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Lecture 1: Introduction to Game Programming

Sources: Further information can be found in the first chapteidrdgfoduction to Game Developmetnd edition),
ed. S. Rabin, 2009.

Computer Game Programming: The famous game design Sid Meier once definedraputer gamas “a series of
interesting and meaningful choices made by the player inyiuof a clear and compelling goal.” A somewhat
more concrete definition of a computer game, due to Mark Oaesyris “a software program in which one
or more players make decisions through the control of ganectshand resources, in pursuit of a goal.” This
course is concerned with the theory, practice, and teclgiedainderlying the development of modern computer
games of all varieties.

A Brief History: Today’s computer games constitute a multi-billion dolladustry. There is an incredible variety
of game genres: strategy, sports, shooter, role-playagjng, adventure, and so on. Some games induce their
players to dedicate long hours in pursuit of a distant goal,@hers can be picked up and played for just a few
minutes. Some games create astoundingly realistic andlemrtipee-dimensional worlds and others involve
little more than a simple 2-dimensional grid and very primeittomputer graphics. Some games engage tens of
thousands simultaneous users, and some involve a singleHme did we get here?

The Early Days: Computer games are as old as computers. One of the oldespkesanvas from 1958. It was
a Pong-like game calle@iennis for Twpwhich was developed by William Higinbotham of Brookhaven
National Lab in 1958 and was played on an oscilloscope. Aerodixample was a game developed in
1961 by a group of students at MIT, call&pbacewar It was programmed on the PDP 1. When the
Arpanet (forerunner to the Internet) was developed, thig@m was available disseminated to a number
of universities (where grad students like me would play thdmen their supervisors weren't watching). It
is credited as the first influential computer game, but theémite was confined to academic and research
institutions, not the general public.
Prior to the 1970s arcade games were mechanical, with thé¢ popsilar being the many varieties of
pinball. The computer game industry could be said to stat e first arcade computer game, called
Computer Spacdt was developed in 1971 by Nolan Bushnell and Ted Dabneg, foebnded Atari. One
of Atari’s most popular arcade games wRmng There was a boom of 2-dimensional arcade games from
the mid 1970s to the early 1980s, which was led by well-knoaumgs such aAsteroids Space Invaders
Galaxian and numerous variations In 1980, a popular game in Japded &uck Man was purchased
by Bally for US distribution. They recognized the enticemnfar vandalism by changing “Puck” into
another well known 4-letter word, so they changed the nariedgo-Man.” They game became extremely
successful.

The 70's and 80’s: During the 1970s, computer games came into people’s hontbdtve development of the
Atari game console. Its popularity is remarkable, givert tha early technology of the day supported
nothing more sophisticated than Pong. One of the populaures of later game consoles, like the Atari
2600, is that it was possible to purchase additional carisd which looked like 8-track tapes, allowing
users to upload new games.

The game industry expanded rapidly throughout the 1970%arg 1980s, but took an abrupt downturn
in 1983. The industry came roaring back. One reason was @ity of a game developed by Shiguero
Miyamoto for Nintendo, calledonkey Kongwhich featured a cute Italian “everyman” character, named
Mario, who would jump over various obstacles to eventually saséduy from an evil kidnapping gorilla.
Mario went on to become an icon of the computer game industiy,Donkey Kong generated many spin-
offs involving Mario, notablySuper Mario Bros Eventually Donkey Kong was licensed to the Coleco
company for release in their home game console and Supeo Bavs. was one of the top sellers on the
Nintendo Entertainment System (NES).

Consoles, Handhelds, and MMOs:The 1990s saw the development of many game consoles witineveas-
ing processing and graphical capabilities. We mentioned\iimtendo NES above with Donkey Kong.
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Also, the early 1990s saw the release of the Sega Genesidsafidgiship gamesonic the Hedgehog
Another example is the Sony Playstation, with the very papghme=inal Fantasy(version VIl and on).

In the early 2000s came the rise of so caedh generation game consoleghich include the very popular
Sony Playstation 2 (and the hit garResident Evjland the Microsoft XBox and their seventh-generation
follow-ups, the Playstation 3 and XBox 360 and Nintendo Whjch dominate the market today.

A parallel thread through this has been the development odfwld game consoles. These include the
Nintendo Game Boy, which was released in the late 1980s ahyd ¥390s, the Nintendo DS in the mid
1990s, and the Playstation Portable in the mid 2000s. Mdiees have seen more games move to general
purpose hand-held devices, like the iPhone.

Elements of Computer Games:While computer games are fun to play, they can be terrificdibllenging to imple-
ment. These challenges arise from the confluence of a nurieégroents that are critical to the execution and
performance of the game. These include the following:

Real-time 3-dimensional computer graphics: Most high-end computer games involve the generation ofgehot
realistic imagery at the rate of 30—60 frames per seconds pitcess is complicated by the following
issues:

Large, complex geometric models:Large-scale models, such as factories, city-scapes,téoaesl jun-
gles, and crowds of people, can involve vast numbers of geansdements.

Complex geometry: Many natural objects (such as hair, fur, trees, plants, watel clouds) have very
sophisticate geometric structure, and they move and ittter@omplex manners.

Complex lighting: Many natural objects (such as human hair and skin, plantsywarer) reflect light in
complex and subtle ways.

Artificial intelligence: The game software controls the motions and behaviors oflagapentitites. Achieving
realistic behavior involves an understanding of artifiailligence.

Motion and Navigation: Nonplayer entities need to be able to plan their movememt fooe location to an-
other. This can involve finding a shortest route from onetiooao another, moving in coordination with
a number of other nonplayer entities, or generating natacding motion for a soccer player in a sports
game.

Physics: The phyical objects of a game interact with one another iro@ance with the laws of physics.
Implicit in this is the capabiity to efficiently determine wt objects collide with one another, and how
they should move in response to these collisions.

Networking: Multiplayer online games use a network to communicate tieeotigame state between players.
Due to the latency inherent in network communication, th@em states that individual players perceive
are momentarily inconsistent. The game software must hidddtency and conceal these inconsistencies
from the players.

Databases: The game state, especially for multiplayer online gameasastained in a database. The database
receives requests for updates of the game state from neutirces, and it must maintain a consistent
state throughout.

Security: Since the origin of games, there have been people who hagétsaays of circumventing the games.
This is particularly an issue in multiplayer games, where ptayer’s cheating behavior degrades the
experience for an honest player. For this reason, game a@ftmeeds to be vigilant to detect and obstruct
illicit game interaction.

The Scope of this Course:There has been a great deal of software produced to aid iretheragtion of large-scale
software systems for computer games: geometric modelense @ngines, physics engines, and more. Employ-
ees of a large game software companies do not design gamedifsbprinciples, but rather by these tools.

Unfortunately, teaching to the technology is not really mierest here. The technology that is current today
may be obsolete in a few years. Our focus in this course wilb@oon how to use existing software systems,
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but rather on the principles that underlie them. As in mogugivision computer science courses, our interest
is not in how tousethese tools, but rather how bwild these systems. In particular, we will discuss the theory
and practice that underlies the implementation of thesesys

Of course, the amount of material is vast, and we could eéBily number of courses covering this material.
This semester, we will touch upon only a subset of these ssdeer each, we will discuss how concepts from
computer science (and other areas such as mathematics ygidspltan be applied to address the challenging
elements that underlie game implementation.

Course Overview: In this course, we will provide an overview of what might bdled the “theory of computer
games.” In particular, we will see how concepts developecbimputer science can be applied to address the
aforementioned elements of computer games. These indtedeltowing.

Game structure: The structure of a generic game and basic components of gagirees.

Interactive computer graphics: Interactive 2- and 3-dimensinoal computer graphics, iiclg how GPUs
work, basic OpenGL and GLUT, event-driven 1/O, simple ilination models, and texture mapping.

Modeling for games: Geometric models and representations, and algorithmsdoipulating them.

Al for games: Agents and how to control them. Agent state transition, gegtidn algorithms, flocking behav-
ior.

Physics for games:A short introduction to kinematics and kinetics, integratmethods, and the elements of a
typical physics engine.

Networking for games: Basic elements of network programming, including socketsts, and basic proto-
cols, such as IP and UDP, and latency hiding.

Security: Common methods of cheating in online games and approachdstfrting and counteracting them.

Lecture 2: Computer Game and Graphics System Architectures

Sources: The first half of the lecture is taken from Chapt 1 of Greg@gme Engine Architecturelrhe second half
comes from any modern computer graphics text.

Computer Game Architecture: A large computer game is a significant technical undertgkinglving a large num-
ber of interacting components. Of course, not all computenes require the same level of complexity. Dif-
ferent genres of games require different capabilities. ddrabination of components used for a simple casual
2-dimensional game (e.dletris, Mahjong or Bejewled is very different from a high-end 3-dimensional first-
person shooter game (e.glnreal, Call of Duty, or Halo).

In order to show the contrast of requirements among diftesgames, here are some examples of a few common
game genres and the typical technical elements requiredgieiment these games.

First-Person Shooters (FPS):These games involve simulating a relatively slow entity mgwn foot through
a highly structured world, typified by passageways and dors. Modern versions can include more
complex types of locomotion, such as climbing. Typicialtéeas of these games include:
o real-time rendering of large 3-dimensional virtual worlds
o highly responsive camera control/aiming mechanics
e high fidelity animations of player’s virtual arms and weapon
e availability of a separate (through the scope) camera madaccurate aiming
¢ arange of hand-held weapons
o forgiving player character motion and a loose collision glpd/hich gives the feeling of floating,
o high fidelity animations of non-player characters (bothmeies and team members)
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e multiplayer capabilities
In order to achieve real-time rendering of complex envirents, these games frequently limit player
movement to well-defined regions, and use various cullingriggues that allow the game to draw only the
small amount of the total world, which is visible to the play€his is among the most challenging genres
from the perspective of the complexity and scale of the teldgies required.

Platform Games: This genre is typified by games lik@onkey KongSuper Mario BrosandSonic the Hedge-
hog The player controls an animated character that is seennalte that is, from ahird-person per-
spective This character moves through an obstacle course in pwfaigoal. This may involve running,
jumping, swinging, and climbing. Features of these gamesidte:

e moving platforms, ladders, ropes, trellises and geneealigriety of locomotion modes

e puzzle-like environmental elements

o third-person camera follows the player character

e (particularly for 3-dimensional platform games) compl@mera collision system that ensures that

the player character is alwars in view

In contrast to FPS games, accuracy in locomotion is a keyesieno the game play. Players must ac-
curately time their jumps, or combine running with jumpirgavoid specific obstacles. In order to keep
the player character continuously in view, it may be neagdsd'cheat” on the geometry by allowing the
camera to see through obstacles (e.g., walls) that are ig=y to the character, since they would otherwise
block the player’s ability to see the character.

Fighting Games: These involve two players contolling humanoid characteas battle one another. Common
examples includé&treet Fighter Tekkenand includes sports boxing games likght Night Features of
these games include:

e avariety of fighting animations
e accurate hit detection
input system capable of complex button/joystick combiradi
simple backgrounds
simple camera motion focused on the center of the action
Racing Games: These games involve simulating driving a vehicle (typicalh automobile) on a track. These
include realistic games, such Beed for Speednd Gran Turismo and cartoonish ones, such Msrio
Kart. Like FPS games, these are highly linear. (Note that this caé include games lik&rand Theft
Auto(GTA). Although GTA involves driving simulation, it is noboisidered racing since the driving is not
on a track. Games like GTA where the player can explore vaggims of the world are referred to apen
world games.) Some features of racing games include:
¢ real-time rendering of highly detailed backgrounds thatraoving very rapidly through the field of
view (which means that various tricks can be used to renden{lsince the viewer cannot focus on
them for long)
¢ the Al for nonplaying vehicles can be simplified due to thechiestick to the racing circuit
e camera may follow the vehicle from a third-person perspeair may be situated behind the steering
wheel from a first-person perspective
e to accurately render the effects of collisions, vehicle eliod) may need to be flexible to render dented
or scratched vehicle bodies

Computer Game Engine Architecture: One way to better understand the software structure uridgry generic
game is to understand the structure of a typical game engifi@sne engines arose in the mid-1990s. In
particular, the software for the popular gaeomprovided a separation between:

e core game components (such as the rendering system,aoliisiection system, audio system)
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e art assets (models, textures, animations)
e rules of play

This separation made it easy for users to modify, or “modtlithege game, and provided a framework for adding
new elements. This model was extended to other games, ingl@iake Unreal, andUnreal Tournamengall
FPS games). At some point, these simple “modding systentsirie generic enough that it was possible to
implement a wide variety of very different games based omargon core set of components, th@me engine
Examples of modern game engines includeldieeal Engine Microsoft's XNA Game StudiandOgre3D

Game engines vary along a spectrum of ease of use and flgxil8imple game engines can generate only a
single type of game, but are generally easy to pick up and Gemplex game engines can generate a great
variety of games, but it can take quite a bit of time to magteirtvarious capabilities.

The following is a summary of the basic components of a mogame engine. We think of the engine as being
designed in a number of layers, ranging from the lower leffesdware and operating system) up to the higher
levels (game specific entities like rules). Here is a sumroétie levels, from low to high.

System: This is the hardware and operating system on which the ganse such as general personal computers
(running, say, Microsoft Windows, Linux, or Mac OS), gama&soles (XBox, Playstation, Wii), or mobile
devices (handheld game consoles or smart-phones).

Third-Party SDKs and Middleware: These are libraries and sofware development toolkits (SDksually
provided from a third party. Examples include graphics (@pk and DirectX), physics (Havok, PhysX),
basic algorithms and data structures (C++ STL, Boost+igraitter animation (Granny), networking sup-
port (Unix sockets).

Platform Independence Layer: Since most games are developed to run on many differenbptagf, this layer
provides software to translate between game specific apesatnd their system-dependent implementa-
tions.

Core System: These include basic tools necessary in any software daweopenvironment, including as-
sertion testing, unit testing, memory allocation/deatian, mathematics library, debugging aids, parsers
(e.g., for xml-based input files), file 1/0, video playback.

Resource Manager: Large graphics programs involve accessing various ressustich as geometric models
for characters and buildings, texture images for colorlrgsé geometric models, maps representing the
game’s world. The job of the resource manager is to allow tiegnam to load these resources. Since
resources may be compressed to save space, this may als@idecompression.

Rendering Engine: This is one of the largest and most complex components of eadytime 3-dimensional
game. This involves all aspects of drawing, and may involeeeinteraction with the graphics processing
unit (GPU) for the sake of enhanced efficiency.

Low-Level Renderer: This comprises the most basic elements of producing imageswe will see
below when we discuss OpenGL, your program interacts wagh@RU by asking it to rendebjects
Each object may be a single triangle (or generally a polygo@mesh consisting of many triangular
elements. Objects are specified according to their coaieliria 3-dimensional space. Your program
also informs the GPU what colors (or what image texturespfuyato these objects, where lights are
positioned, and where the camera is positioned.

It is then the job of the GPU to perform the actual renderingj@ztion, coloring, shading) of the
objects. In particular, it determines where each objedepts onto the 2-dimensional image plane,
which objects are visible and which are hidden from view, tnihahe color and brightness of each
object. Your program needs to convey all this informatiothm GPU. In our discussion of OpenGL,
we will discuss how this is done. This also includes elemkkegdisplaying text messages and subdi-
viding the window into subwindows (calladewportg for the purposes of showing status information
or maps.
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Graphics Device Interface: Since the graphics device requires updating 30—60 timeséeeond, but

some operations (such as displaying messages to the usersat a significantly different time
scale (of multiple seconds), these components shield thgrgmmer from some of the low-level
timing issues when dealing with the graphics system.

Scene Graph: Game entities are naturally organized into hierarchicakstires. This is true for dynamic

and static objects. For example, a human body consists cdd Ierso, arms, legs; an arm consists
of a hand, lower-arm, and upper-arm; a hand consists of Bngérus, there is a natural structure in
the form of a rooted tree.

In general, all the entities of the games world can be repteden a large tree, where the root rep-
resents the entire world, and the nodes of the tree impli@ihresent the subtrees that are descended
from these nodes. This makes it possible to perform op@masily on an entire portion of the tree.
For example, we could “render the objects rooted at ndder “rotate the object rooted at node’

We can also create multiple instances, as in “create 208rinss of the zombie object at nodé

This software component is responsible for creating, nyirtif rendering, manipulating, and deleting
elements of the scene graph. Another feature of using a gpapé is that it allows us to remove,
or cull, entities that are not visible to the camera. For examplthefcamera is located in a room
represented by some nodewe need only render the objects lying within this room ot e visible
through the room’s doors and windows. Because game worklsaltarge and complex, efficient
rendering demands that we only attempt to draw the thingsight be visible to the camera.

Visual Effects: This includes support for a number of complex effects such as

e particle systems (which are used for rendering smoke, wigrexplosions)

e decal systems (for painting bullet holes, damage scratgtoeeder marks from explosions, foot
prints, etc)

e complex lighting, shadowing, and reflections
e image processing effects

Others: This includes visual elements of the user interface, suaisgpgaying menus or debugging aids

(for the developer) and video playback for generating thekistory.

Collisions and Physics: These components simulate the movement of objects over tietect when objects
collide with one another, and determine the appropriatease in the event of a collision (like knocking
down the houses where the little pigs live). Except in vemye physical phenomena, like a free-falling
body, physical simulation can be very difficult. For thissen, it is often handled by a third-party physics
SDK.

Animation: While the game may direct a character to move from one locédiamother, the job of the anima-
tion system is to make this motion look natural, for examplemoving the arms and legs in a manner that
is consistent with a natural walking behavior. The typicalgess for most animals (including humans)
involves developing a skeletal representation of the algjed wrapping flesh (which is actually a mixture
of skin and clothing) around this skeleton. The skeletonased by specifying the changes in the angles
of the various joints. This approach is calledkin and bonesepresentation.

Input Handlers: These components process inputs from the user, includiylgoieed, mouse, and game con-
troller inputs. Some devices also provide feedback to u@rsh as the vibration in some game con-
trollers). Modern vision based systems, such as the XBordttjradd a whole new level of complexity to
this process.

Audio: Audio components handle simple things like playback forkigasund music, explosions, car engines,
tire squealing, but they may also generate special audsetsffsuch as stereo effects to give a sense of
location, echo effects to give a sense of context (insidsugeoutside), and other audio effects (such as
creating a feeling of distance by filtering out high-freqayenomponents).

Multiplayer/Networking: Multiplayer and online games require a number of additiangdporting compo-
nents. For example, multiplayer games may have a splieaatapability. Online games require support
for basic network communication (serialization of strueglinto packets, network protocol issues, hiding
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network latency, and so on). This also includes issues inlés&gn of game servers, such as services for
maintaining registered users and their passwords, matghayers with one another, and so on.

Gameplay Foundation System:The termgameplayrefers to the rules that govern game play, that is, the
player’s possible actions and the consequences of thesascSince this varies considerably from one
game to another, designing a system that works for a widetyasf games can be quite daunting. Often,
these systems may be designed to support just a single gegaenes, such as FPS games. There are a
number of subcomponents:

Game Worlds and Object Models: This consistutes the basic entities that make up the ganmmslw
Here are some examples:

e static background objects (buildings, terrain, roads)

(potentially) dynamic background objects (rocks, chalmgrs and windows)
player characters (PCs) and non-player characters (NPCs)

weapons and projectiles

vehicles

graphics elements (camera and lights)

The diversity of possible game objects is a major challengedgrammers trained in object-oriented
methods. Objects share certain universal qualities (#aey,can be created and destroyed), common
qualities (e.g., they can be rendered), and more spedatjmalities (e.g., gun-like objects can be
shot, chair-like objects can be sat on).

Event System: Game objects need to communicate with one another. Thisas bfindled by a form of
message passing. When a message arrives, we can think ahiplatly signaling an event to occur,
which is to be processed by the entity. Game objects carteetfieir interest in various events, which
may affect their behavior. (For example, characters neéé tnade aware of explosions occurring in
their vicinity. When such an explosion occurs, the systemring nearby characters by sending them
a message..."you’re toast, buddy.”)

Scripting System: In order to allow game developers to rapidly write and testgaode, rather than have
them write in a low-level programming language, such as Gtis,common to have them produce
their code in a scripting language, like Python. A sophidtid scripting system can handle the editing
of scripts and reloading a script into a game while it is ragni

Artificial Intelligence: These components are used to control the behavior of ngeptharacters. They
are typically modeled as Adgents As we will discuss later, an agent is an object that can sigmse
environment, maintain a memory (or state), and can respopdtentially complex ways depending
on the current input and state.

Game Specific SystemsThis is a catch-all for any components that are so specificgiven game that they
don't fall into one of the other categories. This may inclupects like the mechanics controlling a
player's state, the algorithms by which a camera moves tirout the world, the specific goals of the
game’s non-player characters, the properties of vario@pwaes, and so on.

Interactive 3-dimensional Graphics: In order to get a quick jump into game development, we wilttdig discussing
the basic elements of interactive computer graphics systérhis will require that we understand a bit about
how graphics processing units work and will lead us evehturaio a discussion of OpenGL.

Anyone who has played a computer game is accustomed to dtiterawith a graphics system in which the
principal mode of rendering involves 3-dimensional sceResducing highly realistic, complex scenes at inter-
active frame rates (at least 30 frames per second, say) is pasible with the aid of a hardware device called a
graphics processing unior GPU for short. GPUs are very complex things, and we will only ble &b provide

a general outline of how they work.

Like the CPU (central processing unit), the GPU is a critigait of modern computer systems. It has its
own memory, separate from the CPU’s memory, in which it stahe various graphics objects (e.g., object
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coordinates and texture images) that it needs in order ttsgial. Part of this memory is called tfame buffey
which is a dedicated chunk of memory where the pixels astatigith your monitor are stored. Another entity,
called thevideo controller reads the contents of the frame buffer and generates thal &tiage on the monitor.
This process is illustrated in schematic form in Fig. 1.

CPU

[/O Devices

:] [: :ﬂ: o Monitor
T 0 IQ

System CPU @ Memory Frame @ Video

Memory buffer controller

Fig. 1: Architecture of a simple GPU-based graphics system.

Traditionally, GPUs are designed to perform a relativatyited fixed set of operations, but with blazing speed
and a high degree of parallelism. Modern GPUsmmgrammablein that they provide the user the ability to
program various elements of the graphics process. For deampdern GPUs support programs cal@atex
shadersandfragment shadersvhich provide the user with the ability to fine-tune the eslassigned to vertices
and fragments.

Recently there has been a trend towards what are ogdledral purpose GPUSGPGPUS), which can perform
not just graphics rendering, but general scientific catouta on the GPU. Since we are interested in graphics
here, we will focus on the GPUs traditional role in the reivtgprocess.

The Graphics Pipeline: The key concept behind all GPUs is the notion of ¢in@phics pipeline This is conceptual
tool, where your user program sits at one end sending graioimmands to the GPU, and the frame buffer
sits at the other end. A typical command from your programhtige “draw a triangle in 3-dimensional space
at these coordinates.” The job of the graphics system isngasbthis simple request to that of coloring a set
of pixels on your display. The process of doing this is quiieplex, and involves a number of stages. Each
of these stages is performed by some part of the pipelinettendesults are then fed to the next stage of the
pipeline, until the final image is produced at the end.

Broadly speaking the pipeline can be viewed as involving foajor stages. (This is mostly a conceptual aid,
since the GPU architecture is not divided so cleanly.) Tloegss is illustrated in Fig. 2.

User Program

Vertex - Fragment -
. 7 Rasterization 3 . Blending
processing | : | processing _1
Transformed Fragments Frame-buffer
geometry image

Fig. 2: Stages of the graphics pipeline.

Vertex Processing: Geometric objects are introduced to the pipeline from yoagmm. Objects are described
in terms of vectors in 3-dimensional space (for examplejaangte might be represented by three such
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vectors, one per vertex). In the vertex processing stagegrphics systertransformsthese coordinates
into a coordinate system that is more convenient to the geaglgstem. For the purposes of this high-level
overview, you might imagine that the transformation prtgebe vertices of the three-dimensional triangle
onto the 2-dimensional coordinate system of your scrediedcscreen space

This stage involves other tasks as well. For odgping is performed to snip off any parts of your
geometry that lie outside the viewing area of the window ouarydisplay. Another operation lghting,
where computations are performed to determine the colatsraensities of the vertices of your objects.
(How the lighting is performed depends on commands that gad to the GPU, indicating where the light
sources are and how bright they are.)

