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Abstract

The simulation of large crowds of humans is important in many elds of computer graph-
ics, including real-time applications such as games, as thegan breathe life into otherwise
static scenes and enhance believability. Such applicatidneed to deal with having limited
resources available at each frame. With many hundreds or thosands of potential virtual
humans in a crowd, traditional techniques rapidly become oerwhelmed and are not able to
sustain an interactive frame-rate. Therefore, simpler apppbaches to the rendering, animation
and behaviour control of the crowds are needed. Additional, these new approaches must
provide for variety, as environments inhabited by carbon-cgy clones can be disconcerting
and unrealistic.

The thesis describes the research and software developmeot a system that enables the
rendering of large crowds of virtual humans at interactive fame rates. This system evolved
from a previous system capable of simple virtual humans, whih however was unable to
cope with the strain of simulating large crowds, also only spported simple pre-scripted an-
imations. We added more autonomous behaviour for the humansincluding conversational,
path- nding and object interaction. Furthermore, collabor ation with Al researchers led to
the integration of more intelligent behaviours. The crowd smulation method we developed
provides for a hybrid combination of image-based (i.e., impstor) and detailed geometric ren-
dering techniques for virtual humans. By switching betweenthe two representations, based
on a 1:1pixel to texel ratio, our system allows visual quality and performance to ke balanced.
We improved on existing impostor rendering techniques and dveloped a programmable hard-
ware based method for adjusting the lighting and colouring @ the virtual humans skin and
clothes. Additionally, the shading of each representationis performed such a way that the in-
terchange of these representations is imperceptible to thgiewer. Using extensive perceptual
experiments, we have validated that the ratio at which we swich representations does indeed
lead to imperceptible transitions from geometry to image, ad vice versa. Our virtual crowds
are embedded in an urban simulation system and interactivefame rates are maintained for
crowds of over 70,000 individuals on commaodity PCs.
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Chapter 1

Introduction

Figure 1.1: Virtual crowds created with the Geopostor systen in the Virtual Dublin system.

The simulation of large crowds of humans is important in many elds of computer graph-
ics, including real-time applications such as games, as thegan breathe life into otherwise
static scenes and enhance believability. Although many newgames are released each year,
it is very unusual to nd large-scale crowds populating the ervironments depicted. Such
applications need to deal with having limited resources avidable at each frame. With many
hundreds or thousands of potential virtual humans in a crowd traditional techniques rapidly



become overwhelmed and are not able to sustain an interact& frame-rate. Therefore, sim-
pler approaches to the rendering, animation and behaviour ontrol of the crowds are needed.
Additionally, these new approaches must provide for variey, as environments inhabited by
carbon-copy clones can be disconcerting and unrealistic.

In this thesis, we describe the development of a software si@mm that enables the render-
ing of large crowds of virtual humans at interactive frame rates. We also describe the further
development of the ALOHA (Adaptive Level Of detail for Human Animation) system, upon
which the human animation and rendering is based. ALOHA alsoprovides for sophisticated
behaviours to control the autonomous virtual humans in our smulations. Our contribution
was in the implementation of the animation sub-system requied to animate and visualize
these behaviours. The crowd simulation method we developegrovides for a hybrid combi-
nation of image-based (i.e., impostor) and detailed geometc rendering techniques for virtual
humans. Impostor techniques have to date not been used extsively in games when realism
is required, due to their poor appearance when close to the giver. The unique advantage
of our system is the combination of computationally e cient crowd rendering, on a scale not
seen in real-time games before, coupled with the high realisra orded by our method due to
the ability to imperceptibly switch to a high-detail human mo del for closer inspection. By
switching between the two representations, based on pixel to texel ratio, our system allows
visual quality and performance to be balanced. We improved o existing impostor render-
ing techniques and developed a programmable hardware basedethod (targeting consumer
grade GPUs from NVIDIA and ATI) for adjusting the lighting an d colouring of the virtual
humans' skin and clothes. Our virtual crowds are embedded iran urban simulation system
(as shown in Figure 1.1) and interactive frame rates are maitained for crowds of over 70,000
individuals on a desk-top PC.

1.1 Scope

The main focus of this thesis is the representation, renderig, animation control, and per-
ceptual evaluation of virtual humans for real-time graphical applications. While the ALOHA

system can provide sophisticated behavioural attributes ér the humans, this work was per-
formed in collaboration with other researchers, and our man contribution was in the rendering
and animation scheduling in order to realize these behavios. Therefore, apart from pro-
viding an overview, we do not focus on the development of Articial Intelligence algorithms

or high-level animation techniques in this thesis. In terms ¢ animation creation, all of the
motions used by the virtual humans have to be either generaté in a commercial modelling
package, or acquired as motion capture clips, which are theexported and scheduled within



our system.

1.2 Crowds in the Entertainment Industry

When it comes to the entertainment industry, large-scale cravds consisting of virtual char-
acters have become commonplace in Ims over the recent yearsrom a galaxy far, far away
to lands ruled by one ring, virtual crowds have considerablyadded to the impact of movies
(e.g., Antz [PBG98], Titanic [LB98] and The Lord of the Rings Trilogy [MAS]). Without
virtual crowds, memorable scenes such as the battle scenes Lord Of the Ring: The Two
Towers and in Star Wars: Attack of the Clones would have been mpossible to simulate
with real actors. The most notable software in this industry is MASSIVE (Multiple Agent
Simulation System In Virtual Environment) which was used to generate crowds made up of
about 50,000 individual characters in theBattle of Helm's Deepin The Two Towers. Massive
characters function as complex beings subject to physicabfces, with speci ¢ body attributes
that range from biological to the behavioural. Up to 350 potential motions can be assigned to
each character, and the character's brain determines how tbse actions are played out. The
brain for each MASSIVE character is a tangled web of numerousehavioural logic nodes,
which provide the rules on how to make decisions and act. The nal result represents a
milestone in computer-generated Immaking (see Figure 1.2) While crowd systems such as
MASSIVE provide a level of realism that would be impossible b achieve at interactive rates,
it has has set the standard for crowd simulation and renderirg in movie special e ects.

——_

Figure 1.2: Computer generated crowds by Massive Softwaregs used in the motion picture
Lord of the Rings: Return of the King.

Due to the hardware limitation of current PCs and consoles, aly a small number of

3



realistic on-screen characters are typically found in the mgority of games. Renderware
Crowd FX provides a signi cantly simpler approach to crowd rendering that facilitates only
the simplest of animation (designed for sports game audiererendering). While these xed
view crowds are realistic from the distance, its applicatia is limited as a result of the crowd's
cyclical behaviour and the fact that they become unbelievalle once viewed from other angles.

Action games such as Grand Theft Auto: San Andreas are cryingut for large realistic
virtual crowds. The game itself is set in a large ctional city where you roam about per-
forming missions for di erent crime bosses. Even though thecity is beautifully modelled, the
game itself has a post-apocalyptic atmosphere as a result of sparse number of non-player
characters inhabiting the city's streets irrespective of ime of day or weather. Detailed models
are used for the characters and can only be displayed in smatumbers due to processing
and display limitations. Typically fewer than 50 humans are observed at any one time (see
Figure 1.3 (b)). In addition to this lack of NPCs, if you follo w any NPC you will notice that
their behaviour is extremely basic and they do not give the inpression that they are getting
on with the running of their every day life. Without properly simulated crowds, the total
experience of this game is reduced. In Rockstar Game's Statef Emergency, they achieve
larger real-time animated crowds. However the game hides theharacters' blocky models and
unrealistic behaviours by distracting the user's attention with the frantic style of game-play
(see Figure 1.3 (c)).

The game most notable for simulating large-scale crowds iRome: Total War (shown
in Figure 1.3 (d)). This real-time strategy game involves conrolling large armies of several
thousand soldiers in famous historic battles. Each soldieuses low-detailed models and can
be animated with one of a thousand di erent moves. While the cetail and behaviour of the
soldiers is quite simple when viewed at a close distance, thgheer size of these real-time battle
scenes is impressive.

1.3 Contributions

We have developed a system capable of rendering large reditscrowds with the visual realism
of a high-resolution geometry rendering system, but at a fration of the rendering cost. Our
system allows visual quality and performance to be balancedOur results and user studies
to date have demonstrated that our impostors are an excellensubstitute for geometry in
real-time crowd simulations, not only because of proven e ciency gains, but also in terms
of visual delity. At a reasonable distance, it is virtually impossible to determine whether
the high-resolution model or the impostor is being renderedn our simulations. We have
also developed algorithms todrive the behaviour of the individual characters in our
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Figure 1.3: Crowds in the games industry: (a) Fifa 2005 (¢ Electronic Arts), (b) Grand Theft
Auto: San Andreas (¢ Rockstar Games), (c) State of Emergency € Rockstar Games) and
(d) Rome Total War ( ¢ The Creative Assembly Limited).

crowds, thus allowing further realism, as the autonomous agnts go about their business in a
convincing manner.

Our main contribution is the ability to imperceptibly switch between high resolution
geometric representations, which are computationally exgnsive but look good up close, to a
low cost impostor representation, which is indistinguishale from the geometric model at a
certain distance (or pixel to texel ratio). Furthermore, we have improved upon previous
pre-generated impostor rendering techniques with respect to two factors: performance
and realism. Firstly, the advances in graphics hardware abbwed us to dynamically light
and add colour variation to the impostors in a single rendering pass (previous methods
needed at least 5 passes). By clever usage of 1-D \out t" textues, variation of the crowd
was substantially increased with negligible memory usageand further realism was possible



by using realistic impostor shadows that blend with the world and with each other. The
perceptual metrics  used in our system have beemigorously validated with extensive
user trials .

As a result of our research, games developers and other praioners will now be able
to add real-time crowds, at a scale and level of realism herefore not possible, into their
simulations. The software is self-contained and easy to intgrate into existing applications,
as evidenced by our use of the system to add crowds of pedestns to our Virtual Dublin
system, shown in Figure 1.1. In particular, with next genergion game consoles targeting
high de nition TVs with resolutions signi cantly higher th an those present in current gener-
ation games, the appearance of even distant non-player chacters in the game will be very
important. Our method will allow game developers to focus onthe development of high
resolution characters for the game without the need to crea@ many di erent representations
of the character at multiple distances. This could represeha signi cant saving in terms of
art resources required to ensure high delity character remering in the game. Although the
most obvious application domain for our research is the gammg industry, it would also be
very useful in other areas, such as security and emergencynsillations.

1.4 Summary of Chapters
This rest of the thesis has been divided up into the followingchapters:

Chapter 2 provides a detailed overview of the previous background andelated work
for the scalable simulation of virtual humans, including various techniques from the
elds of computer graphics, computer animation, and arti c ial intelligence.

Chapter 3 introduces the original ALOHA system and the enhancements nade during
its development. These include the integration of basic behviours and the implemen-
tation of the animation sub-system required to re ect these behaviours. An overview
of collaborative work that involved the integration of arti cial intelligence techniques
is also presented.

Chapter 4 describes our Geopostor system, detailing the representains and tech-
nigues that are needed to simulate large-scale crowds. The scessful integration of the
system into an urban environment system is described, alongvith the optimization of
its performance.

Chapter 5 presents the evaluation of the Geopostor system with regarsl to the com-
putation cost of the models used and its performance within a urban environment



system. Experiments that perceptually evaluate the systen's human representations

are presented, and how the subsequent results are used to emfce the system's visual
realism is discussed.

Chapter 6 provides a summary of our contributions, and a discussion ofuture work.



Chapter 2

Background and Related Work

Computer generated crowds have become increasingly populén Ims. However, their pres-
ence in the real-time domain, such as computer games, is stifuite rare. Even though there
has been extensive research conducted on human modelling dimendering, the majority of
it is concerned with realistic approximations using comple and expensive geometric repre-
sentations. When dealing with the visualisation of large-sale crowds, these approaches are
too computationally expensive, and di erent approaches ae needed in order to achieve an
interactive frame rate.

This chapter describes the main research related to the reaime visualisation, animation,
and behaviour of virtual crowds in the following manner:

We rstintroduce general character visualisation  techniques using the xed function
graphics pipeline, and show how recent improvements in grapics hardware has greatly
improving the realism of characters in computer games. Furhermore, we describeac-
celeration techniques for the rendering of large crowds which can be subdivided irt
three categories: visibility culling methods, geometrical level of detail (LOD)
and sample-based rendering techniques such as usiimgage-based and point-based
representations.

Next, we describe character animation techniques , including how a character's
model is animated using thelayered approach , and the various techniques for gen-
erating character animations such askinematics , physically-based animation and
procedural animation . We also describe howanimation and simulation level of
detail provides a computationally e cient solution for the simula tion of crowds.

Finally, we detail behavioural techniques used to endow virtual characters with
arti cial intelligence (Al), including agent-object interaction techniques and nav-
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igation strategies to simulate characters interacting with objects and moving within
their environment. We also provide an overview of the reseath on intelligent virtual
agents and present how the technique oflevel of detail Al has been employed in
computer games.

2.1 Character Visualisation

2.1.1 Character Model

The most common model used for representing characters in 3-Bomputer graphics is the
mesh model. A mesh is de ned as a collection of polygons, whereach polygon's surface is
made up of three or more connected vertices, and is typicallysed to represent an object's
surface such as a character's skin. Since 3-D graphics hardveais optimised to handle tri-
angles, meshes are typically made up of this type of polygomi 3-D applications. A simple
model, consisting of a low number of triangles (i.e., seveltahundred), can be used to model a
character's general shape. However, as the need for realisimcreases, more detailed models
are necessary and require a high number of triangles (i.e.,eseral thousand) to model the
character's hands, eyes and other body-parts. This extra detil comes at a greater rendering
cost and a balance between realism and interactivity is necesary, especially when rendering
large crowds of characters. While current graphics cards agarender over eight million unlit
triangles per second (e.g. ATI's and NVIDIA's current cards), a static scene such as an ur-
ban environment populated with multiple characters could require rendering several hundred
thousand triangles. Therefore, depending on the scene cortgxity, the number of triangles
in the character's mesh or any other scene object is limitedn order to maintain a real-time
frame rate.

Real-time lighting of these meshes is necessary to provide g cues and thus enhance
the scene's realism. Otherwise, the triangles are renderedith a single colour creating a at
unrealistic look. Typically, the lighting of the character 's mesh in games is implemented with
basic Gouraud shading [Gou71]. Gouraud shading is a methodf linearly interpolating a
colour across a polygon's surface and is used to achieve sntlodighting, giving a mesh a more
realistic appearance. As a result of its smooth visual quaty and its modest computational
demands, since lighting calculations are performed per-véex and not per-pixel, it is by
far the predominant shading method used in 3-D graphics hardware. Additionally, texture-
mapping [Cat74], which allows the attaching of a two-dimensonal image onto the polygon's
surface, can greatly improve the realism of a humans's meshThese textures are usually
artist-drawn or scanned photographs and are typically used ¢ capture the detail of areas
such as human's hair, clothes and skin (as shown in Figure 2)1 The image is loaded into
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memory as a rectangular array of data where each piece of data called atexel and each of
the polygon's vertices are assigned texture coordinates tepecify which texels are mapped to
the surface.

|

Figure 2.1: Simple Texturing-Mapping: (a) Mesh without text ure-mapping, (b) Texture Map
(c) Texture-mapped mesh.

2.1.2 Character Rendering

Until a few years ago, the only option for hardware-acceleragéd graphics was to use the
xed function pipeline. This is where texture addressing, texture blending and nal frag-
ment colouring are xed to perform in set ways. The introduction of the mulitexture exten-
sion [Ope04], allowed lighting e ects involving several dierent types of texture maps to be
performed in a single rendering pass. This extension provigs the capability to specify multi-
ple sets of texture coordinates that address multiple textues, which means that the previous
and slower method of multi-pass rendering can be avoided. Mearrecently, hardware vendors
have exposed general programmable pipeline functionalityallowing for more versatile ways
of performing these operations through programmable custmisation of vertex and fragment
operations [Ope04]. With the introduction of multi-texturi ng and programmable graphics
hardware, coupled with the improvements in hardware capaHtity such as the increase in tri-
angle ll-rates, texture memory size and memory bandwidth, we are seeing an exciting era
of realistic character rendering and animation techniqueswhich were previously unfeasible to
employ at interactive rates.

There has been extensive research on enhancing the realisrhacharacter's mesh by ap-
plying various per-pixel lighting e ects (see Figure 2.2). Environment mapping [BN76] can
be used to simulate an object re ecting its environment. Forcharacters such as soldiers wear-
ing shiny armour, environment mapping can greatly improve their realism. Per-pixel bump
mapping [Kil00] can be used to perturb the surface's normal ector in the lighting equation
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Figure 2.2: Per-pixel lighting e ects such as environment maping in (a) Ruby Demo (( ¢ ATI
Technologies) and (b) Halo 2 (c 2004 Microsoft Corporation), and (c) Normal mapping in
Unreal Engine 2003 (c 2005 Epic Games Inc).

to simulate wrinkles or bumps. This is used to increase the \dual detail of the character's
clothing and appearance without increasing geometry. Moreecently, this approach has been
extended by using a normal map image, generated from a highlygetailed character's mesh,
in conjunction with a low detailed mesh to improve its visual detail [COM98, Map]. Dis-
placement mapping is another method which adds surface deteto a model by using a height
map to translate vertices along their normals [Don05]. In oder to speed up the lighting cal-
culations for a static object, the lighting can be pre-computed and stored for each polygon in
a texture called a light map [SKvW* 92] and this method was made famous by iD Software's
\Quake" games. In addition to the speed increase, this methd allows complex and more
realistic illumination models to be used in generating the map. With dynamic objects, the
light map needs to be calculated on a per-frame basis, as otheise shading artefacts will
manifest. Sander et al. [SGMO04] recalculate the light map ugg graphics hardware for each
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frame in order to correctly shade the character's skin as it noves within its environment.
However, generating real-time light maps for a large number bcharacters is unfeasible at
interactive frame-rates.

(d)

Figure 2.3: Real-time hair rendering based on the light scatéring of human hair -
bres [MJC* 03] and a fur rendering model [KK89] using a (a) polygonal moel [Sch04]
(b) a particle system [WIo04]. (c) Real-time skin rendering kased on subsurface scatter-
ing [SGMO04]. (d) Hair and skin rendered with simple texturing.

More recently, more realistic character e ects borrowed fom the Im industry have been
implemented in real-time. Based on the technique used to lighthe face of digital charac-
ters in the Im The Matrix Reloaded, Sander et al. [SGMO04] produced realistic looking skin
in real-time. Scheuermann et al. [Sch04] improved the rendémg of real-time hair using a
polygonal model, where the hair shading is based on the workrolight scattering of human
hair bers by Marschner et al. [MJC * 03] and on Kayiya et al.'s fur rendering model [KK89].
While this technique has greatly improved the realism of red&time hair, in addition to using
low geometric complexity, it assumes little or no hair animaion and is not suitable for all
hair styles. Wloka [WIo04] uses a similiar rendering approah for underwater hair which
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is animated by treating it as a particle system. Unfortunately, these techniques can only
be used for a limited number of characters, since they are coputationally intensive, and
therefore simple texture-mapped triangles are typically ugd for an individual's skin and hair
detail within large crowds (Figure 2.3).

Shadow Techniques

Shadows enhances the realism of a scene's lighting and prde important depth cues. The
three main techniques to shadowing are planar shadows, shads mapping and shadow vol-
umes.

Planar shadows involve projecting an object's geometry or a shadow plane and render-
ing the shadow plane on top of the ground plane's geometry. Wite this technique is very
fast, it is limited to scenes containing at oors, can suer from z-bu er ghting, and does
not take self-shadowing into account. However, the z- ghting problem has been solved by
implementing the algorithm in hardware using the stencil bu er [Kil99].

Shadow mapping [Wil78] is an image-based shadowing techniguinvolving two rendering
passes. The rst pass involves rendering the scene's deptmfiormation into an o -screen
bu er from the viewpoint of the light source. The resulting d iscretized image is known as
a shadow map and stores the distance of each object in the soeno the light source. The
second pass consists of rendering the scene from the cameraiewpoint, whereby the distance
of each pixel is projected into light space and is compared Wl depth value stored in the
shadow map. If the distance is less than or equal to the corrgending value stored in the
shadow map then the surface is lit by the light source. Howewe since this technique is
image-based it can su er from aliasing problems depending otthe resolution of the shadow
map and techniques have been developed to solve this [SCHOSPO02].

Shadow volumes is a geometry-based algorithm rst describedy Crow [Cro77] which
avoids the aliasing problem associated with shadow mapping The algorithm involves con-
structing a shadow volume for an occluder object to identify points that are shadowed by
it. The shadow volume is constructed by extruding the models polygon edges away from
the light source to form a semi-in nite frustum. Shadow volumes can be implemented using
graphics hardware via the stencil bu er in four rendering passes [Hei91]. However, since this
technique is geometry-based, it can cause the application tbe Il rate and polygon limited
and produces incorrect shadowing with alpha blended polygos.
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2.1.3 Acceleration Techniques for Rendering Large-Scale C rowds

The requirement in interactive systems for real-time frame mates means that only a limited
number of polygons can be displayed by the graphics engine ieach frame of a simulation.
Visibility culling techniques provide the rst step to avoi d rendering o -screen characters, and
therefore reducing the number of triangles displayed per fame. However, other rendering
techniques are needed since a large portion of the crowd calipotentially be on-screen.

Visibility Culling

Culling provides a mechanism to reduce the number of triangts rendered per frame by not
drawing what the viewer cannot see. The basic idea behind clihg is to discard as many
triangles as possible that are not visible in the nal rendered image. The two main types are
visibility and occlusion culling.

Visibility culling discards any triangles that are not with in the camera's view-frustum. In
the case of a large scenes containing several thousand cheters, it would be computationally
expensive to view-frustum cull each character's triangles.However, it can be used to avoid
rendering potentially o -screen characters by testing their bounding-volumeswith respect to
the view-frustum. For further details on various optimized view-frustum culling techniques
utilizing bounding-volumes see [AMOQ].

The aim of occlusion culling is to quickly discard any objecs that are hidden by other parts
of the scene. Various research has been conducted on e eatiwvays of establishing occluding
objects utilizing software methods or 3-D graphics hardware For a detailed survey of these
techniques see [COCSDO03]. For crowds populating a virtual ity environment, occlusion
culling is a method that can greatly improve the frame rate, snce a large portion of the
crowd will be occluded by buildings, especially when the vierpoint is at ground level.

Geometric-Based Rendering and Level of Detail

Level of detail (LOD) is an area of research that has grown ouf the long-standing trade-o
between complexity and performance. LOD stems from the worlkdone by James Clark where
the basic principles are de ned [Cla76]. The fundamental icka behind LOD, is that when a
scene is being simulated, it uses an approximate simulatiomodel for small, distant, or im-
portant objects in the scene. The main area of LOD research lafocussed on geometric LOD,
which attempts to reduce the number of rendered polygons by sing several representations
of decreasing complexity of an object. For each frame, the ggropriate model or resolution
is selected, usually based on the object's distance to the ozera. In addition to distance,
other LOD selection factors that can be used are screen spastze, priority, hysteresis, and
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perceptual factors. Since the work done by Clark [Cla76], tle literature on geometric LOD
has become quite extensive. Geometric LOD has been used sinthe early days of ight
simulators, and has more recently been incorporated in walihrough systems for complex
environments by Funkhouser et al. [FST92, FS93], and Maciekt al. [Mac93].

Figure 2.4: Five discreet mesh models containing (a) 2,170} 1,258 (c) 937 (d) 612 and (e)
298 triangles.

One approach for managing the geometric LOD of virtual humars is using a discrete LOD
framework. A discrete LOD framework involves creating multiple versions of an object's
mesh, each at a di erent LOD, during an o ine process (see Figure 2.4). Typically, a highly
detailed (also known as a high resolution) mesh, is simpli & by hand or using automatic
tools to create multiple low resolution meshes varying in déail. At run-time, depending on
the LOD selection criteria, the appropriate resolution mes is chosen in order to maintain an
interactive frame rate.

Another good solution for altering the geometric detail of acharacter in games is through
the use of subdivision surfaces [Lee02]. In the beginning,ne of the main problems with
geometric LOD was the generation of the di erent levels of deail for each object, which was
a time-consuming process as it was all done by hand. Since theseveral LOD algorithms
have been published in order to automatically generate the derent levels of detail for an
object [EDD* 95, Hop96]. Subdivision surfaces is one method, based on antimuous LOD
framework, where a desired level of detail is extracted at ra-time by performing a series
of edge collapsing/vertex splitting on the model. Starting with a low-resolution mesh, a
subdivision scheme can be used to produce a more detailed w&wn of the surface by using
masks to de ne a set of vertices and corresponding weights, lch are in turn used to create
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new vertices or modify existing ones. By applying these maskto the mesh's vertices, a new
mesh can be generated. An advantage of using masks is that dérent type of masks can be
used in order to deal with boundary vertices and crease genation. In [OCV * 02], O'Sullivan

et al. describe a framework that uses subdivision surfacessea means to increase or decrease
the appearance of a human's mesh within groups and crowds depding on their importance
to the viewer.

In order to solve the problem of rendering large numbers of hmans, De Heras Ciechom-
ski et al. [dHCUCTO04] avoid computing the deformation of a character's mesh by storing
pre-computed deformed meshes for each key-frame of animatipand then carefully sorting
these meshes to take cache coherency into account. Ulicny etl. [UdHCTO4] improve on
their performance by using 4 LOD meshes consisting of 10386&, 151 and 76 triangles and
disabling lighting for the lowest LOD, thereby achieving a frame rate several times higher.
To introduce crowd variety, they use several template meshe for the humans, and clone and
modify these meshes at run-time by applying di erent textures, colors, and scaling factors to
create the illusion of variety. They succeed in simulating gveral hundred humans populating
an ancient Roman theatre and a virtual city at interactive fr ame-rates.

Figure 2.5: Rendering crowds using a discrete LOD approacldHCUCTO04].

Gosselin et al. [GSMO05] present an e cient technique for rerdering large crowds while
taking variety into account. Their approach involves reducing the number of API calls need
to draw a character's geometry by rendering multiple charaders per draw call, each with
their own unigue animation. This is achieved by packing a nunber of instances of character
vertex data into a single vertex bu er and implementing the skinning of these instances in
a vertex shader. As vertex shading is generally the bottlenek of such scenes containing a
large number of deformable meshes, they minimize the numbeof vertex shader operations
that need to be performed.
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In their simulation, they use one directional light to simul ate the sun, and three local
di use lights. The shading of each character's mesh is perfaned by per-pixel shading and a
normal map generated from a high resolution model is used. Sgzular lighting is calculated for
the sun and is attenuated using a gloss map to allow for parts fthe character to have di ering
shininess. Realism is further increased by using an ambierdcclusion map generated from the
high resolution model. This map approximates the amount of ight that could reach the model
from the external lighting environment and provides a realistic soft look to the character's
illumination. Finally, using a ground occlusion texture which represents the amount of light
a character should receive from the sun based on their posii in the world, the illusion that
the terrain is shading the characters as they move within theenvironment is created. So that
the characters are not a carbon copy of each other, they use alour lookup texture, which
speci es 16 pairs of colours that can be used to modulate thetaracter, with a mask texture
to specify which portions should be modulated. In addition to this, decal textures to add
other various details to the character's model, such as badgg, are applied (see Figure 2.6).

Figure 2.6: Geometric-based representations rendered wittvarious per-pixel shading ef-
fects [GSMO05] (c 2005 ATI Technologies 2004).

Image-Based Crowd Rendering

Torborg et al. [TK96] propose a new hardware architecture ced Talisman in an attempt
to solve the problems of bandwidth limitations and low frame rates which hindered real-time
3D graphics applications at that time. The architecture exploits both spatial and temporal
coherence in real-time applications via the use of image lays. Each layer (termed sprite)
is an image of an individual object's geometry and is reusedypapplying an a ne transfor-
mation to simulate the motion of the object. Lengyel et al. [LS97] warp sprites using the
Talisman architecture by a best t a ne transformation base d on a set of sample points in
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the underlying 3D model. Due to improvements in hardware sub as increases in CPU and
RAM speeds and the introduction of the AGP bus, the developmet of the Talisman project
became obsolete and was not continued.

Image-based rendering (IBR), stems from the research by Maei et al. [MS95] on using
texture mapped quadrilaterals, referred to as planar imposors, to represent objects in or-
der to maintain an interactive frame rate for the visual navigation of large environments.
Schau er [Sch97] introduces the idea ohailboards which extends the idea of planar impostor
to store per-pixel depth information in the impostor's textu re. Visibility artefacts caused
by interpenetrating impostors are solved using these depthvalues in a two-pass rendering
algorithm. Consequently, due to planar impostors providing a good visual approximation
to complex objects at a fraction of the rendering cost, a larg amount of research has in-
troduced di erent types of impostors such aslayered impostors billboard clouds and texture
depth imagesfor rendering acceleration of various applications.

Layered impostors use a number of pre-generated depth-augmiad images at di erent
distances from the viewer [DSSD99, Sch98b, Sch98a]. Imageping is used on these layers
to allow the object to be viewed from a larger set of viewpoins. In comparison to planar
impostors, layered impostors consume a larger amount of tedMre memory since it is composed
of several images. However, layered impostors can be view&om a larger range of viewpoints,
whereas planar impostors can be viewed from viewpoint usetgenerate the image. Billboard
clouds [DDSDO03] represent a model by projecting and rendenig the model's polygons to
suitable alpha-textured planes. The selection of these plags is optimized so that they cover
the largest possible area of the model's geometry. Howevethe generation of these alpha-
textured planes involve long pre-processing times. Texturd depth meshes [DSV97, SDB97,
JW02] simplify an object by triangulating a rendered image d the object based on the
image's depth values. Textured depth meshes are expensive fgenerate and can also su er
from disocclusion artefacts resulting in image gaps. A sur@y of these dierent types of
impostors, including their application and their advantages and disadvantages, can be found
in [JWPO05].

To represent a virtual human, Tecchia et al. [TC00a] and Aubé et al. [ABT0O0] both use
planar impostors. However, they di er in how the impostor image is generated. The two
main approaches to the generation of the impostor images aredynamic generation and static
generation (also referred to as pre-generated impostors).

Aubel et al. use a dynamically generated impostor approachd render a crowd of 200
humans performing a "Mexican wave' [ABT00]. With dynamically generated impostors, the
impostor image is updated at run-time by rendering the objects mesh model to an o -screen
bu er and storing this data in the image. This image is displayed on a quadrilateral, which is
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Figure 2.7: Image-based crowds: (a) Dynamically generatedmage-based crowds [ABTO0O]
(b) Pre-generated image-based crowds [TCO0O0a].

dynamically orientated towards the viewpoint. This uses less memory, since no storage space
is devoted to any impostor image that is not actively in use. Lhlike dynamically generated
impostors for static objects, where the generation of a new lpject impostor image depends
solely on the camera motion, animated objects such as a virtal human's mesh also have to
take self-deformation into account. Aubel et al.'s solution to this problem is based on the
sub-sampling of motion. By simply testing distance variations between some pre-selected
joints in the virtual human's skeleton, the virtual human is re-rendered if the posture has
signi cantly changed.

