an appropriate cylinder.

bounding volume (such as a cylinder), that bounds the extremes of the character’s

motion during a single cycle of the locomotion gait, we have e�ectively reduced the

navigation planning problem to the 3-dimensional problem of planning the motion

for an oriented disc moving on a plane. Figure 3.4 shows one of the characters used

in our experiments along with its bounding cylinder.

As previously mentioned, for character navigation on 
at-terrain, the most im-

portant DOFs are the position and orientation (x; y; �) of the base of the character

on the walking surface. We can reduce the dimensionality further still by having the

the orientation (forward-facing direction) of the character computed by a controller

during the path following phase (see Section 3.6). Thus, we need only to consider the

position (x; y) of the base of the character during the planning phase. This means

that path planning for 
at-terrain navigation can be reduced to planning collision-free

paths for a circular disk in 2D.
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3.3 Algorithm Outline

There are four basic parts to the navigation algorithm. Each step is brie
y described

below, and then discussed in detail in subsequent sections:

1. Initialization: A general 3D description of the environment and characters

suitable for rendering is provided, along with a goal location. Motion capture

data for a single cycle of a locomotion gait along a straight line is pre-processed

as described in Section 3.4.

2. Projection: The planning phase begins by projecting all obstacle geometry

within the vertical extents (the height range) of the character to a discretized

2D bitmap grid. The projected obstacles are \grown" by a character’s bounding

radius, so that the grid represents an approximate map of the free space.

3. Path Search: The embedded graph de�ned by the grid from the previous

step is searched directly for a collision-free path using any standard dynamic

programming technique (e.g. Dijkstra’s algorithm, or A* with some appropri-

ate heuristic function). In this case, we use a modi�ed version of Dijkstra’s

algorithm optimized for searching square grids. If planning is successful, the

complete path is sent to the path following phase. Otherwise, the controller is

noti�ed that no path exists.

4. Path Following: Cyclic motion capture data along with a PD controller on

the position and velocity is used to generate the �nal motion for the character as

it tracks the computed path. If no path exists, an appropriate stopping motion

or waiting behavior is performed.

The path planning method adopted here is one instance of an approximate cell

decomposition method[Lat91]. The C-space (in this case, the walking surface) is

discretized into a �ne regular grid of cells. All obstacles are projected onto the grid

and \grown" as detailed in Section 3.5. Hence, the grid approximately captures the

free regions of the search space at the given grid resolution, and can ultimately be

used for fast collision checking.
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3.4 Initialization

Environment Representation

The navigation strategy imposes no restrictions on the makeup of the environment

obstacles, so long as it is possible to project their geometry to a plane. Most virtual

environments currently used in practice contain obstacles comprised of a collection of

polygons suitable for rendering. The polygonal models may be arbitrarily complex,

with holes, discontinuities, and self-intersections (i.e. a \polygon soup").

The walking surface is assumed to be 
at in the implementation described here.

It may be possible to remove this restriction by �rst mapping an uneven surface with

obstacles onto a plane prior to projection. However, this has currently not been im-

plemented. The walking surface is also assumed to be �nite. It should have maximal

extents that are of reasonable size compared to the dimensions of the character. This

restriction ensures that the resolution of the grid is not too coarse, while the number

of cells is kept to a minimum. We prefer to have fewer cells, since this a�ects the

speed of the path search (see Section 3.5). A useful rule of thumb is to restrict the

relative size of a bitmap cell to be no larger than the character’s bounding radius.

Since the number of cells grows quadratically with the size of the walking surface

(i.e doubling the maximal extents quadruples the number of cells), it helps to have

smaller, �nite-sized virtual environments. For indoor scenes, these constraints typi-

cally pose little di�culty. For environments with large open expanses (e.g. outdoor

environments), additional data structures are needed to manage the free space and

limit the �ne-grained path searching to a local area. Possible solutions to this prob-

lem involve a number of design decisions and tradeo�s that typically depend upon

the application (see the paragraph on Large Environments in Section 3.8).