Rasterization: The job of the rasterizer is to convert the geometric shagngn terms of its screen coordinates
into individual pixels, calledragments

Fragment Processing: Each fragment is then run through various computationst,Firmust be determined
whether this fragment igisible, or whether it is hidden behind some other fragment. If itigshle, it will
then be subjected to coloring. This may involve applyingous coloring textures to the fragment and/or
color blending from the vertices, in order to produce theetfbf smooth shading.

Blending: Generally, there may be a number of fragments that affeatdlee of a given pixel. (This typically
results from translucence or other special effects likeondblur.) The colors of these fragments are then
blended together to produce the final pixel color. The fingpotof this stage is thirame-buffer image

Lecture 3: Basic Elements of OpenGL and GLUT

Sources:See any standard reference on OpenGL or GLUT.

Graphics Libraries: In this lecture we will discuss programming a 3-dimensiangtractive graphics system. In
particular, we will discuss OpenGL and GLUT. The essenceroflpcing interactive graphics involves gener-
ating a description of the scene being rendered, and regethiis process at a rate of roughly 30 frames per
second. We call each such redrawingjsplay cycleor arefresh cyclesince your program is refresh the current
contents of the image.

In modern graphics systems, the image is generated by thhigsgprocessing unit (GPU), and the job of your
program is to describe the scene to be displayed to the GPtkaa be rendered. The commands sent to the
GPU take the form of procedure calls made by your program tahics library. The procedures of the library
are defined according to an application programmer’s iater{fAPI). There are a few common graphics APIs.
Generally, they come in two different types:

Retained Mode: The system maintains the state of the computation in its aterial data structures. With
each refresh cycle, this data is transmitted to the GPU fategng. Ascene graplis typically employed
as the method for storing this information. Examples ofingd-mode systems includava3d Ogre3D
andOpen ScenegraphThe principal advantage is that global optimizations carpéerformed, since all
the scene information is known to the system. This approatdss well suited to time-varying data sets,
since the internal representation of the data set needsupdsged frequently.

Immediate Mode: In this sort of system, your program provides all the infolioraneeded to draw each scene
with each display cycle. In other words, your program traitscommands directly to the GPU for ex-
ecution. Examples of immediate-mode systems incldgenGLandDirectX. Immediate-mode systems
tend to be more efficient, since they provide closer contirtth® hardware. The principal disadvantage is
that it not possible for the system to perform the sort of glaiptimizations (such as culling non-visible
entities), which is possible with retained-mode approache

OpenGL: OpenGL is a widely used industry standard graphics API.dtheen ported to virtually all major systems,
and can be accessed from a number of different programmiggisgges (C, C++, Java, Python, ...). Because it
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works across many different platforms, it is very generalisTs in contrast to the principal alternative, DirectX,
which has been designed to work primarily on Microsoft syste

For the most part, OpenGL operatesrimmediate modewhich means that each function call results in a com-
mand being sent directly to the GPU. There are some retalaptkeats, however. For example, transformations,
lighting, and texturing need to be set up, so that they carppkeal later in the computation.

Because of the design goal of being independent of the wirgy@tem and operating system, OpenGL does
not provide capabilities for windowing tasks or user input andpat. For example, there are no commands
in OpenGL to create a window, to resize a window, to deternttigecurrent mouse coordinates, or to detect
whether a keyboard key has been hit. Everything is focussajuthe process of generating an image. In order
to achieve these other goals, it is necessary to use anaditbolkit. There are a number of different toolkits,
which provide various capabilities. We will cover a very pimone in this class, callédLUT, which stands for
the GL Utility Toolkit. GLUT has the virtue of being very simple, but it does not havet of features. To get
these features, you will need to use a more sophisticatdkittoo

There are many, many tasks needed in a typical large gragpystsm. As a result, there are a number of software
systems available that provide utility functions. For epdensuppose that you want to draw a sphere. OpenGL
does not have a command for drawing spheres, but it can dramgtes. What you would like is a utility
function which, given the center and radius of a sphere,prilduce a collection of triangles that approximate
the sphere’s shape. OpenGL provides a simple collectiotildfas, called theGL Utility Library or GLU for
short.

Since we will be discussing a number of the library functiémsOpenGL, GLU, and GLUT during the next
few lectures, let me mention that it is possible to determhéh library a function comes from by its prefix.
Functions from the OpenGL library begin with “gl” (as iglTriangle”), functions from GLU begin with “glu”
(as in “gluLookAt”), and functions from GLUT begin with “glut” (as indlutCreateWindow”).

The Main Program: Before discussing how to draw shapes, we will begin with thi&delements of how to create a
window. OpenGL was intentionally designed to be indepehdéany specific window system. Consequently,
a number of the basic window and system operations are neidaah This is the principal reason f@LUT.
This toolkit which provides the necessary tools for regugdhat windows be created and providing interaction
with 1/O devices.

Let us begin by considering a typical main program (see tHewiting code fragment). Throughout, we will
assume that programming is done in C/C++, but our examplebeaeadily adapted to other languages. (Do
not worry for now if you do not understand the meanings of tagous calls. We will discuss them in greater
detail below.) This program creates a window that is 400Ipiwéde and 300 pixels high, located in the upper
left corner of the display.

Note that the call tglutMainLoop turns control over to the system. After this, the only rettariyour program
will occur due to various events, calledllbacks (The final ‘return 0” is only there to keep the compiler from
issuing a warning.) Here is an explanation of these funstion

glutinit: The arguments given to the main prograarg¢ andargv) are the command-line arguments supplied
to the program. This assumes a typical Unix environment,hiciwthe program is invoked from a com-
mand line. We pass these into the main initialization proceglutinit. This procedure must be called
before any others. It processes (and removes) commandsjuenents that may be of interest to GLUT
(e.g., allowing the user to override the default window siaed the window system and does general
initializations. Any remaining arguments are then leftthoe user's program to interpret, if desired.

glutinitDisplayMode: This performs initializations informing OpenGL how to set its frame buffer. Recall
that the frame buffer is a special 2-dimensional array in@®J’s memory where the graphical image
is stored. OpenGL maintains an enhanced version of the flarffer with additional information. For
example, this includes depth information for hidden swefeemoval. The system needs to know how we
are representing colors of our general needs in order tordete thedepth(that is, the number of bits)
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Typical OpenGL/GLUT Main Program

#include <GL/glut.h> /I GLUT, GLU, and OpenGL defs
int main(int argc, char ** argv) /I program arguments
{

glutinit(&argc, argv); /I initialize glut and openGL

/I double buffering and RGBA
glutinitDisplayMode(GLUT_DOUBLE | GLUT_RGBA):

glutinitWindowsSize(400, 300); /I initial window size
glutlnitWindowPosition(0, 0); /I initial window position
glutCreateWindow(argv[0]); /I create window

...initialize callbacks here (described below)...

myinit(); /I your own initializations
glutMainLoop(); /I turn control over to glut
return O; // we never return here; this just keeps the compile r happy

to assign for each pixel in the frame buffer. The argumemtutnitDisplayMode is a logical-or (using the
operator {") of a number of possible options, which are given in Table 1.

Display Mode Meaning

GLUT_RGB Use RGB colors
GLUT_RGBA Use RGB plusy (recommended)
GLUT_INDEX Use colormapped colors (not recommended)

GLUT_DOUBLE | Use double buffering (recommended)
GLUT_SINGLE Use single buffering (not recommended)
GLUT_DEPTH Use depth buffer (needed for hidden surface remoyal)

Table 1: Arguments tglutinitDisplayMode. (Constants defined in glut.h)

Let us discuss each of these elements in greater detail.

Color: We need to tell the system how colors will be representedréTare three methods, of which two
are fairly commonly usedGLUT_RGB or GLUT_RGBA. The first uses standard RGB colors (24-bit
color, consisting of 8 bits of red, green, and blue), and ésdbfault. The second requests RGBA
coloring. In this color system there is a fourth componemisignated “A’ ora), which indicates
the opaqueness of the color (1 = fully opaque, 0 = fully tramspt). This is useful in creating
transparent effects. We will discuss how this is applieerlttis semester. (It turns out that there is no
advantage in trying to save space us@lgJT_RGB over GLUT_RGBA, since according to the GLUT
documentation, both are treated the same.)

Single or Double Buffering: The next option specifies whether single or double buffeisrig be used,
GLUT_SINGLE or GLUT_DOUBLE, respectively. To explain the difference, we need to urtdatsa
bit more about how the frame buffer works. In raster grapbicstems, whatever is written to the
frame buffer is immediately transferred to the display.sTjniocess is repeated frequently, say 30-60
times a second. To do this, the typical approach is to firstettze old contents by setting all the pixels
to some background color, say black. After this, the newemtstare drawn. However, even though
it might happen very fast, the process of setting the imadaaock and then redrawing everything
produces a noticeable flicker in the image.

Double buffering is a method to eliminate this flicker. In 8ibuffering, the system maintains two
separate frame buffers. Tifrent bufferis the one which is displayed, and thack bufferis the other
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one. Drawing is always done to the back buffer. Then to upthetémage, the system simply swaps
the two buffers (see Fig. 3). The swapping process is vetydas appears to happen instantaneously
(with no flicker). Double buffering requires twice the buffepace as single buffering, but since
memory is relatively cheap these days, it is the preferretthaakfor interactive graphics.

Swap buffers Redrawing

Monitor

Front Front
Monitor

Redrawing
Fig. 3: Double buffering.

Depth Buffer: One other option that we will need later with 3-dimensionapdics will be hidden sur-
face removal. Virtually all raster-based interactive dyiap systems perform hidden surface removal
by an approach called tliepth-buffeior z-buffer. In such a system, each fragment stores its distance
from the eye. When fragments are rendered as pixels only dsest is actually drawn. The depth
buffer is enabled with the optioBLUT_DEPTH. For this program it is not needed, and so has been
omitted. When there is no depth buffer, the last pixel to bevdris the one that you see.

glutinitwindowsSize: This command specifies the desired width and height of thghigza window. The general
form is glutinitwindowSize(int width, int height). The values are given in numbers of pixels.

glutinitPosition: This command specifies the location of the upper left corfiehe graphics window. The
form is glutinitwindowPosition(int x, int y) where the(z, y) coordinates are given relative to the upper left
corner of the display. Thus, the argumefiis0) places the window in the upper left corner of the display.
Note thatglutinitWindowSize andglutinitWindowPosition are both considered to be orduggestionso the
system as to how to where to place the graphics window. Depgiod the window system’s policies, and
the size of the display, it may not honor these requests.

glutCreateWindow: This command actually creates the graphics window. Thergéfeem of the command is
glutCreateWindow(char title), wheretitle is a character string. Each window has a title, and the argtise
a string which specifies the window’s title. We passiigv[0]. In Unix argv[0] is the name of the program
(the executable file name) so our graphics window's nameeisdime as the name of our program.

Asynchonous Creation: Note that the calblutCreateWindow does not really create the window, but rather
merely sends a request to the system that the window be dre¥thy do you care? In some OpenGL
implementations, certain operations cannot be perforréesa the window (and the associated graphics
context) exists. Such operations should be performed aftéyr your program has received notification
that the window really exists. Your program is informed afthvent through an event callback, either
reshapeor display. We will discuss them below.

The general structure of an OpenGL program using GLUT is shiowFig. 4. (Don’t worry if some elements
are unfamiliar. We will discuss them below.)

Event-driven Programming and Callbacks: Virtually all interactive graphics programs aegent driven Unlike
traditional programs that read from a standard input fileraglgics program must be prepared at any time for
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glutReshapeFunc: ‘

| if (first call) {
glutlnit OpenGL initializations
glutInitDisplayMode }
glutinitWindowSize/Position (re)set viewport/projection
glutCreateWindow glutPostRedisplay
| initialize callbacks | glutDisplayFunc:
clear buffers
| your internal initializations | redraw scene
{ glutSwapBuffers
| glutMainLoop | v
| other event callbacks: i
update internal state
glutPostRedisplay
v

Fig. 4: General structure of an OpenGL program using GLUT.

input from any number of sources, including the mouse, ob&ayd, or other graphics devises such as trackballs
and joysticks.

In OpenGL this is done through the usea#llbacks The graphics program instructs the system to invoke
a particular procedure whenever an event of interest oceans the mouse button is clicked. The graphics
program indicates its interest, megisters for various events. This involves telling the window systevhich
event type you are interested in, and passing it the name micagure you have written to handle the event.

Note: If you program in C++, note that the Glut callback functiomaiyefine must be “standard” procedures;
they cannot be class member functions.

Types of Callbacks: Callbacks are used for two purposeser input eventand system eventsUser input events
include things such as mouse clicks, the motion of the mowsthdut clicking) also callegpbassive motion
keyboard hits. Note that your program is only signaled alewants that happen to your window. For example,
entering text into another window’s dialogue box will nohgeate a keyboard event for your program. Here are
some common examples. A summary is given in Table 2. Thera ateanber of others as well (special keys,
status of shift/control/alt, detecting key releases.)

System Event Callback request User callback function prototypg@eturnvoid)
(Re)display glutDisplayFunc myDisplay()

(Re)size window| glutReshapeFunc myReshape(int w, int h)

Timer event glutTimerFunc myTimer(int id)

Idle event glutldleFunc myldle()

Input Event Callback request User callback function prototyp@eturnvoid)
Mouse button glutMouseFunc myMouse(int b, int s, int x, inty)

Mouse motion glutPassiveMotionFunc | myMotion(int X, int y)

Keyboard key glutkeyboardFunc myKeyboard(unsigned char c, int x, int y)

Table 2: Common callbacks and the associated registratimtibns.

Display Event: At a minimum, every OpenGL program must handle this evens. itivoked when the system
senses that the contents of the graphics window need to bmwnegdfor example:

Lecture Notes 14 CMSC 425



e the window is created initially or it has been resized,

e the window system has determined that the graphics windewéen “damaged” (which might occur,
for example, if an obscuring window has been moved away, tenesaling all or part of the graphics
window),

e the program explicitly requests redrawing, for examplesaose the internal state has changed in a
way that affects the scene, by calligigtPostRedisplay.

Recall from above that the commapiitCreateWindow does not actually create the window, but merely
requests that creation be started. In order to inform yoagmam that the creation has completed, the
system generates a display event. This is how you know thatgo now start drawing into the graphics

window.

Reshape Event: This happens whenever the window’s size is altered, inolyids initial creation. The callback
provides information on the new size of the window. Recadt §your initial call toglutinitwindowSize is
only taken as a suggestion of the actual window size. Whenyters determines the actual size of your
window, it generates such a callback to inform you of the @diize.

Idle/Timer Events: Often in an interactive graphics program, the user may nqtrbeiding any input at all,
but it may still be necessary to update the image. For exanmpeflight simulator the plane keeps moving
forward, even without user input. To do this, the programsgmesleep and requests that it be awakened
in order to draw the next image. There are two ways to do thiner eventand anidle event An idle
event is generated every time the system has nothing betth. t This is often fine, since it means that
your program wastes no cycles.

Often, you want to have more precise control of timing (eadpen trying to manage parallel threads such
as artificial intelligence and physics modeling). If so, #eraate approach is to request a timer event. In
a timer event you request that your program go to sleep foegmmod of time and that it be “awakened”
by an event some time later, say 1/50 of a second latefutimerFunc the first argument gives the sleep
time as an integer in milliseconds and the last argument igtager identifier, which is passed into the
callback function.

Input Events: These events include keyboard key presses and mouse kegp@@sd mouse motion. When
any such event occurs, the system will inform you which key Ibeen pressed (or released), and where
the cursor is at the instant of the event. Here are the pah@iput events your program can listen for.

For example, the function calls shown in the code fragmelotdshows how to register for the following events:
display events, reshape events, mouse clicks, keybo#dsstand timer events. The functions likgDraw and
myReshape are supplied by the user, and will be described later.

Typical Callback Setup

int main(int argc, char ** argv)

{

glutDisplayFunc(myDraw); /I set up the callbacks
glutReshapeFunc(myReshape);

glutMouseFunc(myMouse);

glutkeyboardFunc(myKeyboard);

glutTimerFunc(20, myTimeOut, 0); /I timer in 20/1000 secon ds

Most of these callback registrations simply pass the namghefdesired user function to be called for the
corresponding event. The one exceptioglisTimeFunc whose arguments are the number of milliseconds to
wait (an unsigned int), the user’s callback function, andrdeger identifier. The identifier is useful if there
are multiple timer callbacks requested (for different tinire the future), so the user can determine which one
caused this particular event.
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Callback Functions: What does a typical callback function do? This depends éyntirethe application that you are
designing. Some examples of general form of callback fonstis shown below.

Examples of Callback Functions for System Events

void myDraw() { /I called to display window
/I ...insert your drawing code here ...
glutSwapBuffers(); /I make the new stuff visible

}

void myReshape(int w, int h) { /I called if reshaped
windowWidth = w; /I save new window size

windowHeight = h;
/I ..may need to update the projection ...

glutPostRedisplay(); /I request window redisplay
}
void myTimeOut(int id) { /I called if timer event

/I ...advance the state of animation incrementally...

glutTimerFunc(20, myTimeOut, 0); /I schedule next timer ev ent
}

Note that the timer callback and the reshape callback bettkanthe functiorglutPostRedisplay. This proce-
dure informs OpenGL that the state of the scene has changkshanld be redrawn (by calling your drawing
procedure). This might be requested in other callbacks ds we

Examples of Callback Functions for User Input Events
/I called if mouse click

void myMouse(int b, int s, int x, int y) {

switch (b) { /I b indicates the button
case GLUT _LEFT BUTTON:
if (s == GLUT_DOWN) /I button pressed
...
else if (s == GLUT_UP) /I button released
...
break;
... /I other button events
}
}
/I called if keyboard key hit
void myKeyboard(unsigned char c, int x, int y) {
switch (c) { /I c is the key that is hit
case 'q" /I ’q" means quit
exit(0);
break;
... /I other keyboard events
}
}

Note that each callback function is provided with informatassociated with the event. For example, a reshape
event callback passes in the new window width and height. Asaalick callback passes in four arguments,
which button was hiti(; left, middle, right), what the buttons new statedsp or down), thez, y) coordinates

of the mouse when it was clicked (in pixels). The various peaters used fob ands are described in Table 3.

A keyboard event callback passes in the character that wastiithe current coordinates of the mouse. The
timer event callback passes in the integer identifier, ofither event which caused the callback. Note that each
call to glutTimerFunc creates only one request for a timer event. (That is, you dgetautomatic repetition of
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timer events.) If you want to generate events on a regulas aaen insert a call tglutTimerFunc from within
the callback function to generate the next one.

GLUT Parameter Name Meaning
GLUT_LEFT_BUTTON left mouse button
GLUT_MIDDLE_BUTTON | middle mouse button
GLUT_RIGHT_BUTTON right mouse button
GLUT_DOWN mouse button pressed do
GLUT_UP mouse button released

=)

Table 3: GLUT parameter names associated with mouse e@usstants defined in glut.h)

Lecture 4: More about OpenGL and GLUT

Sources:See any standard reference on OpenGL or GLUT.

Basic Drawing: In the previous lecture, we showed how to create a window iVGLhow to get user input, but

we have not discussed how to get graphics to appear in theowindere, we begin discussion of how to use
OpenGL to draw objects.

Before being able to draw a scene, OpenGL needs to know tloevfol information: what are thebjectsto
be drawn, how is the image to beojectedonto the window, and hovighting andshadingare to be performed.
To begin with, we will consider a very the simple case. Theeanly 2-dimensional objects, no lighting or
shading. Also we will consider only relatively little usettéraction.

Idealized Drawing Window: Because we generally do not have complete control over thdowmi size, it is a good

idea to think in terms of drawing on a rectangutigalized drawing regionwhose size and shape are completely
under our control. Then we will scale this region to fit withire actual graphics window on the display. There
are many reasons for doing this. For example, if you desigm poogram to work specifically fot00 x 400
window, but then the user resizes the window, what do you da® d much better idea to assume a window
of arbitrary size. For example, you could define two variahleand ., that indicate the width and height of
the window, respectively. The valuesandh could be measured in whatever units are most natural to your
application: pixels, inches, light years, microns, fudgeror fathoms.

OpenGL allows for the grahics window to be broken up into $enakctangular subwindows, callegewports
We will then have OpenGL scale the image drawn in the idedldm@awing region to fit within the viewport.
The main advantage of this approach is that it is very easgabwlith changes in the window size.

We will consider a simple drawing routine for the picture whdn the figure. We assume that our idealized
drawing region is a unit square over the real intef@al] x [0,1]. (Throughout the course we will use the
notation[a, b] to denote the interval of real valuesuch thatz < z < b. Hence [0,1] x [0, 1] is a unit square
whose lower left corner is the origin.) This is illustratedHig. 5.

GLUT uses the convention that the origin is in the upper lefner and coordinates are given as integers. This
makes sense for GLUT, because its principal job is to comoateiwith the window system, and most window
systems use this convention. On the other hand, OpenGL hisenhvention that coordinates are (generally)
floating point values and the origin is in the lower left carriRecalling the OpenGL goal is to provide us with
an idealized drawing surface, this convention is mathezabyimore elegant.

The Display Callback: Recall that thalisplay callback functiois the function that is called whenever it is necessary

to redraw the image, which arises for example:

o the initial creation of the window
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1= red

<——1— blue

Fig. 5: Drawing produced by the simple display function.

e (possibly) whenever the window is uncovered by the remof/abme overlapping window,
e whenever your program explicitly requests that it be redrawrough the use of the functigtutPostRe-
display

The display callback function for our program is shown infileowing code block. We first erase the contents
of the image window, then do our drawing, and finally swapdnsfo that what we have drawn becomes visible.
(Recall double buffering from the previous lecture.) Thiedtion first draws a red diamond and then (on top of
this) it draws a blue rectangle. Let us assume double bofesi being performed, and so the last thing to do is
invoke glutSwapBuffers() to make everything visible.

Sample Display Function

void myDisplay() { /I display function
glClear(GL_COLOR_BUFFER_BIT); /I clear the window
glColor3f(1.0, 0.0, 0.0); /I set color to red
glBegin(GL_POLYGON); /I draw a diamond

glVertex2f(0.90, 0.50);
glVertex2f(0.50, 0.90);
glVertex2f(0.10, 0.50);
glVertex2f(0.50, 0.10);

glEnd();

glColor3f(0.0, 0.0, 1.0); /I set color to blue
glRectf(0.25, 0.25, 0.75, 0.75); /I draw a rectangle
glutSwapBuffers(); /I make it all visible

Clearing the Window: The commandlClear() clears the window, by overwriting it with the backgroundaolThe
background color is black by default, but generally it maysbeby the call:

glClearColor(GLfloat Red, GLfloat Green, GLfloat Blue, GLfloat Alpha).

The typeGLfloat is OpenGL's redefinition of the standafidat. To be correct, you should use the approved
OpenGL types (e.g.GLfloat, GLdouble, GLint) rather than the obvious counterpartiedt, double, andint).
Typically the GL types are the same as the correspondingengtpes, but not always.

Colors components are given as floats in the range from 0 toof fark to light. Recall that thel (or «)
value is used to control transparency. For opaque colassset to 1. Thus to set the background color to black,
we would useglClearColor(0.0, 0.0, 0.0, 1.0), and to set it to blue usgiClearColor(0.0, 0.0, 1.0, 1.0). (Tip:
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When debugging your program, it is often a good idea to use aarmmon background color, like a random
shade of pink, since black can arise as the result of margrdiit bugs.) Since the background color is usually
independent of drawing, the functigiiClearColor() is typically set in one of your initialization procedures,
rather than in the drawing callback function.