The planar nature of the impostor can cause visibility problems as a result of it interpen-
etrating other objects in the environment. To solve this problem, Aubel et al. propose using
a multi-plane impostor which involves splitting the virtual human's mesh into separate body
parts, where each body part has its own impostor representabn. However, this approach
can cause problems similar to those mentioned in Section 2.2esulting in gaps appearing.
Unfortunately, dynamically generated impostors rely heanuly on reusing the current impostor
image over several frames in order to be e cient, as animatirg and rendering the human's
mesh o -screen is too costly to perform regularly. Therefore this approach does not lend itself
well to scenes containing large dynamic crowds, as this wodlrequire a coarse discretization
of time, resulting in jerky motion.

Tecchia et al. [TC00a] use pre-generated impostors for rendieg several thousand virtual
humans walking around a virtual city at an interactive frame rate. Pre-generated impostors
involve the pre-rendering of an impostor image of an object fo a collection of viewpoints
(called reference viewpoints) around the object. Unforturately, since virtual humans are an-
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imated objects, they present a trickier problem in compari®n to static objects. As well as
rendering the virtual human from multiple viewpoints, mult iple key-frames of animation for

each viewpoint need to be rendered, which greatly increasagbe amount of texture memory

used. In order to reduce the amount of texture memory consumg, Tecchia et al. reduce the
number of reference viewpoints needed for each frame by ugjra symmetrical mesh repre-
sentation animated with a symmetrical walk animation, so that already generated reference
viewpoints can be mirrored to generate new viewpoints. At rin-time, depending on the view-
point with respect to the human, the most appropriate reference viewpoint is selected and
displayed on a quadrilateral, which is dynamically orientated towards the viewer. To allow

for the dynamic lighting of the impostor representation, Techia et al. [TLC02b] pre-generate
normal map images for each viewpoint by encoding the surfaceormals of the human's mesh
as a RGB colour value. By using a per-pixel dot product betweenthe light vector and a

normal map image, they compute the nal value of a pixel through multi-pass rendering and

require a minimum of ve rendering passes.

The main advantage of this approach is that it is possible to aal with the geometric
complexity of an object in a pre-processing step. However, w#h pre-generated impostors,
since the object's representation is xed, ‘popping' arteficts are introduced as a result of
being forced to approximate the representation for the curent viewpoint with the reference
viewpoint. To avoid these artefacts, the number of viewpoirtis around the object for the pre-
generation of the impostor images can be increased. Howevéris can later cause problems
with the consumption of texture memory. Image warping is andher technique of reducing the
popping e ect, but this method can also introduce its own artefacts. Since a pre-generated
approach requires a large number of reference viewpoints ifeseveral frames of animation,
this makes it unsuitable for scenes containing a variety of bman models that each needs to
perform a range of di erent motions.

Point Sample Rendering

Another sampled-based approach for the visualisation of vitual humans is point sample
rendering, which involves replacing a mesh with a cloud of pimts, approximately pixel-
sized [LW85]. Wand et al. [WS02] use a pre-computed hierarchyf triangles and sample
points to represent a scene. This involves converting key-ime animations of meshes into a
hierarchy of point samples and triangles at di erent resolutions. They partition the scene's
triangles using an octree structure and choose sample poistwhich are distributed uniformly
on the surface area of the triangles in each node. Using this uiti-resolution data structure,
they are able to render large crowds of animated characters.

For smaller crowds, consisting of several thousands of obgés, each object is represented
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Figure 2.8: Point-based crowds: (a) Stadium populated with animated 16,000 fans and (b)
Crowd of 90,000 humans walking on the spot.

by a separate point sample and its behaviour is individually simulated. Larger crowds are
handled di erently, with a hierarchical instantiation sch eme, which involves constructing
multi-resolution hierarchies (e.g., a crowd of objects) outof a set of multi-resolution sub-
hierarchies (e.g., di erent animated models of single objets). While this allows them to
render arbitrarily complex scenes, such as 90,000 humans Wng on the spot and a football
stadium inhabited by 16,000 fans (see Figure 2.8), less eXility is provided for the motion of
the objects, since the hierarchies are pre-computed and thefore cannot be used in simulating
a large crowd moving within its environment.

2.2 Character Animation

The problem with using a mesh to represent a dynamic object, sch as human character,
is that a way of animating the mesh is needed to re ect the moton of the character. In
older generation games, the character consisted of a hieretny of meshes, where each mesh
represented a particular body part and was animated in some way (e.g., Lara Croft in Tomb
Raider). However, the main problem with this approach is that holes can appear where two
or more meshes meet. These gaps can be hidden either by clevapodelling using clothing or
armour, at the cost of requiring extra polygonal detail, or by constraining the movement of
the bones. However, depending on the type of character beinmodelled, this is not always
possible. Nowadays, a character's mesh is typically animad by using a layered animation
approach.
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2.2.1 Layered Animation

The layered animation approach works by layering a charactés mesh on top of a skeleton
structure and deforming the mesh based on the animation of tk underlying skeletal layer.
The skeleton consists of a hierarchy of joints interconnead by bones, where each joint de nes
where a bone begins and is used as its pivot point. Except forhe bone at the root of the
hierarchy (know as the root bone), each bone is linked to a parent bone and has either
one, multiple, or no child bones. To easily transform a bone fom one coordinate space to
another, each bone's position and rotation is stored in a trasformation matrix. The global
transformation matrix of each bone is dependent on the matrces of all of its parents, and
can be calculated as a function of both its local and parent'gylobal transformation matrices.

In order to deform the mesh, the mesh and the skeleton rst ned to be setup in a reference
pose, typically using DaVinci's Vitruvian man pose, to facilitate their respective alignment.
Each vertex in the mesh is assigned either one or more in uering bones with a corresponding
weight to specify the amount of in uence each bone has on it. inear blend skinning (LBS) is
used for deforming the mesh [Lan98, Lan99], where the deforation of each vertex's position
(V) and normal (N') is calculated as a function of the vertex's original position relative to
each deforming bone (VY), its normal (N), each deforming bone's global transformaion matrix
(TM ) and its in uencing weight ( w;) (Equation 2.1). When calculating the deformation of
the normals, only the rotational component is used by getting the inverse transpose of the
global transformation matrix (TM ; 1)T).

X
VO = Wi TM;
X
N©O wi (TM; HT N (2.1)

Linear blend skinning can be implemented through programmale graphics hardware by
using a vertex program and this greatly improves its performance [Dom, GSMO05]. This
technique is fast to compute and therefore has become widesgad in recent games. While
problems can arise for large bone rotations, causing the masto collapse to a single point,
this can be solved by adding extra bones [Web00], or using sghical blend skinning [KZ05].

2.2.2 Animation of a Character's Skeleton

Traditionally, an articulated structure, such as a skeleton, is animated using computer an-
imation data stored as key-frames. A key-frame allows the trasformation of a bone (i.e.,
its position and rotation) to be speci ed as a function of time. This allows complicated an-
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imations to be simply stored as a set of key-frames for each ben While the most simple
method of generating key-frame animations for articulated $ructures is through kinematics,
extensive research on providing other ways of generating amation data has been carried
out, focusing on physical simulation and procedural animaion.

Kinematics

A common method for animating an articulated structure in real-time is with kinematics,
which is based on properties of motion such as position and \ecity over time. A character's
key-frame animation is typically generated from data that has been created manually through
kinematics by an animation artist using a key-frame editor.

Forward kinematics speci es joint rotations as a function of time and is useful in pre-
generating character animations in modeling/animation packages, such as 3D Studio Max.
Once the animation has been created, it can be subsequentlyxported as key-frame data to
be used within an application. Motion capture systems allowthe movements of a real actor
to be captured or stored as animation data by using dierent types of capture hardware
and this was the predominant method for animating charactes in The Lord of the Rings
Trilogy [Sco03]. While the quality and realism of manually created aimations depends on
the skill of the artist, motion captured animations are extremely realistic as a result of using
a real human actor. With regards to animating crowds, the man limitation of forward
kinematics is that a large database of pre-generated or pre-gaured motions is necessary in
order to achieve some type of variation amongst the crowd. Ghierwise, a crowd consisting of
individuals performing the same animation can signi cantly reduce realism.

Inverse kinematics can resolve the skeleton's joint angleand the corresponding key-frame
data so that an end-e ector (e.g., the hand bone) is animated bwards a target position. The
main advantage of this is that it can be used for the real-time gneration of various character
animations (e.g., pointing in a particular direction, looking at an object and opening a door).
Several algorithms exist to resolve the joint angles with vaying computational accuracy of
the results, the majority of which can be used with groups of baracters in real-time. The
main limitation of this technique is that, even though it gen erates a correct solution, it might
not be a high- delity human motion.

Physically-Based Animation

Physically-based animation provides a good approach to gemating unique and context-
sensitive motion and in theory can produce an unlimited numker of motion types. However,
the problem with using the approach is that it is can involve computationally intensive algo-
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rithms and the generated animation is somewhat dependent owarious character properties.
Therefore, this type of animation is not easily reusable andthus not well-suited for the
real-time animation of a large number of characters of varios shapes and sizes. Dynamic
simulations use Newtonian force-based methods to generatenanations utilizing forces that
occur in articulated structures (e.g., velocities, mass, ollision), in addition to kinematic prop-
erties. Physically-based animations have been used for aniating virtual athletes in realistic
sport simulations [HWBO95], generating physically corre¢ swimming motion for sh [TT94],
and characters walking on an uneven terrain [SMO1].

Procedural Animation

Procedural algorithms reuse animation data from a library d motions to generate new ani-
mations. The two main approaches are combining, and alterig animation data. Combining
animations involves reusing animations with various techriques such as fading functions,
overlapping and blending techniques. Various research habeen conducted on providing
smooth transitions between motions, such as the simple usefdade-in and fade-out func-
tions [PG96, RCB98] and the more complex weighting and sumnmig techniques [SBMTT99].
Perlin et al. [PG96] reuse and overlap animations by considéng human motions as a \com-
bination of temporarily overlapping gestures and stances!' In general, combining animation
data provides a good and fast approach for animating charaars in real-time applications.
However, to allow for some variation, it is important that th ere is a large library of pre-
generated motions that can produce plausible combinationsMotion graphs can be compiled,
which are directed graphs that describe how motion may be remmbined, to automatically
generate transitions to connect motions. The motion graph § generated from the library by
identifying similar frames between each pair of motions andusing these to form the nodes of
the graph. These nodes provide plausible transitions betwen motions and allow the character
to perform more complicated performances [KGP02].

The second approach to procedural animation involves altdng the style of animation
data based on various techniques such as noise functions [@8], and emotional transforms
based on character-based properties [ABC96]. Even though mme realistic and less repeti-
tious animations are produced by altering the data, these tehnigques can be computationally
intensive and should only be considered for the real-time amhation of a limited number of
characters.
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2.2.3 Animation Level of Detall

LOD research has recently extended from the area of geometripnto areas such as motion and
simulation, thus providing a computationally e cient solu tion for the simulation of crowds.

In [GMPOO0Q], Giang et al. propose a LOD framework for animating and rendering virtual

humans in real-time. In order to achieve a scalable system, thy use a LOD resolver that
controls the switching between levels of detail and speci e parameters for controlling the
geometric and motion controller. Through these parametersthe LOD resolver has the ability

to request di erent animation levels of detail. The dierent levels of detail used relate to
how the motion is simulated (e.g., pre-de ned forward kinemaics, inverse kinematics, or
dynamics), and its update frequency. This results in smoothrealistic animations being applied
to virtual humans rated with high importance, while lower level animation techniques are
applied to virtual humans in the background, taking minimal perceptual degradation into
account.

In [dHCUCTO04], the deformation of a character's mesh was precomputed and stored
to avoid these computations at run-time. However, these chaacters were limited to the
number of animations they could perform due to the size limit of memory. To improve
on their previous system, in [dHCSMTO5] they propose rendeng crowds animated using
the layered animation approach (see Section 2.1.3) to redécthe consumption of memory
and accelerate the animation of the skeleton and the subsegmt mesh deformation using
a level of detail caching scheme for animations and geometryThey update a character's
animation at a speci ¢ frequency dependent on its level of dail instead of on a per-frame
basis. For example, characters are updated at a minimum of 4k at the lowest LOD and
at a maximum of 50Hz at the highest LOD, where the LOD selectim criteria is based on
the character's distance from the camera. The animation of he skeleton and the subsequent
mesh deformation are done in software so that they can be reesl in a caching scheme.

2.2.4 Simulation Level of Detail

In [CH97], Carlson and Hodgins use less accurate animation adels for selected one-legged
creatures in order to reduce the computational cost of simudting groups of these creatures.
Three simulation LODs are used for the motion of these creattes: rigid-body dynamics,
point mass simulation with kinematic joints and point mass smulation with no kinematic
motion of the leg. Their selection of an individual's simulaion LOD is based on a individual's
importance to the viewer or action in the virtual world.

Ulicny et al. [UT02b] discuss the challenges of real-time cnvd simulations, focussing on
the need to e ciently manage variety, and propose the idea oflevels of variety They de ne
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a system's variety based on the following levels: level of viéety zero (LVO) if a task uses a
single solution, level of variety one (V1) if it has a choice from a nite number of solutions,
and level of variety two (LV2) if it is able to use an in nite number of possible solutions. For
example, a crowd composed of a single human model would &0, several pre-de ned model
types would be LV1, and nally an in nite number of automatically generated mo del types
would be LV2. Using this concept, they de ne a modular behavioural archiecture based
on rules and nite state machines, to provide simple yet su ciently variable behaviours for
individuals in a crowd.

2.3 Behavioural Techniques for Characters

Endowing characters with behaviours to re ect their motivations and internal states, provides
a way of controlling their low-level motion, resulting in the m being autonomous. This section
will describe techniques implemented to simulate basic chacter behaviour, such as object
interaction and navigation, and will present the research m existing intelligent agent systems
for the control of virtual characters.

2.3.1 Agent-Object Interaction

Throughout a simulation, many of the animations that an agent conducts will be based on
interactions with the outside world. In allowing the agent t o conduct interactions with objects
in the world, a number of general approaches may be taken. Oneption is to provide the
agent with low level rules and a learning model, and allow himto learn how to use objects.
Unfortunately, this approach is not suitable where ready-male worlds with competent actors
are required. Also, endowing individual agents with di erent mental models for every object
in a large world would not be e cient in terms of storage. The other option is a system where
there is a shared concept of how objects work. All agents in th system can have access to
the same knowledge about how an object can be manipulated. Alough this approach is not
as realistic as the rst approach, it decreases the complexy of the task enormously.

Smart objects extend the idea of object speci c reasoning, Wereby objects contain more
information than just intrinsic object properties [Lev96]. A smart object is an object that is
modelled with its interaction features, which are all parts, movements and descriptions of an
object that have some important role when interacting with an agent. Smart objects provide
the necessary parameters for motion generation. Featuresra identi ed in such a way as to
provide important information to the motion generator. Smart object applications provide
a number of advantages over more commonplace approaches: et decentralise animation
control, separate high level planning from low level objectreasoning and allow the same object
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to be used in multiple applications. They also allow behaviairs to be easily connected with
high-level planners, and provide for Object Oriented Designsince each object encapsulates
data. Extensive research has been conducted by Kallman and Aalmann [KT98, KT99a,
KT99b] on agent-object interactions using smart objects.

2.3.2 Navigation Strategies
Path Finding

Path nding is necessary for humans to navigate the environnent they inhabit in a successful
and realistic manner. In order to do this, the environment nesds to store path nding informa-
tion across which a search can be performed. Typically, thiss achieved by adding an invisible
layer of nodes for the environment's terrain, where each noe stores all accessible neighbour-
ing nodes. Using this information, a virtual human can perfam a search across these nodes
for the shortest walkable path between its current positionand goal position. While various
search algorithms exists, such as simple breadth or depth st searches, A has become the
standard in modern game development as it provides good, poictable performance without
compromising optimality. To improve the realism of the path chosen, other important infor-
mation can be stored in the nodes so that the search takes intaccount other heuristics in
addition to distance, such as the danger element, or the temin di culty of a path. For a
detailed discussion of the path- nding problem and the A algorithm, see [Sto96, HS02].

Obstacle Avoidance

To prevent the human colliding with the environment and other agents, Tecchia et al. utilize
a space discretization approach [TC00a]. Using a height-mapgo store the height of the
environment at each point, the human performs collision av@dance if the di erence in height
between its current and next position is above a certain threshold. Otherwise, the human
moves to its new position, updating his height above the grond based on the height-map.
To avoid the humans getting too close to each other, a colligin-map is used to store which
positions in the map are occupied. The human's direction is djusted depending on whether
there are other humans in a 3 3 neighbourhood.

In [TLCO1], Tecchia et al. extended their previous researchon collision avoidance to
use a platform that segments the virtual world into a 2-D grid in order to accelerate the
development of agent behaviours. The 2-D grid is composed of kyers, where the grid cells
in each layer contain specic data to govern the behaviour ofindividuals. The four types
of layers are: inter-collision detection layer, collision atection layer, behaviour layer, and
callback layer. The rst two layers are used to compute collsion detection between an agent
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and its environment or with other agents, while the other two layers provide more complex
and individual behaviours. The behaviour layer encodes spz ¢ behaviour in each grid cell
as a colour. Depending on the cell that the agent is inhabitirgy, the colour-encoded behaviour
instructs the agent to perform simple actions such as wait, o turn left. The callback layer
provides for more complicated agent-environment behaviouusing an event-driven approach.
This allows an agent to perform actions, such as waiting at a is stop and getting onto the
bus, by activating the callback when the bus arrives. The man advantage of this layer is
that, even though the associated behaviours are quite complated, they are only executed
when needed.

Steering Behaviours

Reynolds [Rey87] created an arti cial life technique for smulating the ocking behaviours
exhibited in nature by schools of sh, ocks of birds, and herds of animals, based on a
particle system approach. Particle systems are a large cattion of entities, each having its
own behaviour or rules that alter its properties such as pogion and velocity. By simulating
generic simulated ocking creatures, termedboids as particles, Reynolds de ned three simple
steering behaviours from which the boids' ocking behaviou emerges. In addition to these
steering behaviours, Reynolds improved the boid's navigabnal system by allowing them to
perceive their dynamic environment in order to perform obstcle avoidance, and by simulating
the laws of physics ruling the boids' motion e.g., gravity, thrust, and lift in the case of a bird.
These three steering behaviours are:

Separation :
steers a boid to avoid other local boids.

Alignment
steers a boid towards the average direction of heading of l@t boids.

Cohesion :
steers a boid towards the average position of local boids.

Since the pioneering work of Reynolds [Rey87], methodologs from many elds have
been employed to address the problem of motion control for viual humans [Vin97, Rey99,
Pot99]. Although Al techniques [HP88, BY95, FTT99] have shavn very promising results,
such methods do not scale well with the number of virtual humans or obstacles and therefore
are not suited for real-time applications. Alternatively, | earning, perception, and dynamics-
based techniques are easily adaptable to dynamically charigg environments [TT94, NRTT95,
HP97, BMH98b]. The idea of using force elds around virtual humans in order to guide them
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originated from work on path planning in robotics [GLM98, GL M99]. Egbert and Winkler
proposed a force- eld technique which used a vector eld arond objects to prevent collisions
between them [EW96].

2.3.3 Intelligent Virtual Agents

In spite of simulated virtual worlds appearing increasingly realistic, unless these worlds are
populated with wholly believable virtual humans it is not po ssible for users to achieve the
suspension of disbelief required for truly immersive simwtions. One of the problems with
current techniques for the control of virtual humans is that characters appear to have no
existence outside of their interactions with human users [MCO1]. By giving characters the
appearance of being involved in their own lives, even when tby are not involved with a
human player, this would add an extra degree of believabiliy that is lacking in current real-
time applications.

Aylett et al. [ALOQ] present the Spectrum of Agentsin an attempt to capture the di er-
ences between the numerous approaches to simulating virtidumans. Within this spectrum,
physical agents inhabit one end while cognitive agents inhbit the other. Physical agents are
mainly concerned with realistic physical behaviours and a gni cant example is the Virtual
Stuntman project [FvdPTO01], which gives virtual actors the capability of life-like motion. At
the other end, cognitive agents are mainly concerned with rasoning, decision-making, plan-
ning and learning. A de nitive example is Funge's cognitive modelling approach [Fun99].
However, the most e ective systems sit between the two extrenes of the spectrum. Amongst
these are c4 [BID 01], used to simulate a virtual sheep dog with the ability to learn new be-
haviours, and the planning baselntelligent Virtual Agent system [CTO00]. For video games,
commercial solutions are also available including Al-Implat [Al.] which enables rule-based
control of game characters and Renderware A.l. [Ren] whichdcuses on tactical behaviours.

The need for further realism is motivated by the notion of virtual delity, as described
by Badler et al. [BBB*99]. This refers to the fact that the application should determine
which capabilities a virtual human should display. MacNamee et al. [MDCOOQ03] focus on
controlling Non-Player Characters (NPC) in character-centric simulations i.e., simulations
which focus on interactions between characters rather tharmaction. This positions an agent
of this system towards the cognitive end of the spectrum anddads to a speci ¢ set of delity
requirements. These agents are required to behave believibin a wide range of situations,
possess sophisticated social ability, behave in real-timayse few resources and ease authoring
for game designers. It can be argued that none of the aforeménoned systems satisfy this
particular avour of virtual delity.

The ViCrowd system [MTO1] was created to generate and model rowds with various
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degrees of autonomy. The crowd is modelled as a hierarchy ofa@ups and individuals. De-

pending on the complexity of the simulation, a range of behaiours, from simple to complex

rule-driven, are used to control the crowd motion with di ere nt degrees of autonomy (see
Figure 2.9. The crowd behaviour is controlled in three di erent ways:

1. Using innate and scripted behaviours.
2. De ning behavioural rules, using events and reactions.
3. Providing an external control to guide crowd behaviours n real time.

In order to achieve the groups' and individuals' low-level béhaviour, three categories of
information are used: knowledge which is used to representhe virtual environment's infor-
mation; beliefs which are used to describe the internal stais of groups and individuals; and
intentions which represent the goal of a crowd or group. The \WCrowd system has been used
in various research projects, such as the simulation of vimal humans in networked virtual
environments [PBC* 01] and the simulation of crowd behaviours in panic and emergncy
situations [BMdOBO3].

Figure 2.9: ViCrowd system.

2.3.4 Level of Detail Arti cial Intelligence

Modelling a scene populated with large crowds is a challengg process. However, the simu-
lation does not need to process every agent in order to presea believable experience. For
example, agents that are not in the view-frustum should not wary about detecting future
collisions with other agents. Hence, a virtual world needs ¢ present a believable world, but
this does not mean that it has to be an accurate model of a real wrld. Level of detail Al
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(LODAI) reduces high CPU demands by approximating the behavour of agents who are
rated with a low-level of importance (e.g., if the agent is notin the view-frustum or is at a
great distance from the viewpoint) with minimal perceptual degradation.

In BioWare's Neverwinter Nights, each character's level of Al depends on whether the
character is a player character (PC), a non-player character(NPC) ghting or interacting
with a PC, a NPC within fty metres of a PC, a NPC in the same larg e-scale area of a PC, and
nally a NPC in areas without a PC. Thus the classi cation of a n agent's LODAI determines
whether or not to exploit features such as processing frequeey, the level of path nding detail,
path nding cheating, and collision avoidance.

2.4 Summary and Conclusion

We have presented a detailed review of the techniques from th eld of computer graphics,
animation, and arti cial intelligence that are required fo r the scalable simulation of believ-
able virtual characters. Accelerated techniques for the radering of large crowds has been
discussed in some detail as this is the most computationallyintensive part of crowd sim-
ulation, accounting for the biggest overall system bottlereck. With regards to this thesis,
various LOD techniques for the animation, visualisation ard simulation of virtual humans
are presented (see Chapter 4), since these techniques prdei a viable means for the scalable
simulation of characters.

We also introduced the layered model, which is typically usd in animating characters in
computer games, and forms the foundation of the virtual humans used in our system (see
Section 3.3.1). General techniques for generating animatn data for a character's skeleton
were reviewed, and the suitability of these approaches forhe animation of large crowds
was discussed. An introduction to previous research condded on controlling a character's
motions through basic low-level behaviours was presented,ral the implementation of these
behaviours are described in more detail in Section 3.4. Thigs followed by a review of
intelligent agent systems, and how LODAI techniques can be mployed to deal with the
computational demands of simulating large groups of beliegble characters. The integration
of arti cial techniques into our system is presented in Secion 3.5.

31



Chapter 3

The ALOHA System

The ALOHA (Adaptive Level of detail for Human Animation) sys tem is a framework, rst
proposed in 2000, with the aim of animating and rendering vitual humans in real-time
[GMPOO0Q]. Since then, various members of the Image SynthesiGroup (ISG), in Trinity
College Dublin's Computer Science Department, have been irolved in its development and
it has been utilized in various research projects.

This chapter describes the resulting system, which allows he real-time simulation of
groups of autonomous characters in dynamic virtual enviromments. A brief overview of the
system's architecture will rst be presented, including a detailed description of the level of
detail framework proposed by Giang et al., specifying what vas actually implemented in the
initial system. We will then detail the development history of the system, focusing on the
author's contributions. A low-level view of the current virt ual human model, including how
it is animated and displayed within the system, will also be gresented. The next section will
present the low-level motions that were implemented in orderto endow the virtual humans
with some basic behaviours. Finally, we will describe how di cial intelligence techniques
were integrated to produce a LOD framework for autonomous witual humans that behave
believably in a diverse range of situations.
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3.1 The Original ALOHA System

The ALOHA system is a C++ application running on the Win32 API , utilizing the OpenGL
rendering library as the core component of its rendering subystem. OpenGL allows the de-
velopment of graphics applications by providing an applicdion programming interface (API)
for hardware-accelerated rendering features. The OpenGL snhdard is maintained by the
OpenGL Architecture Review Board (ARB) and the standard's speci cations are revised
regularly, allowing constant improvement. In addition, new hardware advances are devel-
oped and provided by video-card manufacturers as OpenGlextensions and are included in
the next OpenGL standard if approved by the OpenGL ARB. These extensions allow for
new hardware innovations, including various hardware accerated rendering techniques, that
facilitate the real-time performance of the ALOHA system. The original ALOHA system was
based on the framework proposed by Giang et al. [GMPOOQ00] to dee the challenging problem
of animating and rendering numerous virtual humans in real-ime, as the computational cost
of such simulations can quickly mount.

3.1.1 Original Framework

The framework was based on a LOD approach whereby it attemptd to take advantage
of the viewer's perception to compute less accurate models lven loss of accuracy would
be unnoticed. It amalgamated animation (Animation_op ) and geometric (Geometrig op )
LOD with the aim of providing a totally scalable system for vi rtual human simulation. In this
section we will describe the proposed components of the fraework, not all of which were
actually implemented. The ALOHA framework consisted of the following four high-level
modules which controlled the virtual human's animation and visualisation (see Figure 3.1):

The Knowledge Base controlled the level of detail for a virtual human using simple
rules.

The LOD Resolver controlled the switching between di erent levels of detail and
provided the parameters that guide both the motion and the geometric controller.

The Motion Controller managed the animation of a virtual human at the current
level of detail speci ed by the LOD resolver.

The Geometric Controller managed the geometric detail of a virtual human's model
at the level of detail speci ed by the LOD resolver.

A four layered model was designed for the virtual human consiting of skeleton, muscles,
fat, and skin, in order to create perceptually realistic chaacter deformations during motion.
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Each layer exploited the functionality of the layer below, and by scripting the innermost
layer (i.e., skeleton) for animation, they achieved consitent deformation. The muscle layer
was implemented by preserving the volume of the muscles, mailed using ellipsoids. The
fat layer was modelled using sti linear springs to preservethe distance between the muscles
and the skin. Finally, the skin layer was simply a mesh of poits constructed from the outer
spring ends used in the fat layer.

Figure 3.1: High level view of the proposed framework for theoriginal ALOHA system.
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Knowledge Base Module

The knowledge base module contained a set of rules, pre-de deby the user to account for
hardware capabilities of the PC's processor and graphics ¢d, that controlled the level of
detail for a virtual human. Separate entries were de ned cotrolling the virtual human's
geometric and animation level of detail and were based on siple level of detail selection
criteria (e.g., distance with respect to the scene's cameravelocity and position in the viewing
plane).

LOD Resolver Module

The LOD resolver module controlled the switching between lgels of detail, which was only
allowed when the viewer would not perceive them. The resolvepassed a virtual human's
current animation and geometric LOD, determined by the knowledge base's rules, to the
respective controllers on a master/slave basis. In the casef virtual humans that exhibited
no motion, the LOD resolver did not call the motion controller to avoid needless computations
that would be too expensive for scenes containing a large nuber of static humans.

Motion Controller Module

The motion controller handled any animations required by the virtual human at the speci ed
Animation  op . The motion controller supported an initialisation module that initialised
all necessary information needed for the animation method ltosen by the LOD resolver.
It also included a motion execution unit, containing an animation cache, which stored the
skeleton's pose for re-use in subsequent frames, and sevesb modules, which controlled
the animation's production method (e.g., kinematics and dynamic).

To achieve a scalable framework, the LOD resolver had the abty to request an animation
at di erent levels of detail. At the lowest level of detail, v irtual humans were animated with
pre-generated forward kinematics (either manually createdor motion captured) to obtain
high-speed, low-detail animation. Inverse kinematics was wsd for dynamically generating
motions for situations where characters interacted with dynamically changing objects. These
animations were assigned a number of iterations, dependingn their importance, with which
the inverse kinematics algorithm could solve the joint anges. Finally, for characters requiring
a high level of realism, dynamic techniques were used to sinfate the motion in question.

Geometric Controller Module

The geometric controller managed the virtual human's appeaance based on the Geometricp
speci ed by the LOD resolver. Since the outermost layer (i.e, skin) needed to re ect the skele-
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ton's current pose, peer to peer communication occurred b&teen both controllers, which

allowed the geometric controller to deform the layers basedn the motion execution unit's

state vectors. The tessellation of the skin was indirectly ontrolled by the detail of ellipsoids

(speci ed by Geometric op ), since the number of springs in the fat layer was directly po-

portional to the number of vertices in the ellipsoids and the skin's vertices are made up of
the outer end of the springs.

3.1.2 Implementation of the Original ALOHA System

The existing system was far from being complete, and was linbéd to displaying scripted
characters. The LOD techniques and the four high-level modws that were discussed, were
actually not implemented. Apart from view-frustum culling, the system did not take ad-
vantage of any other accelerated rendering techniques. Itsad of the proposed 4 layered
model, the rst set of human models used in the system were amated with a 2 layered
model consisting of the skeleton and the skin. The system cdained a scene database that
was capable of storing basic scene parameters (i.e., lightsameras, and virtual humans) and
data associated with the virtual humans (i.e, meshes, sketens, and animations).

The character's skeleton could be animated solely with thedwest level of detail, utilizing
pre-generated forward kinematics. Higher level of detail amations, generated by inverse
kinematics and dynamics, were not actualized. The problem \th just using forward kine-
matics for animating characters, is that this method cannot be used to dynamically generate
animations, so a large range of pre-generated animations néeo be created (which will be
described in Section 3.3.1. The system did support the anim#on cache, which allowed an-
imations to be updated at various frequencies. However, noules were de ned to select the
frequency of these updates based on the character's impona&e. Furthermore, no geometric
LOD techniques were employed to change the tessellation oht skin's mesh.