The Goal Location

The goal location is speci�ed either directly by the user, or derived from a high-level

script. It determines a location in the virtual environment relative to the character’s

starting location, that the character is commanded to navigate towards.
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Although the goal location will typically map to a single cell in the grid, it should

be noted that the goal location need not occupy a mere single cell. Rather, it could

represent a collection of several cells (e.g. the interior cells of a given room if the

task command doesn’t specify a precise location within the room). Moreover, the

collection of cells can be disjoint. For example, if the task command is to exit a

building, goal locations can be speci�ed at multiple exit doors and the planner will

return a path to the nearest one.

Preparing the Motion Capture Data

As a one-time pre-processing step, the motion capture data to be used as the naviga-

tion gait is prepared for the path following phase. Here we assume that the original

motion capture data is cyclic (the motion of the �nal frame smoothly connects to the

�rst frame), and roughly follows a straight line in the global (world) frame. To begin,

the transformation of the root joint (for example, the Hip joint) for each data frame

is factored into two parts:

1. The transformation of a base point (the point of projection of the origin of the

root joint to the walking surface) moving in a straight line at a constant speed

throughout the duration of the cycle.

2. The relative transformation of the root joint with respect to the moving base

point.

Figure 3.5 illustrates the decomposition. The �rst transformation relates the world

frame to the base frame, while the second transformation represents the relative o�set

of the hip frame to the moving base frame. Factoring the motion data in this way

is commonly known as computing the motion with respect to the treadmill frame of

reference. The name derives from the fact that if the resulting motion is played back

while holding the base point �xed, it will appear as if the character is moving on a

treadmill.
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Figure 3.5: Computing the \treadmill" frame of reference.

The primary reason for computing this treadmill frame decomposition is to allow

us to apply the motion capture data to an arbitrary curve much more easily. Tra-

ditionally, motion capture data comes in a format that speci�es the transformation

of the root joint relative to some �xed global frame. Instead of trying to control the

root joint directly to follow a computed path, we can control the base point, which

by construction travels in a straight line and at a constant speed throughout the

duration of the motion cycle.

The trajectory of the base point is computed by �rst projecting the origin of

the root joint onto the walking surface for both the �rst frame and the last frame

of the motion cycle. The base point should move in the direction corresponding to

the translational di�erence between these two projected points. The total distance

traveled by the base point should be the length of this translational di�erence. The

velocity of the base point is simply this distance divided by the time elapsed during

playback of the motion cycle. The base point is the point to which we will map the
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center of our oriented disc model for path following. The direction of motion of the

base point corresponds to the forward-facing direction of the disc model.

The velocity of the base point is the canonical average velocity V of the root joint

over the duration of the motion. If the base point is made to move along a straight line

at this velocity, the motion capture data will appear as it does in its raw form. Since

we will be controlling the base point for path following, it will move along curved

paths, and at di�ering velocities. In order to improve the appearance of the motion

for velocities other than the average velocity, we can incorporate other motion capture

data sets taken at di�erent walking or running speeds. An alternative to this, is to pre-

compute a table of interpolation factors for the joint rotations, indexed by velocity.

Smaller base point velocities will result in smaller joint rotations. For example, for

a basic walk cycle, the interpolation factors can be pre-selected for each base point

velocity such that sliding of the character’s feet along the walking surface is minimized.

This simple interpolation method is used in the implementation described here, and

results in fairly reasonable motions for transitioning between a standing position to a

full-speed walk, and in coming to a stop at the end of a path. A more sophisticated

method might utilize inverse kinematics (IK) or constraint-based techniques[Gle98]

to prevent the feet of the character from sliding on the walking surface.

3.5 Planning

The path planning phase consists of projecting the obstacles to a grid to obtain a

\map" of the walking surface, and then searching the resulting embedded graph for a

free path. Performing these two steps of projection and search, we will refer to as one

planning cycle. For static environments (i.e. non-moving obstacles), the projection

step needs only to be performed once. The resulting grid can then be reused to search

for a new path if the start or goal locations change. For dynamic environments, where

the locations of other characters or objects in the environment can change without

warning, a complete planning cycle must be performed whenever objects move. This

is due to the fact that object motions may invalidate the optimality or the collision-

free nature of the current path being followed, and necessitate re-planning.
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Obstacle Projection

All obstacle geometry within the character’s height range [zmin; zmax] is projected

orthographically onto the grid. The height range limitation assures that only obstacle

geometry that potentially impedes the motion of the character is projected. Cells in

the grid are marked as either FREE or NOT-FREE, depending upon whether or not

the cell contains any obstacle geometry. The resulting 2D bitmap B now represents

an occupancy grid of all obstacles within the character’s height range projected at

their current locations onto the walking surface. Note that a binary bitmap such

as this does not distinguish between small, low obstacles (that could potentially be

stepped on or over), large columns (that must be circumvented), and overhangs (which

the character could duck under). However, the overall navigation strategy could

potentially be extended to include such kinds of motion (see Section 3.8).