Clearing the window involves resetting information wittihee drawing buffer. As we mentioned before, the
drawing buffer may store different types of information.i§imcludes color information, of course, but depth or
distance information is used for hidden surface removapicily when the window is cleared, we want to clear
everything. (Occasionally it is useful to achieve certgir@al effects by clearing only some of the buffers.)
TheglClear() command allows the user to select which buffers are to beede#n this case we only have color
in the depth buffer, which is selected by the opt®n COLOR_BUFFER_BIT. If we had a depth buffer to be
cleared it as well we could do this by combining these usingitvise or” operation:

glClear(GL_.COLOR_BUFFER_BIT | GL.DEPTH_BUFFER_BIT)

Drawing Attributes: The OpenGL drawing commands describe the geometry of thecbtijat you want to draw.
More specifically, all OpenGL is based on drawtmnvex polygonsso it suffices to specify theerticesof the
object to be drawn. The manner in which the object is displdgedetermined by varioudrawing attributes
(color, point size, line width, etc.).

The commandylColor3f() sets the drawing color. The arguments are tiGefoat’s, giving the R, G, and B
components of the color. In this case, RGB (1,0,0) means pure red. Once set, the attribute applies to
all subsequently defined objects, until it is set to somerothkie. Thus, we could set the color, draw three
polygons with the color, then change it, and draw five polygeith the new color.

This call illustrates a common feature of many OpenGL contasanamely flexibility in argument types. The
suffix “3f" means that three floating point arguments (actuall§ioat’s) will be given. For exampleglColor3d()
takes threalouble (or GLdouble) argumentsglColor3ui() takes threaunsigned int arguments, and so on. For
floats and doubles, the arguments range from 0 (no intertsity)full intensity). For integer types (byte, short,
int, long) the input is assumed to be in the range from 0 (nenisity) to its maximum possible positive value
(full intensity).

But that is not all!l The three argument versions assume RGd.dbwe were using RGBA color instead, we
would useglColor4d() variant instead. Here “4” signifies four arguments. (Rettwk the A or alpha value is
used for various effects, such an transparency. For stdifdpaque) color we set = 1.0.)

In some cases it is more convenient to store your colors irrray &vith three elements. The suffix “v” means
that the argument is a vector. For examgl@olor3dv() expects a single argument, a vector containing three
GLdouble’s. (Note that this is a standard C/C++ style array, not thesskector from the C++ Standard Template
Library.) Using C's convention that a vector is represergsa pointer to its first element, the corresponding
argument type would becbnst GLdoublex".

Whenever you look up the prototypes for OpenGL commands, ften gee a long list with various suffixes to
indicate the argument types. Some examplegfoolor are shown in the following code block.

Drawing commands: OpenGL supports drawing of a number of different types oéotsi. The simplest igiRectf(),
which draws a filled rectangle. All the others are complexeoty consisting of a (generally) unpredictable
number of elements. This is handled in OpenGL by the contstglBegin(mode) andglEnd(). Between these
two commands a list of vertices is given, which defines theabjThe sort of object to be defined is determined
by the modeargument of theyiBegin() command. Some of the possible modes are illustrated in Figz08
details on the semantics of the drawing methods, see thenefe manuals.

Note that in the case a@bL_POLYGON only convex polygonginternal angles less than 180 degrees) are sup-
ported. You must subdivide nonconvex polygons into conveggs, and draw each convex piece separately.

glBegin(mode);
glVertex(v0); glVertex(vl); ...
glEnd();
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Changing arguments types in OpenGL

void glColor3d(GLdouble red, GLdouble green, GLdouble blu e)
void glColor3f(GLfloat red, GLfloat green, GLfloat blue)

void glColor3i(GLint red, GLint green, GLint blue)

... (and forms for byte, short, unsigned byte and unsigned sh ort) ...
void glColor4d(GLdouble red, GLdouble green, GLdouble blu e, GLdouble alpha)

... (and 4-argument forms for all the other types) ...

void glColor3dv(const GLdouble *V)
... (and other 3- and 4-argument forms for all the other types ) ..

o U5 Us Us Us Us
V0o o U4 o \ vy o Uy v vy v Uy
* U3 |U3 V3 V3 3
Vye o Uy U1 (%) U1 Vo (%] (%) U1 Vo
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U7
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v U5
Vo [> 4 Vo Us i (2 I (N
IA/US V3 Vs (%]
U1 () Yo U1 U1 V2 U1 U2
GL_TRIANGLES ~ GL_TRIANGLE STRIP  GL_TRIANGLE_FAN GL_QUADS GL_QUAD STRIP

Fig. 6: Some OpenGL object definition modes. (It is a good tdedraw primitives using a consistent direction, say
counterclockwise.)

In the example above we only defined the and y-coordinates of the vertices. How does OpenGL know
whether our object is 2-dimensional or 3-dimensional? Thener is that it does not know. OpenGL represents
all vertices as 3-dimensional coordinates internally. sTinay seem wasteful, but remember that OpenGL is
designed primarily for 3-d graphics. If you do not specifg thcoordinate, then it simply sets thecoordinate

t0 0.0. By the way,glRectf() always draws its rectangle on the= 0 plane.

Between anylBegin()...gIEnd() pair, there is a restricted set of OpenGL commands that mayives. This
includesglVertex() and also other command attribute commands, sugfiCaor3f(). At first it may seem a bit
strange that you can assign different colors to the diffevertices of an object, but this is a very useful feature.
Depending on the shading model, it allows you to produce eshafose coloblendssmoothly from one end
to the other.

There are a number of drawing attributes other than coloytil we start discussing lighting and 3-dimensional
drawing, color is by far the most common attribute. (See ther@GL documentation for other examples.)

After drawing the diamond, we change the color to blue, amah thvokeglRectf() to draw a rectangle. This
procedure takes four arguments, they) coordinates of any two opposite corners of the rectangldisncase
(0.25,0.25) and(0.75,0.75). (There are also versions of this command that takes doulite arguments, and
vector arguments as well.) We could have drawn the rectamglgrawing aGL_POLYGON, but this form is
easier to use.

Viewports: OpenGL does not assume that you are mapping your graphibe entire window. Often it is desirable
to subdivide the graphics window into a set of smaller sublims and then draw separate pictures in each
window. The subwindow into which the current graphics aradperawn is called aiewport The viewport is
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typically the entire display window, but it may generally 4@y rectangular subregion.

The size of the viewport depends on the dimensions of our aindrhus, every time the window is resized
(and this includes when the window is created originally) weed to readjust the viewport to ensure proper
transformation of the graphics. For example, in the typezae, where the graphics are drawn to the entire
window, the reshape callback would contain the followinjwaich resizes the viewport, whenever the window

is resized.
Setting the Viewport in the Reshape Callback
void myReshape(int winWidth, int winHeight) /I reshape win dow
{
glViewport (0, 0, winWidth, winHeight); I/l reset the viewpo rt
}

The other thing that might typically go in tmeyReshape() function would be a call tglutPostRedisplay(), since
you will need to redraw your image after the window changes.si

The general form of the command is
glViewport(GLint x, GLint y, GLsizei width, GLsizei height),

where(z, y) are the pixel coordinates of th@wver-left cornerof the viewport, as defined relative to the lower-left
corner of the window, anaiidth andheightare the width and height of the viewport in pixels.

For example, suppose you haavax h window, which you wanted to split in half by a vertical linepooduce
two different drawings. This is presented in the followiragle block.

Setting up viewports for a split screen

glClear(GL_COLOR_BUFFER_BIT); /I clear the window

glViewport (0, 0, w/2, h); /I set viewport to left half
/I ...drawing commands for the left half of window

glViewport (w/2, 0, w/2, h); /I set viewport to right half
/I ...drawing commands for the right half of window

glutSwapBuffers(); /I swap buffers

Projection Transformation: In the simple drawing procedure, we said that we were asguthiat the “idealized”
drawing area was a unit square over the intejal] with the origin in the lower left corner. The transformation
that maps the idealized drawing region (in 2- or 3-dimersjda the window is called thprojection We did
this for convenience, since otherwise we would need to eitlyliscale all of our coordinates whenever the user
changes the size of the graphics window.

However, we need to inform OpenGL of where our “idealizediwding area is so that OpenGL can map it to our
viewport. This mapping is performed by a transformationriratalled theprojection matrix which OpenGL
maintains internally. (In future lectures, we will discuBpenGL’s transformation mechanism in greater detail.
In the mean time some of this may seem a bit arcane.)

Since matrices are often cumbersome to work with, OpenGliges a number of relatively simple and natural
ways of defining this matrix. For our 2-dimensional example,will do this by simply informing OpenGL of
the rectangular region of two dimensional space that majesiuidealized drawing region. This is handled by
the command

gluOrtho2D(left, right, bottom, top).
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First note that the prefix isgfu” and not “gl”, because this procedure is provided by the GLU library.cAlsote
that the 2D” designator in this case stands for “2-dimensional.” (Inticalar, it doesnotindicate the argument
types, as with, sayglColor3f()).

All arguments are of typ&Ldouble. The arguments specify the-coordinates |€ft and right) and they-
coordinateslfottomandtop) of the rectangle into which we will be drawing. Any drawirtat we do outside
of this region will automatically be clipped away by OpenQGlhe code to set the projection is given below.

Setting a Two-Dimensional Projection

gIMatrixMode(GL_PROJECTION); /I set projection matrix mo de
glLoadldentity(); /I initialize to identity

gluOrtho2D(0.0, 1.0, 0.0, 1.0); /I map unit square to viewpo rt
glMatrixMode(GL_MODELVIEW); /I set matrix mode back to def ault

The first command tells OpenGL that we are modifying the mtija transformation. (OpenGL maintains three
different types of transformations, as we will see latergdstiof the commands that manipulate these matrices
do so by multiplying some matrix times the current matrixu$hwe initialize the current matrix to the identity,
which is done byylLoadldentity(). This code usually appears in some initialization procedurpossibly in the
reshape callback.

Where does this code fragment go? It depends on whether tfectioo will change or not. If we make the
simple assumption that are drawing will always be done ikgldb the[0, 1]? unit square, then this code can
go in some initialization procedure. If our program decitieshange the drawing area (for example, growing
the drawing area when the window is increased in size) themwadd need to repeat the call whenever the
projection changes.

At first viewports and projections may seem confusing. Rebmarnthat the viewport is a rectangle within the
actual graphics window on your display, where you graphidlsappear. The projection defined lgjuOrtho2D()
simply defines a rectangle in some “ideal” coordinate systehich you will use to specify the coordinates of
your objects. Itis the job of OpenGL to map everything thatresvn in your ideal window to the actual viewport
on your screen. This is illustrated in Fig. 7.

drawing gluOrtho2d(l, r, b, t) glViewport(x, y, w, h)
—|0|X
h
S I
drawing region Viewpbrt

Fig. 7: Projection and viewport transformations.

The complete program is shown in the code block below.

Lecture 5: Drawing in OpenGL: Transformations

Sources:See any standard reference on OpenGL or GLUT.

Complex Drawing in OpenGL: So far we have discussed how to draw simple 2-dimensionattdbjising OpenGL.
Suppose that we want to draw more complex scenes. For examgleant to draw objects that move and rotate

Lecture Notes 22 CMSC 425



Sample OpenGL Program

#include <cstdlib> /I standard definitions

#include <iostream> /I C++ 1/0

#include <GL/glut.h> /I GLUT (also loads gl.h and glu.h)

void myReshape(int w, int h) { /I window is reshaped
glViewport (0, 0, w, h); /I update the viewport
glMatrixMode(GL_PROJECTION); /I update projection
glLoadldentity();
gluOrtho2D(0.0, 1.0, 0.0, 1.0); /I map unit square to viewpo rt
glMatrixMode(GL_MODELVIEW);
glutPostRedisplay(); /I request redisplay

}

void myDisplay(void) { /I (re)display callback
glClearColor(0.5, 0.5, 0.5, 1.0); /I background is gray
glClear(GL_COLOR_BUFFER_BIT); /I clear the window
glColor3f(1.0, 0.0, 0.0); /I set color to red
glBegin(GL_POLYGON); /I draw the diamond

glVertex2f(0.90, 0.50);
glVertex2f(0.50, 0.90);
glVertex2f(0.10, 0.50);
glVertex2f(0.50, 0.10);

glEnd();
glColor3f(0.0, 0.0, 1.0); /I set color to blue
glRectf(0.25, 0.25, 0.75, 0.75); /I draw the rectangle
glutSwapBuffers(); /I swap buffers

}

int main(int argc, char * argv) { /l main program
glutinit(&argc, argv); /I OpenGL initializations
glutinitDisplayMode(GLUT_DOUBLE | GLUT_RGBA);// double buffering and RGB
glutinitWindowSize(400, 400); /I create a 400x400 window
glutinitWindowPosition(0, 0); /I ..in the upper left
glutCreateWindow(argv[0]); /I create the window
glutDisplayFunc(myDisplay); /I setup callbacks
glutReshapeFunc(myReshape);
glutMainLoop(); /I start it running
return O; /I ANSI C expects this

}
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or to change the projection. We could do this by computinggelwes) the coordinates of the transformed
vertices. However, this would be inconvenient for us. It Wdoalso be inefficient. OpenGL provides methods
for downloading large geometric specifications directlyite GPU. However, if the coordinates of these object
were changed with each display cycle, this would negate ¢hefit of loading them just once.

For this reason, OpenGL provides tools to handle transfooms and to apply these transformations to the
objects we wish to draw.

Affine Transformations: Linear and affine transformations are central to computplyjcs. Recall from your linear
algebra class that linear transformationis a mapping in a vector space that preserves linear conntnsat
Such transformations include rotations, scalings, shgarfwhich stretch rectangles into parallelograms), and
combinations thereof.

Linear transformations are limited in that they cannot espnt translation. The origin is always mapped to the
origin. If you combine linear transformations with trarigla, you get a broader class of transformations called
affine transformationsAffine transformations have a number of nice properties:

Preserves linearity: Lines are mapped to lines
Preserves parallelism: Parallel lines remain parallel

Preserves affine combinations:This is harder to explain, but as an example; &ndq are two points anan
is their midpoint, and’ is an affine transformation, then the midpointit(ip) and7'(q) is 7'(m).

Points in affine space are represented@dmogeneous coordinateghis is done by adding an extra coordinate
to the end, which is set tb. For example, in two dimensional space, the point with coates(z, y) would

be expressed in homogeneous coordinates as the 3-elen@at ey, 1]. Given in this form, any affine
transformation can be expressed as the product of such arvaeud a3 x 3 matrix. In general, a point in
standardi-dimensional space can be expressed@stal )-dimensional homogeneous vector, by appendihg a
to the end. Affine transformations can be expressed as thefmaltion of this vector times &+ 1) x (d+ 1)
matrix.

How are Affine Transformations Used? Affine transformations have many uses in computer graphidgame pro-
gramming in general.

Moving Objects: As needed in animations, physical simulations, etc.

Change of Coordinates: This is used when objects that are stored relative to onedewaie frame are to be
accessed in a different coordinate frame. One importamt abthis is that of mapping objects stored in a
standard coordinate system to a coordinate system thatasiased with the camera (or viewer).

Parallel Camera Projection: Projection is the task of mapping three-dimensional objecto a two-dimen-
sional image plane. The most common type of projections altedperspective projectionsvhere the
image rays converge at a fixed focal point point in space. 8 heanot affine transformations. However,
if the image rays are parallel to each other (they convergefatal point at infinity), the resulting trans-
formation is affine. An important special case arthogonal projectionswhere the projection direction
is parallel to one of the coordinate axes.

Applying Textures: This is useful when textures are mapped from an image ontdpaetesurface as part of
texture mapping process.

OpenGL and Transformations: OpenGL has a very particular model for how transformatiamespeerformed. Re-
call that when drawing, it was convenient for us to first defime drawing attributes (such as color) and then
draw a number of objects using that attribute. OpenGL useshrthe same model with transformations. You
specify a transformatiofirst, and then this transformation is automatically appliedv&rg object that is drawn
afterwards until the transformation is set again. It is important tefehis in mind, because it implies that you
must always set the transformation prior to issuing drawimgmands.
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Because transformations are used for different purpogesnGL maintains three sets of matrices for perform-
ing various transformation operations. These are:

Modelview matrix: (GL_.MODELVIEW) Used for transforming objects in the scene and for chantfiagoor-
dinates into a form that is easier for OpenGL to deal withis(lised for the first two tasks above, moving
objects and converting between coordinate systems).

Projection matrix: (GL_PROJECTION) Handles both parallel and perspective projections. (Usethe third
task above.)

Texture matrix: (GL_.TEXTURE) This is used in specifying how textures are mapped ontoctdhjdUsed for
the last task above.)

We will discuss the texture matrix later in the semester,milie talk about texture mapping. There is one more
transformation that is not handled by these matrices. Ehiké transformation that maps the viewport to the
display. It is set byglViewport().

Understanding how OpenGL maintains and manipulates wemstions through these matrices is central to
understanding how OpenGL and other modern immediate-nerdiering systems (such as DirectX) work.

Matrix Stacks: For each matrix type, OpenGL maintainstackof matrices. Theurrent matrixis the one on the
top of the stack. It is the matrix that is being applied at agigtime. The stack mechanism allows you to save
the current matrix (by pushing the stack down) and restdtitager (by popping the stack). We will discuss the
entire process of implementing affine and projection tramshtions later in the semester. For now, we'll give
just basic information on OpenGL'’s approach to handlingrive$ and transformations.

OpenGL has a nhumber of commands for handling matrices. lardgodknow which matrix (Modelview, Pro-
jection, or Texture) to which an operation applies, you agirtise currentatrix mode This is done with the
following command

gIMatrixMode({mode));

where(mode is eitherGL_MODELVIEW, GL_PROJECTION, or GL_.TEXTURE. The default iSSL_MODELVIEW.

GL_MODELVIEW is by far the most common mode, the convention in OpenGL @irogris to assume that
you are always in this mode. If you want to modify the mode fome reason, you first change the mode
to the desired modeGL_PROJECTION or GL_TEXTURE), perform whatever operations you want, and then
immediately change the mode back@b_.MODELVIEW.

Once the matrix mode is set, you can perform various operatio the stack. OpenGL has an unintuitive way
of handling the stack. Note that most operations below (@x@€ushMatrix()) alter the contents of the matrix
at the top of the stack.

glLoadldentity(): Sets the current matrix to the identity matrix.

glLoadMatrix*(M): Loads (copies) a given matrix over the current matrix. (THecan be either f or *d’
depending on whether the elementd\éfareGLfloat or GLdouble, respectively.)

glMultMatrix*(M): Post-multiplies the current matrix by a given matrix andlaeps the current matrix with
this result. Thus, it is the current matrix on top of the stack, it will be replaceithwthe matrix product
C - M. (As above, the **' can be eithef ‘or ‘ d’ depending on\{.)

glPushMatrix(); Pushes a copy of the current matrix on top the stack. (Thust#uwk now has two copies of
the top matrix.)

glPopMatrix(): Pops the current matrix off the stack.

Warning: OpenGL assumes that all matrices are 4 homogeneous matrices, stored in column-major order.
That is, a matrix is presented as an array of 16 values, wherérst four values give column 0 (far), then
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column 1 (fory), then column 2 (for), and finally column 3 (for the homogeneous coordinate, lysualled
w). For example, given a matrix/ and vectorn, OpenGL assumes the following representation:

m[0] m[4] m[8] m[12] v[0]
Mow — m[l] m[5] m[9] m[13] v[1]
m[2] m[6] m[10] m[14] v[2]
m[3] m[7] m[ll] m[15] v[3]

An example is shown in Fig. 8. We will discuss how matriceg llid are presented to OpenGL later in the
semester. There are a number of other matrix operationshwie will also discuss later.

M ] MT
C 1 M M M M
B B B B B B
A A A A A A
initial load load push mult pop
stack identity — matrix(M)  matrix = matrix(7)  matrix

Fig. 8: Matrix stack operations.

Automatic Evaluation and the Transformation Pipeline: Now that we have described the matrix stack, the next
question is how do we apply the matrix to some point that wetwatransform? Understanding the answer
is critical to understanding how OpenGL (and actually diggdrocessors) work. The answer is that it happens
automatically In particular,everyvertex (and hence virtually every geometric object thatresaah) is passed
through a series of matrices, as shown in Fig. 9. This may sa#ar inflexible, but it is because of the simple
uniformity of sending every vertex through this transfotima sequence that makes it possible for GPUs to
run so fast. As mentioned above, these transformations/beahach like drawing attributes—you set them, do
some drawing, alter them, do more drawing, etc.

Points Modelview Projection Per bpfm\./e Viewport
D — . —_— . — alive - .
(glVertex)4 Matrix A Matrix norina }ZCLFIOH s |Transform| a
VeI : and clipping /| : ;
Standard Camera (or eye) Normalized Window
coordinates coordinates device coordinates

coordinates
Fig. 9: Transformation pipeline.

A second important thing to understand is that OpenGL'ssfamations do not alter the state of the objects
you are drawing. They simply modify things before they getvelr. For example, suppose that you draw a unit
square U = [0, 1] x [0,1]) and pass it through a matrix that scales it by a factdf.ofhe squaré/ itself has
not changed; it is still a unit square. If you wanted to chathgeactual representation bfto be a5 x 5 square,
then you need to perform your own modificationl&f representation.

You might ask, “what if | donot want the current transformation to be applied to some objetihe answer is,
“tough luck.” There are no exceptions to this rule (othemttammands that act directly on the viewport). If
you do not want a transformation to be applied, then to aehileis, you load an identity matrix on the top of
the transformation stack, then do your (untransformedyuhg, and finally pop the stack.
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Example: Rotating a Rectangle (first attempt): The Modelview matrix is useful for applying transformatoto
objects, which would otherwise require you to perform yowndinear algebra. Suppose that rather than
drawing a rectangle that is aligned with the coordinate ayes want to draw a rectangle that is rotated by 20
degrees (counterclockwise) and centered at some paigl. The desired result is shown in Fig. 10. Of course,
as mentioned above, you could compute the rotated cooedimditthe vertices yourself (using the appropriate
trigonometric functions), but OpenGL provides a way of @pihis transformation more easily.

10—
L (2, y)
4 | 20°
O_
| |
0 10

Fig. 10: Desired drawing. (Rotated rectangle is shaded).

Suppose that we are drawing within the square, x, y < 10, and we have 4 x 4 sized rectangle to be drawn
centered at locatiofr, y). We could draw an unrotated rectangle with the following owand:

glRectf(x - 2,y -2, x+ 2,y + 2);

Formally, the arguments should be of type GLfloab{ rather thare), but we will let the compiler cast the
integer constants to floating point values for us.

Now let us draw a rotated rectangle. Let us assume that théxmadde iSGL_MODELVIEW (this is the default).
Generally, there will be some existing transformation|(ital\/) currently present in the Modelview matrix.
This usually represents some more global transformatidighwis to be applied on top of our rotation. For this
reason, we will compose our rotation transformation wiik #xisting transformation.

Because the OpenGL rotation function destroys the contéiitee Modelview matrix, we will begin by saving
it, by using the commanglPushMatrix(). Saving the Modelview matrix in this manner is not alwaysuieeg,
but it is considered good form. Then we will compose the aitmeatrix M/ with an appropriate rotation matrix
R. Then we draw the rectangle (in upright form). Since all poire transformed by the Modelview matrix
prior to projection, this will have the effect of rotating rotectangle. Finally, we will pop off this matrix (so
future drawing is not rotated).

To perform the rotation, we will use the commagiRotatef(ang, x, y, z). All arguments ar&Lfloat’s. (Or, recall-
ing OpenGL's naming convention, we could ugRotated() which takesGLdouble arguments.) This command
constructs a matrix that performs a rotation in 3-dimerai@pace counterclockwise by anglag degrees,
about the vectofz, y, z). It thencomposegor multiplies) this matrix with the current Modelview mixtr In
our case the angle is 20 degrees. To achieve a rotation ifthe plane the vector of rotation would be the
z-unit vector,(0, 0, 1). Here is how the code might look (but beware, this concealbteserror).

Drawing an Rotated Rectangle (First Attempt)

glPushMatrix(); /I save the current matrix
glRotatef(20, 0, 0, 1); /I rotate by 20 degrees CCW
glRectf(x-2, y-2, x+2, y+2); /[ draw the rectangle

glPopMatrix(); /I restore the old matrix

The order of the rotation relative to the drawing command ®@gm confusing at first. You might think,
“Shouldn’t we draw the rectangle first and then rotate it?hekey is to remember that whenever you draw
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10—

200
0= |
0 10

Fig. 11: The actual drawing produced by the previous exanfBletated rectangle is shaded).