The low-level implementation of the scene's database, and thanimation and display of the
virtual humans in the original ALOHA system is shown in Figur e 3.2. This will be discussed
in more detail in Section 3.3, including how the system has ben improved throughout its
development.

3.2 ALOHA System's Development Time-Line

Since the system's framework was rst proposed by Giang et al[GMPOOO0] in 2000, it has
expanded from a simple system, limited to the real-time visudisation of pre-scripted charac-
ters, to a more complex system, capable of simulating numenss believable characters in a
wide range of situations. The system has gone through variasi development stages, requir-
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Figure 3.2: High level view of the implemented original ALOHA system.

ing an understanding of various techniques from the eld of @mputer animation, graphics,
arti cial intelligence, and other areas related to the real-time simulation of virtual humans.

Through this development process, this allowed us to gain isight on how the more chal-
lenging problem of simulating large crowd could be tackled,and assisted in the creation of
the Geopostors System - a real-time crowd simulator. Startig with the ALOHA system's

proposed framework, and nishing with the creation of the Geopostors system, the major
stages involved in this development process are listed belo

2000: Giang et al. [GMPOO00] proposed the ALOHA system's initial framework, which
was described in Section 3.1. The original implementation bthe system was very basic,
allowing the visualisation of virtual humans performing pre-scripted animations, and
the majority of the techniques described in the framework wee not implemented. The
virtual humans utilized a two layered model consisting of a &eleton and skin (made up
of a collection of rigid-body meshes), and could only be anim&d with pre-generated
forward kinematics.
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2001: Since all of the models used in the system were modelled and iamated in 3D
Studio MAX, the rst stage of the system's further development began with creating
tools, which allowed the editing and exporting of these modk to ALOHA-specic

le formats (see Appendix B for a list of these les). The majority of this work,

which was carried out as part of the author's undergraduate nal year project [Dob01],
involved becoming familiar with 3D Studio MAX's modelling a nd animation tools, and
MAXScript , its scripting language which allows the building of customimport/export

tools.

2002: The research described in this thesis began with simple nagation and conversa-
tional behaviours being implemented by the author to provide a way of controlling the
virtual humans' low-level motions, and thereby allowing them to walk around their envi-
ronment without colliding with static obstacles (Section 3.4.1), and converse with each
other (Section 3.4.3). Collaborative work resulted in the ntegration of arti cial intelli-
gence (Al) techniques to control these basic behaviours, mlting in the simulation of
virtual humans with believable behaviour [MDCOO02]. The sygem's framework was also
extended for the simulation of groups and crowds, where O'Slivan et al. [OCV * 02]
proposed levels of details for geometry, motion, and conveation. The use of sub-
division surfaces for the control of the geometric LOD was inestigated. However, on
assessment it was found that they were not a viable solutiondr rendering crowds, and
this work was abandoned (discussed in Section 4.1). Furth@nore, collaborative work
focussed on the generation of sophisticated conversatiohdehaviours (Section 3.4.3).
Higher-level motion generation was implemented by Peters ath O'Sullivan [PO02b],
which allowed the virtual humans to reach for objects using avision-based approach
with inverse kinematics. This virtual human model was further extended to include
synthetic vision and a memory model based on \stage theory" PO02a].

2003: The control of the virtual humans' low-level motions was further extended to
include the interaction with objects within their environm ent (Section 3.4.2). This in-
volved the author integrating a smart object model into the system and allowing the
object to control the virtual human's animation system. These objects also provided
a means of driving the virtual human's gaze behaviour [PDMOG]. Peters et al. in-
tegrated the automatic generation of bottom-up visual attention behaviours [PO03Db],
and gaze and blink controllers for the execution of approprate gaze motion in an ex-
pressive manner [PO03a]. Further collaborative work, invdving the integration of level

of detail Al techniques, resulted in a system capable of simiating believable virtual

humans in diverse situations [MDCOO3] (Section 3.5). This nvolved the author inte-
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grating Al techniques developed by MacNamee into the systento control the virtual
human's low-level motions.

At this stage of development, the display of the virtual humans accounted for the
biggest overall system bottleneck due to the the number of tiangles in their meshes.
New meshes were acquired for the virtual humans, each consizy of a single deformable
mesh, and linear blend skinning was implemented in the syst®. These models greatly
improved the visual realism of the virtual humans and also povided some performance
increase.

2004: Utilizing various basic sub-components of the ALOHA system,the Geopostor
system was created [DHOOO5], with the aim of controlling the animation and ren-

dering of large-scale crowds at various levels of detail (desbed in Chapter 4). Due

to their geometrical simplicity, pre-generated impostor rendering technigques were in-
tegrated into the system, forming the foundation upon which the Geopostors system
is built. This Geopostor system was integrated into an urbansimulation system, and

its performance was substantially increased by implementig hardware-accelerated oc-
clusion culling, and taking state sorting and texture cachecoherency into account (see
Section 4.2). Simpler navigation behaviours were implemeted to handle the computa-

tional strain of animating a crowd.

2005: The crowds' low-level behaviour was improved by including raadom gaze behav-
iours, and allowing individuals to form groups. The system vas made more complete by
including another LOD representation - low resolution mestes. Perceptual experiments
were carried out to nd appropriate thresholds for selection of the virtual human's
LOD representations [HDMOOS5], thus improving the crowd's visual realism (detailed
in Section 5.3).

3.3 ALOHA System's Models

3.3.1 Virtual Human Model

A wide range of human models have been used in the ALOHA systemThese models were
bought from various 3D character artists and required editing in 3D Studio MAX before
they could be used in the system. The virtual humans in the ALCHA System use two layer
models, consisting of a skin animated by the underlying skeltal layer, which were created in
3D Studio MAX. Plug-ins were written in Maxscript by the autho r, to export these layers'
data from 3D Studio MAX to simple text-based les that are needed to initialise, animate
and render the model in the system.
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The skeleton is an articulated structure composed of a hienachy of linked bones, which
was modelled in 3D Studio Max using theBiped plug-in. Biped allows the creation of a
skeleton which can be easily animated in 3D Studio Max. In geeral, a skeleton consisting of
22 bones was tted to each character's mesh (see Figure 3.4} owever, it should be noted
that a more detailed skeleton containing more bones is neceary for characters that need to
perform more complex animations such as facial gestures angrasping.

The rst set of human models in the original ALOHA system were based on those used
in older generation games, whereby a separate mesh was lirnkéo each bone in the skeleton.
These models were made up of 22 separate meshes, consistirigls,000 triangles in total,
and were without any texture detail. Without texture-mappin g, extra triangles were needed
in particular areas of the model such as the head, which restdd in approximately 2,000
triangles (see Figure 3.3). Unfortunately, gaps frequenty appear where two or more such
meshes meet (i.e., at a joint) but this can be solved by coverig these holes with specially
designed meshes. However, this results in even more triareg being rendered at run-time
and does not always produce aesthetically pleasing results

Figure 3.3: Virtual human's 2-layer model consisting of a skieton and a hierarchy of rigid
meshes (without texture-mapping).

Previously, the virtual human's model was exported as a3DS 3D model format and
loaded in using lib3ds, which is library for loading and saving 3DS les. Since the lbrary
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was quite new, it was poorly documented and quite buggy. Addionally, a lot of extra data
was saved to the 3DS le, which was not needed for the initialsation of the virtual human's
model. As part of the author's nal year project [Dob01], a plug-in was written in MaxScript
to export, from 3D Studio MAX to simple text-based les, only t he data necessary for the
virtual human's initialisation.

In the case of the skeleton, the plug-in allows each bone to beutomatically assigned a
unique ID, and exports the following data to an ALOHA Skeleton Format (ASF) le: the
number of bones in the skeleton, each bone's ID, its parent bee's ID, and its local position
with respect to its parent bone. To facilitate the setup of the model's hierarchy in the
ALOHA system, the plug-in sets the name of each mesh to be the mae of its parent bone.
These meshes are exported to aALOHA Mesh Format (AMF) le which stores each mesh's
materials, vertices, vertex normals, texture coordinates and triangles. These les are parsed
into the ALOHA system and are used to initialise the virtual human's layered model.

In the ALOHA system, virtual humans are animated using pre-generated key-frame ani-
mations at the low end of the level of detail scale. Each anim#@on's data is stored in a simple
text based ALOHA Keyframe Format (AKF) le, which stores the following information:
the number of objects animated; the duration of the animation (in seconds); the type of
animation, which indicates whether it a ects the entire skeleton, or specic parts e.g., the
arms, the head, or the legs; and each object's key-frame datayhich includes the time the
keyframe occurs at and the object's position and orientatio in local space.

At the initial stages of the system's development, there wee no tools to export a char-
acter's animation data to this le format, and these les had to be manually created, which
resulted in far from convincing results. To pre-generate andstore plausible motions for the
virtual humans, a plug-in was written in MaxScript by the auth or, which exported the ani-
mation data of a biped skeleton, animated in 3D Studio MAX, to an AKF le. The plug-in
facilitated the altering of the animation's duration at run -time, by normalising the time at
which each key-frame occurs before exporting the data into te AKF.

A large library of human animations was created in 3D Studio MAX using Character
Studio's freeform or footsteps methods, or automatically through motion capture data, for a
range of virtual human models. These animations were expo#d to AKF les, which allowed
the virtual humans to perform a wide range of actions in the ALOHA system such as walking,
sitting, standing, and various head and arm gestures (see Bure 3.4).

3.3.2 World Model

The aim of our research is to simulate large crowds of autonowus virtual humans within
a 3D dynamic environment. In order to do this, the system's wald model must store and
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Figure 3.4: A virtual human's skeleton animated with various animations and the subsequent
mesh deformation.

e ciently manage the resources and objects needed to simul@ the scene. At the core of the
world's model is the database, which stores the following tpes of data (described in various
sections of this Chapter), for a particular simulation scere:

Static Objects - store the properties of any static parts of the scene (i.e., buildings,
roads, and props).

Dynamic Objects - lights, cameras, interactive objects, an virtual humans.
Skeletons - used to animate the virtual human models.

Meshes - used for the visualisation of the static objects, iteractive objects, and the
virtual human models.

Animations - pre-generated animations needed to animate thevirtual human models
and the interactive objects.
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Octree - used to accelerate the rendering of the static objds in the scene.

Scene Path-Finding Data - used by the virtual humans to navigde within their envi-
ronment.

A Scene-Editor plug-in was written in MaxScript by the author, which allows a modeller
to assign simulation-speci ¢ information to a scene in 3D Stulio MAX, and export this in-
formation to a simple text-based le. Through the tools provided by 3D Studio MAX, the
plug-in facilitates the editing of arbitrary scenes by allowing the modeler to de ne specic
attributes (e.g., static and dynamic objects within the scene, the meshes used for their visu-
alisation, and the motions necessary to animate them) and tis information is exported to a
Scene Descriptor Format (SDF) le. At run-time, the ALOHA system provides a command-
line interface that allows the user to specify the scene le b be loaded in, resulting in its
information being stored the scene's database. Each virtushuman is capable of accessing the
database, since it stores the needed parameters and resoascfor the behaviour, animation,
and visualisation of a virtual human.

3.3.3 Animation and Rendering System
Animation System

The virtual human's animation system controls how it is animated in its virtual environment.
When a virtual human requests to perform an animation, atask is created to store the
following information needed for the character's animatio: its AKF le's keyframe data; a
list of the bones' names that the animation a ects; its start-time, which indicates the time at
which the virtual human should perform the animation; its du ration, which stores the length
of the animation in seconds; its priority, which stores the animation's LOD with respect to
importance; and its weight, which is used for motion blendirg with other tasks. Tasks are
implemented within a class hierarchy, with a generalised amation task at the top, which is
extended to implement more speci ¢ animations such as: anirating a skeleton in local space,
animating a virtual human in world space, and animating a virtual human in world space
along a path.

The animation system manages the character's requested tls and animates the character
based on these requests. The animation system stores a list the character's bones (that
it can animate) and a list of tasks (that the character wishesto perform). Once a character
requests to perform a task, it is passed to the animation sygm and stored. Originally,
the animation system was updated every frame, which can be coputationally expensive as
the number of characters increase. However, in the currentystem, the update frequency is
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dependent on the importance of the character (speci ed by anUpdate op variable), where
low-rated humans are only updated at 5Hz, and high-rated humas are updated at 30Hz.
The state of each task in the animation system's list is updaed using the current time of the
world and, depending on it start-time and duration, it can have one of the following states:
waiting, running, or nished.

Once each task's state is updated, the animation system cyek through the list of bones
and makes a separate list of running tasks that a ect the curent bone. Whilst making
this list, it stores the priority of the task with the highest priority that is not greater than
Animation  op . After creating this list, it cycles through and removes anytasks whose priority
is less than the highest priority. Sorting this list based onthe Animation op is essential as
this discards low-rated tasks when the virtual human's Animation op is high, and vice-versa.
For example, when a character performing a lowly-rated walk aimation requests to play a
highly-rated arm animation, this animation is ignored when the Animation_op is low and
the arm bones are updated using the walk animation.

If only one task a ects the current bone, the bone's positionand orientation is interpolated
using the task's key-frame data and the current world time. If several tasks with the same
priority a ect the current bone, the bone's position and ori entation is interpolated in the
same way, except that the amount of in uence each task has onte bone is calculated using
the task's weight, which allows the blending of tasks. Spheacal interpolation is used for
the bone's orientation, while linear interpolation is used for the bone's position. After the
animation system has updated the skeleton's bones, the boseglobal transformation matrices
are stored in an animation cache.

Rendering System

The system was enhanced with the inclusion of alctree structure to accelerated the rendering
of the scene's static objects. The octree is used to spatiglipartition the triangles of each
static object's associated mesh and store them in its sub-nogk. Large unseen portions of
the scene are not rendered by discarding the octree's highdevel nodes, and therefore their
sub-nodes, whose bounding volumes are not within the camera'view-frustum. Since the
majority of scenes used in the earlier simulations were indor environments (e.g., a lecture
room, and a pub) or a small subset of an outdoor environment (g., a street with several
buildings), occlusion culling was not deemed important as hese scenes contained a small
number of occluding objects. However, a hardware acceleratl occlusion culling method is
described in Section 4.2.3 to determine the virtual humans ocluded in a large-scale city
environment.

In the case of a dynamic object, such as a virtual human, the asociated mesh is not

44



rendered if the object's bounding volume is not within the camera's view-frustum. To render a
virtual human, each mesh's vertices, normals and texture cordinates are all stored in separate
OpenGL vertex arrays and the triangles are rendered using Gouraud shading impleented
in OpenGL's xed function pipeline. The mesh is transformed by the global transformation
of its parent bone, which is stored in the animation cache. Tl main advantage of using a
collection of meshes to represent the human's skin layer, ithat it is computationally less
demanding to animate as the position of each vertex can be sted once and subsequently
transformed.

3.4 Virtual Human Innate Behaviour

The original ALOHA system allowed the users to view virtual humans and script them to
perform a speci ¢ animation. While this is useful for testing various animation and rendering
methods, the application of the initial system to the simulation of virtual humans was ex-
tremely limited. For example, a scene populated with severhvirtual humans would involve
prede ning which animations each of them would perform, andresulted in a uninteresting,
cyclical simulation. By endowing the virtual humans with basic or innate behaviours, this
allowed them to behave in a more autonomous manner, thus reding in a more interesting
simulation. The following behaviours were implemented to povide low-level motion control:
navigation behaviour, agent-object interaction behaviour and conversational behaviour

3.4.1 Navigation Behaviour

In order to reduce the virtual humans' user-controlled constaints, a navigation behaviour
was implemented to allow the humans plan their course as theywalked within a virtual
environment. Previously, in the original system, the virtual humans could be scripted with
a cyclical key-framed walk animation and they walked either n the direction they were
facing (usually through other objects) or along a pre-scriped path de ned in 3D Studio
MAX (and exported to an AKF le). To allow the virtual humans t o realistically navigate
themselves towards a destination, without colliding with static obstacles inhabiting the scene,
path- nding is necessary. It should be noted that, in the ALOH A system, virtual humans
currently do not perform collision avoidance with dynamic objects such as other virtual
humans inhabiting the scene.

Path- nding is accomplished in the ALOHA system by splitting the scene into a grid
of accessible or unobstructed nodes, and performing an A* sech to return the shortest
unobstructed path between two nodes. When a virtual human rejuires to walk to a particular
destination, the nodes corresponding to its current positon and destination are passed to its
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navigation behaviour function. The behaviour module perfams the A* search on these nodes
and returns the shortest path (as a list of collision-free no@s), used to initialise awalk task,
which constrains the motion of a pre-generated walk animatio along the path.

Figure 3.5: (a) Grid consisting of xed-size nodes, (b) Path returned by A* search for xed-
sized nodes, (c) Grid consisting of variable-sized nodes, JdPath returned by A* search for
variable-sized nodes, (e) Straight Line path (Low LOD) and (f) B-spline path (High LOD).

The Scene-Editor plug-in, described in Section 3.3.2, allows the splitting ofthe scene into
a regular grid of user-de ned nodes, where each node stores wether it is walkable or blocked
(see Figure 3.5 (a)). The plug-in exports the grid information to a simple text-based MAP
le. When loading this le into the ALOHA system, each node's accessible neighbouring
nodes are computed and stored. With a xed-sized grid, each nde needs to store only
the node accessible in the North, South, East and West diredbn. The time taken for the
A* search to nd the shortest path was reduced by constructing a grid of larger rectangular
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nodes of either walkable or blocked values (see Figure 3.5)Jc Since the nodes are of variable
size, several nodes can be accessible from a node in a partaudirection. To take this into
account, each node stores four separate lists of nodes, wigeeach list contains the nodes
accessible in one of the directions. For example, Figure 3.fb) and (d), shows the nodes
returned by the A* search (shown in green), between its curret position (shown in red) and
its destination (shown in blue).

For virtual humans far from the viewer, the path stored in the walk task can be constructed
as a series of straight lines connecting the position of eachode in the path. Since the nodes
are of di erent sizes, a node's position with respect to a naghbouring node is the mid-point
of their connecting edge (shown in yellow in Figure 3.5 (e) ad (f)). When the walk task is
updated in the animation system, the virtual human is orientated towards the position of the
next node, and the human is translated along this direction. Once the virtual human reaches
a node in the path, its direction is oriented towards the next node and this continues until it
reaches its nal destination node. The problem with using a $raight-line path is that it can
result in the virtual human performing sudden large and unrealistic changes in the direction
it is walking (see Figure 3.5 (e)). Therefore, it should onlybe used when these artefacts are
imperceptible to the viewer. For a higher level of detail, a Bspline curve is plotted, using
the path's nodes as control points, to provide smoother diretional changes (see Figure 3.5
(f)). This requires additional computations to translate t he virtual human along the curve,
but results in a more realistic behaviour and therefore shold be employed for important
characters.

3.4.2 Agent-Object Interaction Behaviour

Since real humans use objects in their everyday life, it is eential for virtual humans to
be capable of interacting with objects in order to provide a nore believable simulation.
Our approach is based on research conducted on agent-objeaitéractions using smart ob-
jects [KT98] [KT99a] [KT99b]. A smart object is an object that is modelled with its interac-
tion features, which in turn provides the parameters neededo generate the agent's motion
in order to simulate this behaviour. Our smart object model is based on that from [Kal98],
but has has a number of compelling di erences. The most impaant di erence is that our
smart object model is constructed in such a way as to promotehe objects as being central
to interactions between characters. The following sectios will describe the key features of
our smart object model.
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User Slots

The rst component involved in an agent's use of a smart objet is a user slot Each smart
object can have any number of user slots associated with it. fiese can be considered dummy
objects indicating, rstly, where an agent should stand when they begin using the object
and in which direction they should face (see Figure 3.6 (a)). User slots are also labelled
to indicate their type and this implies what kind of interact ions can be performed at that
slot. For example, Figure 3.6(a) shows an illustration of abar objectimplemented as a smart
object. The bar object contains two user slots: the barman sit and the general slot. Only
a barman agent can use the barman slot and he must face in the diction of the bar, while
the customer (who uses the general slot) should stand at the ther side of the bar, facing
the barman slot. Before any agent can begin to use a smart obg, they must rst obtain a
free user slot of an appropriate type. Once a slot is obtainedthe virtual human walks to the
slot's position using the navigation behaviour (see Sectio 3.4.1), taking the direction that
the agent should be facing at the slot into account by calculéing extra control points for its
path.

The use of user-slots is a departure from the smart object modeised in [KT98]. The main
advantage of user slots is that they avoid all of the concurracy problems that arise through
the use of rules alone. This is particularly important if we are to have agent interactions
centred around smart objects. For example, the bar object dbws bar patrons to order a
drink from the barman, the barman pours these drinks and gives them to the patrons, and
the patrons pay for their drinks and drink them. All of this co uld lead to serious concurrency
problems, making the user-slot notion particularly appealing. The biggest disadvantage of
using user slots is that they can lead to slightly repetitive behaviours, as agents will always
stand in the same position, and follow the same series of step However, this can be overcome
by providing a range of user slots for each object, and pre-gemating a range of animations
that the agent can perform.

Usage Steps

Each user slot contains a number ofusage stepswhich describe, in a step by step manner,
how an agent should use an object. There are a number of key pies of information at each
usage step:

the information required to animate the agent and the object at this step,

the conditions which must be met in order for the agent to moveonto the next step,
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details of any changes which are to be made to either the age'st attributes or the
object's attributes on completion of this usage step,

details of any information which should be passed to users dhis object on completion
of this step,

whether or not the agent is free to socially interact with other agents while at this step,

points of interest on the object upon which the agent should 6cus while at this usage
step.

Our smart object model supports the use of animation LOD by alowing the usage steps
to provide animation information at various levels of detail, which could be selected based
on the agent's Animation_op . At the lowest level, the character performs a pre-generated
key-frame animation, while highly rated characters could u® inverse kinematics to solve for
any target position speci ed at the usage step. When the agerobject interaction results
in the agent moving or animating the object in same way, it use the pre-generated key-
frame animation speci ed for the object at that usage step. However, inverse kinematics or
a physically based model could be used to generate the objéstanimation at a higher LOD.

After the animation information, the most important aspect of a usage step is the condi-
tion which allows the character at that step to move on to the next usage step. Conditions
can take one of two forms. The rst indicates that the agent must only wait for the anima-
tions required by the current step to be complete in order to nove onto the next step. The
second, and more interesting, form that a condition may takeis that an agent at a particular
slot must wait for an agent at another slot to reach a particular usage step in order to move
onto the next step. Itis in this way that we allow character interactions to be centred around
a smart object.

Figure 3.6 (a) shows an illustration of the usage steps invaled in using a bar object at
both the barman and general user slots. The arrows show the edlitions involved in moving
from one usage step to the next. Usage steps with arrows goirdjrectly from that step to the
next (for example going from step 0 (ASK) to step 1 (LISTEN) of the barman user slot) only
require that the animations required by the rst step have been performed in order to move
on to the next step. If an arrow starts at a point along another arrow moving from one step to
the next, and leads to the start of a step of another user slotthen the character at the current
usage step must wait until the character at the other slot reaches the usage step indicated
by this arrow. For example, if an agent at the general user slbis at step 1 (LISTEN), then
they must wait until the agent at the barman slot has reached gep 1 (LISTEN), before they
can move on to step 2 (ORDER). Once a usage step is complete, @hges can be made to
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the attributes of both the users of an object and the object itself, and these are listed in each
usage step.

Characters' decisions to use particular objects are basednointernal motivations crossing
thresholds (which will be described in Section 3.5) and thes motivations are then adjusted
based on the user attribute changes listed in a particular uage step. Along with attributes
changing, important pieces of information must also often ke passed between characters using
the same object. These are also listed in the usage step. At s® usage steps (for example
the WAIT steps for the bar object) characters are free to engge in social interactions with
other nearby characters (utilizing the conversational betaviour which will be described in
Section 3.4.3). Whether or not such interactions are allowd is indicated at each step.

Figure 3.6: (a) A smart object model for a bar object showing s user slots and usage steps
for both slots. (b) A barman and customer agent interacting with each other using the smart
object.

Smart Objects for Attentive Agents

Our smart object model was extended to include information br directing the attention of
agents when interacting with objects. Such information is wseful for driving gaze behaviours,
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for example when grasping objects. Our system supports botbottom-up (attention capture)
and top-down (task driven) simulation of behavioural animation on a per-object basis [PO02a,
POO03b, PO03a]. More details on our smart object model for atentive agents can be found
in [PDMOO03].

Smart Object Exporter

In order to allow world designers to de ne smart objects, an dject editor plug-in was written
in MaxScript by the author. The object editor provides an int erface that allows the assign-
ment of the interaction attributes to an object in 3D Studio M ax and the exporting of these
attributes to an XML le. The creation of a smart object begin s in 3D Studio MAX with the
selection of the mesh used to represent the smart object in ta ALOHA system. The plug-in
then allows a user to create and transform a user-de ned numbreof user slots for the object.
Once the user slots are in place, the plug-in allows various #tibutes to be de ned, facilitating
easy creation of smart objects. The smart object's data is eported to an XML le, which
uses a proprietary DTD (Document Type De nition) developed by MacNamee [PDMOO03].
This XML le is loaded into the ALOHA system and provides the a gent-object interaction
behaviour with the information on how the virtual humans can interact with and attend to
the object.

3.4.3 Conversational Behaviour

When people come together to socialize and engage in convat®ns, they become players in
an elaborate game governed by many complex rules, both exgiit and implicit. These rules
are needed to e ectively establish and maintain channels ofcommunication among multi-
ple participants. The conversational conduct is carefully coordinated so that, for example,
speakers get heard, listener feedback gets seen and topicatctyes can be negotiated. A large
portion of the coordination is carried out by nonverbal behaviors. For example, those who
wish to get the oor often bring their hands up from resting position to indicate their in-
tent, and in turn receive a gaze cue from the current speaker @ con rmation that the oor
will indeed be turned over to them. While speaking, the speakr only needs to look at a
listener and quickly raise their eyebrows to elicit immediae listener feedback such as a head
nod [Gof63] [Goo81].

Computer games usually contain severatut-scenes where characters tell each other im-
portant information related to the game's storyline. This involves the characters playing
though a script, usually consisting of a pre-recorded convesation sound le, and pre-generated
animations for the characters' skeleton and facial bones. Te resulting end-product is ex-
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tremely realistic, since the conversation is entirely pre-sripted, thus allowing the conversa-
tional conduct to be carefully coordinated. However, as paticipants in this conversational
game, we quickly spot that thein-game behaviours used for the scene extras conversing in the
background do not simulate the natural conversational ow. These less detailed behaviours
involve the character playing back some pre-recorded sentee, rarely with any meaningful
gestures, and typically break the rules of conversational enduct. Additionally, the majority

of the time we are unsure of who is actually speaking, since #h character says something
without giving us any animation cues. Even though these scea extras are less important
and therefore their behaviour should not be as noticeable,ltese anomalies can have a jarring
e ect on those that are observing the event.

A framework was developed by the author to allow agents to hae the same properties
as humans in face-to-face conversation, including the abilit to produce and to respond to
both verbal and nonverbal behavior [CVC" 99]. Such characters, termed Embodied Conver-
sational Agents (ECASs), have to deal with both multimodal generation and interpretation of
conversational content (e.g., what is being said) and coorishation (e.g., taking and giving the
oor). The framework uses a LOD approach, whereby an agent'sconversation is controlled
with various levels of detail, termed Conversationop . At the core of this framework lies
the conversational behaviour, which controls the ECA's LOD based on visual and functional
properties. When an agent decides to interact with other agats, its conversational behaviour
is initialised, which involves keeping track of the other agents involved in the conversation and
assigning the agent either aalk or a listen behaviour (depending on whether there is anyone
else in the group currently talking). Additionally, the set up of the conversation behaviour
depends on the following Converationop :

Conversation (op =0

This LOD is selected when the agents involved in the converd@n can be seen but can-
not be heard and the agents are not rated as important. The nomerbal communication
is randomly generated and no conversational rules are maiained.

Conversation [op =1

This LOD is selected when the conversing agents become the dos of the user's at-
tention, but the conversation still cannot be heard. The norverbal communication is
randomly generated without repetition, whilst still maint aining the basic rules of the
conversation.

Conversation op =2
This LOD is selected when the agents involved in the converdsn can be seen and
heard, and the conversation's dialogue is scripted. Whiletiwould be impractical to
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store a large database of pre-recorded sentences, each agehould have at least several
sentences to avoid some repetition. To avoid the agents gasting the same way each
time they say their line, several gestures associated withhese sentences should be
pre-generated , taking the actual linguistic and contextual analysis of the sentence into
account. These gestures could be dynamically generated inrder to achieve a higher
LOD.

At the lowest level of detail, since the conversation dialogie cannot be heard, pre-
generated gestures associated with the agent's current bekiour are randomly selected.
Based on the research conducted by Cassell et al. [CVBO01], neerbal behavioural gestures
for the head and arms were created in 3D Studio MAX and exportd to separate AKF les.
The arm animations were generated based on the following gase types: beat, contrast,
iconic, and point. The head gestures consisted of animatia® simulating various degrees of
nodding in approval and disapproval. When the agents are fafrom the viewer, these anima-
tions are chosen at random and changed at di erent intervals in order to give an impression
of varied activity to the crowd.

As the conversation's LOD increases, the rst step in improvng its realism is by estab-
lishing and maintaining the channels of communication between the agents, which can be
achieved through gaze cues. Both the talk and listen behaviars control the agents' head
movements with respect to whom they should look at during theconversation. The listener
behaviour selects the agent currently talking, while the tdker randomly selects another agent
in the group. The behaviour dynamically generates a simple &y-frame animation to rotate
the agent's head in the direction of the agent chosen as the fus of attention, which is passed
to the animation system as a task.

The next step is to randomly generate nonverbal communicatbn between the agents so
that it re ects their role in the conversation. The talk beha viour creates a task initialised with
one of the arm gesture animations selected at random, and pass it to the animation system.
A higher degree of variety is achieved by reusing and alterig these gestures' animation data
to generate new animations. The approach used involves miaring the original animation
so that either or both of the agent's arms can perform the gesire. Each time an agent
nishes performing an arm gesture, the talk behaviour requets new gestures until the agent's
conversational behaviour decides that it should stop talkng. When an agent decides that it
has talked for long enough, its conversational behaviour st replaces the talk behaviour with
a listen behaviour, and informs someone else involved in theonversation (randomly selected)
that it is his turn to talk. Since the nodding of the head is enough to re ect the listener's
feedback, the listener behaviour randomly selects a noddipgesture, which is initialised as a
task and passed to the animation system. The animation syste uses the animation cache
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to access the current orientation of the head so that the nodihg gesture can be performed
in the direction that the head is facing. Figure 3.7 shows vaious conversations simulated at
the lowest Conversationop . It should be noted that a higher conversational LOD can be
achieved using facial gestures and lip synching.