In the robotics literature, a technique of growing the obstacles and shrinking

the robot was introduced by Udupa[Udu77] and later re�ned by Lozano-Perez and

Wesley[LPW79]. We adopt a similar approach here. Cells in B marked as NOT-FREE

are \grown" by R, the radius of a cylinder that conservatively bounds the character’s

geometry. This is done by marking all neighboring cells within a circle of radius R from

each original NOT-FREE cell as NOT-FREE. In e�ect, this operation computes the

Minkowski di�erence of the projected obstacles and the character’s bounding cylinder,

thus reducing the problem of planning for a circular disc, into planning for a point

object. To check whether or not a disc whose center is located at (x; y) intersects

any obstacles, we can simply test whether B(x; y), the cell in B containing the point

(x; y) is marked FREE.

For relatively simple environments with few total polygons, software rasterization

algorithms are appropriate for computing the 2D projection. For large environments

with tens of thousands of polygons, the obstacle projection operation can be per-

formed much faster using rasterizing computer graphics hardware[LRDG90, Ban98].

Here, the rendering pipeline enables us to quickly generate the bitmap needed for fast

point collision checking. An orthographic camera is positioned above the scene point-

ing down along the negative normal direction of the walking surface with the clipping

planes set to the vertical extents of the character’s geometry. The near clipping plane
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of the camera is set to correspond to the maximum vertical height of the character’s

geometry, while the far clipping plane is set to be slightly above the walking surface.

The other dimensions of the orthographic view volume are set to enclose the furthest

extents of the walking surface at the current grid resolution as depicted in Figure 3.6.

All geometry within the view volume is projected (rendered) into either the back

bu�er or an o�screen bitmap via the graphics hardware.

Further performance improvements are possible. Since we are only concerned with

whether or not any obstacle geometry maps to each pixel location, we can e�ectively

ignore the pixel color and depth value1. Thus, we can turn o� all lighting e�ects

and depth comparisons, and simply render in wireframe all obstacle geometry in a

uniform color against a default background color.

Under most reasonable graphics hardware systems, these simpli�cations will sig-

ni�cantly speed up rendering performance. However, we can do even better. If the

graphics hardware supports variable line-widths and point-sizes, we can perform the

obstacle growth at no additional computational cost! We simply set the line-width

and point-size rendering style to correspond to the projected pixel length of R, the

radius of the character’s bounding cylinder. In this way, we can e�ciently perform

both obstacle projection and growth simultaneously.

Path Search

The bitmap B is essentially an approximate map of the occupied and free regions

in the environment. Assume that the goal location G = (gx; gy) and the starting

location S = (sx; sy) in the bitmap are both FREE. Let us consider B as an embedded

graph of cells, each connected to its neighboring cells. For a bitmap (a square grid)

each interior cell has 8 neighboring cells, while border and corner cells have 5 and 3

neighboring cells respectively. Each pixel in the bitmap corresponds to a node in the

graph, and edges are placed between pairs of neighboring pixels that are both FREE.

By searching the graph de�ned by B, we can conservatively determine whether or not

a collision-free path exists from the start location to the goal location at the current

1One possible use for the depth value could be to extend the navigation algorithm to handle
irregular terrain, or the ability of the character to step over low obstacles (see Section 3.8).
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Figure 3.6: The view volumesresulting from an overheadorthographic camera. The
nearand far clipping planesof the cameraarede�ned accordingto the vertical extents
of the character geometry. All obstaclegeometrycontained within the view volume
is rasterizedon a 2D grid for planning. The resulting bitmap is searched directly for
a collision-freepath connectingthe character's starting position to the goal.