(usingglRectf() or giBegin()...glEnd()), the points are automatically transformed using the ctirkéodelview
matrix. So, in order to do the rotation, we must first modify Modelview matrix, then draw the rectangle. The
rectangle will be automatically transformed into its retastate. Popping the matrix at the end is important,
otherwise future drawing requests would also be subjettdsame rotation.

Unfortunately, something is wrong with this example giveoee. What is it? The answer is that the rotation is
performedabout the originof the coordinate system, not about the center of the relegasgwe want.

Correct Rotation (Through the Looking Glass): Fortunately, there is an easy fix. Conceptually, we will dthey
rectangle centered at the origin, then rotate i2bydegrees, and finallyranslate (or move) it by the vector
(z,y). To do this, we will need to use the commagitranslatef(x, y, z) (see Fig. 12). All three arguments are
GLfloat's. (And there is version witleLdouble arguments.) This command creates a matrix which performs a
translation by the vectatr, y, z), and then composes (or multiplies) it with the current matRecalling that
all 2-dimensional graphics occurs in the= 0 plane, the desired translation vectofisy, 0).

OpenGL order

glRectf(-2, -2, 2, 2) glRotatef(20, 0, 0, 1) glTranslatef(x, y, 0)
10— 102 0
P (@, y)
y
2—
. z e
! B 20° [ | l
T 10 w200 ! |

Fig. 12: Final drawing/transformation sequence.

So the conceptual order is (1) draw, (2) rotate, (3) traaslBtit remember that you need to set up the transfor-
mation matrixbeforeyou do any drawing. That is, if represents a vertex of the rectangle, &hig the rotation
matrix andT’ is the translation matrix, angl/ is the current Modelview matrix, then we want to compute the
product

M(T(R(0)))=M-T-R-7.

SinceM is on the top of the stack, we need to first apply translationg M/, and then apply rotatiori) to the
result, and then do the drawing)( Note that the order of application is the examtersefrom the conceptual
order. This may seems confusing (and it is), so remembeottmnving rule.
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Drawing/Transformation Order in OpenGL's
First, conceptualize your intent by drawing about the origimd then applying the apprp-
priate transformations to map your object to its desireation. Then implement this by
applying transformations ireverse orderand do your drawing. It is always a good idea to
enclose everything in a push-matrix and pop-matrix pair.

Although this may seem backwards, it is the way in which alnadisobject transformations are performed in
OpenGL:

(1) Push the matrix stack,

(2) Apply (i.e., multiply) all the desired transformationairices with the current matrix, birt the reverse
order from which you would like them to be applied to your object,

(3) Draw your object (the transformations will be appliedamatically), and
(4) Pop the matrix stack.

The final and correct fragment of code for the rotation is showthe code block below.

Drawing an Rotated Rectangle (Correct)

glPushMatrix(); /I save the current matrix (M)
glTranslatef(x, y, 0); /I apply translation (T)
glRotatef(20, 0, 0, 1); /I apply rotation (R)
glRectf(-2, -2, 2, 2); /I draw rectangle at the origin

glPopMatrix(); /I restore the old matrix (M)

Projection Revisited: Last time we discussed the useghfiOrtho2D() for doing simple 2-dimensional projection.
This call does not really do any projection. Rather, it cotepuhe desired projection transformation and
multiplies it times whatever is on top of the current mattexck. So, to use this we need to do a few things. First,
set the matrix mode taGL_PROJECTION, load an identity matrix (just for safety), and the oglliOrtho2D().
Because of the convention that the Modelview mode is theuttefae will set the mode back when we are done.

Two Dimensional Projection

glMatrixMode(GL_PROJECTION); /I set projection matrix
glLoadldentity(); /I initialize to identity
gluOrtho2D(left, right, bottom top); /I set the drawing are a
glMatrixMode(GL_MODELVIEW); /I restore Modelview mode

If you only set the projection once, then initializing thetnrato the identity is typically redundant (since this
is the default value), but it is a good idea to make a habitadilog the identity for safety. If the projection does
not change throughout the execution of our program, and saclgde this code in our initializations. It might

be put in the reshape callback if reshaping the window alterprojection.

How is it done (Optional): How doesgluOrtho2D() andglViewport() set up the desired transformation from the ide-
alized drawing window to the viewport? Well, actually Opdn@bes this in two steps, first mapping from the
window to canonica? x 2 window centered about the origin, and then mapping this mi@abwindow to the
viewport. The reason for this intermediate mapping is thatlipping algorithms are designed to operate on this
fixed sized window (recall the figure given earlier). The intediate coordinates are often call@armalized
device coordinates

As an exercise in deriving linear transformations, let ussider doing this all in one shot. L&V denote
the idealized drawing window and |&t denote the viewport. Lei,., w;, w,, andw; denote the left, right,
bottom and top of the window. Defing., v;, v, andwv; similarly for the viewport. We wish to derive a linear
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window

Wt — .
viewport

Wy — Up—

Fig. 13: Window to Viewport transformation.

transformation that maps a poifit, y) in window coordinates to a poirt:’, y’) in viewport coordinates. See
Fig. 13.

Let f(x,y) denote the desired transformation. Since the functiomesli, and it operates anandy indepen-
dently, we have

(2, y") = f(z,y) = (22 + te, sy + 1),

wheres,, t,, s, andt,, depend on the window and viewport coordinates. Let's @aniliats, andt, are using
simultaneous equations. We know that theoordinates for the left and right sides of the windaw &ndw,.)
should map to the left and right sides of the viewpoytgndv,.). Thus we have

Szwy + 1ty = g and SpWy +ty = Uy

We can solve these equations simultaneously. By subtrpttiem to eliminate, we have

Ur —;
Spg = —.
Wy — Wy

Plugging this back into to either equation and solvingtfowe have

Vyr — U1 VW, — VpWy
ty = V] — Szw; = v — w; = .
Wy — W Wy — Wy

A similar derivation fors, andt, yields
UV — Vp Vp Wt — ViWph
Sy = ——— [T ——
Wy — Wp Wy — Wp

These four formulas give the desired final transformation.

)
Wy — Wy Wy — Wy

f(x,y) = ((vr — )z + (nw, — vrwr) (e — ve)y + (vswe — 'Utwb)>
This can be expressed in matrix form as

Vy — Uy VWy — VrWy

0
Wy — Wy Wy — Wy z
0 UV — Up VpWy — Vg Wp y ,
W — Wh W — Wp 1
0 0

which is essentially what OpenGL stores internally.
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Lecture 6: 3-d Viewing and Projections

Sources:See any standard reference on OpenGL or GLUT.

Viewing in OpenGL: Today we will discuss how viewing and perspective transtdioms are handled for 3-dimen-
sional scenes. In OpenGL, and most similar graphics systigrocess involves the following basic steps, of
which the perspective transformation is just one componaetassume that all objects are initially represented
relative to a standard 3-dimensional coordinate frame Hatvare calledvorld coordinates

Modelview transformation: Maps objects (actually vertices) from their world-coortimrepresentation to one
that is centered around the viewer. The resulting coord@ate variously calleckmera coordinatewview
coordinatesor eye coordinateg(Specified by the OpenGL commagidLookAt.)

Projection: This projects points in 3-dimensional eye-coordinatesdiafs on a plane called thmage plane
This projection process consists of three separate psprbjection transformation (affine part), clip-
ping, and perspective normalization. Each will be discddselow. The output coordinates are called
normalized device coordinategSpecified by the OpenGL commands suchyla®rtho2D, glOrtho, gl-
Frustum, andgluPerspective.)

Mapping to the viewport: Convert the point from these idealized normalized deviagdioates to the view-
port. The coordinates are calledndow coordinatesr viewport coordinates(Specified by the OpenGL
commandylViewport.)

We have ignored a number of issues, such as lighting and migidéace removal. These will be considered
separately later. The process is illustrated in Fig. 14. Weltalready discussed the viewport transformation, so
it suffices to discuss the first two transformations.

[] L
View Frame
vy Viewport
STSRRY (U AU > G
,,,,,,,,,,,,,,,, Scene
\//
Image Plane Viewport transformation

Fig. 14: OpenGL Viewing Process.

Converting to Camera-Centered Coordinate System:As we shall see below, the perspective transformation is sim
plest when thecenter of projectionthe location of the viewer, is the origin and timage plangsometimes
called theprojection planeor view plang, onto which the image is projected, is orthogonal to onédhefaxes,
say thez-axis. Let us call theseamera coordinatesHowever the user represents points relative to a coomlinat
system that is convenient for his/her purposes. Let us lkafieworld coordinates This suggests that, prior
to performing the perspective transformation, we perforcha@nge of coordinate transformation to map points
from world coordinates to camera coordinates.

In OpenGL, there is a nice utility for doing this. The proceslgluLookAt generates the desired transformation to
perform this change of coordinates and multiplies it tinlesttansformation at the top of the current transforma-
tion stack. (Recall OpenGL's transformation structurerfrie previous lecture on OpenGL transformations.)
This should be done in Modelview mode.
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Conceptually, this change of coordinates is perforhast after all other Modelview transformations are per-
formed, and immediately before the projection. By the “reeegule” of OpenGL transformations, this implies
that this change of coordinates transformation should bditt$t transformation on the Modelview transfor-

mation matrix stack. Thus, it is almost always preceded laglilng the identity matrix. Here is the typical

calling sequence. This should be called when the cameréi@os set initially, and whenever the camera is
(conceptually) repositioned in space.

Typical Structure of Redisplay Callback

void myDisplay() {

/I clear the buffer
glClear(GL_COLOR_BUFFER_BIT | GL_DEPTH_BUFFER_BIT);
glLoadldentity(); /I start fresh

/I set up camera frame
gluLookAt(eyeX, eyeY, eyeZ, atX, atY, atZ, upX, upY, upZ);
myWorld.draw(); /I draw your scene
glutSwapBuffers(); /I make it all appear

The arguments are all of typgLdouble. The arguments consist of the coordinates of two points @atov,

in the standard coordinate system. The peye¢= (e,,e,,e,)" is theviewpoint that is the location of they
viewer (or the camera). To indicate the direction that theea is pointed, a central point at which the camera
is directed is given bat = (a,,a,,a.)". The “at’ point is significant only in that it defines th&wing vector
which indicates the direction that the viewer is facingsltefined to bat — eye(see Fig. 15).

up
Wz

Yy
| B
v Q) . view direction . Jat
%i w,
Vg Wz

View Frame World Frame

Fig. 15: The world frame, parameters to gluLookAt, and theee frame.

These points define the position and direction of the canmwmrathe camera is still free to rotate about the
viewing direction vector. To fix last degree of freedom, theetorup = (u,, Uy, U.)T provides the direction
that is “up” relative to the camera. Under typical circunnstas, this would just be a vector pointing straight up
(which might be(0,0,1)T in your world coordinate system). In some cases (e.g. in htflignulator, when the
plane banks to one side) you might want to have this vectortipgi in some other direction (e.g., up relative
to the pilot's orientation). This vectareed note perpendicular to the viewing vector. However, it canreot b
parallel to the viewing direction vector.

The Camera Frame: OpenGL uses the argumentgtoLookAt to construct a coordinate frame centered at the viewer.
Thez- andy-axes are directed to the right and up, respectively, ket the viewer. It might seem natural that
the z-axes be directed in the direction that the viewer is fadig this is not a good idea.

To see why, we need to discuss the distinction between hightled and left-handed coordinate systems. Con-
sider an orthonormal coordinate system with basis veetarg, andv,. This system is said to béght-handed

if v, x v, = ¥, (see Fig. 16), and left-handed otherwisg & v,, = —v,). Right-handed coordinate systems
are used by default throughout mathematics. (Otherwiseatation of orientations is all screwed up.) Given
that thex- andy-axes are directed right and up relative to the viewer, ifztaxis were to point in the direction
that the viewer is facing, this would result in left-handedinate system. The designers of OpenGL wisely
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decided to stick to a right-handed coordinate system, wtaghires that the-axes is directed opposite to the
viewing direction.

Vg
F

Vz

_ v
vy Vg X Uy = Uy Y

Fig. 16: Right-handed coordinate system.

Building the Camera Frame: (Optional) How does OpenGL implement this change of coordinate tramsfton?
In order to answer this, you will need to recall a bit of linedgebra (assuming you studied linear algebra). We
need to know two things. First, given two poiptandg, the difference — ¢ yields a vector that points fromto
p. Given a vector/, we define normalize to be a function that returns a vectortpgj in the same direction a%

but is of unit length. The Euclidean length of a vecior (v., vy, v.) is defined to bdjv|| = | /vZ +v2 + v2.

Therefore, we can define normaliz¢ = v/||v||. Finally, recall thecross producbperation. Given two vectors

u andv, their cross producy x ¥/ is a vector that is orthogonal to both of these vectors. figie is equal to the
area of the parallelogram spanner between these two vebtdnse won’t need this.) The direction of the cross
product is given byight-hand rule A coordinate framen three dimensional space consists ofagigin point
and threeaxis vectors The most useful frame isrthonormal which means that each of the three axis vectors
is of unit length and they are pairwise orthogonal to eackroth

Given this background, computing the camera frame turnsoohbé an exercise in linear algebra. We want to
construct an orthonormal frame whose origin is the peyd# whose—z-basis vector is parallel to the view
vector, and such that thg vector projects to the up direction in the final projectiofihié is illustrated in the
Fig. 17, where the-axis is pointing outwards from the page.)

Fig. 17: The camera frame.

LetV = (V.U,, V.4, V.U, V.0)" denote this frame, where,,, Uy, 7,)" are the three axis vectors for the frame

ando is the origin. Clearly¥.o = eye As mentioned earlier, the view vecteiewis directed fromeyeto at.
The z-basis vector is the normalized negation of this vector.

— . - —
view = normaliz€at — eye and V., = —view

Next, we want to select the-axis vector for our camera frame. It should be orthogon#i¢oviewing direction,
it should be orthogonal to the up vector, and it should bectiekto the camera’s right. Recall that the cross
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product will produce a vector that is orthogonal to any paiextors, and directed according to the right-hand
rule. Also, we want this vector to have unit length. Thus weade

V.5, = normalizQ\T(a\/)vx up).

The result of the cross product must be a nonzero vector.igkily we require that the view direction and up
vector are not parallel to each other. We have two out of theetors for our frame. We can extract the last one
by taking a cross product of the first two:

V.o, = (Vi x Vid,).

There is no need to normalize this vector, because it is ttesqrroduct of two orthogonal vectors, each of unit
length. Once the frame has been computed, it is an exercigear algebra to compute a matrix that performs
this change-of-coordinates transformation. We’'ll skip thessy details, but if you are interested, most books
on computer graphics will explain how it is done.

Projections: The next part of the process involves performing the pr@actProjections fall into two basic groups,
parallel projections in which the lines of projection are parallel to one angtlhedperspective projectigrin
which the lines of projection converge a point.

In spite of their superficial similarities, parallel and geective projections behave quite differently with respec
to geometry. Parallel projections affine transformationswhile perspective projections are not. (In particular,
perspective projections do not preserve parallelism, asigenced by a perspective view of a pair of straight
train tracks, which appear to converge at the horizon.) Bee@arallel projections are rarely used, we will skip
them and consider perspective projections only.

OpenGL's Perspective Projection: OpenGL provides a couple of ways to specify the perspectisgegtion. The
most general method is througfiFrustum. We will discuss a simpler method callgthPerspective, which
suffices for almost all cases that arise in practice. In paldr, this simpler procedure assumes that the viewing
window is centered about the view direction vector (the tiega-axis), whereaglFrustum does not.

Consider the following viewing model. In front of his eyeethser holds rectangular window, centered on the
view direction, onto which the image is to be projected. Tie@ver sees any object that lies within a rectangular
pyramid, whose axis is the z-axis, and whose apex is his eye. In order to indicate thenheigthis pyramid,
the user specifies its angular height, called ghigeld-of-viewand denotedovy (see Fig. 18). It is given in
degrees.

Fig. 18: OpenGL's perspective specification.

To specify the angular diameter of the pyramid, we could ifpebe = field-of-view, but the designers of
OpenGL decided on a different approach. Recall thaagpect ratiois defined to be the width/height ratio of
the window. The user presumably knows the aspect ratio afiéngport, and typically users want an undistorted
view of the world, so the ratio of the andy fields-of-view should match the viewport’s aspect ratio tHea
than forcing the user to compute the number of degrees oflangidth, the user just provides the aspect ratio
of the viewport, and the system then derives:tHeeld-of-view from this value.

Lecture Notes 34 CMSC 425



Finally, for technical reasons related to depth buffering,need to specify a distance along the-axis to the
near clipping planeand to thefar clipping plane Obijects in front of the near plane and behind the far platie wi
be clipped away. We have a limited number of bits of deptleipien, and supporting a greater range of depth
values will limit the accuracy with which we can represenpttis. The resulting shape is called tiewing
frustum (A frustumis the geometric shape that arises from chopping off the fapmyramid. An example
appears on the back of the US one dollar bill.) These argwrfenn the basic elements of the main OpenGL
command for perspective.

gluPerspective(fovy, aspect, near, far);

All arguments are positive and of tyg@ double. This command creates a matrix which performs the necessary
depth perspective transformation, and multiplies it wité matrix on top of the current stack. This transforma-
tion should be applied to the projection matrix stack. Se thpically occurs in the following context of calls,
usually as part of your initializations.

void myDisplay() {
glClear(GL_COLOR_BUFFER_BIT | GL_DEPTH_BUFFER_BIT);
glLoadldentity();

gluLookAt( ... ); /I set up camera frame
glMatrixMode(GL_PROJECTION); /I set up projection
glLoadldentity();

gluPerspective(fovy, aspect, near, far); /I or glFrustum( r)
glMatrixMode(GL_MODELVIEW);

myWorld.draw(); /I draw everything
glutSwapBuffers();

}

The functiongluPerspective does not have to be called again unless the camera’s pajegtoperties are
changed (e.g., increasing or decreasing zoom). For exaingées not need to be called if the camera is simply
moved to a new location.

Canonical View Volume: In applying the perspective transformation, all points iojgctive space will be trans-
formed. This includes point that are not within the viewingstum (e.g., points lying behind the viewer). One
of the important tasks to be performed by the system, pripetspective division (when all the bad stuff might
happen) is to clip away portions of the scene that do not lthiwthe viewing frustum.

OpenGL has a very elegant way of simplifying this clippingadjusts the perspective transformation so that
the viewing frustum (no matter how it is specified by the userapped to the same canonical shape. Thus
the clipping process is always being applied to the sameestaaq this allows the clipping algorithms to be
designed in the most simple and efficient manner. This idedlshape is called tlianonical view voluméalso
callednormalized device coordinates

The canonical view volume (after perspective division)ustja 3-dimensional rectangle. It is defined by the
following constraints.

(See Fig. 19 for example. Imagine that th@xis is pointing out of the paper towards you. The viewingfum
of Fig. 19(a) is mapped to the cube shown in Fig. 19(b).)

After applying this transformation, tHe, y) coordinates indicate the location of the projected poirtherfinal
viewing window. Thez-coordinate is used for depth. There is a reversal ottheordinates, in the sense that
before the transformation, points farther from the viewavénsmallerz-coordinates (larger in absolute value,
but smaller because they are on the negatisigle of the origin). Now, the points with= —1 are the closest to
the viewer (lying on the near clipping plane) and the pointhw = +1 are the farthest from the viewer (lying
on the far clipping plane). Points that lie on the top (relsptiom) of the canonical volume correspond to points
that lie on the top (resp., bottom) of the viewing frustum.
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Viewing frustum Canonical view volume
— z = —far

el

+1 (top)

viewer =----

(bottom)

~ (near) (far)
(a) (b)

Fig. 19: Perspective with depth and the canonical view velum

Mapping to the Viewport, Rasterization, and Hidden Surface Removal: The last step of the process involves scal-
ing the (x, y)-coordinates of each vertex in normalized device coordmanto the viewport. The normalized
device coordinates form a squdrel, +1] x [—1, +1]. Given the corners of the viewport, it is a simple exercise
to transform this to the corners of the viewport (see FigapO(This transformation was derived at the end of

Lecture 5.

Resterization Depth buffering

(a) (b) (c)
Fig. 20: Rasterization and hidden surface removal by deyffieting.

After the vertices of each polygon have been mapped to thvepad, OpenGL then converts the interior of the
polygon into a collection of pixels, calldthgments Each fragment is associated with the color of the assatiate
point on the polygon and its distance from the viewer (stameéble z-coordinate). These fragments are then sent
to the color buffer for drawing. This is calledsterization(see Fig. 20(b)). If depth buffering is enabled, the
z-coordinates of the fragments are stored in the depth buffero fragments from different objects share the
same(z, y)-coordinates then there is a conflict. If depth bufferingasenabled, fragments are written directly
to the color buffer, and so you see the last one that was writtedepth buffering is enabled, then their depth
values are compared, and the closer pixel is written to the boffer.

Lecture 7: Tips on Programming in C++

Sources:See the links at the end of this document for resources on #ie W
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Overview: This is a brief overview of C++, for people who know Java and\@. will focus particularly on aspects
of C++ that will be the most useful for graphics and game paogning. We will also focus on the aspects of
C++ that are different from C and Java.

Primitive types and pointers: In Java, everything is either a primitive type (int, charafletc.) or an object. Objects
in Java are essentially references to objects. C++ inhiggitsasic types from C, and adds an two additional
types,classesandreferencesThe C++ types include primitive types (int, char, float gtenumerations, C-style
structures and classes, pointers, and references. As ip@inter is an address in memory, and an array is a
pointer to the first element of an array. We will discuss reffiees later.

Constants and Enumerations: One interesting feature of C++ is the ability to declare #rabbject is constant. This
means that, once initialized, its value cannot be changkib dvoids the need for mamefine constants that
crop up in many C programs (which are not type checked) andadkgous tcstatic final in Java. Here is an
example:

const float FREEZING_POINT = 32.0;
const int WINDOW_WIDTH = 800;
const int WINDOW_HEIGHT = 300;
const char QUIT = 'q’;

By convention, constants are expressed using ALL CAPITAtefs.

A common use for constants is for indicating quantities thké on a discrete set of values. As in C and never
versions of Java, C++ offeenumerationswhich provide an easy way to define such constants. Hereoare s
examples:

enum DayOfWeek { SUN, MON, TUE, WED, THU, FRI, SAT };
enum GameState { RUNNING, PAUSED, FINISHED };

DayOfWeek today = TUE;
GameState gameState = PAUSED;

Classes: Class syntax in C++ is quite similar to Java. (Note howevet & semicolon is placed at the end of a C++
class.) As in Java, class members may be public (accessieimnally), private (accessible only internally), or
protected (accessible only internally or by derived clagsEnlike Java, it is possible to define class methods
outside the class body as well as inside. (In C++, class ndsthe usually callechember function¥

e
/I This would appear in file Vector2d.h

Hommm s
class Vector2d {

public:
Vector2d() { x =y = 0; } /I default constructor
Vector2d(double xx, double yy); /I constructor
double getX() { return x; } I/l getters

double getY() { return y; }

void setX(double xx) { x = xx; } [/ setters

void setY(double yy) { y = vyy; }

Vector2d addTo(Vector2d v); /l add to vector v
private:

double x; /I member data

double v;

k

We have defined the getters and setters inside the class.Wehasen to define the constructor anddteTo
function outside the class (see below).
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e et
/I This would appear in file Vector2d.cpp

e et
#include "Vector2d.h"

Vector2d::Vector2d(double xx, double yy)

{x=xx y=yy}

Vector2d Vector2d::addTo(Vector2d v)
{x+=vx;y += vy; }

Notice that, when outside the class, it is necessary to @ssctipe resolution operatpt::”, to indicate that a
name is associated with a particular class. Thus, when weedife functioraddTo outside the class, we need
to specifyVector2d::addTo, so the compiler knows we are talking about a member of V&dtor

What why would you prefer defining a member function outsidéagascbody rather than inside? Most C++
style manuals insist thatl member functions be defined outside the class. The ratiomébat a user should
see only the public interface, not the implementation. I glefine a function within the class, it should be
very short, no loops or conditionals. C++ takes a definitimside the class body to be a hint that this should
be aninline function which means that the function is expanded, rather thargleziled. This produces more
efficient code, but excessive use of this feature resultsimecessarily long executable files (so called, “code
bloat”).