While facial animation greatly improves the realism of a chaacter, we wished to focus
on how less detailed character models could be animated to pduce plausible conversational
behaviour. The inclusion of more detailed models with facihand hand animations was carried
out as part of two undergraduates' nal year projects and implemented with some success. At
a higher LOD, more complicated behaviours and rules are neexdl to simulate a conversation
in a realistic manner. BEAT (Behaviour Expression Animation Toolkit) [CVBO01] could be
used to simulate more complex nonverbal behaviours, since includes rules for turn-taking,
speaker explicit addressing, feedback elicitation and coesponding listener feedback. Outputs
of BEAT were actually used to create the pre-generated gestwgs used in our system, but in
a static way [OCV™ 02].

Figure 3.7: Characters using the conversational behavioum the ALOHA system.
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3.5 LODAI for Autonomous Virtual Humans

Collaboration between research groups focusing on di erenaspects of the overall problem of
simulating large groups of virtual humans is one means of atiwing groups to focus on their
own particular research goals, and still pursue the goal of eating a complete simulation
system. At the initial stages of the ALOHA system's developnent, scenes were strictly based
on pre-de ned scripts and a means for automatically driving the behaviour of virtual humans
was needed. In this section, we describe how research basead Arti cial Intelligence (Al) for
computer games, was integrated into the ALOHA system by the athor to create dynamic
virtual environments inhabited by intelligent virtual hum ans.

The Arti cial Intelligence Group (AIG), in Trinity College 's Computer Science Depart-
ment, is involved in applying sophisticated Al technigues to the realm of computer games
[FFMCO1]. The work most related to the ALOHA system is on using intelligent-agent tech-
nologies to add depth to computer controlled Non-Player Chaacters (NPCs) in character-
centric video games i.e., games which focus on character gaction, rather than action.
These agents are required to behave believably in a wide raegof situations, run in real-time,
use few resources and ease authoring for game designers.

In adventure and role-playing games, there is a trend for compter controlled NPCs to be
very simplistic in their behaviour. Usually, no modelling of NPCs is performed until the player
reaches the location in which an NPC is based. When the playearrives at this location,
NPCs typically wait to be involved in some interaction, or play through a pre-de ned script.
This leads to very predictable, and often jarring behaviour. For example, a player might
enter a room and meet an NPC who would perform a set of actions &sed on some script.
However, if the player were to leave that room and re-enter, tie NPC would play through the
same script again. In order to overcome these limitations, McNamee et al. [MC01] developed
the Proactive Persistent Agent (PPA) architecture and its t echnique of role-passing which
allows intelligent agents to take on di erent roles depending on the situation in which they
are found.

By integrating this architecture developed by MacNamee intb the ALOHA system, the
synergy between these two projects brings signi cant benets to both. Firstly, by using
characters implemented using the PPA architecture, dyname scenes can be created within the
ALOHA system, whereby the behaviour of virtual humans is driven by their roles, rather than
being scripted. Secondly, for the game Al project, the ALOHA system o ers a graphically
sophisticated test-bed for the newly-developed agent techriogies.
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3.5.1 The Proactive Persistent Agent Architecture

Agents based on this architecture are proactive in the sensthat they can take the initiative
and follow their own goals, irrespective of the actions of tke player. Persistence refers to
the fact that, at all times, all NPCs in a virtual world are mod elled at least to some extent,
regardless of their location relative to that of the player. This complements the use of level
of detail Al (LODAI), whereby the characters can be controlled at higher or lower levels of
sophistication based on their position, with respect to theplayer, in a virtual world.

The architecture has three key components - the Schedule Upithe -SIC system, and
the Role-Passing Unit. With regards to the integration of the PPA architecture into the
ALOHA system, these three component's are stored in the virtial human's brain module.
These components are connected to the scene's database ara gercepts which come from
the simulation itself, informing a virtual human about near by objects, events and other
characters. Based on these percepts and the contents of theene's database, these units
control an agent's behaviour and therefore the animation ofthe virtual human model.

The Schedule Unit

In order to enable PPAs to give the impression of having a lifebeyond their association
with simulation users, it should be possible to observe a sigle character as, for example, she
begins her day at home, goes to work, visits a bar and, nally,returns home again. The
character should behave competently in each of these situ@ns, and in this way the illusion
will be created that the character has a life beyond her invokement with simulation users.
To achieve this, each agent is equipped with a schedule (wiieén in XML) indicating where
they should be, and what they should be doing (i.e., which ro¢ they should adopt) over the
course of a day of a simulation.

The -SIC System

The -SIC system is used when, as dictated by the role passing unita character is free to
socially interact with other characters, or human users. The -SIC system uses a number of
sophisticated psychological models to simulate a characts&s personality, moods and relation-
ships. In order to use these models to drive the character's éhaviour, an Arti cial Neural
Network (ANN) takes the values of the models as inputs and ouputs which interaction a
character should perform (e.g, chat, irt, joke or insult). Currently, -SIC is only used in the
ALOHA system for developing social relationships between gents based on their personality
(e.g., characters only talk with other characters that share common interests). However,
future work will involve applying emotional transforms to a character's animation to re ect
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mood. For further details on how the -SIC system is implemented, see [MCO03].

Role-Passing Unit

The technique of role-passing allows agents to assume di erg roles over the course of a
simulation, whereby a role controls an agent's behaviour. e goal of this unit is to allow the
NPCs to display believable behaviour, and behave believalglin a wide range of situations
within the same simulation. Role-passing works by layering derent roles, which are dictated
by the schedule unit, upon a basic agent. These roles endow ¢hagent with basic behaviours
that are driven by a small number of basic motivations and leal to a particular action. These
basic motivations can change both between simulations and &ween agents in the same
simulation.

The behaviour of the PPAs are controlled usingFuzzy cognitive maps(FCMs). FCMs are
directed graphs in which nodes represent fuzzy concepts ararcs represent fuzzy rules, or the
causal ow between concepts. At each concept node in an FCM,He activation levels of its
input arcs are summed to give the node's activation, and thisis passed on to a linked node
through an output arc. For the purposes of the PPA architecture, an agent's FCM (termed
PPAFCM) uses the following range of di erent fuzzy node types: concepts, motivations,
actions, event occurrences, rules, and persistent ags. Fomore information on what each of
these nodes represent, see [Mac04].

For example, Figure 3.8 illustrates a sample PPAFCM used to ontrol a basic agent. The
concepts for this basic agent are \Fear", \Fatigue", \Bladd er", \Hunger" and \Socialise", all
of which are driven by motivations bearing the same name. Themotivation nodes represent
an agent's internal motivations and maintains response cuwes which describe how the agent's
motivations increase or decrease. Each concept node has actian node attached to it, which
results in the agent performing an action suitable to that cancept. The action nodes for the
\Fear", \Fatigue", \Bladder", \Hunger" and \Socialise" mo tivations are, respectively, \Flee",
\Sleep”, \Pee", \Eat", and \Mingle". These nodes de ne how t he agent should act.

The action node is a key component that allows the simulationof autonomous virtual
humans in the ALOHA system. Once activated, this node species which of the basic behav-
iours the virtual human's brain should assume, which in turn controls its low-level motion.
For example, the \Flee", \Pee", and \Mingle" action nodes wo uld result in the virtual hu-
man's brain respectively assuming: the navigation behaviar, initialised with a a risk-free
destination point; the agent-object interaction behaviour, initialised with a toilet object that
can be used; and the conversational behaviour, initialisedvith the other agents involved in
the conversation.

Role-passing operates by using the schedule unit to layer apppriate roles on top of a
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Figure 3.8: A sample PPAFCM for a basic agent.

very basic agent, at appropriate times within a simulation. A role is essentially a collection of
nodes, which are added to the agent's basic PPAFCM. To creata simple hierarchy of needs
in which the basic needs of agents are more important than thee related to a particular role,
inhibition links are automatically created from all of the c oncept nodes in the basic map, to
all of the concept nodes in the role's map. Additionally, a rde can impose thresholds upon
the agent's basic PPAFCM, making sure that these links do notpass on activation through
the map until their own activation reaches a su cient level. This allows a PPA to repeatedly
perform the action with the highest activation in their role and ignore basic motivations with
low activations as the simulation proceeds. Performing an ation will result in reducing the
activation of that action node, and so allows other actions b take place.

The main advantage of role passing is that it o ers a simple am e cient technique for
the control of agents which move competently, and believaly, between situations. Not only
does this allow believable agent behaviour, it promotes thedea of situational intelligence,
whereby issues unrelated to an agent's current situation a& not taken into account, thus
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reducing its processing load. Role-passing also makes poptihg a virtual world with agents

a straightforward process. Placing agents within novel sitiations involves simply de ning
new roles, easing some of the complications involved in attepting to design very general
agents. Furthermore designing a role involves simply drawig an FCM, and it is possible that
this is more amenable to game designers than writing script oplans.

For demonstration purposes, a simulation of a university canpus has been created. As
the simulation progresses, a population of virtual humans noves between the di erent parts
of the campus assuming and discarding a range of di erent ras. Implemented roles include
students attending lectures, academics presenting thesedctures, people relaxing in the college
bar, and a barman serving customers (see Figure 3.9). For merdetails on the implementation
of these roles' FCMs, see Appendix A.

Figure 3.9: University campus simulation using the PPA archtecture: (a) Students going to
lectures. (b) Academic presenting the lecture. (c) Acadent and students going to the pub
(d) People socialising in the pub.
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3.5.2 The PPA Believability Experiment

The PPA believability experiment was carried out by MacNamee [Mac04] to evaluate tether
an agent controlled by the PPA architecture continuously behaved in a consistent and be-
lievable manner. The experiment was implemented using the ROHA system and consisted
of a bar scene simulation that was populated with a barman cheacter and a number of cus-
tomer characters. In the experiment, participants were sinultaneously shown two versions
of this simulation that ran on two separate PCs. In the rst ve rsion of the simulation, the
customer characters were implemented using the PPA architeture, whereby they adopted a
Bar Customer role which controlled their behaviour. The second simulaton was populated
with customer characters whose behaviours were randomly dsen from a small set suitable
to the bar scene. In both simulations, the behaviour of the baman was controlled by aBar
Man role, allowing him to serve customers when they needed a drin

A total of 13 participants took part in the experiment, and th ey were allowed to view
both simulations simultaneously for as long as they wanted.After the experiment, the par-
ticipants were asked to Il out a questionnaire asking a range of questions with regards to the
believability of the characters' behaviours. When asked \n which they thought agents' be-
haviour was most believable", 77% of the participants chosehe simulation utilizing the PPA
architecture. Furthermore, these participants indicated that this was a result of the agents
displaying a high degree of consistency (e.g., going to theotlet after they had a couple of
drinks). Another factor that added to the believability of t he PPA agents was the emergence
of groups, whereby agents chose which table to sit at based otheir relationship with the
other characters at the table. For more details on this beli@ability evaluation, see [Mac04].

No computational evaluation of the ALOHA system has been peformed, since the virtual
human models are too detailed (i.e., 15,000 triangles) andhis limits the number of characters
rendered per frame to small groups. For the rendering of larg crowds, less detailed models
are needed and this is described in the next chapter.

3.6 Summary and Conclusion

The ALOHA system adds an extra degree of believability to sinulations by populating them
with virtual humans capable of intelligent behaviour. This creates the illusion that they
are carrying on with their lives, irrespective of what the user of the simulation is doing.
The author's main contribution was in the development of various export tools written in
Maxscript, endowing the virtual humans with innate behaviours, and the integration of Mac-
Namee's Proactive Persistent Agent (PPA) architecture. The system's performance su ers
once it attempts to simulate large crowds, since the human mdels are too detailed for this
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challenging task. In the next chapter, we will describe the Gopostor system that allows for
the rendering of large-scale crowds.
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Chapter 4

Geopostors: Crowd Rendering
System

This chapter will describe the Geopostor system, a real-timegeometry/impostor crowd ren-
dering system, which has been developed to solve the challgimg problem of large-scale
crowds. The Geopostor system solves this problem by simul@tg virtual humans as scene
extras, equivalent to those found in Ims. Since these agers are in the background, they
are not the focus of the user's attention and therefore simgr animation, rendering and be-
havioural techniques can be applied to them in order to redue the computational load of
crowded scenes. The Geopostor system is a separate systendartilizes various components
of the ALOHA system. A geometric LOD framework is implemented and the PPA architec-
ture is replaced by simpler behavioural techniques to allowfor the simulation of large crowds
of scene extras.

We rst describe the system's LOD framework, including the di erent LOD geometric
models used for our virtual humans and how the most appropritée model is selected. Following
this, we describe the integration of our crowd into an urban $mulation system. This includes
various techniques to improve the realism and performance fathe crowd.
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4.1 Levels of Detail Framework for Virtual Human Represen-
tation

We present our Geopostor system, a real-time geometry/impa®r crowd rendering system.
Using various techniques, our system is capable of rendemnthousands of virtual humans at
interactive frame-rates. Our main contribution is that it pr ovides for a hybrid combination of
image-based (i.e., impostor) and detailed geometric rendamng techniques for virtual humans.
By switching between the two representations, based on @ixel to texel ratio, our system
allows visual quality and performance to be balanced. We impove on existing impostor
rendering technigques and present a programmable hardwaredsed method for the lighting
of impostors. Furthermore, we improve the realism of the crevd by adding variation to an
individual's motion and appearance.

While a deformable mesh was the obvious choice for the virtuahuman's highest LOD,
there are a number of reasons why we chose an impostor apprdafor the lowest LOD over
a continuous and a discrete LOD framework. Firstly, impostas involve replacing a 3D ob-
ject with an image of the object mapped onto a quadrilateral. This is advantageous mainly
because it avoids the cost associated with rendering the obgt's full geometry. Secondly, au-
tomatic tools used to pre-generate low-resolution meshes redgred for a discrete LOD frame-
work sometimes do not give the required results, thus necegating a lot of time-consuming
editing by hand. Finally, switching between two meshes of dierent resolutions can be quite
noticeable as a result of the silhouettes not matching. A cotinuous LOD framework utilizing
subdivision surfaces o ers a good solution to this problemgsince the detail of a character can
be increased and reduced at run-time, as demonstrated recdmtby Leeson [Lee02]. While sub-
division surfaces provide a means of improving the appearam of virtual humans [OCV* 02],
they are not suitable for a crowd's lowest geometric LOD repesentation, since the surface's
original polygonal model, used as its starting point, conssts of several hundred polygons.

With regards to our impostor model, we decided on a pre-genetad approach, since
dynamically generating impostors would involve reusing tre current dynamically generated
image over several frames in order to be e cient. For dynamially generated impostors, the
generation of a new impostor image for a virtual human depend on both camera motion and
the amount the virtual human's posture has changed. This mehods works well with small
groups of humans but as the number of virtual humans dramatially increases, numerous
new impostor images need to be generated and this produces aftbleneck. Therefore, this
method is not well suited for rendering large crowds of dynant humans.
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4.1.1 High Geometric LOD: Deformable Mesh Model
Setup of Deformable Mesh Model

For our virtual human's highest geometric LOD representation (Geometry, op ), we acquired
new models as the models previously described in Section 313contained too many polygons,
produced animation artefacts at the joints, and overall ladked realism. To enhance the realism
of our virtual human's appearance, the collection of separte meshes was replaced by a single
texture-mapped skinned mesh [Lan98, Lan99]. Each model uses single detail image of
256*256 pixels and this reduced the number of triangles in te mesh to approximately 2,000.
As shown in Figure 4.1, the new texture-mapped models only regire 500 triangles to model
the head and look more realistic in appearance in comparisoto the rst set of models.
While a deformable mesh is more expensive to animate, the réiam of the character's mesh
is greatly improved as it is does not su er from the artefacts caused by using a collection
of rigid meshes. To allow for the deformation of the mesh witlin the ALOHA system, each
vertex's in uencing bones and their amount of in uence (or weight) is assigned in 3D Studio
MAX using the Physique modi er.

Figure 4.1: Virtual human models in the ALOHA system: (a) Hierarchy of rigid meshes
without texture-mapping. (b) Single deformable textured-mapped mesh.

While a continuous LOD framework utilizing sub-division surfaces could be used, we de-
cided on using a discrete LOD framework consisting of a numhreof di erent mesh resolutions
for the crowd's next LOD representation. A discrete framewak involves some additional work
in generating several meshes varying in resolutions. Howey, unlike a continuous framework
which generates the speci ed detail at run-time, the discree framework only needs to select
the appropriate mesh resolution at run-time and does not reqire any extra computations.
Low resolution meshes were generated by hand in 3D Studio MAXising the Multires mod-
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i er (see Figure 4.2). Perceptual experiments are describ@ in Section 5.3.3 to establish the
resolution at which to generate these meshes so that a user tife system does not detect the
reduction of detail in the character's appearance.

Figure 4.2: (a) The original high resolution mesh (100%) and4 generated low resolution
meshes at vertex percentages of (b) 60%, (c) 45%, (d) 30%, ane) 15%.

To facilitate the introduction of colour and animation vari ation and to ensure that the
pre-generated impostor matches its mesh counterpart, thesmodels required additional setup
steps to be implemented in 3D Studio MAX. The mesh's triangles were organised into groups
where each group represented a particular body part (as showin Figure 4.3(b) and (c)) and
was assigned a speci ¢ pre-de ned material. The organising fatriangles into groups improves
rendering performance since it minimizes OpenGL state chages, as well as facilitating the
addition of variation to both the model's appearance and moion which will be discussed
later. It should be noted that the di use colour of each material is set to white (as shown
in Figure 4.3(a)) to allow colour modulation of the pre-geneiated impostors, which will be
discussed later. The meshes in our system use a single image the detail of the character
and this was grey-scaled in 3D Studio MAX to allow colour moduhtion without losing detail.

Once these additional steps were carried out, the mesh was isked and a walk animation
was created for the underlying skeleton. This key-framed amhation was created using Char-
acter Studio's footstep creation tool and consisted of a onesecond, cyclical animation with
a key-frame occurring every 100 milliseconds (10Hz). While gimations are typical sampled
at a minimum of 30Hz, 10Hz was used in the system to reduce theistual human's mem-
ory footprint (see Section 5.1.4). Using the plug-ins previaisly described in Section 3.3.1,
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Figure 4.3: (a) High LOD mesh representation in 3D Studio MAX. (b) The grouping of tri-
angles based on material used (shown by the di erent colours (c) The grouping of triangles
based on the body part it represents (shown by the di erent cdours).

the skeletal, and animation data were exported from 3D Studd Max into their respective
ALOHA-speci ¢ le formats. A new plug-in was created to export the mesh's skinning data
to an ALOHA Skinned Mesh Format (ASMF) le which stores the mesh's materials, vertices,
vertex normals, texture coordinates, triangles, and each grtex's list of in uencing bones and
their associated weight.

Rendering the Deformable Mesh Model

As described previously in Section 3.3.1, when rendering aedormable mesh for a virtual
human performing a particular task, the skeleton's pose is pdated rst using the current
task's data, and this pose is used to deform the mesh. In our Sfem we optimize our rendering
performance by taking advantage of the fact that lowly rated virtual humans perform a default
walk. By pre-calculating and storing the deformation of the mesh for a default animation's
key-frames, we replace the complex, articulated skeletal nael with a simple rigid mesh or
\pose" (as shown in Figure 4.4 for the walk animation). This avoids the cost of deforming
the mesh, and allows the entire model to be stored relative taa single bone or matrix. To
improve the rendering speed of a pose, we encapsulate the @is data for each of the ten
key-frames of the walk animation in a separate vertex bu er olject (VBO). Vertex bu er
objects allow data to be stored in high performance memory orthe server side and therefore
increase the rate of data transfer. These VBOs are stored in g@eometry cache for reuse in
subsequent frames. At run-time, depending on a virtual humars current frame of animation,
the corresponding VBO pose is selected and rendered.
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Figure 4.4. Precalculating and storing the deformation of amesh performing a walk animation
for 10 key-frames.

Variation LOD: Adding Variety to the Deformable Mesh's Appearan ce

At the lowest level of variety (Variation | op ), individuals in a crowd use the same model
and are a carbon copy of each other. While this level (or lack)of variety reduces the load
on the limited computational resources per frame, this is oty suitable for a speci ¢ type of
crowd without having a disconcerting e ect on the viewer e.g, the army of droids in Star
Wars: Attack of the Clones. To increase a model's level of vdety regarding its appearance,
changing the colours of a virtual human's clothing and skin 5 a method that is simple and
yet has high visual impact when viewed in a crowd. In order to @ this, we use a set of
di erent template human meshes and change their appearancdy using di erent \out ts".
Out ts de ne a set of colours for the virtual human's skin and clothes, where each colour is
associated with a speci ¢ body part material. The production of these out ts is controlled
entirely by artist-drawn textures produced in an "Outt Edit or' application, allowing a quick
and easy method of producing many di erent colour maps that ae realistic and suitable to
the model being rendered. The outt editor is an OpenGL application that allows the artist
to select particular colors for each body material from a cobur palette (see Figure 4.5).

In order to add colour variation using the xed function pipe line, each material used by
the mesh is tagged with a speci c ID in 3D Studio MAX to de ne wh ether it represents skin
or a particular type of clothing (e.g., trousers, shirt, or jacket). When the mesh is rendered
in the system, the di use colour of a material is changed depeding on the material's ID and
the colour associated with that ID, which is de ned by the out t being used. To allow colour
modulation of the texture-mapped triangles, the texture is grey-scaled in 3D Studio MAX.
Since the triangles are organised and rendered in groups bed on their material properties,
this reduces the number of times that the di use colour has to be changed to the number
of materials used by the triangles. Figure 4.5(b) illustrates three template models with nine
di erent out ts applied to them.

This type of variation can also be implemented using programrmable graphics hardware.
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Figure 4.5: (a)Example of an artist in progress of generatig an out t for a model using the
“Out t Editor' application. (b) Nine out ts for three templ ate meshes.

We achieve this by storing distinct material IDs in the alpha channel of the detail texture,
and use these IDs to address a changeable colour map at run-ten While this would not
be possible with the xed function pipeline, programmable texture addressing allows texture
indirection to be employed, meaning the output of one texture lookup can be used as the
texture coordinates of a subsequent lookup. The main advardge of adding variation through
hardware, instead of the xed function pipeline, is that the di use colour does not need to
be changed for each material. Although this approach requies an additional texture for the
colour map, these textures are one-dimensional and therefermany di erent out ts can be
stored with negligible memory usage.

This has been implemented in hardware using vertex and fragmnt programs [Gra02b,
Gra02a]. In our system, we use a single directional light wih materials that have no specular,
emission or shininess properties, resulting in a simpli céion of the OpenGL lighting Equation
(4.1). This equation is implemented in hardware (see Equatn 4.2), wherein the per-pixel
dot products of the light vector and the mesh's normals are mitiplied with the per-pixel
coloured regionsto produce the shaded coloured regionsnesh. The per-pixel coloured regions
is a result of the decal texture's alpha-encoded regions loakg up the colour map. The shaded
coloured regions is added to an ambient term, and multipliedwith the detail texture to yield
the nal lit, coloured pixels. The overall shading and colouring sequence is illustrated in
Figure 4.6.
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Pixelcoiour = DetailTexture reg
(Ambient Lightmoder  Ambient yaterial +
(MAX (Vectorjght Normaly ertex); 0)

(Diffuse (ight Diffuse wmaterial ))

4.1)
Pixelcoour = DetailT exture rgs
(Ambient |ightmodel  AMbient viaterial +
(MAX (Vectorghe Normaly ertex); 0)
(Colouryap [DetailTexture ]) Diffuse (ignt ))
(4.2)

Figure 4.6: Mesh shading and colouring sequence.
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Animation LOD: Adding Variety to the Deformable Mesh's Animation

To increase the realism of the simulation, the crowd should ot look too uniform in motion.
At the lowest Animation | op , this is achieved by creating default walk animations re eding
the age and gender of each template model. While this achiegevariation amongst the dif-
ferent template models, variation amongst virtual humans wsing the same template model is
necessary to avoid them moving in step. The easiest way to imease a template model's ani-
mation LOD, is to o set each virtual human's animation by a nu mber of key-frames to achieve
a more varied crowd motion. However, this Animation_op increases the computational bur-
den on resources if each template model can perform severagf@ult walk animations. Since
each key-framed pose is stored in a separate VBO, this would qeiire several VBO poses per
frame.

Figure 4.7: Generating a higher level of variety by layeringa head animation on top of a
default walk animation.

To increase a virtual human's sense of individualism, a higer level of variety for animation
is needed. Our approach is to layer particular head and arm g&ures on top of the default
animations. For example, Figure 4.7 illustrates the sequece for generating a higher level
of variety by layering a head animation on top of a default wak animation. In order to
animate and render a body-part performing a gesture, the glohl transformation matrix of
its parent bone is pre-calculated and stored for each keyfram of the default animation in
the animation cache. Using the parent bone's global transfomation matrix for the virtual

70



human's current frame of animation, coupled with the gesture's current key-frame's data, the
global transformation matrix of the bones a ecting the body part can be calculated. Once
these gesturing bones have been updated, the deformation die vertices and normals are
calculated and the body part is rendered with the current mes pose. Since the triangles of
a virtual human's mesh are also batched based on the body parit represents, the pose can
easily be rendered without a particular body part. The main advantage of this approach is
that it avoids the cost of deforming the entire virtual human mesh, since the pre-calculated
pose of the default animation is re-used and only the positiorof the vertices a ected by the
gesturing bones need to be deformed.

Table 4.1 and Table 4.2 respectively summarizes the Animatin.op and Variation op
that can be employed for a crowd's deformable mesh represeation.

LOD animation =0 LOD animation =1 LOD animation = 2

Precalculated VBO poses| Precalculated VBO poses| Deform mesh based on a
using a default animation | using a default animation | speci c skeletal animation
with layered gestures

Table 4.1: The dierent levels of detail for animation that c an be used for a crowd's de-
formable mesh representation (Geometryop is HIGH).

LODyv ariaton =0 LODv ariaton =1 LODv ariation =2 LODv ariation =3
1 template mesh 1 template mesh 1 template mesh M template meshes
1 outt N out ts N out ts N out ts per model

Uniform crowd motion | Uniform crowd motion | Varied crowd motion | Varied crowd motion

Table 4.2: The di erent levels of detail for variation that ¢ an be used for the crowd's de-
formable mesh representation (Geometryop is HIGH).

4.1.2 Low Geometric LOD: Pre-generated Impostor Model
Generation of the Impostor Images

For our virtual human's lowest LOD representation, we use pre-generated impostors based
on the work of Tecchia et al. [TC00a]. The same template mesh wdels previously described
in Section 4.1.1 were used in the pre-generation of the necesy impostor images in 3D
Studio MAX. With regards to the default walk animation, it is important that both the
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mesh model and the motion are symmetrical in order to minimiz the amount of texture

memory the impostor images consume. This halves the numberfoviewpoints from which

the model needs to be rendered, since a viewpoint image for aagicular key-frame can

be mirrored to obtain the opposite viewpoint for the corresponding symmetrical key-frame.

Figure 4.4 illustrates a walk animation, where there is a di erence of ve key-frames between
each pair of symmetrical key-frames. In the case of asymmetianimation, such as a side-
step left or right motion, impostor images need to be generatd around both sides of the
model, doubling the amount of memory consumed. However, thémpostor images only need
to be generated for a side-step left motion since it can be miored to obtain a side-step right
motion. Additionally, a side-step motion is typically short in duration (e.g., 0.5 seconds) and
therefore less key-frames are needed.

A MaxScript plug-in was written to render the images needed bythe impostor represen-
tation in 3D Studio Max. The process used is illustrated in Figure 4.8. The plug-in positions
the virtual human mesh model at the center of a sphere consigtg of 32 segments and a radius
equal to the distance from which we wish to render the imposto images. For 10 frames of
animation, a detail map image and a normal map image are rended from 17 viewpoints
around one side of the model and from 8 elevations:

Impostor detail map

This image is used to store the detail of the mesh's decal textre for each viewpoint.
It is generated by rendering the mesh, with shading and anti-diasing disabled, into
an image of 256 256 pixels. To allow for variation, each pixel in the image'salpha
channel needs to be encoded with a speci c alpha value assatéd with the material at

that particular pixel. In order to do this, the plug-in utiliz es 3D Studio Max's Graphics
bu er or G-bu er which allows data such as object ID, material ID, and UV coordnates
to be stored in a number of separate channels. The plug-in stas the material ID at
each pixel in the G-bu er and these values are used to lookup ath store the associated
alpha value in the alpha-channel. Background pixels are asgned an alpha value of
255 to distinguish which pixels need to be transparent when playing the impostor at

run-time.

Impostor normal map

This image is used to store the mesh's surface normals in ey@ace for each pixel in
the detail map. We assign barycentric texture coordinates t each triangle's vertices to
provide an easy way to interpolate the normal at a speci ¢ pont on a triangle. For each
pixel, the triangle's ID (T ig) and its interpolated texture coordinate (u;,v;) at that pixel
are stored in the G-bu er . Using the triangle's vertex normals (INV1, !N V> and NV3
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|
which are accessed using i§), the interpolated normal’ N at that pixel is calculated
using Equation 4.3 and converted into a RGB colour (Pixekgg ), using Equation 4.4.

! I ]
"N = (l Ui Vi)'NV]_ + UiNV2 + vyNV2 (4.3)
Pixelr = ((0:5 Ny)+0:5) 255
Pixelc = ((0:5 Ny)+0:5) 255
Pixelg = ((0:5 N;)+0:5) 255

(4.4)

Once these images have been generated, the plug-in removesyamused space and com-
bines them into a single detail and normal map image of 1024*024 pixels for a particular
frame of animation. For each frame of animation impostor imaye, the data needed to render
each viewpoint at run-time is stored in a text-based Impostor Data File (IDF). This le
includes each viewpoint's row and column ID, position, width, height, and position of the
parent bone of the model's skeleton within the image.

Rendering of the Impostor Model

The main problem with using a pre-generated impostor approab is the consumption of
texture memory. In order to render a dynamically lit impostor, an impostor detail image and
a normal map image are required for each frame of animation. ie RGBA impostor detail
image contains four channels (1024*1024*4 bytes) and the RB normal map image contains
three channels (1024*1024*3 bytes), resulting in 7MB of texure memory being required for a
single frame of animation. By using DXT3 texture compressim, the memory requirements are
reduced by a factor of four for RGBA images and by a factor of si for RGB images, resulting
in only 1.5MB (1024*1024*4*1/4 + 1024*1024*3*1/6 bytes) of texture memory for each
frame. Unfortunately, DXT3 texture compression is not particularly e ective at compressing
normal maps, as it results in noticeable block artefacts. These artefacts can be avoided
by using 3Dc, which is ATI's new compression technology, androvides 4:1 compression of
normal maps with image quality that is virtually indistingu ishable from the uncompressed
version [Pap].

Our impostor representation is capable of usingnipmapping techniques [Wil83]. Mipmap-
ping avoids visual artefacts that occur when textures are maped onto smaller dynamic ob-
jects, causing them to shimmer. OpenGL allows the generatio of a series of pre- ltered
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Figure 4.8: A MaxScript plug-in removes unused space from e&cviewpoint image and com-
bines 17*8 viewpoint images into a single 1024x1024 imagerfa particular frame.

texture maps of decreasing resolutions, calletnipmaps which are selected based on the size
(in pixels) of the object being mapped. Although mipmapping requires some extra com-
putation and texture storage (which is increased by a third), this is necessary to maintain
the impostor's realism when displayed at a distance. Howewe care has to be taken not to
generate mipmaps at too low a resolution, as this causes othartefacts due to the averaging
of several viewpoint images within the mipmap.