Stream I/O: Input and output in C++ is performed by the operatggsand jj, respectively. The standard output
stream is calleddout” and the standard stream is calledin”. Here is a simple example.

int x, y;
cin >> x >> v; /I input x and y
cout << "The value of x is " << x << " and y is " << y << "\n";

The character\fh " generates an end-of-line. It is also possible to use stan@a/O (printf and scanf), but it is
not a good idea to mix C++ stream I/O with C standard 1/O in d@e program.

Include files and namespacesfollowing C’s convention, declarations are stored in filagirg in “.h” and most
code is stored in files ending in “.cpp” or “.cc”. Objects likim and cout are defined by the system. At the start
of each program, it is common to begin with a number of divestithat include common system declarations.
Here are some of the most useful ones.

#include <cstdlib> /I standard definitions from C (such as N ULL)

#include <cstdio> /I standard I/O for C-style I/O (scanf, pr intf)

#include <cmath> /I standard C math definitions (sqrt, sin, etc.)
#include <iostream>  // C++ stream /O

#include <string> /I C++ string manipulation

#include <vector> /I C++ STL vector (an expandable vector ob ject)

#include <list> /I C++ STL list (a linked list)

In order to keep your program names from clashing with C+gpm objects, many named entities are orga-
nized intonamespacesviost system objects are stored in a namespace call¢t This includes, for example,
cin and cout, mentioned above. To access objects from this namespauengad to use a scope resolution
operator, “::". For example, to refer tin, you would usestd::cin and the refer te@out you would usestd::cout.

To avoid this extra verbiage, you can invoke thisifig” command to provide direct access to these names.

using std::cin; /I make std::cin accessible
using std::cout; /I make std::cout accessible
using namespace std; /I make all of std accessible
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Memory Allocation and Deallocation: One of the principal differences with C++ and Java is the rieagkplicitly
deallocate memory that has been allocated. Failure toatead memory that has been allocated results in a
memory leakwhich if not handled, can cause your program to exhaustsalvailable memory prematurely
and crash. As in Java, memory is allocated usiag. This returns a pointer to the newly allocated object.
Unlike the primitive C functiommalloc, the new operator returns an object of the specified type, and pegorm
initialization by invoking the constructor. For example,allocate an object of typeector2d, we could do the

following.
Vector2d * p; /l p is a pointer to a Vector2d
p = new Vector2d(3, -4); /I allocate vector, initialized to ( 3,-4)
p->setY(2.6); /I set its y-coordinate to 2.6
cout << p->getX(); /I print its x-coordinate
delete p; /I deallocate p’s memory

Recall from C that, when dealing with pointers, th& 6perator is used to dereference its value andig a
pointer to a structure or class, thgo-2xxx " is used to access member xxx.

Array Allocation: It is also possible to useew anddelete to allocate arrays. This is a common way to generate
vectors whose size is known only at execution time. When idglstuch an array, usealélete []”. Here is any

example.
int n = 100;
Vector2d * p = new Vector2d[n]; /I allocate an array of n vectors
p[5] = Vector2d(3, -4); /I set p[5] = (3,-4)
delete [] p;

Constructors and Destructors: The most common place where memory is allocated and detdibtsawhen classes
are first constructed or destroyed, or in class member fumtihat insert new entries into a dynamic object.
If a class allocates memory, it is important that when theslabject ceases to exist, it must deallocate all the
memory that it allocated. Whenever an object is about to ceeseist (e.g., the scope in which it was defined
is exiting), the system automatically invokes a speciat<fanction called aestructor Given a clas¥, the
corresponding destructor is nanied. Here is a simple example, of a class, which allocates ag.arra

class VectorArray {
public:
VectorArray(int capac); /I constructor
Vector2d at(int i) { return A[i]; }
/I some functions omitted...

“VectorArray(); /I destructor

private:
int n; /I array capacity
Vector2d * A, /| array storage

3
/I constructor
VectorArray::VectorArray(int capac) {
n = capac;
A = new Vector2d[n]; /I allocate array storage

}

VectorArray::"VectorArray() {
delete [] A; /I deallocate array storage

}

Note that you do not invoke the destructor (in fact, you gaThe system does it automatically.
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Using STL Data Structures to Avoid Memory Allocation: Memory allocation and deallocation is a pain, and it is
easy to make mistakes, which can resultin memory leaksemating to access a pointer that references a piece
of memory that has been deleted. There is a remarkably eastoveaoid memory allocation and deallocation.

A remarkably large amount of memory allocation and deatiocaarises when dealing with very common
dynamic structures, such as vectors, lists, hash-mapsthanike. Byvector, | mean a variable-sized array
(which may be appended to), and lst, | mean a doubly linked list. Rather than going through theshes of
implementing your own dynamic structures from scratch, @gemling with the headaches of memory allocation
and deallocation, it is much simpler to use the built-in vecnd list types provided by the C+Standard
Template Libraryor STL. The STL provides data structures for a number stahcantainers, such as stacks,
queues, deques (double ended queues), vectors, listdtypgioeues, and maps.

One of the important features of the STL is that each datatstrel can store objects of any one type. Such a
class whose definition depends on a user-specified typeésiatkemplate The type of the object being stored
in the container is given in angle brackets. For example, ovddcdefine vectors to hold 100 integers or 500
characters as follows:

#include <vector> /I class vector definitions

using namespace std; /I make std accessible

vector<int> scores(100); /Il a vector of (initially) 100 int egers
vector<char> buffer(500); /I a vector of (initially) 500 ch aracters

Here are a couple of examples of how to use an STL vector.

int n = 100;

vector<int> myInts(n); /I a vector with 100 ints

vector<Vector2d> myVects; /I an empty vector of Vector2d ob jects
myVects.push_back(Vector2d(1,5)); // use push_back to ap pend items
mylInts[5] = 14; /I use "[]" to index entries

myVects[0].setX(2); /I invoke a method on an element

STL vectors and lists provide too many capabilities to biedihere. | will refer you to online documentation
for more details. There are a number of other useful STL datatsres, including dictionaries and priority
gueues.

STL vectors are superior to standard C++ arrays in many céspirst, as with arrays, individual elements can
be indexed using the usual index operafd).( They can also be accessed by shenember function, which
also performs array bounds checking. (As in C, arrays in Caat even know their size, and hence range
checking is not even possible.) In contrasteator object’s size is given by itsize member function. Unlike
standard arrays, onector object can be assigned to another, which results in the stanté onevector object
being copied to the other. fector can be resized dynamically by calling thesize member function. Here are
some examples:

inti =/ ..

cout << scoresli]; /I index (range unchecked)

buffer.at(i) = buffer.at(2 *); /I index (range checked)

vector<int> newScores = scores; /I copy scores to newScores
scores.resize(scores.size() + 10); // add room for 10 more e lements

Another handy STL container is the list, which implement®alaly linked list. Here is how to declare a list of
floats. By default, the initial list is empty.

#include <list> /I class list definitions
using namespace std; /I make std accessible
list<float> myList; /I an (initially empty) list of floats
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myList.push_back(5); /I append 5 to back of the list
myList.push_front(2); Il prepend 2 to the front of list
myList.pop_back(); /I remove the last elements (5)

List supports operations such sige (number of elementsgmpty (is the list empty?)front andback (return
reference to first/last elementplsh_front andpush_back (insert to front/back)pop_front andpop_back (remove
from front/back).

Iterators: The STL container classes introduced above all define aapessociated class called @erator. An
iterator is an object that specifies a position within a coriaand which is endowed with the ability to navigate
to other positions. Ip is an iterator that refers to some position within a contitien*p yields a reference to
the associated element.

Advancing to the next element of the container is done byeimemting the iterator. For example, eitherp

or p++ advance® to point to the next element of the container. The formerrretihe updated value of the
iterator, and the latter returns its original value. Each 8dntainer class provides two member functidregin
andend, each of which returns an iterator for this container. Thet fieturns an iterator that points to the first
element of the container, and the second returns an itefsbcan be thought of as pointing to an imaginary
elemenfust beyondhe last element of the container.

Let us see how we can use iterators to enumerate the elenfamsSIL containeC'. Suppose, for example,
thatC is of typevector<int> | that is, it is an STL list of integers. The associated imr&gpe is denoted

“vector<int>::iterator ". For example, the code below demonstrates how to sum timeesles of an
STL vectorV using an iterator.

vector<int> v;

typedef vector<int>::iterator lterator; /I iterator type
int sum = 0;
for (Iterator p = v.begin(); p != v.end(); ++p) {
sum += *p;
}

cout << "The sum of elements in the list is " << sum << "\n";

Different containers provide iterators with different eafities. Most STL containers (including lists, sets, and
maps) provide the ability to move not only forward, but baekevas well. For such containers the decrement
operators-p andp— are also defined for their iterators. This is calleoidirectional iterator.

A few STL containers (including vectors and deques) supftartadditional feature of allowing the addition

and subtraction of an integer. For example, for such ant@erg, the valuep + 3 references the element three
positions aftep in the container. This is calledrandom-access iteratoAs with pointers, care is needed in the
use of iterators. For example, it is up to the programmer teuve that an iterator points to a valid element of
the container before attempting to dereference it. Attémgpib dereference an invalid iterator can result in your
program aborting. As mentioned earlier, iterators cainkalid for various reasons. For example, an iterator
becomes invalid if the position that it refers to is deleted.

C++11 and Range For Loops: The iterator syntax is quite messy. The latest version of ,@alled C++11, has a
vastly simpler way in which to iterate through STL structirén C++11, the previous code block would be
written as follows.

vector<int> v;

int sum = 0;

for (int x : v) {
sum += X;

}

cout << "The sum of elements in the list is " << sum << "\n";
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C++11 is supported in Visual Studio 2013 and the latest seleaf the GCC compiler.

References:In C, all parameter passing to functions is perfornbgdvalue This has two important implications.
First, altering the value of an formal parameter inside afiam has no effect on the actual parameter in the
calling function. If you want to modify the value of a parametyou need to pass a pointer to the parameter.
This is messy, since it implies that the function needs toaderence the resulting parameter whenever it uses
it. Second, passing a large class or structure to a functesmsthat its entire contents will be copied. This can
be inefficient for very large structures. (Note that thissloet apply to C++ arrays, however, since an array is
just a pointer to its first element. However, this would agplyou were to pass an STL vector by value. Such
an operation would involve making a duplicate copy of thérentector.)

In Java, this was handled very elegantly by making all objactteferences. Thus, small primitive types, such
as int and float are passed by value, and all objects are pbgseference. If it is desired to change the value
of a primitive type, standard wrappers, likeeger were defined.

In C++, this issue was addressed by defining a special tyfiedcareference The following line defines the

variable: to be an integer, andto be a reference to this integer. All references tre effectively “aliases” to
references to.

int i = 34;
int& r = i; /I r is an alias for i
r = 27; /I this is equivalent to i = 27

References are rarely used as shown above. Instead, theyiacgally used for passing parameters, “by
reference” to functions. A reference parameter has tworadgas over a value parameter. First, it can be
modified (without any messy pointer de-referencing) ang inore efficient for class objects, since only the
address of the object (not the entire object) needs to besgenvto the function.

void f(int& r, Vector2d& u) {

r = 27; /I changes the actual parameter to 27

u.setY(4); /I alters y-coordinate of actual parameter
}
/l ... in your main program

int i = 34;

Vector2d v(2, 1);

f(i, v);

cout << i << " " << v.getY() << "\n"; // outputs "27 4"

Although passing class objects by reference is more effithiem by value, it has the downside that the function
may inadvertently modify the value of the parameter, withtbie compiler being able to detect it. To handle
this, C++ allows for something calledanstant referencewhich is a reference to an object that can be read,
but not modified. Since the above function does not modifaiggiments, it would more aptly be written in the
following form:

Vector2d add(const Vector2d& u, const Vector2d& v) {
return Vector2d(u.getX() + v.getX(), u.getY() + v.getY()) ;

}

To get this to work, we should inform the compiler that thedtimnsgetX() andgetY() are not allowed to modify
the class variables. To do this, we would add the modifienét” to their function definitions.

Operator Overloading: One of the nicest features of C++ when dealing with geomebjects (points, vectors, rect-
angles, etc) is the ability to redefine standard operatacs) as addition @), subtraction (="), multiplication
("*"), and division (/") and other operations, such as input {”) and output (};"). Suppose we want to define
an addition operator that adds two vectors. We could do ibbais:
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Vector2d operator+(const Vector2d& u, const Vector2d& v) {
return Vector2d(u.getX() + v.getX(), u.getY() + v.getY()) ;
}

This would allow us to perform arithmetic on vectors, a¥éator2d w = u + v.
Here is an example how to define an output operator for Vectors

ostream& operator<<(ostream& out, const Vector2d& p) {
out << "(" << p.getX() << ", " << p.getY() << ")
return out;

}

To output a vertex, we could then wrigeut jj "The vector vis " jj v. If v = (2, 1), then this would generate the
output “The vector v is (2, 1)".

While operator overloading is cool, it should be used spéyjramd only when the meaning of an operation is
clear.

More information: There are a number of resources on the web, which can be fousebloching for “C++ for Java
programmers”. Here are some examples:

http://www.cs.williams.edu/"lenhart/courses/cs371/c ++forjava.html
http://www.icce.rug.nl/documents/cplusplus/

For a brief survey of the new features of C++11, see

http://www.cprogramming.com/c++11/what-is-c++0x.htm

Lecture 8: Geometric Data Structures for Games: Meshes and Manifolds

Sources: This material is based on Chapt 10@ame Engine Architecturgy J. Gregory and Chapt 12 &unda-
mentals of Computer Graphig8rd edition) by P. Shirley and S. Marschner. The materiaD&ELSs is covered in
Computational Geometry: Algorithms and ApplicatigBsd Edition) by M. de Berg, O. Cheong, M. van Kreveld, and
M. Overmars.

Geometric Data Structures: In modern games, it is often desirable to give the playerdleéirig of being emmersed
in an interesting environment. Managing large geometridet®can be computationally very challenging. The
objects being modeled can be of various forms ranging frgid structures like buildings, articulated entities
like people and animals, and amorphous objects like watgisaroke. There are many ways that a game may
need to interact with such models:

Rendering: The objects visible to the camera need to be rendered. Nuk/gs lighting and texturing, hidden-
surface removal, efficiently computing which objects ardeast partially visible, computation of shadows,
determining the effect of atmospheric effects such as smoke

Navigation and motion: Non-player entities often need to plan an obstacle-frek frabugh a complex and
dynamically changing environment. Often groups of objeetsd to plan coordinated motion, like a group
of soldiers, pedestrians walking on the street, or a movard bf animals. Auxiliary data structures may
need to be maintained to facilitate computing these paths.

Collision detection: It is necessary to determining collisions to forbid the plagor other moving entities)
from violating basic physical laws. Some collisions, sushweeapons hits, are significant to the internal
state of the game. Some games involve interactions of meyabysical structures (such sling-shooting a
bird into a towers of blocks), it may be necessary to simuate they topple and collapse.
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In this lecture, we will discuss fundamental geometric datactures from a fairly general perspective. In future
lectures, we will see how these basic data structure can dygtedi and applied to tasks like those mentioned
above. Examples include:

Triangle Meshes: Are used for the storage and manipulation of geometric nsodglich meshes can also be
structured hierarchically in order to provide level-oftaieapproximations.

Geometric graphs and subdivisions: Geometric graphs provide an invisible structure which caideg the
navigation of non-player characters (NPCs). Geometriclisigions are often used for interpolation and
providing a structure for computing the motion of fluids ardsges.

Scene graphs: These are used for representing hierarchical assembl@gextts and their relationships.

Grids: These are among the simplest structures for storing getmnudtjects and are often used in collision
detection and fluid dynamics.

Hierarchical Spatial Subdivisions: Data structures like quadtrees, kd-trees, and BSP-treealso used in
collision detection, but they are much more flexible and &alap than grids. They are also used in
visibility culling, and ray-shooting.

Triangle Meshes: While there are a number of different methods for represgr8idimensional solid objects, the
most common method used in computer games is based on nejimgsbe surface of the object as a mesh of
triangles. These are also knowntdangular meshegriangulated meshesindtriangular irregular network$
(TINS). (An example of a triangle mesh is shown in Fig. 21éa)y an example of a quadrilateral mesh is shown
in Fig. 21(b).)

(a) (b)
Fig. 21: A triangle mesh (a) and a quadrilateral mesh (b).

Why use triangles? They have a number of nice properties, ey are the simplest polygon, unlikesided
polygons fork > 4, triangles are always convex and (in 3-dimensional sp&as) are always planar. Finally,
because they are so ubiquitous, graphics hardware has pterized to efficiently render triangle meshes. The
most common alternative to the triangle is the quadril&t€ae reason that quadrilaterals are popular is that if
they are sufficiently regular, they can be stored impliditiya 2-dimensional array of vertices.

Why connect the triangles into a mesh, as opposed to justdemisj a set of triangles? By putting triangles in
a mesh, it is possible to perform global optimizations thatild not be easy given an arbitrary set of triangles.
For example, to compute the shadow cast by a mesh, it sufficgsit just the border edges of the mesh, which
is typically many fewer than the total number. Also, becausay triangles may share the same vertex, we can
perform optimizations such as computing the illuminationdach vertex once, and then reuse this information
for each triangle that shares this vertex.

2You might wonder, what is “irregular” about triangular meshea the early days of meshing, most meshes were based on a r@gular
dimensional array of vertices, which were linked togethex grid of quadrilaterals, like a large fish net. Except aldrgtioundary, each vertex in
such a grid has exactly four neighbors, and so the gniegalar. Triangle meshes are not so constrained, and hendeegalar.
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Graphics Representation: What is the best way to represent a 3-dimensional trianglé fioeshe sake of rendering?
Perhaps the simplest method would be to create a class Gaidenjle, which would consist of an array of three
vertices, where each vertex would be represented by a vettbree floats or doubles. This means that every
triangle would involve nine floating point numbers. (By thaywthis is just what is needed to represent the
geometry. We should also store information for lightinglsas surface normal vectors at each of the vertices
and coordinates for texture mapping.) Clearly, this naolaton is not very space efficient.

A better approach would be to generate two arrays. The firaydrolds thevertices Each entry consists of
three vertex objects, where a vertex object is a vector,istimg say of three floating point coordinates (see
Fig. 22(b)). An alternative approach (which is used by Openis to store all the coordinates in a single 1-
dimensional array, where each three consecutive enffies, ¢], [3, 4, 5], and so on) are the coordinates of a
single vertex.

glDrawElements (GL TRIANGLES, 3, GL UNSIGNED BYTE, indices) WVS

. vertices indices glBegin (GL_TRIANGLES)
d 0| (az,ay,az) 0 o0 » glVertex(a)
1|1 > glVertex (b) Aabe
1
a (be by, b2) 2| 2 > glVertex(c)
b 2| (e, ey, c2) 312 ~ glVertex(c)
411 > glVertex (b) Acbd
3| (o dy, dz) B 3 | = glVertex(d)
glEnd )
() (b) (c)

Fig. 22: Drawing a triangle mesh using an OpenGL index array.

In order to represent the triangles, we generate an arraydafes where the first three entries specify the
vertices of the first triangle, the next three entries spettié vertices of the second triangle, and so on (see
Fig. 22(b) for the mesh given in Fig. 22(a)). Note that eacdtiexeis stored onlyonce no matter how many
triangles contain it. Once the vertex array has been set emnly need one index to reference an individual
vertex. The straightforward method of doing this would imearansmitting 18 floating point values and making
8 OpenGL calls (see Fig. 22(c).

We have seen how to draw a sequence of triangles in OpenGj gifiagin(GL_TRIANGLES). This involves
transmitting nine coordinates for each triangle that ismira OpenGL supports a more efficient mechanism,
which involves setting an array of vertices and array oféedi Through the use of the OpenGL functign
DrawElements it is possible to render the entire mesh by passing in thgawrertices and the indices (see the
code block below). (I will not explain the various argumerist instead refer you to the OpenGL documen-
tation. There are, by the way, more sophisticated ways ohtaiaing multiple buffers of vertices and other
information, such as colors.)

Mesh Toplogy: A mesh is characterized by two important features, (1) wirespace are the vertices that make up
its triangles and (2) how are these triangles connectedthed? The answer to question (1) definesghemetry
of the mesh. The answer to (2) defines tiygologyof the mesh.

When defining how triangles can be joined to make a mesh, thenesaially certain requirements that are laid

down. The first requirement is that the mesh lmethcomplex Saying that a mesh is a cell complex means that
the triangular elements of the mesh are “properly joinedéach other. What does this mean? For example,
when two triangles intersect, they either share an entige @dcommon or they share just a vertex in common.
There are many illegal ways that triangles might interseet Fig. 23), but these cannot occur in a cell complex.
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Rendering a Triangle Mesh using an Index Array

GLfloat vertices[] = { ax, ay, az, /I define vertices

bx, by, bz,

cx, cy, cz,

dx, dy, dz };
GLubyte indices[]] = { 0, 1, 2, 2, 1, 3 }; /I define indices
glEnableClientState(GL_VERTEX_ARRAY); /I enable vertex array
glEnableClientState(GL_INDEX_ARRAY); /I enable index ar ray
glindexPointer(GL_UNSIGNED_BYTE, 0, indices);// locati on of indices
glVertexPointer(3, GL_FLOAT, 0, vertices); /I location of vertices

/I draw the mesh
glDrawElements(GL_TRIANGLES, 6, GL_UNSIGNED_BYTE, indi ces);

Cell complexes (that represent surfaces) are composeteeftypes of elements: 0-dimensional elements called
vertices 1-dimensional elements calledgesand 2-dimensional elements calledes

intersection in the interior of an edge

intersection in the interior of a face

Fig. 23: Examples of triangle intersections that cannotipata cell complex.

Let us assume from her on that our meshes are cell complexessé&cond condition that one would like to
have satisfied by a mesh is that it defines 2-dimensionalcirfa topology terms, this is calledZzamanifold
Formally, this means that, if you consider a small neighbotharound any point (which might be a vertex, in
the interior of an edge, or in the interior of a triangle fatte region around this point forms a 2-dimensional
topological disk. Why might this fail to happen? Consider tlegghborhoods shown in Fig. 24(a), (b), and (c).
In all three cases, the neighborhood of the point is topchilyi equivalent to a 2-dimensional disk. However,
in Fig. 24(d) and (e), the neighborhood of the point is dedigihot a disk.

884 & K

(e)
Fig. 24: Examples of cell complexes that are 2-manifolds(@) and those that aret 2-manifolds (d)—(e).

An equivalent characterization of a 2-manifold for cell qdexes is that each edge should be incident to exactly
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two triangles and each vertex should have a single looparigtes about it.

Unfortunately, pure 2-manifolds do not allow for modelstthave a boundary, since the neighborhood surround-
ing a boundary point is essentially a topological half-didke say that a surface isZamanifold with boundary

if every interior point of the mesh satisfies the above définifor 2-manifolds, and each boundary point has a
single semi-disk as its neighborhood.

Although there are a few applications of non-manifold stefg it is common to assume that all the triangular
meshes that we will deal with are 2-manifold cell complexass6ibly with a boundary).

Doubly-connected Edge List: What sort of data structure can be used for storing triangkhes? As far as OpenGL
is concerned, a simple index array is sufficient. But your ggrogram may require more structure. For
example, suppose that you are using a 2-manifold to reprasenrain, and bug is walking across this terrain.
As the bug walks leaves one triangle, we would like to be abletermine efficiently which new triangle it is
entering. One way to do this would be “walk” around the edddsangles of the mesh that the bug visits (see
Fig. 25). In order to do this, we need to know which edges aja&cadt to each triangle, and for each edge, we
need to know what triangle lies on the other side of this edge.

Fig. 25: Walking a bug on a mesh.

There are a number of different data structures for doing tlhese include theinged-edge data structure
the half-edge data structureanddoubly-connected edge lisind thequad-edge data structureAll of these
structures are equivalent, in the sense that given oneait &asy matter to convert it into any of the others. We
will discuss thedoubly-connected edge ligir DCEL).