Given the amount of texture memory required by the system, weneed a method of
improving the variety and visual interest of large crowds ofimpostors, while keeping memory
usage to a minimum and ensuring that rendering speed is uncopromised. Our contribution
in this area is that we improve upon existing impostor techniques for adding variety by taking

74



advantage of recent improvements in programmable graphichardware in order to perform
an arbitrary number of colour changes in one pass. Since theotouring regions are encoded in
the alpha channel (as described in Section 4.1.2), this nunr is limited only by that channel's
precision. Our further contribution is the real-time shading of the impostors implemented in
programmable hardware.

To render the impostors, we need to calculate which viewpoihimage needs to be displayed
and rotate its quadrilateral so that it always faces the viewer. Using the position of the virtual
human's root boné H and the camera's positiohc, the quadrilateral's normal vector! N can
be calculated using Equation 4.5. The vector from the camerdo the human projected onto
the ground plane!CH can be calculated (Equation 4.6) usin!gN . It should be noted that in
Equation 4.5, it is assumed that the ground is the XZ plane andthat the camera's position
cannot be lower than the ground. Therefore, it is not necessy to pre-generate any viewpoint
images from these elevations.

'N= 1 @.5)

! _ (Nx;0;Ny)
CH = NGOy
(4.6)

The amount by which to rotate the quadrilateral around the x-axis x and y-axis y is
calculated using Equation 4.7. The viewpoint's row and column ID (V row and Vcoumn ) €an
be used to lookup which viewpoint to render using Equation 48, where N, and Ny are the
number of viewpoint images pre-generated around the x- and y-ds.

X cos *(Ny)
y cos }(CH,)

4.7)
N
VRow = X 978
N
Veolumn = y 178y0
(4.8)
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For improving realism, interactive lighting of impostors i s highly desirable. Additionally,
since we are presenting a hybrid system that switches betweetwo representations, it is
crucial that there is no di erence in the shading of each repesentation for the interchange
to be imperceptible to the viewer. By using a per-pixel dot praduct between the light vector
and a normal map image, Tecchia et al. [TLC02b] computed the nal shaded value of a pixel
through multi-pass rendering, which required a minimum of ve rendering passes. However,
multi-pass rendering can have a detrimental e ect on renderng time, which limits the number
of impostors that can be shaded in real-time.

We improve upon this technique by taking advantage of progranmable graphics hardware
and shade the impostors in a single pass. The impostors aremdered with the same lighting
and material properties as the mesh representation in Seabn 4.1.1, and thus the shading of
the impostor is based on Equation 4.1. Similar to the mesh regesentation, the lighting of
the impostor representation has been implemented in hardwae using both texture shaders
and register combiners [Gra99a], and vertex and fragment gsgrams [Gra02b, Gra02a]. This
involves implementing Equation (4.9) in hardware, wherebythe per-pixel dot products of the
light vector and the pre-generated normal map is multiplied with each pixel in the coloured
region map (which will be discussed in the next section) to poduce a shaded coloured region
map. This result is added to an ambient term, and multiplied with the detail map to yield
the nal lit, coloured pixels. The overall shading and colouring sequence is illustrated in
Figure 4.9.

Pixelcoour = DetailMap res
(Ambient ightimodel  Ambient yiaterial +
(MAX ((V ectorjghy NormalMap rgg ;0)
(ColourMap [DetailMap ]) Diffuse ignt))
(4.9)

Similar to the mesh model, we optimise the rendering of the inpostors by precalcu-
lating and storing each of the key-frame's viewpoint data in asingle VBO object. Since
dynamically orientating the quad involves the computationally expensive cos? function (see
Equation 4.5), we use a lookup-table (LUT) of cos ! values instead. A LUT is typically
an array used to replace a run-time computation with a simplerlookup operation and can
provide a signi cant speed gain.
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Figure 4.9: Impostor shading and colouring sequence.

Variation LOD: Adding Variety to the Impostor Model's Appearanc e

To improve the variety of the impostor, the same approach of danging the colour of skin
and clothes was used. A multi-pass method, as described in [TC€O02b], achieves this goal
by performing a rendering pass for every di erent region of olour that needs to be changed.
We exploit the programmability of graphics hardware to e ci ently increase the variety and
interest of each impostor. In order to match the virtual human's geometric representation,
the impostors must also be able to change colour, dependinghahe human model and out t
materials. We achieve this by storing distinct material IDs in the alpha channel of the
impostor detail image upon generation, and use these IDs to ddress a changeable colour
map at run-time. We perform a lookup on the detail map, using the alpha-encoded material
IDs to address a colour map texture that can be altered to mat@ the outt of the virtual
human currently being rendered (Figure 4.10). It should be mted that, since the alpha
channel of the impostor's detail map contains alpha encodedegions, nearest Itering needs
to be used. Otherwise, linear Itering results in the linear interpolation of these values when
the impostor representation is at a distance, causing shadig artefacts due to the wrong out t
colour being looked up. However, nearest ltering can causealiasing artefacts between pixels
encoded with di ering alpha values when the impostor is at a dstance. This problem can be
solved by using a high-level shader written in the OpenGL shathg language to linear lIter
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the looked up color values [Gui05].

Detail Map Body Part Méerial Alpha\alue Texure Mordinate Outfit\Colour Map
Alpha Channel (0.0, Apha \alue/255)
-10
Unused 240 (0.0,0.94) ——>
+ 0.875
Unused 208 (0.0,0.82) ———>
+ 0.75
Head Skin 176 (0.0,0.69) ———>
+ 0.625
T-Shirt 144 (0.0,0.56) ———>
+ 05
Arm-Skin 112 . (0.0,0.44) ——>
+ 0.375
Sods 80 . (0.0,031) ——>
1 0.25
Trousers 48 . (0.0,019) ——>
1 0.125
Shees 16 . (0.0,0.06) ——>
-=0.0

Figure 4.10: Using programmable texture addressing to add ariety to the impostor repre-
sentation.

Animation LOD: Adding Variety to the Impostor Model's Animation

Similar to the mesh model, we add variety to the animation at alower level of detail by pre-
generating the template model's impostor images using the ame default animations, that
can re ect the age and gender of the model. To avoid the imposirs moving in step, the
same method previously described in Section 4.1.1 is used,hereby each virtual human's
animation is o set by a particular number of frames to achieve a more varied crowd motion.
However, since each animation key-frame is stored in a separatexture, this type of variation
is limited depending on the number of textures needed in a sigle frame.

Increasing an impostor representation's sense of individalism is a tricky problem, since
it is limited to the animation used in the pre-generation of its images. Similar to the mesh
model, we solve this problem by layering head and arm gestuseon top of the default impos-
tor animation. However, the main di erence is that a particu lar body-part in the impostor
image is replaced with a gesturing mesh representing the bgdpart. Since each body-part
of the impostor is represented by a particular alpha value inthe detail image's alpha chan-
nel, the impostor can be rendered without these body-parts bychanging the alpha function
accordingly. Using the method previously described in Sedbn 4.1.1, the gesturing bones are
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updated, and the a ected part of the mesh is deformed and rendred. The main advantage
of this approach is that it avoids the cost of deforming and rendering the entire mesh by
replacing it with the impostor representation. Thus, only t he triangles a ected by the ges-
turing bones need to be rendered. While minor rendering artacts can appear caused by the
layering of the mesh on top of the impostor, these can be remad through blending.

The problem with this method is that, depending on the viewpaint being displayed, holes
appear when a body part is not rendered since the body part maysometimes be occluding
other areas of the impostor. When the virtual human performsa head gesture this artefact
is not as much of a problem as when they are performing an arm géure. Currently, virtual
humans that are rendered with an impostor representation swich to a low resolution mesh
representation when they request an arm animation. As a posble solution, dynamically
generated impostors could be used to render the virtual huma's body without its arms and
this will be investigated in future work.

Table 4.1 and Table 4.2 respectively summarizes the Animatin.op and Variation op
that can be employed for a crowd's impostor representation.

LOD animaton =0 LOD animation =1 LOD animation = 2

Pre-generated textures Pre-generated textures Pre-generated textures
using 1 default animation | using 1 default animation | using N default animations
with layered gestures

Table 4.3: The di erent levels of detail for animation that ¢ an be used for a impostor repre-
sentation (Geometry,op is LOW).

LODv ariaion =0 LODv ariaon =1 LODv ariaton = 2 LODv ariaton =3
1 template impostor 1 template impostor 1 template mesh M template impostor
1 outt N out ts N out ts N out ts per model

Uniform crowd motion | Uniform crowd motion | Varied crowd motion | Varied crowd motion

Table 4.4: The dierent levels of detail for variation that ¢ an be used crowd's impostor
representation (Geometry op is LOW).

Short-Comings of the Pre-Generated Impostor Representation

While the impostor used in the Geopostor system is computatnally e cient to render, the
following short-comings are associated with this represemition:
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Anti-Aliasing: Since the impostors are not rendered without anti-aliasing, this results
in the silhouette being pixellated in appearance and is espally noticeable when the
impostor is close to the viewer. Future work will investigate how anti-aliasing techniques
would improve the impostor's visual appeal.

Models and animations need to be symmetric: To reduce the nuimer of viewpoint

images needed, both the model and animation have to be symmet in the XZ plane.

If this is not possible then the impostor's texture will consume twice as much memory
in order to t the additional viewpoint images that are needed.

No viewpoint images generated from directly above or below lie ground-plane: No
viewpoint images were generated from directly above the viual human model or from
below the ground-plane, resulting in parallax artefacts wha& the impostor is viewed
from these camera angles. However, these viewpoints weretmoeeded since the camera
is not allowed to move below the ground plane in the city simuhtion system described
in Section 4.2. The number of viewpoint images needed depesdn what camera angles
the impostors will be viewed from and this should be considexd when generating the
impostor's textures to minimize memory consumption.

Pixellated shadows when the sun is low in the sky: Since the ipostor texture are used

in projecting ground-plane shadows (see Section 4.15), thiesults in the shadows being
pixellated when the sun is low in the sky and is especially nateable when the shadows
are close to the viewer. In this case, the virtual human's mes representation should

be used in the projection of the shadow.

4.1.3 Switching Between Representations

The main aesthetic problem with using an impostor to represat a virtual human is that,

once the human is close to the viewpoint, the impostor's at and pixellated appearance
becomes quite obvious (shown in Figure 4.11 (a)). As noted bylicny et al. [UdHCTO04],
while impostors may be a good approach for far-away humans, ils problem means that they
are not suited when more detailed views are necessary. Howay our main contribution is to
allow a virtual human to switch from an impostor to a higher LO D representation, based on
some selection criteria, thus greatly improving the realign of the simulation.

Our approach is to switch between an impostor and the mesh thawas used to generate

the impostor at a speci ¢ distance (dswitch ) (Shown in Figure 4.11 (b)). At run-time, if the
virtual human is within the view-frustum and the distance of t he human from the viewer is
less than dyitch , the system switches between the two representations. In aler to achieve
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a seamless transition between the representations, animin popping artefacts need to be
eliminated. We use the virtual human's current animation frame to select the corresponding
mesh pose or impostor texture depending on what representain we are switching to.

Figure 4.11: (a) Problem of an impostor's appearance beingat and pixellated when it is near
to the viewer. (b) Problem solved by switching to a mesh repreentation at an appropriate
distance.

We propose that the switch between representations should#ppen at a distance where the
ratio of the screen size of an impostor quadrilateral to the &e of the viewpoint image equals
a certain threshold. We can calculate the size of both the qudrilateral and its viewpoint
image in terms of the impostor's pixel size and texel size rgmectively. A texel (TEXtured
ELement) is the basic unit of measurement when dealing with e&xture mapped 3-D objects.
When a texture map is loaded into texture memory as an array ofn m texture elements,
each element is referred to as a texel. When a 3-D texture-mapmeobject appears close to
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the viewer so that the texture elements appear relatively lage, there may be several pixels in
each texel and the pattern of the texture map is easy to see. Térefore, the ideal pixel to texel
ratio at which the switching should happen is at 1:1, as aliagg starts to occur when the size
of the impostor's quadrilateral is greater than the size of he texture-mapped image, resulting
in the stretching of the image on the impostor's quadrilateral. Perceptual experiments were

carried out to test whether people could detect these repremntations switching at this ratio
(see Section 5.3).

I

v dcam

A
v

Figure 4.12: Calculating impostor image pixel size.

Given the set of viewing parameters used in the generation othe impostor images in
3D Studio MAX, we can compute the size of an impostor image's éxel (Texekize) as shown
in Figure 4.12. In this gure, is the camera's eld of view, d.am is the distance along
the viewing direction from the camera to the mesh, and x is theresolution of the impostor
viewpoint image. Using these values, the size of an impostdmage's texel can be calculated
using Equation (4.10). Given the set of viewing parameters bthe system and using the
properties of similar triangles, the distance dyich at which the pixel to texel ratio is equal
to one, can be calculated using Equation 4.11 and Equation 42. Note that is the camera's
eld of view, dnearplane is the distance along the viewing direction from the camera ¢ the
near plane, and x is the resolution of the screen in pixels.

tan(s) 2 d
Texelsize = (2) - cam (4.10)

2 d tan (>
Pixel siye = ( nearpla;e (2)) (4'11)
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dnearplane T €Xelsjze

dswitch = (4.12)

4.2 Integration of Geopostors into an Urban Simulation En-
vironment

To examine the performance and usability of our crowd systemwe incorporated it into the
Virtual Dublin project, an existing virtual city simulatio n [HOO03]. This is a highly detailed
model of Dublin city centre, covering several square kilomges, implemented as an OpenGL
rst person perspective application (see Figure 4.13). TheVirtual Dublin project aims to
create an interactive model of the city of Dublin, and at the same time create a generic urban
simulation engine which could be applicable to other cities

The initial system was based on a CAD model of the grounds of Tinity College Dublin,
which was converted to operate in a real-time application andthen expanded to encompass
the surrounding areas of the city. The system has been underealelopment for four years,
and has involved many undergraduate students in a data-acquition capacity. The project
has also served as a test-bed for mobile device research andettarge scale crowd research
presented here.

The system provides an OpenGL application allowing the userfull mobility about the
environment. Highly detailed models of landmarks and buildngs are used to provide an
immersive environment similar to that found in contemporary video games. The system's
realism is enhanced by weather and time-of-day e ects, and praides a level-of-detail based
rendering of the environment that allows interactive frame rates to be maintained in all areas
of the city. The system uses both culling techniques and impstor rendering techniques to
maintain interactivity. Texture compression is also used etensively to reduce memory load
and prevent thrashing due to page faults. Further details alout the project and system may
be found in [HamO5].

4.2.1 Virtual Human Pedestrian Behaviour

Steering Behaviour: Obstacle Avoidance

To control each virtual human's movement in the world, we useReynold's approach where
each human is simulated as a simple vehicle model whose prapies are based on a point
mass approximation [Rey99]. This model allows a very simpleand computationally cheap
physically-based model and for this reason it is well suited @ controlling the movement of a
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Figure 4.13: Virtual Dublin screen shots.

large number of virtual humans. Using this model, speci ¢ seering behaviours can be de ned
for the virtual human.

In an obstacle-free world, the new position of a walking virtual human (P') at each
time-step can easily be calculated using its current positia (P), its steering vector (S) and
the distance travelled (d) between its current keyframe andthe last keyframe of its walk
animation (see Equation 4.13).

po-p+s d (4.13)

To avoid a virtual human walking in the same direction, we can rotate its steering vec-
tor at every time-step by certain amount, thus generating a random steering or wandering
behaviour. However, this results in the directional vector oscillating and the virtual human
appears to be unable to decide on where it is going. In order tonake the wandering behav-
iour more believable, the directional vector is not changedevery time-step but only every
200 milliseconds and this results in the virtual human wandeing around its environment in a
more coherent manner. Additionally, by constraining the maximum amount the steering vec-
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tor can be rotated to  2.8125 degrees, the virtual human does not perform large uealistic
directional changes while it walks.

Urban environments are far from being obstacle-free. Therafre, virtual humans wan-
dering around this type of environment without obstacle avadance would result in them
walking through objects such as buildings and the overall ralism of the simulation would be
greatly reduced. Typically, obstacle avoidance involves lte virtual human checking whether
its steering vector intersects an object and, if so, it stees in some way to avoid it. While
the performance of this method can be improved by checking dg those objects within the
same node as the virtual human, this method would become comygationally demanding as
the number of humans and objects in each node increases. Givehat we want to populate
an environment full of static obstacles with a large number d virtual humans, the method of
obstacle avoidance must be e cient enough so as not to undulyimpact on performance.

Due to the nature of the environment (a city lled with vertic ally rising structures),
we perform collision detection in 2D using a top-down map of wiable areas similar to that
described in [TLCO02b] and [LMMO03]. We pre-generate a set of mas of walkable areas omwalk-
maps by capturing an orthographic top-down view of the city model in the OpenGL depth
bu er. We store the city's pavements (including tunnels thr ough buildings and pavements
occluded by over-passing bridges) as walkable, and buildirgy roads, and other obstacles as
blocked, by selecting appropriate near and far planes whenandering the city model into the
depth bu er. Each map is 800 600 pixels, where a pixel is white if it is walkable otherwise
black if it is blocked (Figure 4.14) and corresponds to a phygal area of 33 33cm. These 1
bit data (walkable or blocked) maps require 60KB of memory ard sixty-three walk-maps for
the 4.5kn? area covered by the virtual city were pre-generated, requimg a total of 3.6MB of
memory for the city.

To perform obstacle avoidance, we perform a simple lookup othe walk-map to determine
if the virtual human's newly calculated position is walkable. If it is, the human moves to its
new position. However, if it is blocked, the human needs to ster away. The simplest way is
to allow the virtual human to perform an about turn by rotating its steering vector by 180
degrees, but this provides unrealistic results.

Our approach is to allow the virtual human to check whether the positions to the left and
right of its new blocked position are free and it uses this inbrmation to either:

Randomly choose which direction to rotate its steering vecor if both positions are
walkable

Rotate its steering vector to the right if it is walkable

Rotate its steering vector to the left if it is walkable
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Perform an about-turn if both positions are blocked

While this provides a more realistic collision avoidance bbaviour, where the human sel-
domly needs to perform the unrealistic about turn, the problem with this approach is that
it only takes into account what is free ahead of the virtual human, which can result in the
human walking very close to and sometimes through obstaclethat are to the side of it.
Since the edges of buildings and roads are linear in nature, avcan improve the realism of
the obstacle avoidance by making sure the humans walk alonghese edges without getting
too close to them. We implement this by looking up the positicns to the left and right of
its current position every second. If one of these positionss blocked, the human steers away
from this area by rotating its steering vector in the opposite direction.

Another type of map that we use for obstacle avoidance is @otential eld map. The idea
behind potential elds is that each obstacle is considered ¢ have a repulsion force whose
strength is inversely proportional to the distance from it. We pre-generate these maps for
the buildings, roads and other obstacles in the environmenby calculating the potential eld
force in the x-z plane at every walkable pixel in the walk map. These maps are stored as
24-bit data, thus requiring 1.4MB of memory per map and 88.2MBfor the city.

For each walkable pixel, the total force at that pixel ( * F) is calculated by summing
the repulsion forces of any blocked pixels in a 77 neighbourhood a ecting the walkable
pixel. The summed force's normalised x and z compone!nF X and! F , are mapped to a
value between 0 and 255 and stored in the red and green compante respectively, of the
potential eld map (using Equation 4.14). To store the magnitude of the summed forces
j * Fj, the maximum magnitude of a forcejF yax | exerted on a pixel needs to be calculated
by summing all of the forces exertedplon a walkable pixel inhaiing a completely blocked
neighbourhood. Using Equation 4.14 " F j is mapped between 0 and 255 and nally stored
in the blue component of the potential eld map.

|

R = (Fyx 05)+0:5) 255
|

G = (F, 05)+05) 255
Pl

B = 1 255
JF max ]

(4.14)

Using these maps, the virtual human steers itself away from e obstacles by calculating
the force, if any, at its newly calculated position and uses his to rotate its steering vector.
The main advantage of potential elds maps is that they prevent the human walking too
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Figure 4.14: (a) Walk map. (b) Potential eld map. (c) Height map.

close to obstacles to the side of it, since the obstacle's foe eld will push it away. However,
the main problem is that these maps require a lot of memory andthrashing occurs due to
the continuous paging in and paging out of this memory as a radt of the camera moving
around the environment. While the size of a potential eld map can be reduced to 0.9MB
by storing only the direction of the force and not its magnitude, the city still requires a total
of 60.4MB of memory. Our solution to minimize this thrashing is to use a LOD approach,
where the more simple walk-maps are used for the majority of tk city and the potential eld
maps are only used for selected areas that are considered neoimportant to the simulation.

Finally, in order to position the virtual humans so that they do not intersect with the
ground, we use aheight- eld map. We pre-generate these images in a similar manner to the
walk-maps, but the near and far planes are appropriately seleted so that the height of the
walkable areas are mapped to a value between 0 and 255 in the ptd bu er, thus requiring
180KB of memory per map. By looking up this height value at its new position, the virtual
human can use this to adjust its height above the ground plane It should be noted that
the ground is at the same height throughout the city and therefore height- eld maps are not
necessary. However, these maps have been successfully iempented with another virtual
environment where the ground consisted of several planes ati erent heights connected by
ramps.

Steering Behaviour: Group Formation

In the real world, while a large number of humans walk by themelves as they carry on
with their everyday lives, it is also common for humans to fom and walk in groups while
conversing. To enhance the realism of a crowd populating a vtual city, virtual humans need
to form groups and interact with each other. In our system, weallow virtual humans to
form groups of two and we base our approach on the research bydynolds [Rey99] on three
steering behaviours related to groups of characters: cohes, separation and alignment. We
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use these behaviours to determine how a couple should reactith each other when moving
through the environment, while still avoiding static obstacles.

The cohesion steering behaviour allows two virtual humans ¢ form a group and works by
steering the couple towards their average position. By nding the couple's average position,
each of the virtual human's steering vector is rotated towads that average position. The
separation steering behaviour prevents the couple gettingoo close to each other. Based on
their average position, if each virtual human is within a certain distance of each other, their
steering vector is rotated away from this position. Finally, the alignment steering behaviour
allows the couple to align their direction with each other. To align their direction, each virtual
human's steering vector is rotated in the direction of the caiple's average steering vector.

Gaze Behaviour

It is important for virtual humans to perceive the world they inhabit through virtual sensors.
Various techniques related to the simulation of visual pereption exist for small numbers
of virtual humans but these techniques are too computationdly intensive to use with large-
scale crowds. However, depending on the virtual human's pason with respect to the camera,
they only need to act as if they are perceiving their virtual environment and a simpler, less
expensive, approach can be used. We implement this by usindhée same approach described
in Section 4.1.1, where we randomly generate a key-frame anamion for the virtual human's
head bone to simulate the virtual human looking around its ervironment.

We use a LOD approach, where we pre-de ne a maximum number of viual humans
that can implement this randomly generated gaze-behaviour.We limit the number of virtual
humans performing these low-level behaviours, since they Wibe not noticeable at a distance.
At run-time, depending on the current number of virtual human s performing this action, a
virtual human is assigned a gaze behaviour when it is within he view-frustum and within a
certain distance. Once the virtual humans can no longer be s by the viewer, the behaviour
is discarded.

Conversational Behaviour

To add variety and to enhance the realism of the simulation, t is important for virtual
humans walking in groups to interact with each other. Using the same approach described in
Section 3.4.3, we allow these virtual humans to converse. Wplan to use the LOD approach
already present in ALOHA system whereby, depending on a coup's position with respect
to the viewer, the level of detail for the conversational belaviour is selected. The system
currently implements low rated couples with a random behavour utilizing low detailed key-
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frame animations. Since virtual humans rendered with the inmpostor representation cannot
perform arm gestures (see Section 4.1.2), a lower-resolutiomesh is used for representing
couples talking in the distance.

4.2.2 Virtual Human LOD Shadows

Our run-time system enhances the realism of the virtual humais and the environment they
inhabit by creating shadows on the ground wherever the lightis blocked. Our shadow tech-
nique is based on the planar projected shadow algorithm andsi implemented in hardware
using per-pixel stencil testing. This section will describehow this technique is used to render
the virtual humans' shadows.

The planar projected shadow algorithm is used to cast a geontigc model's shadow onto
a ground plane based on the light's position. In order to achéve this, a planar projected
shadow matrix can be constructed. Give'zn the equation for a gound plane G:N +d =0
and the homogenous position of the lightL , a 4 4 planar projected shadow matrix S can
be constructed using Equation 4.15 (see [BIi88] [HMAMO02] fothe derivation of the matrix).

0 1
dot Ly Ny Ly Ny Ly N, Ly d
. Ly Nx dot L, N, Ly N Ly d 4.15)
L, Ny L, Ny dot L, N, L, d
Lw Ny Lw Ny Lw N, dot L, d

where dot= Ny Ly+ Ny Ly+N; L,+d Ly

Stenciling works by tagging pixels in one rendering pass toantrol their update in subse-
guent rendering passes. It is an extra per-pixel test that use the stencil bu er to track the
stencil value of each pixel. When the stencil test is enabledthe frame bu er's stencil values
are used to accept or reject rasterized fragments. When rerating the scene, the stencil bu er
is cleared at the beginning and a unique non-zero stencil vakiis assigned to pixels belonging
to the ground plane. In the rst rendering pass, the shadow cat by each virtual human's
geometric representation is rendered. Using the matrix S, he geometry is projected onto
the ground plane and rendered into the stencil bu er, where @ch pixel is tagged with the
ground plane's unique stencil value. In the subsequent rereting pass, each virtual human's
representation is rendered and the appropriate areas of thetencil bu er are simultaneously
cleared. This prevents an artefact whereby shadows might arwrite real objects, damaging
the realism of the scene. Finally, a single semi-transparentjuad is rendered over the whole
scene (where the stencil bu er pixels have been set to the ugue stencil value) resulting in
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realistically blended shadows.

Figure 4.15: (a) Projected impostor shadow. (b) Projected nesh shadow. (c) Crowd and
city without shadows. (d) Crowd and city with projected LOD s hadows.

Our shadow technique uses a LOD approach, where either the ipostor or mesh repre-
sentation is projected onto the ground plane depending on wich LOD representation the
virtual human is currently using (see Figure 4.15 (a) and (b)). To render the virtual human's
shadow using the impostor representation, we need to calcate which viewpoint image needs
to be displayed with respect to the light's position and rotate its quadrilateral soI that it
always faces the light. Using the virtual human's position H and the light's position' L, the
quadrilateral's normal vector! N can be calculated using Equation 4.16. The projection of
the impostor onto the ground plane with respect to the light position can be calculated using

! N and Equations 4.6 and 4.8 (previously described in Section.4.2). The impostor's shadow
requires no more than a single textured quad, and thereforesi extremely fast to render.
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While this method is similar to that employed by Loscos et al. [LTCO01], our use of the
stencil bu er instead of darkened textures results in shadavs that blend realistically with
both the underlying world and each other (see Figure 4.15 (d). The main advantage of
implementing this shadow algorithm with the stencil buer i s that it can avoid artefacts
caused by double blending and can limit the shadow to an arbitary ground plane surface.
Unfortunately, unlike full geometric stencil shadows, our projection shadows are restricted to
the ground plane and do not project onto nearby static objecs, or other dynamic objects.
While shadow mapping could be used to solve this problem (se&ection 2.1.2), a LOD
approach would be needed to deal with the many hundreds or thosands of shadows. It
should be noted that shadow volumes were not considered in & system as this technique
can decrease the pixel Il rate and the constructed shadow vimme for an impostor is incorrect
as a result of being a semi-transparent quadrilateral.

(4.16)

4.2.3 Performance Optimisations
Virtual Human Occlusion Culling

As a rst step towards improving performance, view frustum culling can be used to eliminate
those humans that are not potentially on screen. However, da to the densely occluded na-
ture of an urban environment, large groups of humans may be irthe frustum but occluded
by buildings and therefore rendered unnecessarily. By avding the rendering of these hu-
mans using occlusion culling techniques, this should grest improve the performance of the
system [CT97, BHS98, SVNB99, WS99, Zha98].

We make use of hardware accelerated occlusion culling simail to the technique used by
Saulters et al. [SF02] to cull large sections of the crowd. Watilise the ARB _occlusion.query
extension to determine the visibility of an object. This extension de nes a mechanism
whereby an application can query the number of pixels drawn g a primitive or group of prim-
itives. Typically, the major occluders are rendered and an oclusion query for the bounding
box of an object in the scene is performed. If a pixel is drawndt that object's bounding box,
then the object is not occluded and therefore should be displyed. The main performance
advantage of this extension is that it allows for parallelian between the CPU and GPU, since
many queries can be issued before asking for the result of amgne. This means that more
useful work, such as the rendering of other objects or otheramputations on the CPU, can
be carried out while waiting for the occlusion query resultsto be returned.
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Since the city is populated by several thousand humans, ther could potentially be a
large number of humans in the view frustum and therefore it wauld be computationally
ine cient to perform a separate occlusion query for each hunan. To facilitate the occlusion
culling of buildings, the virtual city is divided into a grid of regular-sized nodes. By re-using
these nodes so that they store which virtual humans inhabit hem, this can help to avoid
performing separate occlusion culling queries for each huam. Having initially rendered the
static environment, we perform occlusion queries on the bonding volume of any nodes in the
view-frustum, thus allowing us to rapidly discard those nodes hidden by the environment and
the humans within them. With regards to the unoccluded nodes we perform view-frustum
culling on the virtual humans within these nodes, since pars of these nodes may not be
within the view frustum. It should be noted that the height of each node's bounding volume
is set to the height of the tallest virtual human used in the system to allow humans to still be
displayed when they are behind an occluding object whose hgit is less (e.g., walls). This
occlusion culling method could be extended so that the numbeof pixels drawn for a node
could be used as a metric to decide on what level of detail the dmans in the node should
use, with regards to representation, behaviour, and animabn.

Additionally, the occlusion results for each node are usedd reduce the computational
load of updating every human's position in the scene. This tehnique takes advantage of the
fact that a large number of humans are occluded per frame andherefore their position in
the world can remain unchanged without the viewer noticing. By storing the time each node
was last unoccluded, the position of a human is only updatedfithe node it inhabits has
been unoccluded for the last ve seconds. However, simulabin artefacts can arise when the
camera's position remains static for a period of time and thehumans move from an unoccluded
node to an occluded node. This results in the congregating oiumans on the boundary of
these occluded nodes since their steering behaviour is noeing updated. A potential solution
to this problem would involve a LOD simulation approach whereby humans are updated at
a frequency dependent on the last time the node was unocclude

Virtual Human Simulation LOD

While frustum and occlusion culling decrease the renderingvorkload, there are still overheads
associated with updating the positions of thousands of humas in motion. To lighten the

workload we pause humans within nodes that have not been vibie for more than ve seconds.
This time delay prevents temporal artefacts becoming notieable amongst the nearby humans
when performing rapid camera rotation. In addition to this, checking whether a node is
occlusion culled is only performed every 100 millisecond$ ihe camera has moved or rotated,
since the same nodes will be occluded if the camera remainsasionary. Since the humans
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only move every 100 milliseconds, we reduce the number of ties we check whether a human
is within the view-frustum by performing this test every time the humans move instead of
every frame.

Minimising OpenGL State Changes

OpenGL is a simple state machine with two operations: settig a state, and rendering utilizing
that state. By minimizing the number of times a state needs tobe set, this can maximize
performance since it minimizes the amount of work the driverand the graphics card have to
do. This technique is generally referred to astate sorting and attempts to organize rendering
requests based around the types of state that will need to be pdated. Generally, the goal is
to attempt to sort the render requests and state settings basd upon the cost of setting that
particular part of the OpenGL state.

With regards to our crowd, rendering is optimized by sorting the virtual humans in the
following order based on the most to least expensive state emges: binding a shader, binding
a texture, and setting VBO data pointers. By organising the rendering of our crowd in this
manner, our approach sorts each virtual human by LOD represetation, then by template
model, and nally by the current key-frame of animation. Sorting the virtual humans by LOD
representation minimizes the number of times that the folloving states have to be changed:
the setting of lighting parameters, alpha test enabling anddisabling, and vertex and fragment
programs. Next, sorting the LOD representations based on teplate model minimizes texture
loads and binds. Finally, sorting virtual humans using the same template model by animation
key-frame reduces the setting of VBO data pointers, since edcVBO stores the data for a
particular key-frame. In the case of rendering virtual humans using the same model and
animated with the same key-frame, an extra step needs to be inmlpmented to sort them
based on the viewpoint required with respect to the camera. Tis is necessary, since certain
viewpoints for the current key-frame are obtained by mirroring the same viewpoint for the
symmetrical key-frame. By sorting impostors based on whethethe viewpoint is mirrored,
this minimizes texture loads and binds.

Minimising Texture Thrashing

Texture thrashing can become a serious problem when populatg a virtual city with crowds

using a number of di erent pre-generated impostor models. Inaddition to each impostor
model requiring 1.5MB of texture memory every frame, the ciy model will also require a
certain amount of texture memory. Therefore, as the number & template models within the
virtual city increases, texture thrashing will occur much sooner as a result of the extra texture
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memory being consumed by the city model. It should be noted tht, in the case of real-time
applications where the camera is xed, say at eye-level, onlyL7 viewpoint images are needed
for each frame of animation and therefore the consumption otexture memory is less of a
problem. Since we wanted to implement a more generic systemyhere the camera can view
the city from any height, 17 by 8 viewpoints are needed for theimpostor representation.

However, as only a subset of the viewpoints in the impostor tetures is being used every
frame, we propose splitting the impostor detail and the nornal map images into eight separate
smaller elevation images containing the set of viewpoints pre-generated at edacamera height.
To facilitate the creation of these elevation images, an aplication was written in C to allow
the positioning of viewpoint images within a larger image. The application reads in the 17
viewpoint images for a particular camera height and, based o the sum of these images'
area, the minimum dimensions of the elevation image are caldated. Once the viewpoints
have been loaded in, the application allows the user to orgase the viewpoints within the
new elevation image. Unfortunately, since the area of eachigwpoint image varies, it is not
guaranteed that they will all t within the minimum dimensio ns and therefore have to be
increased by a factor of two along a single dimension. Once thuser has got all the 17 images
to t, the new elevation image is exported (shown in Figure 4.16).

Figure 4.16: Normal map split into smaller elevation images

The number of elevation images needed to render impostors gy a particular human
model type depends on the height of the camera and the distarcof the camera from each
impostor. Since buildings in a city environment generally c@clude humans in the distance, all
elevation images should never be needed simultaneously. €hangle ( g) between the impostor
and the camera around the horizontal axis, can be calculatedising Equation (4.17), where
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hcam is the camera height and d; is the distance on the x-z plane from the camera to the
impostor. Using g, the elevation image needed for that impostor can be calcuted. As the

camera's height decreases, the number of elevation image®eded is reduced dramatically
(see Equation (4.17). Taking advantage of the occluding naire of city environments, this

method of separating impostor and normal map images for eaclelevation permits greater

variety, without texture thrashing, as a result of each human model type consuming less
texture memory.

£ = tan 1(hﬂ) (4.17)
dXZ

4.3 Summary and Conclusion

In this chapter we have described the Geopostor system. We ha detailed the various
LOD representations that can be employed by the crowd, inclaing our method of switching
between them. Additionally, we have discussed the variousdvels of variation and animation
that can be applied to our crowd in order to remove the disconerting e ect of a crowd made
up of cloned individuals. The resulting system is capable otreating realistic crowds at real-
time frame rates. From urban planning to computer games, thepopulation of these types of
applications with large-scale crowds is important.

In the following chapter we evaluate our crowd's representtions with respect to their com-
putational cost and test the performance of our system in theurban environment previously
described. In order to maintain the crowd's realism, we cary out a detailed investigation
into the perception of virtual human representations.
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Chapter 5

Evaluation

In this chapter, we rst evaluate the rendering cost of the LOD representations used in
the Geopostor system, and test how this costs scales with thaumber of di erent template
models used. Next, we test the performance of these repredations in an urban environ-
ment, utilizing their rendering cost to calculate the maximum number of humans that can
populate the environment, and compare the results with our Geopostor system switching
between representations. Additionally, we test how the peformance of the crowd simulation
can be improved using various techniques. While the computidonal evaluation of human
representations is a common method for deciding on when theghould be used in a real-time
applications, the area of perceptually evaluating them hasbeen largely ignored. To deal with
this issue, we introduce a method for perceptually evaluatig these representations, based
on psychophysical experimental methods. Subject to the computational and perceptual test
results, we discuss the advantages and disadvantages of éaepresentation, and apply this
to our system to provide a balance between visual quality andoerformance.
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5.1 Computational Evaluation of Virtual Human Representa-
tions

Two sets of tests were performed on the following virtual hunan geometric LOD represen-
tations used in our Geopostor system: deformable mesh repsentation and pre-generated
impostor representation. These tests were performed in orer to evaluate how the realism
and variety of the simulated crowd a ected the rendering cog of the representation used.
This cost is important, as it allows developers of crowd systms to estimate the number of
humans, using a particular LOD representation, that can be dsplayed at a desired frame
rate.

5.1.1 Computational Evaluation Test Conditions

An OpenGL application was used to perform the tests, where tle test environment consisted
of a white background and displayed a number of virtual humars using the tested represen-
tation. Each virtual human walked on the spot using the defaut walk animation described
in Section 4.1.1. The crowd's individuals were positionedn a regular grid-based manner so
that they were always fully on-screen, and therefore no occlion culling or frustum culling
tests were performed. All of our tests were performed using ®entiumlV 3.6Ghz processor,
with 2.0GB RAM and an ATI Radeon X850 XT Platinum Edition grap hics card with 256MB
of video memory. It should be noted that hardware acceleratd anti-aliasing was disabled for
all of these tests.

We performed 5 tests containing a crowd of 100, 250, 500, 750d 1,000 individuals, and
calculated each test's average frame rate (FP&st), which involved averaging the frame rate
recorded for 1000 frames. The rendering cost for each test (it op Test ) Was calculated using
Equation 5.1, where Nr is the size of the crowd, and the rendering cost for the repremtation
(CostLop ) was subsequently calculated as the average of the tests' FR e values. The
number of humans (Nrhreshold ), that can be displayed at a desired frame rate (FPS hreshold )s
can be estimated using Equation 5.2.

1
(FPStest) Nt

Costiop Test = (5.1)

1

NThreshold = 5.2
Thresho FP Sthreshoid COStLop (®-2)

For each representation, we evaluated the e ect of the variois levels of detail on its
rendering cost, as well as other factors specic to the repreentation. The main levels of
detail tested were the following:
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Constant Shading: (Shading op = 0)

One LOD approach for reducing the cost of a representation iby disabling lighting or
using constant shading for virtual humans that are far from the viewer (see [dHCUCTO04)).
The representations were lit with constant shading and without any variation, as this
is the least computationally expensive method for renderiig them.

Gouraud Shading: (Shading (op = 1)

The representations were rendered with Gouraud shading anthe following Variation | op
were tested to see how the simulated crowd's level of varietg ected the rendering cost
(Table 4.2 and Table 4.4 explain each Variationpop for the mesh and the impostor
representation, respectively):

{ Variation op =0:
The representations were rendered without any variation toprovide a baseline.

{ Variation | op = 0, with projected ground-plane shadows:
The representations' were rendered with their shadows pragcted on the ground
plane using the approach described in Section 4.15.

{ Variation op = 1:
The representations were rendered with colour variation ugig the approach de-
scribed in Section 4.1.1.

{ Variation op = 2:
The representations were rendered with colour variation ad displayed varied
crowd motion, using the approach described in Section 4.1.1

{ Variation op =3
The representations were rendered using 5 and 10 di erent tmplate models. A
maximum of 10 template meshes was chosen, since crowds in gesntypically
consist of no more than 10 di erent models.

5.1.2 Set | Tests: Deformable Mesh Representation

A high resolution mesh (100%) and 4 low resolution meshes (680, 45%, 30%, and 15%) were
used in these tests, where the corresponding number of vedis and triangles are shown in
Table 5.1. All of the triangles were texture mapped using a sigle decal RGBA image of
256 256 pixels (262KB). As described in Section 4.1.1, the defamation of each mesh resolu-
tion was precalculated and stored in a vertex bu er object. This results in a larger amount
of video memory being consumed than storing the character'snesh once and deforming it

at run-time. Since memory is more limited in game applicatiors, it is common practise to

98



use the latter method. However, this increases the renderip cost of the mesh since it needs
to be deformed on a per-frame basis for every human and therefe the pre-calculated poses

were used in these tests to improve the rendering speed.

Mesh Resolution | Vertex Percentage | Number of Vertices | Number of Triangles
High 100% 1383 2170
Low 4 60% 854 1258
Low 3 45% 653 937
Low 2 30% 456 612
Low 1 15% 245 298

Table 5.1: The vertex percentage, number of vertices and nuiver of triangles for each mesh
resolution tested.

Set | Tests: LOD Settings

Using each mesh resolution, the crowd was rendered with theoflowing settings:

Constant Shading Test

{ Shading op = 0, Variation .op = 0.
{ 1 template model.
{ 1 outt texture bound per frame.

{ Uniform Crowd Motion (1 VBO bound per frame).
Gouraud Shading Test

{ Shading op =1, Variation .op = 0.
{ 1 template model.
{ 1 outt texture bound per frame.

{ Uniform Crowd Motion (1 VBO bound per frame).
100 Outts Test

{ Shading op =1, Variation |.op = 1.
{ 1 template model.
{ 100 outt textures bound per frame.

{ Uniform crowd motion (1 VBO bound per frame).

100 Outts with Motion Variation Test
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{ Shading op =1, Variation |op = 2.
{ 1 template model.
{ 100 outt textures bound per frame.

{ Varied crowd motion (10 VBOs bound per frame).
Shadows Test :

{ Shading op =1, Variation .op = 0.

{ 1 template model.

{ 1 outt texture bound per frame.

{ Uniform crowd motion (1 VBO bound per frame).

{ Ground-plane shadows.
Template Models Tests

{ Shading op =1, Variation .op = 3.
{ N template models used (where N = 1, 5, and 10).
{ N*100 out t textures bound per frame.

{ Varied crowd motion (N*10 VBOs bound per frame).

Set | Tests: Results

Both the rendering cost and the size of the crowd that can be diplayed at 30 frames per
second were calculated for each mesh resolution (see Figubel).

As expected, Gouraud shading is more expensive than constashading, since it requires
additional per vertex computations. However, these compuations result in the variation in
shade across the mesh's triangles, and greatly improving realism of the mesh in comparison
to constant shading, which results in the same colour used aoss the triangle. In the case
of visual realism not being an important factor e.g., an applcation simulating crowds in an
emergency simulation, then constant shading should be usedue to its low rendering cost.
In the case of all settings, the rendering cost of the 100% masis proportionally higher than
all other resolutions. This suggests that the 100% mesh is veex/geometry bound due to
the higher number of polygons. Further timing tests investigating this bottleneck were not
carried out since the rest of the data provided su ciently correct results.

An interesting result is that rendering the meshes with a Vaiation op of 1 or 2 has little
e ect on the rendering cost. This indicates that, while the mesh representation is expensive
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Figure 5.1: (a) Rendering cost and (b) humber of humans dis@yed at 30 frames per second
for a mesh at a resolution of 100%, 60%, 45%, 30% and 15%.
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to render due to its geometric complexity, adding colour andmotion variation, which requires
several VBOs bound per frame, has little e ect on the renderng cost. Therefore, colour and
motion variation should be employed when rendering a crowd tilizing a deformable mesh
representation, since it results in a more visually intereing crowd for minimal extra cost.

Casting shadows on the ground-plane comes at a great cost, si@ twice as many trian-
gles are being rendered per-frame as a result of rendering theodel into the stencil bu er.
Therefore, while virtual environments that require a greater realism should use projected
ground-plane shadows for the virtual humans, they should be sed only when noticeable as
only a limited number of polygons can be displayed in each frame of a simulation.

Finally, the cost of rendering each set of template meshes vgacalculated (shown in Fig-
ure 5.2) and the results show that the number of template meshs has no e ect on the
rendering cost, in the same way that there was no di erence beveen rendering the mesh
representation with either a Variation op of 0 or 2. Both of these results indicate that the
cost of binding the additional VBOs per frame is not a computdionally expensive operation.

Using Different Template Mesh Models Using Different Template Mesh Models

0.08 7 600 7
B 100% Mesh Resolution M 100% Mesh Resolution

500
400 +

300
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¢ g <
D
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200

100

1 5 10 1 5 10
Number of Template Models Number of Template Models

Figure 5.2: (a) The cost of using 1, 5 and 10 di erent templatemeshes. (b) The number of
humans that can be rendered at 30 frames per second using 1, 5 80 di erent meshes.

Adding Variation Using OpenGL Fixed Function Pipeline Vs. Progra mmable
Graphics Hardware

This extra test was carried out to test whether there was a di erence in the rendering cost
between adding variation using the OpenGL xed function pipeline or graphics hardware.
These tests were carried out for each mesh resolution, but foonly 1,000 virtual humans. In
both cases, each individual's mesh was rendered with Gouralushading with no variation (i.e,
a single outt and the entire crowd walk in step), thus requiring a single outt and VBO
bind per frame.
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In the case of using the xed function pipeline, the mesh was manised into ve batches
of triangles (see Section 4.1.1 for more details), where eladatch represented the group of
triangles to be shaded with a particular di use colour (de n ed by the outt). In order to
add variation through graphics hardware, a fragment progran utilizing texture indirection
to lookup the outt's texture (see Section 4.1.1) was implemented.

From these results (see Figure 5.3(a)), adding colour varigon using the OpenGL xed
function pipeline causes a bottleneck for the lower mesh redutions. This is caused by
application-limited code, where the di use colour for each katch of triangles needs to be
changed each time the mesh is rendered (e.g., to render 1,06feshes where each mesh uses 5
materials would involve changing the di use colour 5,000 times in total). Since adding colour
variation through programmable graphics hardware does nonheed to change the di use colour
based on the triangle batches and therefore allows the ent& mesh to be rendered in a single
draw call, this allows more virtual humans to be displayed, especially for the lower resolution
meshes (see Figure 5.3(b)). Another advantage of adding vation through programmable
graphics hardware is that colour modulation depends on per ixel alpha values, thus allowing
for more detailed variation in comparison to the more limited per triangle-based OpenGL
approach.

Adding Colour Variation to Mesh Adding Colour Variation to Mesh
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Figure 5.3: (a) The cost of adding variation using the OpenGL xed function pipeline and
programmable graphics hardware. (b) The number of humans tlat can be coloured at 30
frames per second using either programmable graphics hardwe or OpenGL's xed function
pipeline.

5.1.3 Set Il Tests: Pre-Generated Impostor Representation

The same pre-generated impostor representation described iSection 4.1.2 was used.
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Set Il Tests: LOD Settings

The framerate was recorded for the 5 tests (100 to 1000 virtuahumans) using the following

settings:

Constant Shading Test

{
{
{
{

Shading op = 0, Variation .op =0.
1 template model
1 out t texture bound per frame.

Uniform crowd motion (1 detail map image bound per frame).

Gouraud Shading Test

Lt T e T e S Y

Shading op =1, Variation . op =0.
1 template model
1 out t texture bound per frame.

Uniform crowd motion (1 detail map and 1 normal map image bourd per frame).

100 Outts Test

Lt T e W e W e Y

Shading op = 1, Variation |op = 1.
1 template model
1 out t texture bound per frame.

Uniform crowd motion (1 detail map and 1 normal map image bourd per frame).

100 Out ts with Motion Variation Test

Lt T e T e S )

Shading op = 0, Variation |.op = 2.
1 template model
100 out t textures bound per frame.

Varied crowd motion (10 detail map and 10 normal map images band per frame).

Shadows Test :

{
{
{

Shading op = 1, Variation .op =0.
1 template model

1 out t texture bound per frame.
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{ Uniform crowd motion (1 detail map and 1 normal map image bourd per frame).

{ Ground-plane shadows.
Template Models Tests

{ Shading op =1, Variation .op = 3.
{ N template models used (where N = 1, 5, and 10).
{ N*100 outt textures bound per frame.

{ Varied crowd motion (N*10 detail map and N*10 normal map images bound per
frame).

Set |l Tests: Results

For each setting, both the rendering cost and the number of uitual humans that can be
displayed at 30 frames per second were calculated (Figure£and Figure 5.5).

Figure 5.4: Rendering cost of using the impostor representan.

Again, constant shading is less computationally expensivéhan Gouraud shading since it
does not require the binding of the normal-map image and the etxa computations to shade
each pixel based on the position of the environment's light.However, this comes at the price
of realism, as the impostor not being dynamically lit. While adding colour variation has a
small e ect on the rendering cost of the impostor, adding moion variation has a greater
impact due to the the extra impostor textures being loaded in from texture memory and
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Figure 5.5: Number of humans displayed at 30 frames per secdrusing the impostor repre-
sentation.

bound to the impostor's quadrilateral. Finally, casting shadows on the ground plane almost
doubles the rendering cost due to the impostor's quadrilateal being rendered into the stencil
bu er, and therefore should only be used when the shadows arecticeable. The di erence
between the number of humans that can be rendered at 30 framgser second using the mesh
and the impostor representation is shown in Figure 5.6.

It should be noted that there is a small di erence between usng the impostor and 15%
mesh resolution even though the mesh contains almost 300 merpolygons. This is because
the rendering of the impostor representation requires moreper-pixel operations and each
quadrilateral is rendered with a separate API call unlike the 15% mesh resolution where a
single API call is used to draw 300 batched triangles. Howewe the impostor's rendering cost
can be further reduced by using a technique similar to Goss#l et al. [GSMO05] that would
involve rendering multiple impostors per draw call, thus reducing driver overhead.

Unlike the mesh representation, increasing the number of tmplate models used a ects
the rendering cost due to the extra impostor textures neededFigure 5.7). Since these tests
were performed using a graphics card with 256MB of memory, teture thrashing due to the
loading in and out of textures is therefore not an issue. Howeer, in the case of graphics
cards with less memory (i.e., 128MB), texture thrashing woud be a problem in these tests
once the number of template models increased.
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Figure 5.6: Number of humans displayed at 30 frames per secdnusing the impostor and
mesh representation.
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Figure 5.7: (a) The cost of using 1, 5 and 10 di erent templateimpostors. (b) The number
of humans that can be rendered at 30 frames per second using 3,or 10 di erent impostors.
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Hybrid Impostor/Mesh Model Tests

This additional test was performed to calculate the rendering cost of displaying the hybrid
impostor/mesh model (described in Section 4.1.2), wherebyhe impostor's head was replaced
with a gesturing deformable mesh. Each virtual human's headmesh was animated with a
randomly generated head animation, while the impostor repesentation performed the walk
animation. From the head's original high resolution mesh, two low resolution meshes were
generated at 50% and 25% and Cogpp was calculated for each resolution. During these
tests, each virtual human hybrid representation was fully-lit with Gouraud shading, used the
same out t texture, and walked in step with the other virtual humans. Furthermore, virtual
humans utilising three di erent mesh resolutions (100%, 506 and 25%) and performing the
same head animation (based on the method described in Secti®4.1.1) were tested for com-
parison (see Table 5.3 for each resolution's correspondingumber of vertices and triangles).

Head Mesh Resolution| Vertex Percentage | Number of Vertices | Number of Triangles
High 100% 317 580
Low 2 50% 167 296
Low 1 25% 85 146

Table 5.2: The vertex percentage, number of vertices and nuimer of triangles for each head
mesh resolution used in the hybrid representation's tests.

Mesh Resolution | Vertex Percentage | Number of Vertices | Number of Triangles
High 100% 1383 2170
Low 2 50% 725 1043
Low 1 25% 385 499

Table 5.3: The vertex percentage, number of vertices and nuiver of triangles for each mesh
resolution used in the hybrid representation's tests for conparison.

From these results (Figure 5.8), due to the extra triangles i the head mesh, the rendering
cost of the hybrid representation is more expensive than anmpostor just performing the
walk animation. However, the hybrid representation is cheger than a mesh performing the
same head behaviour since the mesh representation's body lieplaced by a texture-mapped
quadrilateral. It should be also noted that, by reusing the pre-computed VBO data, only the
vertices in the head mesh need to be deformed and therefore éhdi erence between rendering
the mesh representation with and without a head animation ismarginal.
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Adding Head Behaviour Adding Head Behaviour
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Figure 5.8: (a) The cost of adding head behaviour. (b) The nunber of humans with head
behaviour displayed at 30 frames per second.

5.1.4 Video Memory Consumption

The consumption of video memory needs to be considered wheredling with real-time graph-
ics. Video memory is used to store the various bu ers (e.g.,rame bu er, depth bu er, and
stencil bu er), geometric data and texture maps used by an amlication. The amount of mem-
ory consumed by a bu er is typically several megabytes (depeding on its resolution and color
depth) and therefore is negligible in comparison to the amont consumed by geometric data
and texture maps needed to simulate a realistic environment Since video memory is limited,
it needs to be budgeted and this a ects various factors in theGeopostor system (e.g., num-
ber of individuals, animations and viewpoints). Otherwise the application's interactivity will
su er due to the thrashing of memory.

In the case of the impostor representation, video memory isansumed by its textures and
the vertex bu er object used to store the geometry for each vewpoint's billboard. The amount
of memory consumed by an impostor's detail and normal map foi single frame of animation
is listed in Table 5.4. Since only a subset of viewpoints are eeded per frame, splitting the
textures into smaller elevation textures greatly reduces he amount of memory consumed (see
Section 4.2.3). Depending on the elevation at which the viewoints are generated from, the
viewpoints can be tted into either a 128 1024 or a 256 1024 image. While mip-mapping
increases the memory consumed by the textures by a third, thé is necessary to remove visual
artefacts (see Section 4.1.2).

The amount of memory consumed by the impostor's vertex bu er object for a single
frame of animations is 0.002 MB for 17 viewpoints and 0.015 MBfor 17 by 8 viewpoints
(using Equation 5.3). It should be noted that there is no needto store vertex normals in
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Image Format | Viewpoints | Dimensions | Compression Memory Size
Ratio
Detail Map RGBA 17 8 1024 1024 | 4:1 (DXT3) (4 1024 1024 %)
(4 bytes) =1.0 MB
Normal Map RGB 17 8 1024 1024 | 6:1 (DXT3) (3 1024 1024 %)
(3 bytes) = 0.5 MB
TOTAL 1.5MB
(no mip-mapping)
TOTAL 2.0MB
(mip-mapping)
Detail Map RGBA 17 (128 256) | 4:1 (DXT3) | (4 (128 256) 1024 %)
(4 bytes) 1024 =0.125! 0.25 MB
Normal Map RGB 17 (1281 256) | 6:1 (DXT3) | (3 (128 256) 1024 3)
(3 bytes) 1024 = 0.0625! 0.125 MB
TOTAL 0.1878 0.375MB
(no mip-mapping)
TOTAL 0.29 0.5MB
(mip-mapping)

Table 5.4: The amount of video memory consumed by the impostds detail map and normal
map for a single frame of animation.

the impostor vertex bu er object since the billboards are dynamically oriented towards the
camera and therefore the normals are always the same.

Impostor VBO (bytes) = Nviewpoints  ( |{Z} ) ( |{§} ) (5.3)

N Triangles N TriangleV ertices
+
(13 gy ) Cfhyes)
P osition xyz TexCoord yy Size of float

In the case of the mesh representations, video memory is comsied by its di use texture
and the vertex bu er object used to store the precomputed pogs. The amount of memory
consumed by the di use texture is 0.167 MB (see Table 5.5 for lte di use texture's details).
The amount of memory consumed by the vertex bu er object dep&ds on the number of poses
it stores and on the number of triangles in the mesh (see Equ&bn 5.4). Table 5.6 lists the
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size of a vertex bu er object used to store a single pose for th same 100% mesh resolution
used in Section 5.1.2.

Image Format | Dimensions | Compression| Memory Size
Detail Map RGBA 256 256 | 4:1 (DXT3) | (4 256 256 %)
(4 bytes) = 0.0625 MB
(with mip-mapping) 0.083 MB

Table 5.5: The amount of video memory consumed by the mesh'sidise texture.

LOD | Numbertiangles Number of | Memory Consumed
Poses by VBO

Mesh 2170 1 0.198 MB

Table 5.6: The amount of video memory consumed by a mesh's viEx bu er object storing
a single pose.

Mesh VBO (bytes) = (Nposes) (NTriangles) ( |{§} ) (5.4)

N riangleV ertices

C@y * g v i ) fhytes)

P osition xyz Normal xy;  TexCoorduy Size of float

The total amount of video memory consumed by an impostor in the Geopostor system
ranges from a minimum of 2.52 MB or 5.02 MB (depending on the gie of the elevation texture)
to 20.15 MB. The total memory consumed by the corresponding rash representation is 2.063
MB. Therefore, a single human model in the Geopostor systemeaquires 4.583 MB to 22.583
MB of video memory for both representations (see Table 5.7).It should be noted that the
consumption of video memory by the human's color map is not cosidered as a result of being
one-dimensional textures and therefore have negligible meany usage.

With a memory budget e.g. 25%, on a graphics card with 256 MB ofvideo memory for
the Geopostor system, this would allow 64MB of video memory ¢ be used by the system for
storing the di erent human models or animations. In the case of using the larger impostor
textures, this would only allow almost 3 di erent animated h uman models to be stored or
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LOD Number of Memory Consumed| Memory Consumed | Total Memory

frames of animation by VBO by Texture Maps Consumed

(with mip-mapping)
Impostor 10 0.15MB 20.0MB 20.15 MB
(17 8 Viewpoints)
Impostor 10 0.02MB 2.5 5.0MB 2.52 5.02MB
(17 Viewpoints)
Mesh 10 1.98MB 0.083 2.063 MB

Table 5.7: The total amount of video memory consumed by a sinlg human model's impostor
and mesh representation.

a single human model with 3 di erent animations. This is greatly improved by using the
smaller elevation textures where between 9 and 14 di erent iman models can be stored or
between 3 and 4 human models with 3 di erent animations each depending on the elevation
at which the impostors are being shown at). It should be notedthat recent graphics cards
(e.g., ATl Radeon X1900 XTX, NVIDIA Geoforce 7800 GTX) and next generation console
architectures such as the Playstation 3 feature 512 MB of viéo memory allowing the number
of human model types to be doubled for the same memory budgetgrcentage.

5.1.5 Geopostor System's Bottlenecks

The Geopostor system was tested using NVIDIA'sNVPerfKit [NVIa] to establish how the
system is using the GPU and to identify performance issues. MPerfKit allow graphics
application developers gain access to low-level performaerccounters inside the driver and
GPU [NVIb]. Since a NVIDIA graphics card is needed to use NVPefKit, the tests were
performed using a PentiumlV 3.4Ghz processor, with 1.0GB RM and an NVIDIA 6600 GT
graphics card with 128MB of video memory. The same OpenGL erivonment (as described
in Section 5.1.1) was populated with 1,000 virtual humans usg the 5 resolution meshes
and the impostor. All representations were rendered using Guraud shading implemented in
hardware. The frame rate (Table 5.8) and various GPU countes (see Figure 5.9 (a) and (b))
were recorded.

Ideally, the percentage of time the GPU is idle should be as sail as possible as the GPU
is otherwise being wasted. This is a case for all of the mesh peesentations, indicating that
the bottleneck is GPU and not CPU (see GPU Idle % in Figure 5.9 @)). However, GPU
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Idle % is higher for the impostor suggesting that it is partially CPU-limited as a result of
rendering each billboard using a separate API call.

LOD Geometric 100% | 60% | 45% | 30% | 15% | Impostor
Representation Mesh | Mesh | Mesh | Mesh | Mesh

FPS 12 20 22 42 83 331

Table 5.8: Frame-rate of the geometric representations useth the Geopostor system mea-
sured using NVPerfKit.

In the case of all the mesh representations, the percentagef dime that vertex shader
unit 0 was busy (i.e., Vertex Shader Utilization %) accountad for a large percentage of the
GPU time while the percentage of time that pixel shader unit 0 was busy (i.e., Pixel Shader
Utilization %) was relatively small (see Figure 5.9 (b)). This indicates the meshes are ver-
tex/geometry bound. The number of unique vertices transfomed by the geometry (Vertex
Count) is approximately three times the number of the triangles processed in the geometry
subsystem (Triangle Count) (see Figure 5.9 (b)). The meshégerformance could be improved
by using triangle strips or fans, since the GPU's post T&L cadie would reuse the transforma-
tion of cached vertices and therefore reduce the overall nubrer of vertices transformed. An
interesting result is that the test involving the 45% mesh resolution only achieved 22 frames
per second (see Table 5.8). This is possibly due to VBOs undex certain number of triangles
become CPU-limited [WI003].

Due to the impostor requiring more per-pixel operations and ts geometry consisting of
only two triangles, the impostor's Pixel Shader Utilizatio n percentage was substantially higher
and its Vertex Shader Utilization percentage was substantally lower, indicating that, unlike
the mesh representations, it is pixel-bound and not vertex/geometry bound. Additionally,
the per-pixel operations are also applied to the background the impostor textures resulting
in a higher Pixel Count (see Figure 5.9 (b)). The percentage btime the pixel shader is stalled
by raster operations (ROP) is signi cantly higher due to alp ha testing the impostor's pixels
(see ROP Stalls % in Figure 5.9 (a)). As expected, the percemige of time that pixel shader
unit was stalled waiting for a texture fetch (i.e., Shader Stalls%) was high for the impostor
in comparison to any of the meshes. Since the textures do haveipmips and do not use
anisotropic ltering, this suggests that there is bad coherency when accessing textures.
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Figure 5.9: (a) GPU timing performance of the Geopostor systm. (b) GPU Geometry
Performance of the Geopostor system.
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5.2 Performance of Crowd System in an Urban Simulation
System

The city application contains over 100,000 polygons and useover 200MB of texture data, and
so provides a good real-world application in which to test ourcrowd system. The aim of these
tests is to compare the number of humans that can populate thecity at a real-time frame
rate based on the virtual human's geometric, animation, andvariation LOD. To provide a
baseline, we recorded the frame rates during a 2000 frame vidhrough of the virtual city
containing no humans and averaged the frame rate every 20 fraes (Figure 5.10(a)).