In the DCEL of a mesh, there are three sets of records one ¢bradament in the cell complexertex records
a edge recordsandface records For the purposes of unambiguously defining left and rigatheundirected
edge is represented by two directealf-edges

Vertex: Each vertex stores its coordinates, along with a referem@ay incident directed edge that has this
vertex as its originy.inc_edge.

Edge: Each undirected edge is represented as two directed edgels.edge has a reference to the oppositely
directed edge, called itsvin. Each directed edge is implicitly associated with two wesi itsorigin and
destination Each directed edge is also implicitly associate with tweefa the one to its left and the one
to its right.

Each edge stores a reference to the origin vestexy. (Note that we do not need to store the destination
vertex, since it may be computedeasvin.org.) Each edge also stores a reference to the face to the left of
the edgee.left. (Again, we do not need to store the face to the right, sincartcomputed as.twin.left).

We also store the next and previous directed edges in calmtkwise order about the incident face, called
e.next ande.prev, respectively.
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Face: Each facef stores a reference to an arbitrary directed edge such ikdate lies to the left of the edge,
calledf.inc_edge.

DCEL Alternate view

Fig. 26: Doubly-connected edge list.

Fig. 26 shows two ways of visualizing the DCEL. One is in teoha collection of doubled-up directed edges.
An alternate way of viewing the data structure that givesttebsense of the connectivity structure is based on
covering each edge with a two element block, oneefand the other for its twin. The next and prev reference
provide links around each face of the polygon. The next esfegs are directed counterclockwise around each
face and the prev references are directed clockwise.

Of course, in addition the data structure may be enhancddwiititever application data is relevant. In some
applications, it is not necessary to know either the faceestex information (or both) at all, and if so these
records may be deleted. As an example of how to use the DCHipose that we wanted to enumerate the
vertices that lie on some fagein counterclockwise order. The code block below shows hodotthis.

Vertex enumeration about a face using DCEL

verticesOnFaceCCW(Face f) {

Edge e = f.inc_edge; /I any edge such that f is to the left
do {

output e.org; /I output e’s origin vertex

e = e.next; /Il next edge about f in CCW order
} while (e != finc_edge); /Il done when we return to start

Let’s try a slightly trickier one. Suppose that you at a vernte and you wish to list all the vertices that are
adjacent tov in counterclockwise order. First, we would accessc_edge to find any edge: that hasv as
its origin. The vertex on the other side of this edge is giver.avin.org. Next, how would we determine
the next adjacent vertex in counterclockwise order? Fafsterve thagé.prev is the reverse of the next edge in
counterclockwise order emanating framWe then reverse this edge to obtain the desired next eqdgey.twin.
Here is the code:

(As an exercise to see whether you understand this, you nrigh¢peating these two enumerations, but this
time do it in clockwise order.)

Lecture 9: Geometric Data Structures for Games: Geometric Graphs

Sources: Today's materials is presented in part@Gomputational Geometry: Algorithms and ApplicatiqBsd Edi-
tion) by M. de Berg, O. Cheong, M. van Kreveld, and M. Overmars
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Adjacent vertex enumeration about a vertex using DCEL

adjacentVerticesCCW(Vertex v) {

Edge e = v.inc_edge; /I find starting edge
do {

output e.twin.org; /I output vertex on opposite end of e

e = e.prev.twin; /I jump to the next edge in CCW order
} while (e != v.inc_edge); /I repeat until looping back

Geometric Graphs and Subdivisions: We continue our discussion of fundamental geometric datatstres. Today
we will discuss geometric graphs and subdivisions. In cdempgames, it is often desirable to construct a
framework to help plan the movement of various non-playeities. There are two particular structures of
interest that we will consider.

Geometric graphs: This is a graph structure consisting of nodes and edgesgihemnodes are points in space
(for us, typically lying on a 2-dimensional surface) and duges are straight lines (see Fig. 27(a)). Such
graphs can be used for planning navigation and motion wéhintherwise unstructured environment.

Subdivisions: A subdivision is a partitioning of some region of space iritofge regions. A cell complex that
subdivides a surface into a collection of cells is an exampléthere are other types of subdivisions (see
Fig. 27(b)). Subdivisions have many uses. They provideradrork onto which to anchor textures. They
provide a method for describing points on a complex surfagespecifying the cell containing the point
and location of the point within the cell). They can be useadifiterpolation, by specifying values at the
vertices of the complex and interpolating values in between

(a) (b)
Fig. 27: A geometric graph (a), and a planar subdivision (b).

Although geometric graphs and subdivisions can be definetistacle-free environments, when used in games
they are often constrained by the presence of constrairistpoles. In our discussions below we will often
introduce each structure in an unconstrained setting, laew Wwe will present strategies for restricting them
depending on environmental constraints.

Visibility Graphs: Our first structure is motivated by the following simple rgation problem. Suppose that you
want to compute the shortest path from one peittt another point in the plane while avoiding a collection of
polygonal obstacles (see Fig. 28(a)). The shortest patheaet two points is a straight line, but such a line is
only of use to us if it does not intersect the interior of angtalsles. What we would like to do is to compute a
graph such that the shortest path in this graph is the shpa#s betweer andt.
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Observation: The shortest path between any two points that avoids a sefyfgnal obstacles in the plane is
a polygonal curve (a sequence of line segments joined enttlp whose vertices are either vertices of the
obstacles or the pointsandt¢, such that no segment intersects the interior of any of tistactes.

APl

(a) (b) ()

Fig. 28: A set of polygonal objects (a), the associated iisilgraph (b), and a shortest path (c).

We say that two points andv arevisibleto each other if the line segmemt does not intersect the interior of
any obstacle. (Note that it is allowed to look right along tvall” of any obstacle.) Basically, this observation
tells us that that we should follow only visible segmentg] @ris never in our interest to “bend” the path unless
we are at a corner point of some obstacle. This motivatesoltenfing definition:

Definition: Thevisibility graphof s andt and the obstacle set is a graph whose vertices anglt the obstacle
vertices, and verticesandw are joined by an edge if andw are either mutually visible or ifv, w) is an
edge of some obstacle (see Fig. 28(b)).

It follows directly from the above observation that we campuote the shortest path between any two points
by computing the visibility graph (including these poirgisid then running any shortest path algorithm, such as
Dijkstra’s algorithm on the result (see Fig. 28(c)).

If n denotes the total number vertices in our obstacles, theulglthe visibility graph can have as many as
O(n?) edges. This is unfortunately rather large, but we will dgsca more efficient approach, which saves on
space but sacrifices accuracy.

Can we compute the visibility graph efficiently? A naive agawh would be to generate all(n?) pairs of
vertices(u, v), and then test whether the line segn@nintersects any obstacles. Testing a segment against the
obstacles will take)(n) time, which would lead to a(n?) time algorithm. A more efficient approach is to
perform anangular sweegaround each vertex. Imagine that you want to simulate aingtapot light centered

at a vertexp (see Fig. 29). As you swing the spot-light beam around, yointaia a sorted list of edges that
are intersected by the current spot-light beam. (The beattiglly an x-ray beam, since it penetrates through
the obstacles.) Whenever the beam encounters a new veitiethe sweep, it updates the edge list by either
inserting or deleting edges that are incident to this vertethe change affects thelosest edgethen we have
discovered a new visibility edge fromto v, which we add to our visibility graph.

How long does this angular-sweep algorithm take? Thereraobject vertices, and visiting them in angular
sorted order can be done@n log n) time. (I am omitting lots of details, but trust me.) Sincestheep needs
to be done for alk vertices, the total running time @&(n? log n), which is much faster than th@(n?) naive
solution.

Yao Graphs, ©-Graphs, and Spanners: The principal shortcoming of the visibility graph is its sizCan we avoid
the quadratic size complexity? Here is an idea. Rather ttaing an edge t@veryvisible vertex, how about
if we store only a subset of the “most relevant” edges. Buty Ho we know which edges are most relevant?
If a vertex has has a very high degree in the visibility grapé,know that there must be many edges that are
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[add visib. graph edge (p,v)]
_» [delete(a), delete(b)] edge list: (c, d)

[insert(c), insert(d)] edge list: (a, b, ¢, d)

T edge list: {(a, b)

Fig. 29: Computing visibility edges by angular sweep.

traveling in essentially the same direction. Do we needfdh@se edges? What if we were to store just a single
edge to the closest of these vertices.

This motivates the following idea. First, fix an integer> 6. For each vertex of your obstacle set (including

s andt), subdivide the angular space surroundinigto a collectionm infinite cones, each subtending an angle
of 6,, = 2w /m. For each such cone, add an undirected edge betweenl the closest visible vertex (if one
exists) within this cone (see Fig. 30(a)). In contrast touisébility graph, which might havé (n?) edges, this
graph has onlyD(nm) edges. Ifm is a small constant, this is much more space efficient. Thésiisetimes
called theYao graph(named after Andrew Yao, a famous computer scientist, wbudged this construction).

Yao graph Om-graph

“u in Yao graph

in 0y, graph

(a) (b) (c)
Fig. 30: The Yao graph (a), thy-graph (b), and the difference between them (c).

For technical reasons, this definition is not the one thatislly preferred. (This is for two reasons, one practical
and one theoretical. Unfortunately, it will take us too féiela to explain why.) The alternate definition that
is preferred is the following. Again, consider any poinand all the visible vertices that lie within one of its
cones. Project these vertices orthogonally onto the demtes of the cone. Add an undirected edge between
and the vertex whose projection is closestfsee Fig. 30(a)). The resulting graph is calleddhegraph

You might wonder whether the Yao graph (withcones) and),,,-graph are at all different. It would seem that
the closest vertex ta will be the same as the vertex in the cone that has the cloegstfpion onto the central
axis. With a bit of work, it can be shown that they are indedfdrént, but you need a pretty large cone angle or
you need to be quite careful in placing the points to genexaiéference between the two (see Fig. 30(c)).

Both the Yao graph and tt#,-graph are subgraphs of the visibility graph. Therefore,shortest path from
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to ¢ in either of these graphs cannot be any shorter that the hmgest path. The interesting question is just
how bad might the resulting path be. We will not prove it hdret, the following theorem shows that, as
grows, thed,,,-graph produces ever more accurate approximations to tireeshpath length.

Theorem: Consider any obstacle set and any two poirasd¢. Let/ denote the length of the shortest obstacle
avoiding path froms to ¢ (that is, the shortest path in the visibility graph) afg is the length of the
shortest path in thé,,-graph, form > 7. Then

bn o 1
¢ — 1-2sin(6,,/2)’

where#d,,, = 27 /m (the cone angle).

There is a similar bound for Yao graphs, where the ratig/ {gos 6 — sin #) assuming you have at leéstones.

You might ask, then how large do | need to seto get a reasonably good approximation? To guarantee that
ratio is at mos® (a100% error), you would need to set = 13. To get the ratio down td.1 (a10% error) you
would need to sein = 70. These bounds are terribly pessimistic, however. In practiwould conjecture that
settingm = 12, would probably yield paths that are nearly indistingulsbdrom the optimum.

By the way, a graph that has the property that the shortebtipahe graph is an approximation to the true
shortest path is called spanner The theorem above states that thg-graph is ap-spanner, where =
1/(1 — 2sin(6,,/2) spanner.

In case you are interestefl,,-graphs can be computed quite efficiently, in rougblgnm logn) time. Since
the graph ha®)(nm) edges, this is pretty close to optimal. Indeed, the pricigason that people prefer the
O.n-graph over the Yao graph is th&t, graphs can be computed more efficiently. In practice, thedata
structures are virtually identical in all other respects.

Voronoi Diagrams and Delaunay Triangulations: Next, let us consider some examples of important geomaethie s
divisions. Suppose you are give a collection of poifits the plane, and you would like to define the notion of
asphere of influenctor each point. For example, each point might represent edgower. Each guard tower is
responsible for guarding the points that are closer to it #@me other guard tower. This implicitly subdivides
the plane into regions according to which of the guard tovscdosest to it. The resulting subdivision of the
plane is called th&/oronoi diagram and it is geometric structure of fundamental importanca.ef&ample of
such a diagram is shown in Fig. 31.

Fig. 31: The Voronoi diagram.

We will say much about the Voronoi diagram here. (If you waniearn more, take a course on Computational
Geometry.) Given a set of points, the Voronoi diagram can be computeddfn logn) time. It can be
represented as a DCEL (doubly-connected edge list).
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The Voronoi diagram of a set of points in the plane is a planadivision, that is, a cell complex. Thiual

of such subdivision is another subdivision that is definetbsws. For each face of the Voronoi diagram, we
create a vertex (corresponding to the point). For each efitfeed/oronoi diagram lying between two sitgs
andp;, we create an edge in the dual connecting these two vertaeally, each vertex of the Voronoi diagram
corresponds to a face of the dual (see Fig. 32).

Fig. 32: The Delaunay triangulation (solid) and Voronoigtem (dashed).

The resulting dual graph is also planar subdivision. Olesénat (assuming that the points are not in some
highly improbable configuration) the vertices of the Vorodiagram all have degree three, that is, they are each
incident to the three edges. It follows that the faces of #saiiting dual graph (excluding the exterior face) are

all triangles. Thus, the resulting dual graph is a triangioiteof the sites, called thBelaunay triangulation

Why are Delaunay triangulations of interest? If you are gigeset of points and you want to determine the
“best” way to connect them to form a cell complex, it is harthéat the Delaunay triangulation. It has a number
of interesting properties. First, it tends to produce nifzd"“triangles. For example, among all possible ways
of triangulating a point set, the Delaunay triangulatiorximazes the minimum angle appearing in any of its
triangles. (It hates skinny triangles.)

Another interesting property is that, if you take any trien@nd consider the circumcircle passing through these
three points, this circle cannot contain any of the othenfgoinside it. This is called thempty circumcircle
property. This might seem to be a property that many triangulatiorghirpossess, but this not the case. Indeed,
if every triangle of a triangulation of a set of points satisfthe empty circumcircle property, then this is the
Delaunay triangulation.

The Relative Neighborhood Graph and Gabriel Graph: We said that the Delaunay triangulation is a cell complex,
but it can be thought of as a geometric graph. It is but one plawf a straight-line planar graph defined
on a setP of n points in the plane. Two other popular examples includeGhbriel graphand therelative
neighborhood graplfor RNG). LetP be any set of points in the plane. As with the Delaunay tri¢atgon, the
points of P will be the vertices of graph.

In the Gabriel graph, denot&@G(P), two pointsp; andp, are joined by an edge if the disk whose diameter is
p;ip; contains no other points df (see Fig. 33(b)).

In the RNG, denote@®@NG(P), there is an edge joining; andp; if there is no poinp;, € P that is simultane-
ously closer tg; andp; than they are to each other. That is, there ippeuch that

max(dist(p;, pr), dist(p;, pr)) < dist(p:, p;).

Given two pointsp; andp;, define theiluneto be the “football shaped’ region where the circle centetigg
and passing througpy intersects the circle centeredygtand passing through;. The RNG edge condition is
equivalent to saying that; andp; are adjacent if and only ifune(p;,p;) contains no other points d? (see
Fig. 33(c)).

We will leave it as an exercise to prove that these three getngeaphs form a nested hierarchy, that is, for any
point setP, we haveRNG(P) C GG(P) C DT(P).
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Fig. 33: The Delaunay triangulation (a), Gabriel graph o) the relative neighborhood graph (c).

Lecture 10: Geometric Data Structures for Games: Index Structures

Sources: Some of today’s materials can be found in “Foundations oftimhensional and Metric Data Structures,”
by H. Samet, 2006.

Index Structures: We continue our discussion of useful geometric data stradar computer games. So far we have
discussed data structures for representing meshes (amdgaoerally, cell complexes), geometric graphs (such
as the visibility graphg-graph), and spatial subdivisions (such as the Delaunaggtilation). Usually, when
we think of data structures for 1-dimensional data (suchash imaps, binary trees, and skip lists), the data
structure is a means for efficiently accessing data basedkey walue A data structure that locates an object
based on a key value is called imdex structure

In this lecture, we consider some useful index structurestiaring spatial data sets. The topic is amazingly
vast, and we will just provide a very short description of & faf the simplest spatial index structures. (See
Samet’s book above for more topics.)

Geometric Objects and Queries: What sorts of objects might be stored in a geometric datatste® The simplest
object to store is a point, and it is common to introduce datacgires under the assumption that the objects
themselves are points. As needed, the data structure aodatesl algorithms can be enhanced to deal with
more general types of objects.

What sorts of geometric queries might we be interested img8kirhis depends a great deal about the applica-
tion at hand. Queries typically involve determining whangs are “close by.” One reason is that nearby objects
are more likely to have interesting interactions in a ganadli§ions or attacks). Of course, there are other sorts
of interesting geometric properties. For example, in a shg@game, it may be of interest to know which other
players have a line-of-sight to a given entity.

While we will focus on purely geometric data in this lecturejsi worth noting that geometry of an object
may not be the only property of interest. For example, theygtecate all law enforcement vehicles within a
half-mile radius of the player’s car”, might be quite reasole for a car theft game. Such queries involve both
geometric properties (half-mile radius) and nongeomgtraperties (law enforcement). Such hybrid queries
may involve a combination of multiple data structures.

Bounding Enclosures: When storing complex objects in a spatial data structurs, goimmon to first approximate
the object by a simple enclosing structure. Bounding encissare often handy as a means of approximating an
object as a filter in collision detection. If the bounding lesares do not collide, then the objects to not collide.
If they do, then we strip away the enclosures and apply a mdensive intersection test to the actual objects.
Examples of bounding structures include:
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Axis-aligned bounding boxes: This is an enclosing rectangle whose sides are parallelet@adbrdinate axes
(see Fig. 34(a)). They are commonly calldé4BBs(axis-aligned bounding boxes). They are very easy
to compute. (The corners are based on the minimum and maximamdy-coordinates.) They are also
very easy to intersect. (Just determine whether the irfeofa:-coordinates intersect and the intervals of
they-coordinates intersect.)

(a) (b) (c) (d)

Fig. 34: Examples of common enclosures: (a) AABB, (b) geirigBa (c) sphere, (d) ellipsoid, (e) 8-DOP.

General bounding boxes: The principal shortcoming of axis-parallel bounding boisethat it is not possible
to rotate the object without recomputing the entire bougdiox. In contrast, general (arbitrarily-oriented)
bounding boxes can be rotated without the need to recompeie (see Fig. 34(b)). Unfortunately, com-
puting the minimum area or minimum volume bounding box isanrivial problem. Determining whether
two such boxes intersect is a more complex procedure, milikgly to be much more efficient than com-
puting the intersection of the two objects.

Bounding spheres: Given that arbitrary bounding boxes are harder to inters@clternative is to use bounding
spheres (see Fig. 34(b)). Spheres are invariant under kaklation and rotation. It is very easy to
determine whether two spheres intersect one another. dugtute the distance between their centers, and
check that this is smaller than the sum of their radii.

Bounding ellipsoids: The main problem with spheres (and problem that also exigisaxis-parallel bounding
boxes) is that skinny objects are no well approximated byhasp A ellipse (or generally, an ellipsoid in
higher dimensions) is just the image of a sphere under arlin@asformations (see Fig. 34(b)). As with
boxes, ellipsoids may either be axis-parallel (meaningtti@principal axes of the ellipse are parallel to
the coordinate axes) or arbitrary.

k-DOPs: People like objects bounded by flat sides, because the matizsnnvolved is linear. (There is no
need to solve algebraic equations.) Unfortunately, analigmed bounding box may not be a very close
approximation to an object. (Imagine a skinny diagonal Begment.) As mentioned above, computing
the minimum general bounding box may also be quite complekDOP is a compromise between these
two. Given an integer parameter> 3 (or generallyk > d + 1), we generaté directional vectors that
are roughly equally spaced and span the entire space. Fapéxan two-dimensional space, we might
consider a set of unit vectors at angles /k, for 0 < i < k. Let {uy,...,us} be the resulting vectors.
We then compute extreme point of the object along each ottb&sctions. We then put an orthogonal
hyperplane through this point. The intersection of thegeehglanes defines a convex polygon witkides
(generally, a convex polytope withfacets) that encloses the objects. This is calléddiscrete oriented
polytope or k-DOP (see Fig. 34(e)).

Hierarchies of bounding boxes: A natural generalization of the concept of a bounding bokad bf constructing a
hierarchy consisting of multiple levels of bounding boxebere the boxes at a given level enclose a constant
number of boxes at the next lower level. A common approach $pecify that the number of boxes contained
within a given node lies between some minimum and maximumeval he result is called aR-tree In Fig. 35
we given an example, where the input boxes are shown in @hitdrarchy (allowing between 2—3 boxes per
group) is shown in (b) and the final tree is shown in (c).
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(a) (b) (c)

Fig. 35: A hierarchy of bounding boxes: (a) the input box&3,tfie hierarchy of boxes, (c) the associated R-tree
structure.

There are a number of messy technical issues in the desigrtreieR. For example, what is the best way to
cluster smaller boxes together to form larger boxes. Howaominimize the wasted space within each box
and how do you minimize the overlap between boxes at a giweh & the tree.

This structure is widely used in the field of spatial databasice the number of boxes contained within another
box can be adjusted so that each node corresponds to a sisigldatk. (In this respect, it is analogous to the
B-tree data structure for 1-dimensional data sets.)

Grids: One virtue of simple data structures is that are usually #stest to implement, and (if you are fortunate in
your choice of geometric model) they may work well. An exaenpf a very simple data structure that often
performs quite well is a simple rectangular grid. For sirip}j suppose that want to store a collection of objects.
We will assume that the distribution of objects is fairly fanim. In particular, we will assume that there exists
a positive realA such that almost all the objects are of diameter at mastor some small constamt and the
number of objects that intersect any cube of side ledgth also fairly small.

If these two conditions are met, then a square grid of sidgtheA may be a good way to store your data. Here
is how this works. First, for each of your objects, compusegixis-aligned bounding box. We can efficiently
determine which cells of the grid are overlapped by this loling box as follows. Lep and ¢ denote the
bounding box’s lower-left and upper-right corners (see Biéfa)). Compute the cells of the grid that contain
these points (see Fig. 36(b)). Then store a pointer to thecolnj all the grid cells that lie in the rectangle defined
by these two cells (see Fig. 36(c)). Note that this is notgmykince the object may be associated with grid cells
that it does not actually intersect. This increases theespathe data structure, but it does not compromose the
data structure’s correctness.

1A [ [Ia [ [Ia

(a) (b) ()
Fig. 36: Storing an object in a grid.

Computing the indices of the grid cell that contain a givempis a simple exercise in integer arithmetic. For
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example, ifp = (ps, py), then let

po ] e - (2]

Then, the poinp lies within the grid cellG[q, j].

If the diameter of most of the objects is not significanthgkrthanA, then each object will only be associated
with a constant number of grid cells. If the density of olgeistnot too high, then each grid square will only
need to store a constant number of pointers. Thus, if theeahssumptions are satisfied then the data structure
will be relatively space efficient.

Storing a Grid: As we have seen, and grid consists of a collection of cellgreveach cell stores a set of pointers to

the objects that overlap this cell (or at least might ovetlap cell). How do we store these cells. Here are a few
ideas.

d-dimensional array: The simplest implementation is to allocaté-dimensional array that is sufficiently large
to handle all the cells of your grid. If the distribution ofjebts is relatively uniform, then it is reasonable
to believe that a sizable fraction of the cells will be nongm@n the other hand, if the density is highly
variable, there may be many empty cells. This approach veiites space.

Hash map: Each cell is identified by its indice§;, 7) for a 2-dimensional grid ofi, j, k) for the 3-dimensional
grid. Treat these indices like a key into a hash map. Whenewemaobjecto is entered into some cell
(i,7), we access the hash map to see whether this cell exists,, lveaenerate a new cell object and add
it to the hash map under the kel ;). If so, we add a pointer to into this hash map entry.

Linear allocation: Suppose that we decide to adopt an array allocation. A sitfaigvard implementation of
thed-dimensional array will result in a memory layout accordiagnow your compiler chooses to allocate
arrays, typically in what is calletbw-major order(see Fig. 37(a)). For example, if there a¥ecolumns,
then the elemen(t, j) is mapped to index- N + j in row-major order.

Why should you care? Well, the most common operation to parfam a grid is to access the cells that
surround a given grid square. Memory access tends to be fffic&tre when accessed elements are close
to one another in memory (since they are likely to resideiwithe same cache lines). The problem with
row-major order is that entries in successive rows areylikebe far apart in physical memory.

A cute trick for avoiding this problem is to adopt a method apping cells to physical memory that is
based on &pace filling curve There are many different space-filling curves. We show twamgples in

Figs. 37(b) and (c). The firstis called thi#bert curveand the second is known as thi®rton order(also
called thez-order).

There is experimental evidence that shows that alteringltlysical allocation of cells can improve run-

ning times moderately. Unfortunately, the code that mapsdex (, j) to the corresponding address in
physical memory becomes something of a brain teaser.

Computing the Morton Order: Between the Hilbert order and the Morton order, the Mortasteoiis by far
the more commonly use. One reason for this is that there ane adty tricks for computing the this order.
To make this easier to see, let us assume that we are workimgidimensional space and that the grid
of size2™ x 2™. The trick we will show applies to any dimension. If your gigchot of this size, you can
embed it within the smallest grid that has this property.
Next, since the grid ha®™ rows and2™ columns, we can view each row and column index asnan
element bit vector, call them= (iy,...,i,)2 andj = (j1,...,Jm)2, in order from most significant bit
(71) to the least significant bitif,). Next, we take these bit vectors and interleave them as ifvexe
shuffling a deck of cards:

k = <i1;j17i27j2a v 7imajm>2~

If you have not seen this trick before, it is rather remarkdbét it works. As an example, consider the cell
at index(4, j) = (2, 3), which is labeled as 13 in Fig. 37(c). Expressirand;j as3-element bit vectors
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Row major Hilbert Morton (Z)

i= 0|04 1424344454647+ 0[0]344+5] ¢ sl 0
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2 2 [14113] 849 | o4+ | o 2
3 3 [15[12111410] ¢ 3
4 4| e . 0| e 4
5 5| edos | - 6| e 5
6 6 vl ot 6
7 7 6| s | bdos | 6 7| etee| #)d | e eitee
j=0 1234567 01234567 01234567
(a) (b) ()

Fig. 37: Linear allocations to improve reference localifyneighboring cells: (a) row-major order, (b) the Hilbert
curve, (c) the Morton order (or Z-order).

we havei = (0, 1,0)2 andj = (0,1, 1)5. Next, we interleave these bits to obtain
k = (0,0,1,1,0,1), = 13,

just as we expected.

This may seem like a lot of bit manipulation, particularlynif is large. It is possible, however, to speed
this up. For example, rather than processing one bit at g timecould break andj up into 8-bit bytes,
and then for each byte, we could access a 256-element lodiblg to convert its bit representation to
one where the bits have been “spread out.” (For example csepihat you have the 8-element bit vector
(bo, b1, ...,b7)2. The table look-up would return the 16-element bit vectar 0, b;,0, . . ., b7,0)2.) You
repeat this for each byte, applying a 16-bit shift in eactec&snally, you apply an addition right shift of
the j bit vector by a single position and bitwise “or” the two spteaut bit vectors for andj together

to obtain the final shuffled bit vector. By interpreting this \ector as an integer we obtain the desired
Morton codefor the pair(i, 7).

Quadtrees: Grids are fine if the density of objects is fairly regular. Hete is considerable variation in the density, a
quadtree is a practical alternative. You have probably seedtrees in your data structures course, so I'll just
summarize the main points, and point to a few useful tips.

First off, the term “quadtree” is officially reserved for Zvbnsional space and “octree” for three dimensional
space. However, it is too hard to figure out what the name ghmeilwhen you get to 13-dimensional space, so
| will just use the term d-dimensional quadtree” for all dimensions.

We begin by assuming that the domain of interest has beeasstivithin a large bounding square (or generally
a hypercube irl-dimensional space). Let’s call thig,. Let us suppose that we have applied a uniform scaling
factor so that), is mapped to thé-dimensional unit hypercub®, 1]¢. A quadtree boxs defined recursively
as follows:

e (g is a quadtree box
e If Q is any quadtree box, then tl¥ boxes that result by subdividing through its midpoint by axis
aligned hyperplanes is also a quadtree box.

This definition naturally defines a hierarchical subdiuisfwrocess, which subdivide3, into a collection of
guadtree boxes. This defines a tree, in which each node isiagsbwith a quadtree box, and each box that
is split is associated with th¢ sub-boxes as its children (see Fig. 38). The root of the F@ssociated with
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Q. Because&), has a side length df, it follows directly that the quadtree boxes at lekeadf the tree have side

length1/2*.
. NW | NE
SW | SE
*le * SW NW SE NE
(a) (b) (c)

Fig. 38: A quadtree decomposition and the associated tree.

Here are a few tips to making quadtrees somewhat more mavlagea

Binary Quadtrees: In dimension 3 and higher, having to allocatechildren for every internal node can be
quite wasteful. Unless the points are uniformly distrilolté is often the case that only a couple of
these nodes contain points. An alternative is rely only oratyi splits. First, split along the midpoint
z-coordinate, then the midpoigtcoordinate, and so forth, cycling through the axes (see3dy

(a) (b)
Fig. 39: A binary quadtree.

Compressed Quadtree:If the objects are very highly clustered, it is possible tthgt quadtree may actually
much larger than the number of objects. Consider the caseooféry close points in Fig. 40. Separating
these two points would involve a long string of splits, mdsivbich aretrivial in the sense that each node
has only one nonempty child. One way to deal with this is to jm@ss out such trivial paths by a single
edge that jumps, in one hop, to the first node that has two oe monempty children. For example, you
could introduce a new type of node, calledampression nodehat has a single child, which points to the
last node of the trivial path. The result is called@anpressed quadtred nice feature of the compressed
quadtree is that a compressed quadtree wiloints hasD(n) nodes.

Linear Quadtree: A very clever and succinct method for storing quadtrees @ntpsets involves no tree at
all! Recall the Morton order, described earlier in this lget A point(z,y) is mapped to a point in a
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(a) (b) () (d)

Fig. 40: A compressed quadtree.

1-dimensional space by shuffling the bitsaofndy together. This maps all the points of your set onto a
space filling curve.

What does this curve have to do with quadtrees? It turns otithkacurve visits the cells of the quadtree

(either the standard, binary, or compressed versions)rdiogpto an in-order traversal of the tree (see
Fig. 41).

Linear quadtree:
Store points in an array

sorted by Morton order

[1]2]3]4]5]6]7]8]9]0]11]

(c)

Fig. 41: A linear quadtree.

How can you exploit this fact? It seems almost unbelievati this would work, but you sort all the
points of your set by the Morton order and store them in anygimaany 1-dimensional data structure).
While this would seem to provide very little useful structuiteis remarkable that many of the things
that can be computed efficiently using a quadtree can (witthesadditional modifications) be computed
directly from this sorted list. Indeed, the sorted list canviewed as a highly compressed encoding of the
guadtree.

The advantage of this representation is that it requires aéditional storage, just the points themselves.
Even though the access algorithms are a bit more compliGatddun a bit more slowly, this is a very
good representation to use when dealing with very largeskata

Lecture 11: Light Modeling for Games

Sources:Chapt 10 of GregoryGame Engine Architecture
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Lighting in Games: In order to produce a realistic rendering of 3-dimensiorahng, we need to specify how the
various elements of the scene are to be illuminated or shddghting and shading serve a number of roles in
a computer game:

lllumination: Accurate illuminate can enhance realism and help encowrdgeling of immersion.

Revelation of form: Good lighting can be used to compensate for the lack of acgunea geometric models.
(For example, adding a bumpy lighting pattern to a flat serfzan suggest a stone road.)

Focus: Highlighting can be used to direct the viewer's attentioa besired region of focus.

Mood: Lighting can be used to set the tone of a scene (e.g., saéatéming, foreboding, pastoral), which may
be useful in establishing the narrative elements of a game.dthe simplest applications of this idea is
the use of low-contrast versus high-contrast lighting (Sge42):

High-Key Lighting: Bright, warm, soft, and high-set lights tend to provide difegof safety
Low-Key Lighting: Dim, cool, harsh, and low-set lights produce a feeling ofggan

Fig. 42: High-key versus low-key lighting.

Local/Global Light Models: Lighting is a very complex phenomenon that involves theradt8on of physical ele-
ments (photons, reflection and refraction, chromatic di&pe), physiological elements (color perception), and
psychological elements (e.g., the feelings engendereetigin colors).

Basic OpenGL supports a very simple lighting and shadingeh@hd hence can achieve only limited realism.
This was done primarily because speed is of the essencedradtitve graphics. OpenGL assumekeal
illumination modelwhich means that the shading of a point depesrdgon its relationship to the light sources,
without considering the other objects in the scene.

This is in contrast to global illumination modelin which light reflected or passing through one object might
affects the illumination of other objects. Global illumiitam models deal with many affects, such as shadows,
indirect illumination, color bleeding (colors from one ebj reflecting and altering the color of a nearby object),
caustics (which result when light passes through a lenssafatused on another surface).

For example, OpenGL's lighting model does not model shadihdees not handle indirect reflection from other
objects (where light bounces off of one object and illumé&saanother), it does not handle objects that reflect
or refract light (like metal spheres and glass balls). Ogenlght and shading model was designed to be very
efficient. Although it is not physically realistic, the Ogeh designers provided many ways to “fake” realistic
illumination models. Modern GPUs support programmabl&lehs which offer even greater realism.

The Phong Lighting Model: A detailed discussion of light and its properties would takenore deeply into physics
than we care to go. For our purposes, we can imagine a simplelrblight consisting of a large number of
photons being emitted continuously from each light source.
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Each photon has an associated energy, which (when aggiematemillions of different reflected photons) we
perceive agolor. Although color is complex phenomenon, for our purposes stifficient to consider color to
be a modeled as a triple of red, green, and blue componentsittihig a surface, one of three things can happen
(see Fig. 43):

Reflection: The photon can be reflected or scattered back into the atrapspht a microscopic level, surfaces
tend to be smooth (as with polished metals) or irregular (#seloth). The former surfaces reflect light in
a specular(or shiny) manner and surfaces of the latter type reflect ligla diffuse(or uniform) manner.
We thus distinguish three different varieties of reflection

Pure reflection: Perfect mirror-like reflectors
Specular reflection: Imperfect reflectors like brushed metal and shiny plastics
Diffuse reflection: Uniformly scattering, like cloth

Absorption: The photon can be absorbed into the surface (and henceatesip the form of heat energy). We
do not see this light.

Transmission: The photon can pass through the surface. This happens therféth transparentobjects (like
glass and polished gem stones) and with a significant amdwaiattering withtranslucentobjects (like
human skin or a thin piece of tissue paper).

VL
)

N ! v Light source
NG7 Light s

/0N

perfect specular diffuse absorption  perfect translucent
reflection  reflection  reflection transmission transmission

Fig. 43: The ways in which a photon of light can interact witbuaface.

All of the above involve how incident light reacts with a sag&. Another way that light may result from a
surface is through emission, which will be discussed below.

Light Sources in OpenGL: OpenGL assumes that each light source pogt, and that the energy emitted can be
modeled as an RGB triple, calledwaminance function This is described by a vector with three components
L = (L,, Ly, Ly), which indicate the intensities of red, green, and bluetlighpectively. We will not concern
ourselves with the exact units of measurement, since thisrissimple model. Note that, although your display
device will have an absolute upper limit on how much energhealor component of each pixel can generate
(which is typically modeled as an 8-bit value in the rangefi@to 255), in theory there is no upper limit on the
intensity of light.

Lighting in real environments usually involves a consitidegaamount of indirect reflection between objects of
the scene. If we were to ignore this effect and simply considgoint to be illuminated only if it can see the
light source, then the resulting image in which objects enghadows are totally black. In indoor scenes we are
accustomed to seeing much softer shading, so that evertetijatare hidden from the light source are partially
illuminated. In OpenGL (and most local illumination modeisis scattering of light modeled by breaking the
light source’s intensity into two componentambient emissioandpoint emission

Ambient emission: Refers to light that does not come from any particular lacatLike heat, it is assumed to
be scattered uniformly in all locations and directions. Anpds illuminated by ambient emission even if
it is not visible from the light source.
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Point emission: Refers to light that originates from a single point. In the@oint emission only affects points
that are directly visible to the light source. That is, a paiiis illuminate by light source if and only if
the open line segmepy does not intersect any of the objects of the scene.

Unfortunately, determining whether a point is visible taght source in a complex scene with thousands of
objects can be computationally quite expensive. So Openm@plg tests whether the surface is facing towards
the light or away from the light. Surfaces in OpenGL are polyg but let us consider this in a more general
setting. Suppose that have a pojntying on some surface. Let denote the normal vector at directed
outwardsfrom the object’s interior, and létdenote the directional vector fropto the light sourced = q — p),
thenp will be illuminated if and only if the angle between these tees is acute. We can determine this by
testing whether their dot produce is positive, thakhis¢ > 0. (The dot product btween two vectors is positive
if and only if the angle between them is acute.)

For example, in the Fig. 44, the poiptis illuminated. In spite of the obscuring triangle, popitis also
illuminated, because other objects in the scene are igrimyete local illumination model. The point’ is
clearly not illuminated, because its normal is directedyafam the light.

4 < ', Light source
o7 Lis

/N

RN
<
illuminated illuminated (but should not be)
D /

p
v

—

="

P |not illuminated

Fig. 44: Point light source visibility using a local illunation model. Note thap’ is illuminated in spite of the
obscuring triangle.

Attenuation: The light that is emitted from a point source is subjecati@nuation that is, the decrease in strength
of illumination as the distance to the source increasessiPbyells us that the intensity of light falls off as the
inverse square of the distance. This would imply that therisity at some (unblocked) pointvould be

1
lp — gl

I(p.q) I(q),

where ||p — ¢|| denotes the Euclidean distance frgnio ¢. However, in OpenGL, our various simplifying
assumptions (ignoring indirect reflections, for exampldl) eause point sources to appear unnaturally dim
using the exact physical model of attenuation. ConsequedfpenGL uses an attenuation function that has
constant, linear, and quadratic components. The userfigseoonstants, b andc. Letd = ||p — ¢|| denote the
distance to the point source. Then the attenuation funddion

1

- Iy,
A

In OpenGL, the default values ate= 1 andb = ¢ = 0, so there is no attenuation by default.

I(p,q) =

Types of light reflection: The next issue needed to determine how objects appear ishiwlight is reflectedoff of
the objects in the scene and reach the viewer. So the disoussifts from the discussion of light sources to
the discussion of object surface properties. We will asstiraeall objects are opaque. The simple model that
we will use for describing the reflectance properties of disjés called thé°hong modelThe model is over 20
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years old, and is based on modeling surface reflection as hination of emission (glowing) and the ambient,
diffuse, and specular reflection from the light sources endbene.

Let L = (L,,Lg, Ly) denote the illumination intensity of the light source. O@énallows us to break this
light's emitted intensity into three componentmbientZ,,, diffuse L4, andspecularL,. Each type of light
component consists of the three color components, so, &Bmple, Ly = (Lar, Lag, Lay), denotes the RGB
vector (or more generally the RGBA components) of the défaesmponent of light. As we have seen, modeling
the ambient component separately is merely a conveniemamddeling indirect reflection. The diffuse and
specular intensities of a light source are usually set eguedch other.

An object’s color determines how much of a given intensityeected. LetC' = (C,,Cy, C}) denote the
object’s color. These are assumed to be normalized to teeval{0, 1]. Thus we can think of’,. as the fraction
of red light that is reflected from an object. Thus(if = 0, then no red light is reflected. When light of
intensity L hits an object of colo”, the amount of reflected light is given by themponent-wise producf
the L andC vectors. Let us definé © C to be this product, that is,

L®C = (L,-Cyr Ly-Cy,Ly-Cp).

For example, if the light is whitd. = (1,1, 1) and the color is red” = (0.25,0,0) then the reflection is
LoC = (0.5,0,0) which is a dark shade of red. However if the light is blue- (0,0, 1), thenLoC = (0, 0,0),
and hence the object appears to be black.

In OpenGL, rather than specifying a single color for an obfedich indicates how much light is reflected for
each component) you instead specify the amount of reflefbioaach type of illumination(,, C4, andC.
Each of these is an RGBA vector. This seems to be a rathemextbo@ of generality, because, for example, it
allows you to specify that an object can reflect only red layibient light and only blue diffuse light. Although
they can each be set separately, OpenGL provides a singlmandthat sets both the ambient and diffuse
components of reflection for an object.

What about the specular color? It is interesting to note thatwslar color is typically the color of the light

source, not the color of the object. (Consider the shiny evifiot on a black billiard ball.) For this reason,
the components of the specular color of an object are tylgisat to(1, 1, 1), meaning that the light's color is

reflected perfectly.

Lighting and Shading in OpenGL: To describe lighting in OpenGL there are three major steptrtbed to be per-
formed: setting the general parameters of the lighting dnadlisg model, defining the lights (their positions,
colors, and properties), and finally defining objects andifgag their material properties.

Lighting/Shading model: There are a number of global lighting parameters and optibascan be set through
the commandyiLightModel*(). It has two forms, one for scalar-valued parameters and oneeictor-valued
parameters.

glLightModelf(GLenum pname, GLfloat param);
glLightModelfv(GLenum pname, const GLfloat * params);

Perhaps the most important parameter is the global injeofs&mbient light (independent of any light sources).
Its pname is GL_LIGHT_MODEL_AMBIENT andparams is a pointer to an RGBA vector.

One important issue is whether polygons are to be drawn disinghadingin which every point in the polygon
has the same shading, mooth shadingn which shading varies across the surface by interpadtie vertex
shading. This is set by the following command, whose argumseaitherGL_SMOOTH (the default) oGL_FLAT.

glShadeModel(GL_SMOOTH); --OR-- glShadeModel(GL_FLAT)
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In theory, shading interplation can be handled in one of tvagsy In the classicabouraud interpolatiorthe
illumination is computed exactly at the vertices (usingdbeve formula) and the values are interpolated across
the polygon. InPhong interpolationthe normal vectors are given at each vertex, and the systiempolates
these vectors in the interior of the polygon. Then this jptdated normal vector is used in the above lighting
equation. This produces more realistic images, but takesiderably more time. OpenGL uses Gouraud
shading. Just before a vertex is given (wittlertex*()), you should specify its normal vertex (wigiNormal*()).

The commandsgiLightModel andglShadeModel are usually invoked in your initializations.

Create/Enable lights: To use lighting in OpenGL, it must first be enabled. This iselbyglEnable(GL_LIGHTING).
OpenGL allows the user to create up to 8 light sources, naBiedGHTO throughGL_LIGHT7. Each light
source may either be enabled (turned on) or disabled (twfipdBy default they are all disabled. Again, this
is done usingjlEnable() (andglDisable()). The properties of each light source is set by the comnggiright*().
This command takes three arguments, the name of the lighprtperty of the light to set, and the value of this
property.

Let us consider a light source 0, whose positiof2ist, 5). This would be presented to OpenGL in homoge-
neous coordinates. Recall that this means that we set thedagponent to 1. Thus, it would K&, 4,5,1) in
homogeneous coordinates. Suppose we want this to gendréatghared ambient intensity, given as the RGB
triple (0.9,0,0), and white diffuse and specular intensities, given as th8 R®le (1.2,1.2,1.2). (Normally

all the intensities will be of the same color, albeit of diffat strengths. We have made them different just to
emphasize that it is possible.) There are no real units osareaent involved here. Usually the values are
adjusted manually by a designer until the image “looks good.

Light intensities are actually expressed in OpenGL as RGBther than just RGB triples. The ‘A component
can be used for various special effects, but for now, let asgasume the default situation by setting ‘A’ to 1.
Here is an example of how to set up such a light in OpenGL. ToegaturegylLight*() can also be used for setting
other light properties, such as attenuation.

Setting up a simple lighting situation

glClearColor(0.0, 1.0, 0.0, 1.0); /I intentionally backgr ound
glEnable(GL_NORMALIZE); /Il normalize normal vectors
glShadeModel(GL_SMOOTH); /I do smooth shading
glEnable(GL_LIGHTING); /I enable lighting

/I ambient light (red)
GLfloat ambientintensity[4] = {0.9, 0.0, 0.0, 1.0};
glLightModelfv(GL_LIGHT_MODEL_AMBIENT, ambientintens ity);

/I set up light O properties
GLfloat ItOIntensity[4] = {1.5, 1.5, 1.5, 1.0}; // white
glLightfv(GL_LIGHTO, GL_DIFFUSE, ItOIntensity);
glLightfv(GL_LIGHTO, GL_SPECULAR, ItOIntensity);

GLfloat ItOPosition[4] = {2.0, 4.0, 5.0, 1.0}; /I location
glLightfv(GL_LIGHTO, GL_POSITION, ltOPosition);

/I attenuation params (a,b,c)
glLightf (GL_LIGHTO, GL_CONSTANT_ATTENUATION, 0.0);
glLightf (GL_LIGHTO, GL_LINEAR_ATTENUATION, 0.0);
glLightf (GL_LIGHTO, GL_QUADRATIC_ATTENUATION, 0.1);
glEnable(GL_LIGHTO);

Defining Surface Materials (Colors): When lighting is in effect, rather than specifying colorsngsglColor() you
do so by setting the material properties of the objects tehdered. OpenGL computes the color based on the
lights and these properties. Surface properties are assignvertices (and not assigned to faces as you might
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think). In smooth shading, this vertex information (for @@ and normals) are interpolated across the entire
face. In flat shading the information for the first vertex deti@es the color of the entire face.

Every object in OpenGL is a polygon, and in general every taaebe colored in two different ways. In most
graphic scenes, polygons are used to bound the faces ofpgdjidedra objects and hence are only to be seen
from one side, called th&ont face This is the side from which the vertices are given in cowltekwise
order. By default OpenGL, only applies lighting equatiomshte front side of each polygon and the back side
is drawn in exactly the same way. If in your application yountvi be able to view polygons from both sides,

it is possible to change this default (usigigightModel() so that each side of each face is colored and shaded
independently of the other. We will assume the default Sitba

Surface material properties are specifiecgbyaterialf() andglMaterialfv().

gIMaterialf(GLenum face, GLenum pname, GLfloat param);
glMaterialfv(GLenum face, GLenum pname, const GLfloat * params);

It is possible to color the front and back faces separatehe first argument indicates which face we are col-
oring (GL_LFRONT, GL_BACK, or GL_.FRONT_AND_BACK). The second argument indicates the parameter name
(GL_EMISSION, GL_AMBIENT, GL_DIFFUSE, GL_AMBIENT_AND_DIFFUSE, GL_SPECULAR, GL_SHININESS).

The last parameter is the value (either scalar or vectos {8 OpenGL documentation for more information.

Typical drawing with lighting

GLfloat color|]
GLfloat white[]

= {0.0, 0.0, 1.0, 1.0} Il blue
= {1.0, 1.0, 1.0, 1.0}; /I white

/I set object colors
gIMaterialfv(GL_FRONT_AND_BACK, GL_AMBIENT_AND_DIFFU SE, color);
glMaterialfv(GL_FRONT_AND_BACK, GL_SPECULAR, white);

glMaterialf(GL_FRONT_AND_BACK, GL_SHININESS, 100);

glPushMatrix();

glTranslatef(...); /I your transformations
glRotatef(...);
gIBegin(GL_POLYGON); /I draw your shape
gINormal3f(...); glVertex(...); /I remember to add normal S

gINormal3f(...); glVertex(...);
gINormal3f(...); glVertex(...);
glEnd();
glPopMatrix();

Recall from the Phong model that each surface is associatadavsingle color and various coefficients are
provided to determine the strength of each type of reflectimission, ambient, diffuse, and specular. In
OpenGL, these two elements are combined into a single vgiten as an RGB or RGBA value. For example,
in the traditional Phong model, a red object might have a R@Brof (1,0, 0) and a diffuse coefficient of 0.5.
In OpenGL, you would just set the diffuse material @5, 0,0). This allows objects to reflect different colors
of ambient and diffuse light (although | know of no physiciiiation in which this arises).