Instead of populating the environment with various sized ciowds until the frame rate
drops below a certain threshold, we precalculate the maximm number that could populate
the environment at this threshold for each virtual human representation LOD. Since only
small parts of the environment are inhabitable (i.e., pavenent and grass areas), populating
the city by randomly positioning the virtual humans in these areas (using the walk-maps
discussed in Section 4.2.1) results in an uneven distributin of humans per frame. Therefore,
bottlenecks will occur at particular frames when large inhaitable areas are within the view
frustum. To precalculate where these bottlenecks will occy the number of humans drawn at
each frame was recorded during the walkthrough of the city ppulated with 10,000, 25,000,
50,000, 75,000 and 100,000 virtual humans (Figure 5.10(b)) It should be noted that the
random number generator was seeded with the same number be# each test so that the
position of the humans was constant amongst further tests.

Walkthrough of Virtual Dublin with No Distribution of Humans During Virtual
Crowd Dublin Walkthrough
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Figure 5.10: (a) Walkthrough of Virtual Dublin containing n o crowds. (b) Distribution of
humans within Virtual Dublin populated with 10,000, 25,000, 50,0000, 75,0000 and 100,000
humans

From these tests, the maximum number of unoccluded humans whin the view-frustum
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occurred at frame 76 of each populated walkthrough (see Fige 5.10(b)). To estimate the
maximum number of humans (Maxy ) that can be displayed at this frame so that the frame
rate does not drop below FPS hreshold » We utilize the various LOD rendering costs (Costop ),

calculated in Section 5.1, in Equation 5.5. From Figure 5.1(a), the frames per second at
frame 76 (FPS;6) of the walkthrough populated with no virtual humans is 212. To estimate

the number of humans that need to populate the city (Citypop) so that there is Maxy at frame

76, we can interpolate this value from the distribution of humans in the various walkthroughs
in Figure 5.10(b).

FP ST hreshold 1 )
FPSre Costiop  FP Sthreshold

Maxy = (1 (5.5)

From Section 5.1, since a deformable mesh at the highest LODof variation had no
a ect on the rendering cost (where VariationLOD = 3 in Table 4.2), ve walkthroughs using
a mesh resolution of 100%, 60%, 45% and 15% were recorded willD template meshes.
Virtual humans using a particular template mesh had a choiceof 100 out ts, performed the
default walk animation (Animation | op = 0) and did not move in step with each other to
allow for varied crowd motion. In the case of the crowd's lowst LOD representation, the
impostor's rendering cost varied depending on its Variation op . As Variation op increases,
so does texture memory consumption. Since the environmentds its own texture memory
requirements, the chances of texture thrashing occurringricreases with these levels of detail.
To test this, four walkthroughs of the city populated with im postors were recorded using the
following crowd levels of detail:

Impostor Crowd Test O (Variation . op = 1, LOD animation = 0):
1 template model with 100 out ts with uniform crowd motion

Impostor Crowd Test 1 (Variation . op = 2, LOD animation = 0):
1 template model with 100 out ts with varied crowd motion

Impostor Crowd Test 2 (Variation . op = 3a, LOD animation = 0):
10 template models with 100 out ts with uniform crowd motion

Impostor Crowd Test 3 (Variation . op = 3b, LOD animation = 0):
10 template models with 100 out ts with varied crowd motion

To evaluate each representation's impact on the frame rate bthese walkthroughs, so
that we only take the rendering cost into account, the virtual humans did not perform col-
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lision avoidance with the environment's static objects andwalked on the spot. However,
FPSthreshold Was set to 35 frames per second to allow for collision avoidae in future tests
without the frame rate becoming non-interactive. Table 5.9 simmarizes each representation
tested, and the estimated number of humans needed to populatthe city, so that there are
MAX y at frame 76. It should be noted that, in these tests, the virtual humans were both
occlusion and frustum culled, and lighting was enabled. Theresults for these walkthroughs
are in Figure 5.11 and Figure 5.12, and show that the size of th crowd can be dramatically
increased at interactive frame rates when using the impostorepresentation.

Crowd Model Variation .op | Animation op | Costiop (Ms) | Maxy | City pop
High Res Mesh 3 1 0.064526 369 6,000
Low Res Mesh 4 3 1 0.029238 816 13,000
Low Res Mesh 3 3 1 0.025209 946 15,000
Low Res Mesh 2 3 1 0.018985 1,257 | 20,000
Low Res Mesh 1 3 1 0.011160 369 35,000
Impostor Test 0 1 0 0.005617 4,250 | 67,000
Impostor Test 1 2 0 0.006458 3,696 | 58,000
Impostor Test 2 3a 0 0.006141 3,887 | 61,000
Impostor Test 3 3b 0 0.007339 3,252 | 51,000

Table 5.9: Population of the city for each LOD representation so that the frame rate does
not drop below a threshold of 35fps.

To compare these results with our Geopostor system's switdhg approach, four walk-
throughs were performed using the same settings as the tesiavolving the impostors (Fig-
ure 5.13). The selection criteria used for switching betwes representations was the hypothe-
sised pixel to texel ratio of 1:1 and the number of impostors ad meshes drawn at each frame
is shown in Figure 5.14(a) and (b), respectively. The resulé show that our system has no
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Virtual Dublin Walkthrough Populated with Crowd using Mesh
Representation
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Figure 5.11: Walkthrough of Virtual Dublin containing crow ds using di erent mesh resolu-
tions.
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Figure 5.12: Walkthrough of Virtual Dublin containing crow ds using the impostor model.
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Figure 5.13: Walkthrough of Virtual Dublin using the Geopostor system
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signi cant impact on the frame rate in comparison to the vari ous walkthroughs using solely
impostors. It was also found that texture thrashing did not occur, even at the highest LOD
for variation. However, this is due to the fact that the graphics card had 256MB of memory.
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Figure 5.14: (a) Number of impostors drawn each frame. (b) Nmber of meshes drawn each
frame.

Geopostor System with Collision Avoidance and LOD Ground-
Plane Shadows
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Figure 5.15: Geopostor system with collision avoidance angrojected ground-plane shadows.

Two more tests were performed to measure the e ect of colligin avoidance and projected
ground-plane shadows on the frame rate. For the rst test, thevirtual human no longer walked
on the spot but navigated through their environment by performing collision avoidance with
static objects, using the method described in Section 4.2.1The Geopostor system was used
in this test, where LODy griation Was set to a level of 4 with 10 template models. Finally,
the e ect of projecting the virtual human's shadow onto the ground-plane was tested. In
this test, all of the settings were the same as above. A LOD apmach was utilized, whereby
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each virtual human's LODgeometry representation was rendered into the stencil bu er only
if it was within an arbitrary distance of 65 meters from the camera which was selected
based on preliminary observations. Perceptual experimerst to evaluate the optimal shadow
distance could be carried out as future work. From the recoréd results (see Figure 5.15),
collision avoidance and rendering projected shadows can laerformed using our system while
maintaining the application's interactivity.

5.2.1 Minimizing Texture Thrashing Evaluation

Finally, to test the e ect of splitting the impostor texture s into separate elevation textures (see
Section 4.2.3) as opposed to using the original textures ofQR4 1024 pixels, we recorded the
frame rates during a 2000 frame walkthrough of the virtual cty, containing 10,000 individuals,
and averaged the frames per second every 40 frames. The watkbugh used was di erent to
the previous tests. Since we want to test how the size of the m-generated impostor texture
a ects texture thrashing as the number of di erent template impostor models increases, all of
these tests were performed using a GeForce 4 Ti4600 3D card twil28MB of video memory
instead of the 256MB card used in other test. Additionally, the buildings in the urban
environment were rendered without textures to avoid texture thrashing due to the city's
models. These tests were run with 4, 6, 8, and 10 di erent huma models for both types of
textures. As shown in Figure 5.16, once the number of human maels exceeds four, texture
thrashing becomes a problem when using the original texture. However, up to ten human
models can be used without texture thrashing a ecting the frame rate when the impostor
textures are split into separate elevation textures.

1024x1024 Textures Split Textures Into Elevation Textures
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Figure 5.16: Frame rates using 1024x1024 textures Vs. usinglevation textures
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5.3 Perceptual Evaluation of Virtual Human Representations

Usually developers of real-time crowd systems decide on theirtual human representation
they will use based on three factors: the size of the crowd beg rendered, each representation's
rendering cost and its visual appeal. While there has been agnsive research on the numerous
ways of graphically representing virtual humans (including their associated rendering cost),
there has been no research conducted on perceptually evalirag them. However, evaluating
these representations based on the plausibility of visual ppearance and motion would provide
a useful metric to help developers of LOD-based crowd systemisnprove its visual realism
while maintaining real-time frame rates. With regards to improving our crowd system, we
carried out perceptual evaluation experiments on various Vrtual human representations using
experimental procedures from the area opsychophysics

5.3.1 Psychophysics

Psychophysicsis the science of human sensory perception and is used to expé two general
perceptual problems involving the measurement of sensoryhresholds: discrimination and
detection [LHEJO1]. Discrimination is the ability to tell t wo stimuli apart, where each di er
by a small amount, usually along a single dimension. Detectin is a special case of the
discrimination problem, where the reference stimulus is a all stimulus. Typically, both
perceptual problems can be investigated using either a clagcal yes-no or a forced choice
experiment design [Tre95]. A yes-no design involves experiemt participants deciding on
whether the stimuli are the \same" (no response) or \di erent" (yes response) while forced
choice designs consist of the participant identifying a spei ¢ target stimulus given a number
of choices. Using these designs, the participants resporsdor each stimulus level can be
collected and analyzed to estimate discrimination or detetion thresholds. In order to measure
these thresholds, the participant's cumulative responsesre plotted as a graph ofpercentage
yes responses (using a yes-no design) qercentage correctresponses (using a forced choice
design) for each stimulus level. An S-shaped curve termed Bsychometric Function is tted
to the cumulative responses, where the percentage yes or pentage correct is plotted as a
function of stimulus.

For a yes-no design, the sensitivity threshold is speci ed bythe stimulus intensity required
for a person to reach a 50% yes point i.e., the point where samand di erent responses are
equally likely. This threshold is known as the Point of Subjective Equality (PSE). For this
design, a simple Ogive inverse normal distribution function (see Equation 5.6) can be use
to plot a curve that ts the participant's data (shown in Figu re 5.17) and, from this curve,
the PSE can be estimated as the 50% point and calculated usingquation 5.7. The inverse
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Figure 5.17: An Ogive function tted to a participant's data for a yes-no design.

normal distribution function computes the stimulus intensity (x) for a given probability (P).

(x_)?
1 —
P ogive(X) = ﬂQZ: exp 2 (5.6)
where : is the mean
is the standard deviation, and
2 js the variance.
P SE ogive = P ogive(0:5) (5.7)

For forced choice designs, the threshold is often chosen ashalfway point between chance
and 100% correct [Tre95]. For example, for a two alternativeforced choice (2AFC) paradigm,
the target stimulus is one of two choices. Therefore, the sesitivity threshold is the midpoint
between chance (50% point in the case of 2 choices) and 100%rmaxt, which is the 75%
point. For experimental data using a 2AFC paradigm, a logistical function is normally used
to t a suitable curve to the participant's data and estimate the PSE using the 75% point.
In our experiments we use a slightly modi ed version of the I@istical function (given in
Equation 5.8). The PSE for an experiment using a 2AFC design an be calculated using
Equation 5.9
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1

P Logistic (X) =1 (W

) (5.8)

where : is the stimulus at the halfway point,
is the steepness of the curve, and
is the probability of being correct by chance.

P SE Logistc = PLogistic (0:75) (5.9)

Another interesting threshold that can be estimated from these curves is thedi erence
threshold or the just noticeable di erence (JND). The JND is the smallest di erence in inten-
sity required for a person to distinguish two stimuli and this can be estimated as the amount
of additional stimulus needed to increase a participant's etection rate from 50% to 75%
(for a yes-no design) or from 75% to 87.5% (for a 2AFC design) othe tted psychometric
function. Equation 5.10 and Equation 5.11 are used to calcwdte the JND for a experiment
using a yes-no and 2AFC experiment, respectively. Finally, ANalysis of Variance (ANOVA)
is used to test the null hypothesis that two means are equal. Tie null hypothesis is rejected
if there are signi cant di erences between the means.

JIND ogive = Pogive (0:75)  Pogive(0:5) (5.10)

JIND Logistic = PLogistic (0:875)  Progistic (0:75) (5.11)

The main problem with measuring thresholds of perception isthat participants do not
always respond in the same way when presented with identicastimuli in an ideal, noise-
free experimental setup. This is mainly due to the fact that the neurosensory system is
somewhat noisy, but other reasons such as attentional di eences, learning, and adaptation
to the experimental setup can also have an e ect. To reduce goe of these problems, many
psychophysical techniques for collecting data have been deloped [Tre95]. With regards to
our experiments, we use a staircase experimental procedure

A simple up-down staircaseprocedure involves setting the stimulus level to a pre-de nel
intensity and presenting the stimulus to the participant [C or62, Lev71]. Depending on the
participant's response, the stimulus level is decreaseddf a positive response) or increased (for
a negative response) by a xed amount orstep-sizeand the altered stimulus is presented to the
participant again. The experiment is terminated once the paticipant's response changes from
positive to negative and vice versa (called aeversal) a certain number of times. Figure 5.18
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illustrates the stepping procedure for an up-down staircas@erminated after four reversals. It
should be noted that care is needed when selecting the stepzsi. Too large a step-size results
in inaccurate threshold estimates and the possibility ofoutliers in the data. Alternatively,
too small a step-size may result in an accurate threshold egtate but the risk of participants
becoming bored, tired or losing their attention is high. Nomally, the appropriate step-size is
selected based on the results from preliminary experimenttesting several di erent step-sizes.

Figure 5.18: Example of the stepping procedure for an up-dowrstaircase terminated after
four reversals.

To eliminate response bias caused by participants learnindgiow the experimental proce-
dure works, a pair of randomly interleaved staircases can beised [ODGKO03]. This involves
setting up ascending and descendingstaircases, where their respective stimulus level is ini-
tialised to a maximum and minimum intensity. These two stair cases are then presented to the
participant in a randomly interleaved manner to eliminate t he participant guessing the direc-
tion of change of the stimulus intensity. To avoid data being sampled at too high or too low
stimulus levels, adaptive procedures can be used to specifyow to adapt the stimulus level
depending on the participant's response. As a result of thisdata sampling is concentrated
around the participant's threshold on the psychometric function. Levitt provides an overview
of adaptive staircase procedures [Lev71] such as thieansformed up-down method and the
weighted up-downmethod. With transformed up-down methods (used in [MAEHO04]), the
stimulus is altered depending on the outcome of two or more pEceding trials. For example, a
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three-up one-down (3U-1D) stepping procedure involving the simulus level is increased only
after three successive incorrect responses and decreaseilhweach correct response. With
weighted up-down methods, di erent step-sizes for upward anddownward steps are used.

While there has been little previous work related to the pereption of virtual human
representations, research using psychophysical experimetechnigues has been conducted on
the perception of other computer graphics related areas sicas the animation of virtual
humans [HOT98] [WB03] [HRDO04] [RP03] [OHJOO0], sensitivity to head tracking latency in
virtual environments [MAEHO04] and rigid-body collision responses [ODGKO03]. With the goal
of improving the realism of our crowd system, we carried out he following three perceptual
experiments:

1. Experiment 1. Impostor Vs. Mesh Detection Experiment
At what distance can experiment participants detect that a virtual human is using an
impostor or mesh representation?

2. Experiment 2: Low Vs. High-Resolution Mesh Discrimination Experi ment
At what distance and at what resolution can experiment participants discriminate be-
tween a high resolution and low resolution mesh represent&n?

3. Experiment 3: Impostor/Mesh Switching Detection Experiment
At what distance can experiment participants detect an impostor switching to a mesh?

5.3.2 Experiment 1: Impostor Vs. Mesh Detection Experiment

Aim

While a pre-generated impostor is signi cantly faster to render than the corresponding mesh,
its main aesthetic problem is that, once the impostor is clos to a viewer, certain artefacts
are quite noticeable and the viewer is able to perceive the dérence between the two rep-
resentations, especially when displayed side-by-side. Thesartefacts may be caused either
by aliasing, loss of depth information, or using a xed numbe of pre-generated viewpoint
images.

In this experiment, we aimed to establish the distance at wheh a virtual human's pre-
generated impostor is perceptually equivalent to its mesh.In order to establish this distance
threshold, we simultaneously presented two virtual humansusing the impostor and mesh
model at various distances to the experiment participant, and tested the participant's ability
to detect which virtual human was using which representatian. By recording the participant's
responses at each distance the virtual humans were displagieat and plotting a psychometric
function to this data, this distance threshold was estimated from the tted curve using
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the PSE. This PSE signi es the distance at which the participant is likely to choose either
representation with equal likelihood, and therefore provides a good estimate to the distance
at which the impostor is perceptually equivalent to the mesh(for that person).

The goal in establishing such a threshold was to provide us Wi a guide to the distance
at which both representations could be displayed in our systm without a user detecting
the impostor. This distance can be calculated in terms of a ptel to texel ratio, and it was
hypothesised that beyond the point of one-to-one pixel to texératio (see Section 4.1.3), the
participants would be unable to detect the impostor. Often it is dicult to nd the exact
experimental parameters and variables for a staircase praure (such as step-size, maximum
and minimum stimulus levels etc.). A study was rst carried out using a weighted up-down
experimental procedure followed by a second study on a di eent set of participants using
a transformed up-down experimental procedure. In order to véidate and ne tune results
found in the rst study, which produced approximate threshold ranges, we exploited our
earlier ndings to nd the exact pixel to texel ratio in the se cond study.

Apparatus and Participants

The equipment used was a high end commodity PC with an NVidia GeForce graphics ac-
celerator card. For the rst study, a 19-inch monitor was used, while a 21-inch monitor was
used for the second study. Both monitors were at a resolutiorof 800x600 pixels with a screen
refresh-rate of 85 Hertz.

Eleven participants (2 females, 9 males, aged between 22 arD) took part in the rst
study, while 38 participants (13 females, 25 males, aged beten 17 and 35) took part in the
second. All participants were drawn from the sta and students of the authors' institution,
had normal or corrected to normal vision and were both familar and unfamiliar with graphics.
All of the experimental participants were positioned appraximately 28"-30" from the screen
at zero elevation, so the full display subtended a visual anig of approximately 26 . User
input for the experiments was provided by a USB gamepad featting two trigger buttons to
allow the participant to make their selection.

Visual Content and Procedure

An OpenGL test application was used to present the experimetal stimuli to the partici-

pants. The experiment environment consisted of a black gridwith a white background (for
the ground plane). The 3D world was con gured for a standard 46 eld of view of the
environment. All representations in the test application were lit by a directional light source
pointing towards them and positioned directly behind the camera.
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Figure 5.19: Virtual human impostor Vs. mesh detection expeiment.

The participants were shown the mesh (described in Section.4.1) and impostor model
(described in Section 4.1.2) side by side at di erent distartes from the participant (as shown
in Figure 5.19) for 5 seconds. The virtual humans were sepatad by a xed number of screen
pixels to keep the distance between the representations cetant. Both representations were
animated with the same one second walk-cycle consisting of erkeyframe of animation every
100 milliseconds. Since applications containing virtual lmmans would typically involve dis-
playing them from multiple viewpoints, both virtual humans were rotated at 5.625 degrees
every 100 milliseconds in a randomised direction around they-axis so that the participant
was not comparing the representations based on a single vigwint and therefore eliminating
directional bias. It should be noted that all models were diplayed in grey-scale, as in these
experiments we wished to determine people's ability to detet detail. Colour would compli-
cate this issue by introducing further confounding factors so we left this aspect for future
examination.

This experiment employed a two alternative forced choice (AFC) design, whereby the
participant was asked to choose which virtual human \lookedbetter" at each distance. We
considered the virtual human using the mesh representatiorto be the \correct" response.
Depending on the participant's response, the distance at with to display the virtual humans
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was either increased (for a correct response) or decreaseii(a incorrect response). To avoid
the participant guessing the direction of change in the virtual humans' distance, we used
randomly interleaved ascending and descending staircase€ach staircase terminated after
twelve reversals, where a reversal occurred whenever the gieipant changed his response
from correct to incorrect and vice-versa.

To concentrate the data sampling around the participant's distance threshold, an adaptive
step-size was employed with a adaptive procedure. The set okperiments in the rst study
employed a 3:1 weighted up-down adaptive procedure. The iniél step-size for each staircase
was set to 2.5 units, and was halved after each of the rst fourreversals, resulting in a nal
step-size of 0.15625 units. The ascending staircase startead the initial distance of 5 units,
and the descending staircase at an initial distance of 31 uis. By using a 3:1 Weighted
Up-Down procedure, this resulted in the virtual humans beingmoved closer by three times
the current step-size for every \incorrect” guess, otherwig they were moved away by just the
current step-size for each \correct" response. The second gtly employed a Three-Up, One-
Down (3U-1D) stepping procedure i.e., each time the partici@nt indicated 3 consecutive
correct responses, the distance at which the virtual humansvere displayed was increased
by the step-size, otherwise one incorrect response causedetitistance to decrease by the
step-size. The initial step-size was set to 4 units, and afterhie rst four reversals the nal
step-size was 0.25 units. The ascending staircase began withe virtual humans displayed
at the furthest stimulus distance of 29 units, while the desending staircase started at the
closest distance of 9 units.

Results

For each staircase, we recorded the participants' responseat each distance, as well as the
distances at which the 12 reversals occurred. A participars results were accepted if both
staircases converged to approximately the same answer. Toheck this, we compared the
minimum and maximum distance at which the last 4 reversals ocurred for the ascending
and descending staircase. If they did not overlap with each ter, then the participant's
data was considered to be diverging and therefore unusabléAfter eliminating any diverging
results, the experimental data from nine out of the eleven paicipants and sixteen out of the
thirty-eight participants experimental data converged properly for the rst and second study,
respectively.

The large amount of diverging data is thought to be a result ofa aw related to using a
2AFC task, whereby a series of lucky guesses at low stimulugvVels i.e., when the representa-
tions are far away from the viewer, can erroneously drive thestaircase to levels that are too
low [Kle01]. On further analysis of this diverging data, it was discovered that the ascending
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staircases were not able to recover from a string of lucky gusses. However, it was found that,
for the majority of the descending staircases, the minimum ad maximum distances of the
last 4 reversals overlapped with the results of both staircaes for the converging data.

A psychometric curve ranging from 100% to 50% was tted to eab participant's experi-
mental data using Equation 5.8. Using Equation 5.9 and Equaion 5.11, the PSE and JND
for each study were calculated as the 75% and 87.5% levels ohe curve, respectively. At
this PSE, the participant will judge the representations with equal likelihood as looking bet-
ter. The corresponding pixel:texel ratio values were calclated for the PSE and JND using
Equation 5.12. The one-to-one pixel to texel ratio equivalentdistance for the virtual human
model used in this experiment is listed in Table 5.10 along wh the two-to-one distance for
comparison.

distance PixelSize

Pixel : TexelRatio(distance) = ToxelSize (5.12)
Pixel:Texel Ratio Distance
1:1 11.0 units/meters
2:1 22.0 units/meters

Table 5.10: One-to-one pixel to texel ratio distances for the irtual human with a 45 Field
of View at 800x600 Resolution

The mean PSE and JND for the 9 participants in the rst study were 1.4 0.142 and
0.492 0.152 (see Figure 5.20(a)). The mean PSE showed that users qpeived the impostor
representation of human models at a distance greater than th hypothesized ratio (a pixel to
texel ratio of 1.4:1). However, the mean JND is quite large imlicating that the participants
were not sensitive to small changes to the pixel to texel ratb at which the impostor was
being displayed. The mean PSE and JND for the 16 participantsin the second study were
respectively 1.164 0.064 and 0.1 0.01 (see Figure 5.20(b)). The mean PSE is close to
the hypothesized value of one-to-one, and this result repres#s an improvement on the rst
study. This change in results is attributable to learning from the rst study's experimental
results and adapting the psychophysical procedure accordgly. Since only one virtual human
model was used for this experiment there were no means to corape, hence an ANOVA was
not performed.
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Figure 5.20: Results of the impostor Vs. mesh detection exgénents (showing PSE and JND
in terms of pixel to texel Ratio) using: (a) a 3:1 weighted up-down procedure (PSE 1, JND
1) and (b) a 3U-1D procedure (PSE 2, JND 2).

5.3.3 Experiment 2: Low Vs. High-Resolution Mesh Discrimin ation Ex-
periment

Aim

A common LOD approach for reducing the computational cost asociated with rendering a

high detailed mesh, is to render a simpler mesh containing &s triangles when the loss of

detail will be imperceptible to the viewer of the system. However, care has to be taken in

generating the low resolution mesh, as removing too much deil can result in blocky shaped

meshes with animation artefacts caused by not enough joint grtices. Due to these artefacts,

the overall visual realism of the virtual human is reduced.

In this second experiment, we aimed at establishing the redation, in terms of both
the percentage of vertices and the distance at which a virtubhuman's low resolution mesh
is perceptually equivalent to a high resolution mesh. In orer to establish this resolution
threshold, we simultaneously presented each experiment pacipant with two virtual humans
using the high and a low-resolution mesh at a particular distance, and tested their ability
to discriminate whether the two resolution models were idetical or not. The participant's
responses for each low resolution mesh displayed were reded, and a psychometric function
was plotted to this data for each distance at which the virtual humans were displayed.

The goal in establishing such a threshold was to provide a gdie to when a low-resolution
mesh could be used in place of the high resolution mesh in ouystem without a user detecting
the reduction of detail in the character's appearance.
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Apparatus and Participants

The equipment used was a high end commodity PC with an NVidia GForce graphics ac-
celerator card. A 21-inch monitor was used at a resolution of 80x600 pixels with a screen
refresh-rate of 85 Hertz.

18 participants (5 females, 13 males, aged between 17 and 28)ok part in the second
experiment. All participants were drawn from the sta and st udents of the authors' institu-
tion, had normal or corrected to normal vision and were both fimiliar and unfamiliar with
graphics. All of the experimental participants were positioned approximately 28"-30" from
the screen at zero elevation and so the full display subtendka visual angle of approximately
26 . User input for the experiments was provided by a USB gamepadeaturing two trigger
buttons to allow the participants to indicate their response.

Visual Content and Procedure

The same OpenGL test application as in the experiment in Segbn 5.3.2 was used to present
the two virtual humans using the high resolution and a low re®lution mesh to the partici-
pants for 5 seconds. The high resolution mesh consisted of 2Q triangles, and nineteen low
resolution meshes were generated from this original mesh blgand. Solely using automatic
simpli cation would result in losing important vertices ne eded to maintain the appearance
of the model under motion, especially for the very low resoltion models, which would sub-
sequently bias the experiment's results. Therefore, the v resolution meshes were automat-
ically simpli ed with manual intervention to keep the integ rity of the really low resolution
meshes. Using the 3D Studio MAXmultires modi er, nineteen low resolution meshes were
generated in this manner, ranging from a reduced vertex pementage of 60% to 15% at intervals
of 2.5%. Preliminary observations were used for setting theppropriate range of resolutions
for the low LOD mesh. A minimum vertex percentage of 15% was dected, as this was the
maximum amount which the mesh's detail could be reduced whi still retaining the general
shape and motion of the virtual human's high resolution mesh The corresponding number
of vertices and triangles for each resolution model are shawin Table 5.11.

The patrticipants were simultaneously shown two virtual humans side by side using the
high resolution mesh and a low resolution mesh at 3 speci ¢ ditances from the participant.
The virtual humans were separated by a xed number of screen xels to keep the distance
between the representations constant. As in the experimenin Section 5.3.2, both models
were animated with the same one second walk-cycle and were iated by 5.625 degrees every
100 milliseconds in a randomised direction around the y-axisto eliminate directional bias.
All models were displayed in grey-scale, as in these experimes we only wished to determine
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Mesh Resolution | Vertex Percentage | Number of Vertices | Number of Triangles
High LOD 100% 1,383 2,170
Low LOD 18 60% 854 1,258
Low LOD 17 57.5% 819 1,204
Low LOD 16 55% 786 1,148
Low LOD 15 52.5% 754 1,096
Low LOD 14 50% 725 1,043
Low LOD 13 47.5% 688 990
Low LOD 12 45% 653 937
Low LOD 11 42.5% 617 881
Low LOD 10 40% 584 824
Low LOD 9 37.5% 553 773
Low LOD 8 35% 520 719
Low LOD 7 32.5% 489 665
Low LOD 6 30% 456 612
Low LOD 5 27.5% 417 559
Low LOD 4 25% 385 499
Low LOD 3 22.5% 345 453
Low LOD 2 20% 313 397
Low LOD 1 17.5% 278 352
Low LOD O 15% 245 298

Table 5.11: Low resolution mesh details

people's ability to discriminate loss of detail.

This experiment consisted of 3 pairs of ascending and descdimg staircases randomly in-
terleaved, where each pair displayed the virtual humans at ae of the three distances from the
participant. A yes-no design was employed, whereby the partiipants were asked to indicate
whether the virtual humans looked the \same" (no response) o \di erent"(yes response) by
pressing the respective left or right trigger button on a USB gamepad. For each staircase, a
simple up-down stepping procedure was employed i.e., eachntie the participant indicated a
\same" response, the resolution of the low LOD mesh was decesed by the step-size, other-
wise a \di erent”" response increased the resolution by the $ep-size. Each staircase ran for
twelve reversals i.e., each time the participant's respons changed. An adaptive step-size was
used, where the initial step-size was only halved once aftethe rst reversal for each staircase.

The ascending staircase began with the low LOD mesh displaygkat the highest resolution
of 60%, and the descending staircase started with the low LODmesh displayed at the lowest
resolution of 15%. The initial resolution step-size was setd 5% and, after the rst reversal,
the nal step-size was 2.5%. As mentioned previously, 3 distaces at which to display the
representations from the viewer were chosen. The rst distace was 5 units, and the other
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Figure 5.21: Mean PSE and JND values for low resolution modsl

2 distances were calculated based on a percentage of the regentation's initial screen-space
size at the rst distance. The second distance was 8 units andhe third distance was 16 units
which corresponded to 66.6% and 33.3% of the representatitminitial screen space size.

Results

For each staircase, we recorded each participant's respoagor each mesh resolution displayed,
as well as the resolution at which the 12 reversals occurred/Ve eliminated any diverging data
using the same method as in Section 5.3.2. In this experimenbut of the 18 participants, 16
converged for the rst distance, 13 converged for the secondistance and nally 12 converged
for the third distance.

Using the converging data, for each pair of staircases, we tailated the percentage of yes
responses for each resolution displayed, and plotted thissaa function of the resolution. For
this experiment, a psychometric function based on Equation5.6 was used to t a curve to the
data set and we subsequently calculated each participant'?SE and JND. The mean PSE
and JND for each distance were calculated and are shown in Fige 5.21. The corresponding
number of vertices and polygons for the PSE are shown in Tabl&.12.

From this study, we found that, for this human mesh model, a lov resolution mesh is
perceptually equivalent to the high resolution mesh at a vetex percentage of 36.4% for a
distance of 5 units, 31.7% for a distance of 8 units, and 22.5%or a distance of 16 units.
A single factor ANOVA comparing the mean PSE averaged over 12articipants for the 3
distances, revealed a statistically signi cant di erence between the mean PSE values for the
3 distances (see Table 5.13). This di erence shows that disince a ected perception of the
low resolution mesh's visual appearance, with participans being able to discriminate better
between di erent resolution meshes at closer distances. Tére was no signi cant di erence
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between the mean JNDs, which indicates that the same amount fostimulus change had to be
added to the stimulus level at each distance in order for the prticipant to notice a di erence.
What is interesting about this result is that people were equally sensitive to the amount of
vertex percentage di erence, irrespective of distance.

Distance 5.0 8.0 16.0
PSE Vertex % | 36.4 1.0| 31.7 1.0| 225 1.0
JND Vertex % | 49 06 | 5.3 0.6 | 4.7 1.0
PSE Vertices 456 397 282
PSE Polygons 700 605 409

Table 5.12: Mean PSE and JND for low resolution geometry

PSE Comparisons Fi.22 P
Distance 1 vs Distance 2| 18.45 | < 0.0005
Distance 1 vs Distance 3| 103.28 0
Distance 2 vs Distance 3| 24.54 0

Table 5.13: PSE comparisons for distance

5.3.4 Experiment 3: Impostor/Mesh Switching Discriminati on Experi-
ment

Experiment 3: Aim

Typically developers use the LOD approach of switching betwen a detailed mesh represen-
tation and a lower detailed model based on some selection teria, to help maintain the
interactivity of their system. It is important that the swit ching between models is impercep-
tible to the viewer, otherwise the overall believability of the system is reduced. While the
selection of the model's resolution can be based on severakisching criteria, usually this is
based on some distance threshold from the viewer of the syste With respect to our system,
we achieve interactive frame rates by using an impostor regsentation that can be displayed
at a fraction of the rendering cost of the mesh and switch betwen these representations in
order to maintain the realism of the crowd. While having thresholds for the believability
of an impostor is useful when displayed beside its equivalérmesh representation, popping
artifacts often manifest during the transition from impost or to geometry. These sudden pop-
ping artefacts during this transition may be caused either ty di erences in aliasing, depth
information, or using a xed number of pre-generated viewpont images which can also cause
shading di erences.
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In this experiment, we aimed to establish the distance at wheh the transition from a
pre-generated impostor to a mesh is noticeable. In order to ¢ablish this distance threshold
at which to switch, we presented a virtual human switching from the impostor representation
to the mesh at various distances to each experiment participnt, and tested the participant's
ability to detect any popping artefacts. By recording the participant's responses at each
distance the switch occurred and plotting a psychometric function to this data, this switching
distance threshold can be estimated from the tted curve ushg the PSE value. This PSE
signi es the distance at which the participant is equally likely to notice or not notice the
transition between representations, and therefore provigs a good estimate to the distance at
which such transitions will be acceptable. It should be notel that once the logistical function
has been computed, other data points (for example, when pede cannot notice 90% of the
time) can be simply extrapolated.

The goal in establishing such a threshold was to provide us wh a guide to the distance
at which the switching between our impostor and mesh repressation should occur in order
to reduce any noticeable popping artefacts and therefore miatain the realism of our crowd.
This distance can be calculated in terms of a pixel to texel réo (see Section 4.1.3), and it
was hypothesised that beyond the point of one-to-one pixel to éxel ratio, the participants
would be unable to detect the transition.

Experiment 3: Apparatus

The equipment used was a high end commodity PC with an NVidia GeForce graphics ac-
celerator card. A 19-inch monitor was used, at a resolution 0B00x600 pixels, with a screen
refresh-rate of 85 Hertz. All of the experimental participants were positioned approximately
28"-30" from the screen at zero elevation and so the full dis@y subtended a visual angle of
approximately 26 . User input for the experiments was provided by a USB gamepadeaturing
two trigger buttons for the participants to indicate their r esponse.

Experiment 3: Visual Content and Procedure

The same OpenGL test application as in the experiment in Secébn 5.3.2 was used to present
the virtual human, switching between the impostor and mesh epresentation, to the partici-
pants. For each trial, the same model used in the rst experiment was displayed, starting at
a speci ¢ distance from the viewer, then moving at a constantspeed towards the camera, and
nally stopping at a speci c distance. At some point during t he interval the model switched
from an initial impostor representation to a mesh represenation. The virtual human was
horizontally positioned at the center of the screen, animaéd with the same walk cycle used
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in the other experiments, and again displayed in grey-scale.

A yes-no design was employed, whereby the participants weresied to indicate whether
they noticed a \de nite change" in the model, by pressing the left or right trigger buttons
of the gamepad to indicate their respective yes/no responseThe experiment consisted of a
single pair of ascending and descending staircases randoihterleaved. For each staircase,
a simple up-down stepping procedure was employed i.e., eacimnte the participant indicated
a \yes" response, the distance at which the switch occurred &s increased by the step-size,
otherwise a \no" response decreased the distance by the stegize. Each staircase ran for
twelve reversals i.e., each time the participant's respons changed. An adaptive step-size was
used, where the initial step-size was only halved once aftetie rst reversal for each staircase.

Two separate experiments were carried out, with the model ¢her facing the user or
spinning on the spot at a rate of 5.625 every 100 milliseconds in a randomised direction.
For both experiments, the model started at a range of 36 units and then moved at a speed
of 6 units/sec toward the screen. The stopping point was a rage of 1 unit from the screen.
After the rst four reversals, the nal step-size was 0.3125 wnits. The virtual human switched
from its impostor to its geometric representation at a switching distance ranging from 6 to
31 units.

The results of pilot experiments were used for setting the sped of the camera. It was found
that, when the virtual human approached the camera too quicky, the resulting rate of change
in the texture detail of the geometric representation (sinee mipmapping was not employed
for its texture), caused the participants to perceive a swith where there was none. While the
e ect of popping artifacts may be reduced by blending, such & in Ebbesmeyer [Ebb98], we
aimed to establish baseline thresholds were this would not & necessary. For urban simulations
(which generally are constrained to the ground plane), trarsitions typically occur at the
distance where the change in depth information is small due d perspective, and for virtual
humans the overall change of depth information is similarlysmall. A further investigation of
the e ect of blending on transition detection is desirable.

Experiment 3: Results

For the rst case, where the virtual human faced the viewer, there were seventeen experimen-
tal participants (13M-4F, ages 12-39), 10 of whose experimeat data converged properly. For
the second case, where the virtual human spun, there were 1&gerimental participants (8M-
2F, ages 12-39), nine of whose experimental data convergedagmerly. All participants had
normal or corrected to normal vision, and were both familiar and unfamiliar with graphics.
For each staircase, we recorded the participants' responsdor each trial's switching distance,
as well as the distance at which the 12 reversals occurred. Weliminated any diverging data
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using the same method as in Section 5.3.2.

A psychometric curve ranging from 100% to 50% was tted to eab participant's exper-
imental data using Equation 5.8 where = 0:5. The mean PSE calculated (shown as PSE1
in Figure 5.22), was approximately the predicted one-to-one alue with a small mean JND
(shown as JND1), indicating that the participants were quite sensitive to subtle changes
in the pixel to texel ratio at which the popping occurred. The mean PSE calculated for
the second experiment (shown as PSE2), was less than for PSE&uggesting that the spin-
ning was a distracting factor. However, the di erences werenot signi cant for the PSE
(F1:17 = 1:46;,p > 0:3) or the JND values (F1.17 = 0:22,p > 0:7). The large number of diverg-
ing results in the rst case, however, suggests that the paricipants noticed other artefacts,
which were masked in the second case when the virtual human v8aspinning.

It should be noted that the results from this experiment are predicated on the texel size
the impostor was pre-generated at. The texel size of the impder used in this experiment was
selected to ensure that all 17 by 8 pre-generated viewpointstted into a 1024 by 1024 image
which is an image size commonly used in these type of applicains. While the switching
was not detected at a ratio of one-to-one for this texel size, iis hypothesised that this ratio
will no longer be valid for impostors generated at a larger teel size due to aliasing artefacts
being more noticeable. In order to establish at what texel sze the switching is detectable at a
one-to-one ratio, this would involve pre-generating impostos at various texel sizes, presenting
a virtual human switching from each impostor to the mesh at the one-to-one distance, and
evaluating at what texel size the participants is capable ofdetecting any popping artefacts.

5.4 Discussion of Evaluation Results

In this section, we will discuss the advantage and disadvardage of each virtual human LOD
representation based on the results from Section 5.1 to Sdoin 5.3. We hope that the following
suggestions will provide developers of real-time crowd sysims with a guide of when to use
these LOD representations, in order to balance realism withinteractivity:

1. Crowd's Geometric LOD Representations: At the highest level of geometric de-
tail, the high resolution mesh is the most realistic in appeaance. Additionally, since the
mesh is deformed based on the underlying skeleton motion, th representation's level
of detail for animation can be easily increased using variosl animation techniques (e.g.,
inverse kinematics, physically based animation, procedwal animation etc...). However,
this visual and animation detail comes at a great rendering ost and therefore this
representation cannot solely be employed in real-time crowdimulations. This repre-
sentation should only be used for simulating characters casidered important in the
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Figure 5.22: Results of the popping detection experimentsghowing the PSE and the JND
in terms of pixel to texel ratio) for humans facing viewer (1) and spinning (2).

application and not for characters in the background. For characters that are rated
important but are far from the viewer, a lower resolution model should be used if the
characters are required to perform a speci ¢ animation. Sitte the impostor's rendering
cost is the least expensive, this representation allows thsize of a simulated crowd to
be greatly increased. However, virtual humans using this rpresentation are limited to
performing the animation used in the generation of the imposor's images. Therefore,
impostor representations should be used for virtual humansquivalent to a Im's scene
extras, where their cyclical default animation could be ma&ed by using the hybrid
representation presented in Section 4.1.2, and more deta&t characters should be used
in the foreground of the scene.

2. Crowd Shading Model: ~ While the rendering cost of a model can be reduced using
constant shading, this results in a great reduction in visua realism, since the repre-
sentation is not shaded. We suggest that constant shading add be used for virtual
humans in a crowd that are far from the viewer of the application. However, switching
between constant and Gouraud shading will cause popping aefacts due to the di er-
ence in colour, and perceptual experiments would need to beacried out to detect at
what distance people notice the di erence between the shadig models. In the case
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where the visual realism of the crowd is not important, we reommend using constant
shading.

. Crowd Motion:  We consider uniform crowd motion to be quite disconcerting,and
therefore suggest that it is important that individuals usi ng the same template model
should not move in step. While this has little or no e ect on the rendering cost of
the mesh representation, it comes at a greater cost for the imostor representation.
However, we consider varied crowd motion worth the extra remlering cost in order to
maintain the crowd's realism. Since current generation grahic cards and next genera-
tion consoles have at least 256MB of video memory, texture trashing should not be a
problem for several template models.

. Perceptual Factors: In Section 5.3.2, it was found that an impostor and its corre-
sponding mesh representation are not perceptually equivaint at a distance of less than
a 1.16:1 pixel to texel ratio when simultaneously displayedside by side. Additionally, in
Section 5.3.4, it was found that people could detect a virtud human switching between
its impostor and mesh representation at a distance of less #n a 1.04:1 pixel to texel
ratio. This is lower than in the previous experiment, probably because the two repre-
sentations are never compared side by side. These resultsquide developers with a
metric of approximately a 1:1 pixel to texel ratio for the use of a pre-generated impostor
representation. Also, these test results could be consided conservative, since the com-
plexity of the test scene was extremely basic. We hypothesésthat, in more complex
scenes containing several hundred humans, switching betwa an impostor and a mesh
representation could occur at a closer distance and we planottest this hypothesis.

Low resolution meshes can be generated that are perceptugllequivalent to the high
resolution mesh at particular distances (Section 5.3.3). HBice these models consist
of fewer triangles, the rendering cost of these resolutionss substantially less when
compared to that of the original high resolution mesh. Usingthe results in Section 5.1.2,
the associated rendering cost for each low resolution meshat is perceptually equivalent
to the high resolution mesh can be estimated (see Table 5.14)These results suggest
that the high resolution mesh should be replaced in our syste with a simpler model
(depending on the distance from the viewer), since the extraletail in the high resolution
mesh is not perceived by the viewer, and therefore is unnecgary. The results also
suggest that we are using a mesh that is too detailed (2,170 i&ngles) for the highest
LOD at a distance less than 5 units.

It was also found in Section 5.3.2, that impostors are percejpally equivalent to the
high resolution model at a pixel to texel ratio of approximately 1.16, which corresponds
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to a distance of 12.416 virtual world units. However, low reslution meshes can be
perceptually equivalent to their high resolution mesh at a doser distance. By using
the results from Section 5.3.3, we can estimate the percengge of vertices at which to
generate a low resolution mesh that is indistinguishable fom the high resolution model
at the same distance as the impostor. This corresponds to a Vo resolution mesh of
approximately 27.5%. It should be noted that these renderimg costs are taken from the
tests where LODy ariation  iS €qual to 3 (i.e., 10 template models using 100 out ts each
with varied crowd motion). Due to the rendering cost of each nmodel (see Table 5.14), we
suggest that it would be advantageous to use the impostor inead of a low resolution
mesh for virtual humans being displayed at a distance greatethan the 1.16 ratio
or acting as scene extras. The distances at which di erent LAD representations are
perceptually equivalent to the highest resolution mesh is llustrated in Figure 5.23.

LOD geometry Distance (units) | Cost op (ms) | Crowd Size @ 30FPS
High Res 100% <50 0.0645 370

Low Res 36.4% > 50 0.0206 1,615

Low Res 31.7% > 8.0 0.0185 1,804

Low Res 27.5% > 12.416 0.0163 2,044

Low Res 22.5% > 16.0 0.0135 2,464
Impostor 12.416 0.00697 4,777

Table 5.14: The distance at which LODgeometry Models are perceptually equivalent and their
associated rendering cost (where Variationop = 3) using the results from Section 5.1.

Figure 5.23: Distances at which di erent LOD representations are perceptually equivalent to
the highest resolution mesh.
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Chapter 6

Conclusions and Future Work

In this thesis we have presented various techniques for theainain of scalable virtual human
simulation. The contributions of this thesis will be highli ghted in this chapter and a number
of topics for further research will be presented.

6.1 Summary of Contributions
The main contributions of this chapter can be summarized as dllows:

1. The Enhancement of the ALOHA System:

While the aim of the original ALOHA framework was to animate and render virtual

humans in real-time based on an LOD approach, only the basic fgures of the system
were implemented. Since we wished to simulate autonomous nual humans within

a 3D dynamic environment, various plug-ins were created at tle initial stages of the
system's development to improve the scene's content. Collzorative work allowed us
to achieve our goal of simulating autonomous characters, wikh involved the following
contributions to this domain:

Implementation of Innate Behaviours: Navigation, agent-object interaction
and conversational behaviours were implemented to allow tk virtual humans con-
trol their low-level motions, thus reducing the constraints of the existing system's
pre-scripted approach. These behaviours complemented these of di erent levels
of detail to provide a viable solution for the simulation of small groups.

Integration of the PPA Architecture: By integrating the PPA architecture
into the ALOHA system, this system enabled the creation of a gmulation of an
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environment populated by intelligent agents. These agentsare able to carry out
their daily lives, behaving believably in a wide range of sitiations.

2. The Geopostor System:

We have created a system capable of rendering large crowds dharacters in real-time,
where each individual can exhibit various levels of variaton. The crowd system has been
integrated into a large city environment and allows the city to be populated with up to
tens of thousands individuals. The main contribution is that it allows for imperceptible
switching between an impostor and a mesh representation, tsed on a pixel to texel
ratio. In this way, our system allows visual quality and performance to be balanced.
Our results so far have convinced us that human impostors ar@n excellent substitute
for geometry, not only because of proven rendering e ciencygains, but also in terms
of visual delity. At certain distances, it is virtually imp ossible to determine whether
the high-resolution model or the impostor is being rendered. The visual realism of
our impostor representations is one of the clear advantagethis method has over other
approaches, such as using low polygon models.

Impostor Rendering Techniques

We have improved upon previous pre-generated impostor rendang techniques
with respect to two factors: performance and realism. Firsty, the advances in
graphics hardware allowed us to dynamically light and add cdéour variation to

the impostors in a single pass. By providing an application b allow an artist
to create 1-D outt textures for the virtual humans, variatio n of the crowd was
substantially increased with negligible memory usage. In ddition to using DXT3

texture compression, we minimised texture thrashing by sptting the impostor

textures into separate elevation images. We further contrbuted to the impostor's
realism by providing realistic shadows that blend with the world and each other.

Hybrid Representation

We introduced a new hybrid representation that combines theimpostor performing
its default animation with a gesturing mesh in order to provide some animation
variation, whilst avoiding the deformation of the entire mesh.

3. Perceptual Evaluation of LOD Representations
The Geopostor system employs various geometrical LOD repsentations in order to
visualize crowds at a real-time frame rate. We improved the vsual performance of
the system by perceptually evaluating the e ectiveness of inpostors and low resolution
meshes at replicating a highly detailed model's visual apparance. The results pro-
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duced helpful metrics for guiding the switching between LODrepresentations without
being perceived by users of our system. Although it is commoffior developers of crowd
systems to utilize a LOD framework to accelerate the rendemg of their application,

they typically neglect the fundamental process of perceptally evaluating their tech-

niques. This can lead to the incorrect choice of LOD selectio metrics, causing the
users' suspension of disbelief to su er dramatically as a reult of perceiving a change in
the model. While the goal of carrying out these experiments \&s to improve the realism
of our crowd system, it is hoped that these experiments will povide a methodology that
developers could use to perceptually evaluate other LOD remsentations.

6.2 Future Work

6.2.1 Integration of the Geopostor System into the ALOHA Sys tem

The Geopostor system was built upon a simpli ed version of the ALOHA system and allows
the simulation of large crowds. However, since the PPA archiecture was removed, the current
behaviour of the virtual crowds is fairly simplistic. With o ur crowd rendering system in place,
we plan to integrate our work fully into the ALOHA system, whi ch would result in a scalable
system that provides our virtual humans with more believable behaviours using a variety
of motions. Although the ALOHA system allows the simulation of autonomous agents that
exhibit situational intelligence, the character models that were used contained a large number
of triangles, resulting in the system's main bottleneck. This would be removed by utilizing
the LOD representations employed by the Geopostor system. iSce it would be impossible
to simulate each individual in the crowd as an autonomous vitual human, a new LOD
framework is proposed. This framework would involve the Gepostor system controlling the
low-level simulation and rendering of the crowd in the backgound, while the ALOHA system
would manage the higher LOD techniques for the characters tht are the focus of the viewer's
attention.

6.2.2 Future Enhancements to the Mesh Representation

By implementing matrix palette skinning using programmable hardware, this would allow
subtle but important variations in the motions used to animate the geometric models with
minimum overhead, taking a similar approach to Gosselin et & [GSMO05]. Additionally, per-

pixel lighting e ects involving various textures such as normal maps, gloss maps and ambient
occlusion maps could be implemented in order to improve the rash's realism. Olano et
al. [OKSO03] propose the idea of shader simpli cation orshader LOD, where they reduce the
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complexity of a shader in order to increase the number of shael objects that can be rendered
at interactive rates. Future work will also investigating t his technique for the shading of a
character's mesh.

6.2.3 Future Enhancements to the Impostor Representation
Inclusion of a UV Coordinate Map

The impostor's detail map could be replaced with aUV coordinate map, where each pixel
stores the texture coordinates of the triangle at that pixel. This image's alpha channel
would contain the same alpha encoded regions as the detail mpaas this distinguishes which
pixels need to be transparent when displaying the impostor &run-time. To render the

impostor representation using this image, this would invole replacing the detail map term
(DetailMAP) in Equation 4.9 with the UV map (UVMAP) looking u p the same detail texture
(DetailTexture) used by the mesh's representation (see in [fuation 6.1).

Pixelcolour = (DetailTexture rgg [UV Mapr; UV Mapg])
(Ambient ightmodet  Ambient vaterial +
(MAX ((V ectorgnt NormalMap rgg );0))
(ColourMap [UVMap ]) Diffuse Light ))
(6.1)

The rst advantage of the UV map is that it can be used to improv e the impostor's realism
by looking up various textures utilized in the per-pixel lighting of the impostor's associated
mesh. For example, an impostor representation could be genated for the mesh used in ATl's
crowd demo (see Section 2.1.3), where the UV map could be used look up the following
textures to match the shading of the mesh representation: a lpss map for specular lighting,
an ambient occlusion map for the external lighting environment, and a decal texture to add
detail, such as badges. The second advantage is that the UV npacould be used to render
an impostor using the detail texture of di erent template me shes. In the case of limited
texture memory, impostor textures could be generated for a imgle model and variation could
be added by allowing the UV map to look up several di erent detail textures. Additionally,
each individual could be scaled so that they are not the sameize.
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Dynamically Generated Impostors

Previously, dynamically generated impostors involved remlering a model into an o -screen
pixel bu er or pbu er, requiring a computationally expensive context switch. With the re-
cent introduction of the EXT _framebu er _object extension into the OpenGL speci cation,
this provides a much better and more simpli ed method. The man advantage of the frame-
bu er object is that it only requires a single GL context, resulting in the switching between
framebu ers being much faster than switching between pbu ers. Although this extension
would improve the performance of generating an impostor imge for a character's mesh at
run-time, this impostor technique relies heavily on re-usingthe current impostor image for
it be e cient, since the character's full geometry needs be deformed and rendered each time
the image is updated.

Another approach would be to render several pre-generated ipostors to the framebu er
object, and dynamically generate a single impostor contaiing these characters. The advan-
tage of this is that crowds in the background could be renderd as a single large dynamically
generated impostor, thus reducing the number of draw calls pr frame. While this could be
done using a low-resolution mesh, it would still involve rencering several thousand polygons.
In the case of applications that are populated with a large-sale regimented army, a single row
of characters utilizing the pre-generated impostor could bedynamically generated as a single
impostor image, and reused several times in the regiment. Foexample, a row of a thousand
soldiers walking in step may be dynamically generated as aisgle impostor each time a new
key-frame is needed, and subsequently reused a thousand tim@ver the subsequent frames
until the next key-frame, thus potentially allowing the real -time visualisation of an army of
a million soldiers. This would reduce the number of draw cak from a million to either two
thousand (a thousand individuals and a thousand rows) when e current frame requires the
image to be dynamically updated to re ect the soldiers' new key-frame, or a thousand (1,000
rows) when the current frame is in between key-frames. Howeve issues that may cause
artefacts will need to be investigated such as the depth of tB humans being incorrect.

Anti-Aliasing

Although our impostors are rendered without anti-aliasing, the representation's pixellated sil-
houette is predominantly masked by the crowded nature of thesimulated scenes and switching
to the associated mesh before it becomes noticeable. Howayéuture work would involve in-
vestigating how anti-aliasing techniques would improve theimpostor's visual appeal, taking
its cost into account.
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6.2.4 Hybrid Representation

Due to the occlusion nature of the virtual human's body parts, the hybrid representation is
limited to performing head gestures, or otherwise holes apgar. Future work will investigate

how this problem could be solved. One solution is to pre-genate the impostor textures
without the virtual human's arms and pre-generate a second seof impostor textures just for

the arms performing the default animation. However, the e ect on the impostor's rendering
cost and texture memory consumption would need to be invesgjated. In the case of the
latter being a problem, this could be reduced by limiting arm gestures to virtual humans at
eye-level. The use of dynamically generated impostors willlao be investigated in order to
provide a cheap representation that is not limited to a cyclical default animation.

6.2.5 Perceptual Evaluation

The perceptual evaluation of the LOD representations usedn our system could be considered
conservative, since these experiments consisted of eitheme or two characters on-screen
and rendered in grey-scale. Future experiments would invole investigating whether the
complexity of the scene (i.e., a crowd of characters, cololra ects these metrics.

Recent PC games and next generation console games are incse®ly employing low-
resolution meshes with normal map images to render visuallydetailed characters. While
these characters are aesthetically pleasing at a fractionfathe rendering cost, the detail of
the low-resolution mesh needs to be carefully chosen in ordeaio avoid shading artefacts.
Future work will investigate the ability of humans to perceive these artefacts with the aim of
establishing a useful metric.
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Appendix A

Simulation Example using the PPA Architecture Integrated
into the ALOHA System

For demonstration purposes, a simulation of a university canpus has been created. As the
simulation progresses, a population of virtual humans move between the di erent parts of

the campus assuming and discarding a range of di erent roles Implemented roles include

students attending lectures, academics presenting thesedctures, people relaxing in the college
bar, and a barman serving customers (see Figure 2). The basiagent's FCM employed in

this simulation is shown in Figure 1 and the four di erent rol es layered on top of this FCM

are shown in Figure 3.

Figure 1: The PPAFCM used by the basic agent in the simulation of a university campus.

Figure 3 shows the adoption of thelecturer role used to simulate academics lecturing.
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Figure 2: University campus simulation using the PPA architecture: (a) Students going to
lectures. (b) Academic presenting the lecture. (c) Acadent and students going to the pub
(d) People socialising in the pub.

This role involves new \Occupy Lecture Podium" and \Lecture" concepts, where the re-
spective motivations are of the same name. Activation of the\Occupy Lecture Podium"
concept results in \Use Lecture Podium" action where the agat uses the lecture-podium ob-
ject with its agent-object interaction behaviour. This concept is also linked to a persistent
ag node, which is used to maintain knowledge on whether or nb particular states of the
virtual world have been satis ed. For example, the \At Lectu re Podium" ag keeps track
of whether the agent is currently at the podium or not. When the agent has nished the
\Use Lecture Podium" action, the \At Podium" ag is turned on , which in turn inhibits the
agent's \Occupy Lecture Podium” concept. Once the agent is nished giving its lecture, the
ag is turned o . The activation of the \Lecture" concept lea ds to the \Give Lecture" action,
implemented by the agent's conversational behaviour, whegby only the lecturer is allowed to
speak. The \Occupy Lecture Podium" inhibits the \Lecture" ¢ oncept so that the agent only
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starts lecturing when he is at the podium. To ensure that the kecturer does not socialise with
the students, and leave the lecture to go to the toilet or get ®me food, the role respectively
increases the thresholds of the basic \Socialise", \Bladde' and \Hunger" concepts.

Figure 3 shows the adoption of thestudent role used to simulate students attending
lectures. This role involves a new \Attend Lecture" concept, where the motivation is of the
same name, and activation leads to the \Sit In Lecture" action which simulates the agents
sitting at their scheduled lecture. The \Sit In Lecture" act ion is simply an agent-object
interaction behaviour used in conjunction with a lecture-room-deskobject. The student role's
PPAFCM contains rule nodes which allow agents to check the ocurrence of particular states
within the virtual world. A rule node stores an associated rue which is evaluated regularly to
determine the node's activation e.g., when the \Lecturer Nearby" rule is satis ed, the \Attend
Lecture" concept is increased (to hurry the students to sit down) and the \Socialise" concept
is implicitly inhibited (to stop the students talking durin g the lecture). To ensure that the
agent does not leave the lecture to go to the toilet or get soméood, the role increases the
thresholds of the basic \Bladder" and \Hunger" concepts. Similar to the lecturer role's \At
Podium" ag, the \Sitting" ag keeps track of whether the stu dent is currently sitting or
not. When the student has nished the \Sit In Lecture" action , the \Sitting" ag is turned
on, which in turn inhibits the student's \Attend Lecture" co ncept. Once the student stands
up, the agis turned o.

Once the lectures are nished, the agents layered with a Studnt or Lecturer role, discard
their role and assume abar customer role (see Figure 3) to simulate the agents going for a
drink. The \Time to Change Role" and \Not Ready To Change Role" nodes are used to
control the smooth transition between roles so that the agets nish what they are currently
doing and do not drop everything when its schedule indicatest is time to change role. The
important concepts for bar customer role are \Get Drink" and \Sit" which have motivations
of \Beer Lust" and \Sit" as their respective primary inputs. Each concept has attached to
it an action node indicating, respectively, that the customer should get a drink from the bar
(\Use Bar"), or sit down at one of the bar's tables (\Sit Down" ). Both these actions result in
the agent-object interaction behaviour respectively utilizing a bar-counter object (described
in Section 3.4.2) and abar-table object, to step the customer through how it should use these
objects. In addition to the implicit inhibitions from the ba sic agent concepts to those in the
assumed role, a inhibition link exists between the \Get Drink" and \Sit" concepts to stop the
customer trying to sit down while it is getting a drink. A \Sit ting" ag is used to maintain
whether the customer is sitting or not.

The nal role employed in this simulation is the bar keeprole which is used to simulate
a barman serving drinks to the customer. The important concet for this role is \Serve"

149



Basic PPAFCM Basic PPAFCM

IMPLICIT IMPLICIT
Not Ready To Not Ready To
Change Role o Change Role
INHIBITION INHIBITION
Lecturer Role PPAFCM Student Role PPAFCM
Occypy Lecture Attend
Podium Lecture

Lecture

Nearby

~l @
| =

At '4 N\ '4 N\
; - Occupy = Lecture
>\ Podium ) >

.... ......... Use
Podium

Attend
Lecture

Basic PPAFCM Basic PPAFCM
IMPLICIT IMPLICIT
" |Not Ready To " |Not Ready To
Change Role Change Role
INHIBITION INHIBITION
Bar Customer Role PPAFCM Bar Keep Role PPAFCM
Lust $ Nearb

et ) [ .. )

—>
PPAFCM LEGEND Excite Link

[ JC O > b Link
........... } .

Motivation  Concept Action Rule Persistent Control Link

Flag

Figure 3: Basic agent with the following roles layered on topof it: (a) LECTURER Role.
(b) STUDENT Role. (c) BAR CUSTOMER Role. (d) BAR KEEP Role.
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which has a \Customer Nearby" rule node as its primary input, which is set once an agent
layered with the bar customer role uses the bar-counter objeic The \Serve" concept's linked
action node results in the agent-object interaction behaviar utilizing the bar-counter object,
and subsequently sets the \Serving" ag which inhibits the barman from serving another
customer until it nishes with the current customer. To ensure that the barman does not
leave the bar to either go to the toilet or get some food, the rée increases the thresholds of
the basic \Bladder" and \Hunger" concepts.
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Appendix B

ALOHA Speci c File Formats

Extension Description
ASF ALOHA Skeletal Format
AMF ALOHA Mesh Format

ASMF ALOHA Skinned Mesh Format

AKF ALOHA Keyframe Format
.IDF Impostor Data File
.SDF Scene Descriptor File

Table 1: ALOHA specic le formats.
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