Other options: You may want to enable a number of GL options usgtignable(). This procedure takes a single
argument, which is the name of the option. To turn each opifnyou can uselDisable(). These optional
include:

GL_CULL_FACE: Recall that each polygon has two sides, and typically youktiwat for your scene, it is
impossible that a polygon can only be seen from its back $tde example, if you draw a cube with six
square faces, and you know that the viewer is outside the, ¢bbe the viewer will never see the back
sides of the walls of the cube. There is no need for OpenGLi¢omgit to draw them. This can often save a
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factor of 2 in rendering time, since (on average) one expdmsit half as many polygons to face towards
the viewer as to face away.

Backface cullings the process by which faces which face away from the vietier dot product of the
normal and view vector is negative) are not drawn.

By the way, OpenGL actually allows you to specify which falbadk or front) that you would like to have
culled. This is done withylCullFace() where the argument is eith&L_FRONT or GL_BACK (the latter
being the default).

GL_NORMALIZE: Recall that normal vectors are used in shading computati¥oa supply these normal to
OpenGL. These are assumed to be normalized to unit lengtiei®thong model. Enabling this option
causes all normal vectors to be normalized to unit lengtbraatically. If you know that your normal
vectors are of unit length, then you will not need this. Itisydded as a convenience, to save you from
having to do this extra work.

Tips: Until you have finished debugging your program, | would sgygkésabling backface culling (in case
you accidentally generate the elements of your mesh in arojpgp CW/CCW orientation). | would also
suggestnablingnormalization of normal vectors.

Lecture 12: Texture Mapping

Surface Detail: We have discussed the use of lighting as a method of produncorg realistic images. This is fine
for smooth surfaces of uniform color (plaster walls, plastips, metallic objects), but many of the objects that
we want to render have some complex surface finish that wednial to model. In theory, it is possible to try
to model objects with complex surface finishes through exétg detailed models (e.g. modeling the cover of
a book on a character by character basis) or to define somefgegular mathematical texture function (e.g. a
checkerboard or modeling bricks in a wall). But this may teasible for very complex unpredictable textures.

Textures and Texture Space:Although originally designed for textured surfaces, thegaiss ofexture mappingan
be used to map (or “wrap”) any digitized image onto a surf&a®.example, suppose that we want to render a
picture of the Mona Lisa, or wrap an image of the earth arousphere, or draw a grassy texture on a soccer
field. We could download a digitized photograph of the textand then map this image onto surface as part of
the rendering process.

There are a number of common image formats which we mightWsewill not discuss these formats. Instead,
we will think of an image simply as a 2-dimensional array of R@lues. Let us assume for simplicity that the
image is square, of dimensionsx n (OpenGL requires that is a power of 2 for its internal representation. If
you image is not of this size, you can pad it out with unusedteél rows and columns.) Images are typically
indexed row by row with the upper left corner as the origin.e Thdividual RGB pixel values of the texture
image are often calletéxels short fortexture elements

Rather than thinking of the image as being stored in an atrajlj be a little more elegant to think of the image

as function that maps a poif, ¢) in 2-dimensionatexture spacéo an RGB value (see Fig. 45). That s, given
any pair(s,t), 0 < s,t < 1, the texture image defines the valueTtfs, ¢) is an RGB value. Note that the

interval [0, 1) does not depend on the size of the images. This has the ageaariamage of a different size can
be substituted without the need of modifying the wrappiracpss.

For example, if we assume that our image arfy[n] is indexed by row and column from 0 to— 1 with (as
is common with images) the origin in the upper left cornerr @xture spacé’(s,t) has two axes, labeled
(horizontal) and (vertical), such that the origin is in the lower-left corn®ve could then apply the following
function to round a point in image space to the correspondiray element:

T(s,t)=1[[(1—t)n]][sn]], foro<s,t<1.

In many cases, it is convenient to think of the texture is dimite function. We do this by imagining that the
texture image is repeated cyclically throughout the plares is useful when applying a small repeating texture
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Fig. 45: Texture space.

to a very large surface (like a brick pattern on a wall). Teisometimes calledr@peated textureln this case
we can modify the above function to be

T(s,t) = I[|(1 — t)n]) mod n] [ |sn] mod n|, foranys,t.

Inverse Wrapping Function and Parametrization: Suppose that we wish to “wrap” a 2-dimensional texture image
onto the surface of a 3-dimensional ball of unit radius, tkat unit sphere. We need to define a wrapping
function that achieves this. The surface resides in 3-déio@@al space, so the wrapping function would need to
map a poin{s, t) in texture space to the corresponding pdinty, =) in 3-space. That is, the wrapping function
can be thought of as a functidi# (s, t) that maps a point in 2-dimensional texture space to a gein, z) in
three dimensional space.

Later we will see that it is not the wrapping function that veed to compute, but rather its inverse. So, let us
instead consider the problem of computing a funclin ! that maps a pointr, y, z) on the sphere to a point
(s,t) in parameter space. This is called theerse wrapping functian

This is typically done by first computing a 2-dimensioparametrizationof the surface. This means that we
associate each point on the object surface with two codteria, v) in surface space Implicitly, we can
think of this as three functions;(u, v), y(u, v) andz(u, v), which map the parameter pdi, v) to thex, y, z-
coordinates of the corresponding surface point.

Our approach to solving the inverse wrapping problem willtdenap a point(z, y, z) to the corresponding
parameter paifu, v), and then map this parameter pair to the desired gein} in texture space. At the end of
this lecture, we present an example of how to derive a pararagon for a sphere.

Texture Mapping in OpenGL: Recall that all objects in OpenGL are rendered as polygomgeoerally meshes of
polygons. This simplifies the texture mapping process tmx#umeans that we need only provide the inverse
wrapping function for the vertices, and we can rely on siniplerpolation to fill in the polygon’s interior. For
example, suppose that a triangle is being drawn. When th&esrdf the polygon are given, the user also
specifies the correspondirig, t) coordinates of these points in texture space. These areddhlé vertices’
texture coordinatesThis implicitly defines the inverse wrapping function frahe surface of the polygon to a
point in texture space.

As with surface normals (which were used for lighting conapions) texture vertices are specifieeforeeach
vertex is drawn. For example, a texture-mapped object ipage with shading might be drawn using the
following general form, wher& = (n,,n,,n.) is the surface normals, t) are the texture coordinates, and
p = (pz, Py, p-) is the vertex position.

g/Begin(GL_POLYGON);
glNormal3f(nx, ny, nz); glTexCoord2f(s, t); glVertex3f(p X, pY, pz);
..

glEnd();
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Interpolating Texture Coordinates: Given the texture coordinates, the next question is howterpolate the texture
coordinates for the points in the interior of the polygon. @bvious approach is to first project the vertices of
the triangle onto the viewport. This gives us three paigt®;, andp- for the vertices of the triangle in 2-space.
Let g0, g1 andgs denote the three texture coordinates, corresponding & theints. The simplest approach is
to apply a simple linear interpolation procedure, mappiachepoint of theApyp p» to its corresponding point
in Agoqiqe-

What is wrong with this simple approach? The first problem bagat with perspective. The problem is that
projective transformations are not linear transformatjdsut a linear interpolation is. An illustration of what
can go wrong is shown in Fig. 46(c).

Texture Surface Linear Perspective

(triangulated) interpolation corrected

(a)
Fig. 46: Perspective correction.

There are a number of ways to fix this problem. One approaahise a more complex formula for interpo-
lation, which corrects for perspective distortion. (Semtéxt for details. An example of the result is shown in
Fig. 46(d)). This can be activated using the following Oper@mmand:

glHint(GL_PERSPECTIVE_CORRECTION_HINT, GL_NICEST);

(The other possible choice @L._FASTEST, which does simple linear interpolation.)

The other method involves slicing the polygon up into sugfitly small polygonal pieces, such that within
each piece the amount of distortion due to perspective ifl.sRecall that with Gauroud shading, it was often
necessary to subdivide large polygons into small pieceadourate lighting computation. If you have already
done this, then the perspective distortion due to textuneping may not be a significant issue for you.

Aliasing and mipmapping: A second problem with the aforementioned simple approacinteypolating texture
coordinates has to do with something caléidising After determining the region of texture space onto which
the pixel projects, we should blend the colors of the texethis region to determine the color of the pixel. The
problem with the above procedure does no blending, it deétesrthe color on the basis of just a single texel.
In situations where the pixel corresponds to a point in tlstadice and hence covers a large region in texture
space, this may produce very strange looking results, lsede color of the entire pixel is determined entirely
by a single point in texture space that happens to corresfuoting pixel’s center coordinates (see Fig. 47(a)).

Dealing with aliasing in general is a deep topic, which is amigsue in the general field of signal processing.
The process of blending samples together to smooth oveffdwsof aliasing is calleflitering. In the field of
signal processing there are many techniques (some quitéssicpted) for filtering in general. OpenGL applies
a very simple method for dealing with the aliasing of thigsdhe method is callethipmapping (The acronym
“mip” comes from the Latin phrasmultum in parvomeaning “much in little.”)

The idea behind mipmapping is to generate a series of teknages at decreasing levels of resolution. For
example, if you originally started with B28 x 128 image, a mipmap would consist of this image along with a
64 x 64 image, 832 x 32 image, al6 x 16 image, etc. All of these are scaled copies of the originagend&ach
pixel of the64 x 64 image represents the average & a 2 block of the original. Each pixel of th&2 x 32
image represents the average df a 4 block of the original, and so on (see Fig. 48).
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Fig. 47: Aliasing and mipmapping.
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Fig. 48: Mipmapping.

Now, when OpenGL needs to apply texture mapping to a screah thiat overlaps many texture pixels (that
is, when “minimizing” the texture), it determines the migmia the hierarchy that is at the closest level of
resolution, and uses the corresponding averaged pixet ¥edin that mipmapped image. This results in more
nicely blended images (see Fig. 48(b)).

Warning: If you use mipmapping in OpenGL (and this is not only a goodhjdaut the default for texture
minimization), youmustconstruct mipmaps for your texture. This can be done autoaibt for you by the
commandgluBuild2DMipmaps. (We will not discuss this command explicitly, but an exaengs given below.)

If you fail to build mipmaps when they are needed, OpenGL ndlt produce an error message, it will simply
disable texture mapping.

Texture mapping in OpenGL: OpenGL supports a fairly general mechanism for texture nmgpprhe process in-
volves a bewildering number of different options. You arfeneed to the OpenGL documentation for more
detailed information. By default, objects are not texturgpped. If you want your objects to be colored using
texture mapping, you need to enable texture mapping befawedyaw them. This is done with the following
command.

glEnable(GL_TEXTURE_2D);

After drawing textured objects, you can disable texture pirag

If you plan to use more than one texture, then you will neecetpuest that OpenGL generate texture objects.
This is done with the following command:

glGenTextures(GLsizei n, GLuint * texturelDs);

This requests that new texture objects be created. Th@ew texture id’s are stored as unsigned integers in
the arraytexturelDs. Each texture ID is an integer greater than 0. (Typicallgsthare just integers 1 through
n, but OpenGL does not require this.) If you want to generate gme new texture, set = 1 and pass it the
address of the unsigned int that will hold the texture id.

By default, most of the texture commands apply to the “attiexture. How do we specify which texture object
is the active one? This is done by a process cdilading and is defined by the following OpenGL command:
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glBindTexture(GLenum target, GLuint texturelD);

wheretarget is one of GL_.TEXTURE_1D, GL_TEXTURE_2D, or GL_.TEXTURE_3D, andtexturelD is one of the
texture IDs returned bglGenTextures. The target will be GL_.TEXTURE_2D for the sorts of 2-dimensional
image textures we have been discussing so far.tétere/D parameter indicates which of the texture IDs will
become the active texture. If this texture is being boundHerfirst time, a new texture object is created and
assigned the given texture ID. féztureID has been used before, the texture object with this ID becdhaes
active texture.

Presenting your Texture to OpenGL: The next thing that you need to do is to input your texture am$ent it to
OpenGL in a format that it can access efficiently. It would Berif you could just point OpenGL to an image
file and have it convert it into its own internal format, buté&m@L does not provide this capability. You need
to input your image file into an array of RGB (or possibly RGBAJues, one byte per color component (e.g.
three bytes per pixel), stored row by row, from upper leftawér right. By the way, OpenGL requires images
whose height and widths are powers of 2.

Once the image array has been input, you need to presentxtiectarray to OpenGL, so it can be converted
to its internal format. This is done by the following proceelu There are many different options, which are
partially explained in below.

glTeximage2d(GL_TEXTURE_2D, level, internalFormat, wid th, height,
border, format, type, image);

The procedure has an incredible array of options. Here ispleiexample to present OpenGL an RGB image
stored in the arraynyPixelArray. The image is to be stored with an internal format involvingee components
(RGB) per pixel. It is of widthnCols and heightnRows. It has no bordertorder = 0), and we are storing
the highest level resolution. (Other levels of resolutiom @sed to implement the averaging process, through a
method callednipmaps) Typically, the level parameter will be Qefel = 0). The format of the data that we
will provide is RGB GL_RGB) and the type of each element is an unsigned bgtel{NSIGNED_BYE). So the
final call might look like the following:

glTeximage2d(GL_TEXTURE_2D, 0, GL_RGB, nCols, nRows, 0, G L _RGB,
GL_UNSIGNED_BYTE, myPixelArray);

In this instance, your arrayyPizelArray is an array of siz€56 x 512 x 3 = 393,216 whose elements are
the RGB values, expressed as unsigned bytes, fatdbiex 512 texture array. An example of a typical texture
initialization is shown in the code block below. (The calltoBuild2DMipmpaps is needed only if mipmapping

is to be used.)

Initialization for a Single Texture

GLuint texturelD; /I the ID of this texture
glGenTextures(1l, &texturelD); /I assign texture 1D
glBindTexture(GL_TEXTURE_2D, texturelD); // make this th e active texture

I
/I ... input image nRows x nCols into RGB array myPixelArray
I
glTeximage2d(GL_TEXTURE_2D, 0, GL_RGB, nCols, nRows, 0, G L_RGB,
GL_UNSIGNED_BYTE, myPixelArray);
/I generate mipmaps - very important!
gluBuild2DMipmaps(GL_TEXTURE_2D, GL_RGB, nCols, nRows, GL_RGB,
GL_UNSIGNED_BYTE, myPixelArray);

Texturing Options: Once the image has been input and presented to OpenGL, waaneidOpenGL how it is to
be mapped onto the surface. Again, OpenGL provides a largieuof different methods to map a surface.
These parameters are set using the following function:
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glTexParameteri(target, param_name, param_value);
glTexParameterf(target, param_name, param_value);

The first form is for integer parameter values and the secofat ifloat values. For most options, the argument
target will be set toGL_TEXTURE_2D. There are two common parameters to set. First, in orderdoifypthat
a texture should be repeated or not (clamped), the followptipns are useful.

glTexParameteri(GL_TEXTURE_2D, GL_TEXTURE_WRAP_S, GL_ CLAMP);
glTexParameteri(GL_TEXTURE_2D, GL_TEXTURE_WRAP_S, GL_ REPEAT);

These options determine what happens of shgarameter of the texture coordinate is less than O or greater
than 1. (If this never happens, then you don’t need to worpuakhis option.) The first causes the texture to
be displayed only once. In particular, valuessahat are negative are treated as if they are 0, and values of
s exceeding 1 are treated as if they are 1. The second causesthes to be wrapped-around repeatedly, by
taking the value ok modulo 1. Thuss = 5.234 amds = 76.234 are both equivalent t8 = 0.234. This can
independently be set for igparameter of the texture coordinate, by setthtigTEXTURE_WRAP_T.

Filtering and Mipmapping: Another useful parameter determines how rounding is perdrduringmagnification
(when a screen pixel is smaller than the correspondingrextixel) and Minificatiorf (when a screen pixel is
larger than the corresponding texture pixel). The simplasdtnot the best looking, option in each case is to just
use thenearest pixeln the texture:

glTexParameteri(GL_TEXTURE_2D, GL_TEXTURE_MAG_FILTER , GL_NEAREST);
glTexParameteri(GL_TEXTURE_2D, GL_TEXTURE_MIN_FILTER , GL_NEAREST);

A better approach is to use linear filtering when magnifyind mipmaps when minifying. An example is given
below.

Combining Texture with Lighting: How are texture colors combined with object colors? The tvasthntommon
options areGL_REPLACE, which simply makes the color of the pixel equal to the colbthe texture, and
GL_MODULATE (the default), which makes the colors of the pixel the praadithe color of the pixel (without
texture mapping) times the color of the texture. The fornsefor painting textures that are alreagselit,
meaning that lighting has already been applied. Examplgdade skyboxes and precomputed lighting for the
ceiling and walls of a room. The latter is used when textudbggcts to which lighting is to be applied, such as
the clothing of a moving character.

gITexEnvi(GL_TEXTURE_ENV, GL_TEXTURE_ENV_MODE, GL_MODLATE);
gITexEnvi(GL_TEXTURE_ENV, GL_TEXTURE_ENV_MODE, GL_RERACE);

Drawing a Texture Mapped Object: Once the initializations are complete, you are ready ta dtawing. First, bind
the desired texture (that is, make it the active texturéthestexture parameters, and enable texturing. Then start
drawing your textured objects. For each vertex drawn, be suspecify the texture coordinates associated with
this vertex, prior to issuing thgVertex command. If lighting is enabled, you should also provideghdace
normal. A generic example is shown in the code block below.
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Drawing a Textured Object

glEnable(GL_TEXTURE_2D); /I enable texturing
glBindTexture(GL_TEXTURE_2D, texturelD); // select the a ctive texture

/I (use GL_REPLACE below for skyboxes)
glTexEnvi(GL_TEXTURE_ENV, GL_TEXTURE_ENV_MODE, GL_MODLATE);

/I repeat texture
glTexParameteri(GL_TEXTURE_2D, GL_TEXTURE_WRAP_S, GL_ REPEAT);
glTexParameteri(GL_TEXTURE_2D, GL_TEXTURE_WRAP_T, GL_ REPEAT);

/I reasonable filter choices
glTexParameteri(GL_TEXTURE_2D, GL_TEXTURE_MAG_FILTER , GL_LINEAR);
glTexParameteri(GL_TEXTURE_2D, GL_TEXTURE_MIN_FILTER

GL_LINEAR_MIPMAP_LINEAR);

glBegin(GL_POLYGON); /I draw the object(s)
gINormal3f( ... ); /I set the surface normal
glTexCoord2f( ... ); /| set texture coords
glvVertex3f( ... ); /I draw vertex
/I ... (repeat for other vertices)

glEnd()

glDisable(GL_TEXTURE_2D); /I disable texturing

Parametrization of a Sphere (Optional): Let's make this more concrete with an example. Our shapen# aphere
centered at the origin. We want to find the inverse wrappimgtion 1/ —! that maps any pointz, 3, z) on the
of the sphere to a poirt, ¢) in texture space.

We first need to come up with a surface parametrization fosplnere. We can represent any point on the sphere
with two angles, representing the point’s latitude and ituee. We will use a slightly different approach. Any
point on the sphere can be expressed by two anglaadd, which are sometimes callesgpherical coordinates
(These will take the roles of the parameterandv mentioned above.)

Fig. 49: Parametrization of a sphere.

Consider a vector from the origin to the desired point on fifeege. Letp denote the angle in radians between
this vector and the-axis (north pole). S is related to, but not equal to, the latitude. We have o < «. Let

0 denote the counterclockwise angle of the projection ofthigor onto thecy-plane. Thud) < 6 < 2. (This

is illustrated in Fig. 49.)

Our next task is to determine how to convert a pdinty, z) on the sphere to a paié, ). It will be a bit easier
to approach this problem in the reverse direction, by deténg the(z, y, z) value that corresponds to a given
parameter paifd, ).

The z-coordinate is justos , and clearly this ranges fromto —1 asy increases from O ta. To determine
the value of9, let us consider the projection of this vector onto thg-plane. Since the vertical component is
of lengthcos ¢, and the overall length is 1 (since it's a unit sphere), byRkthagorean theorem the horizontal
length is¢ = /1 —cos?2p = sinp. The lengths of the projections onto tlreand y coordinate axes are
x = Lcosf® andy = £sin 6. Putting this all together, it follows that the;, y, z) coordinates corresponding to
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the spherical coordinat€8, ¢) are

z(p,0) = cos, z(p,0) = siny - cosb, y(p,0) = sinp-siné.

But what we wanted to know was how to map, y, z) to (0, ). To do this, observe first that = arccos z.
It appears at first that will be much messier, but there is an easy way to get its vadeserve thay/z =
sin @/ cos 6 = tan§. Thereforef = arctan(y/z). In summary:

( = arccosz 0 = arctan(y/x),

(Remember that this can be computed accuratelyaa(y, x).)

The final step is to map the parameter ffélirp) to a pointin(s, t) space. To get thecoordinate, we just scale
6 from the rangg0, 27] to [0, 1]. Thus,s = 6/(27).

The value oft is trickier. The value ofp increases from 0 at the north potet the south pole, but the valueiof
decreases frorh at the north pole t6 at the south pole. After a bit of playing around with the sdattors, we
find thatt = 1 — (¢/m). Thus, asp goes from0 to =, this function goes from down to0, which is just what
we want. In summary, the desired inverse wrapping func8ah i !(z,y, 2) = (s, t), where:

0
s = —, Wwhere 0 = arctan 2
27 T
t = 178, where ¢ = arccos z.
™

Note that at the north and south poles there is a singularitiye sense that we cannot derive a unique value for
0. This is phenomenon is well known to cartographers. (Whataddngitude of the north or south pole?)

To summarize, thverse wrappindunctionW —*(z, y, z) maps a point on the surface to a pdintt) in texture
space. This is often done through a two step process, firstrdigting the parameter valués, v) associated
with this point, and then mappin@:, v) to texture-space coordinatés ¢).This “unwrapping” function, maps
the surface back to the texture. For this simple examplé&s jlest set this function to the identity, that is,
W=Y(u,v) = (u,v). In general, we may want to stretch, translate, or rotateekiire to achieve the exact
placement we desire.

Lecture 13: Animation for Games: Basics
Sources:Chapt 11 of GregoryGame Engine Architecture

Game Animation: Most computer games revolve arouokaractersthat move around in a fluid and continuous
manner. Unlike objects that move according to the basic vebysics (e.g., balls, projectiles, vehicles, water,
smoke), the animation of skeletal structures may be sulbjentany complex issues, such as physiological
constraints (how to jump onto a platform), athletic teclueighow a basketball player performs a lay-up shot or
a warrior hurls a spear), stylistic choices (how a danceraap\or simply the arbitrary conventions of everyday
life (how a person steps out of a car or how a dog wags its Riijducing natural looking animation is the topic
of our next few lectures.

Image-based Animation: Most character animation arising in high-end 3-dimendieoaputer games is based on
skeletal animation. Prior to this, most animation was basetivo-dimensional methods.

Cel Animation: Before the advent of computers, the standard method of pieganimation in films was by a
process where an artist would paint each individual framee dfaracters animation on a transparent piece
of celluloid, which would then be placed over a static baoked. The term celluloid was shortened to
cel
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Given the need to generate 30 or 60 frames per second, thisiig Ebor-intensive process. Often a master
animator would sketch a sparse seke§ drawingor key frameshowing the most important transitions,
and then less experienced artists would add color and fifiterinediate frames. The process of inserting
intermediate drawings in between the key frames acquireddme otweening This approach has been
extended to computer animation, where the modeling softw@nerates a complete representation of
certain key frames and some typeitierpolationis then applied to generate the intermediate frames.

Sprites: An early adaptation of the cel approach to computer gamedllisdsprite animationwhere a series
of bit-map images is generated (see Fig. 50(a)). Sprites typically generated to form a cycle so that
the sequence could be played repeatedly to generate thieillaf walking or running.

ASG8eR

()

Fig. 50: Image-based animation: (a) sprites and (b) a comesh for morphing.

Animated Textures: A simple extension of sprites, used even in modern game®Worésolution models, is
to model a moving object by a sequence of images, which ayeglback in a loop. This could be used,
for example, to show trees swaying in the distance or backgtarowd motion in a sports arena.

Texture Morphing: Storing a large number of large animated textures can besfuhét space. One way of
saving space is to store a small number of key images andtteanrsmoothly between them. In computer
graphicsmorphingrefers to the process of continuously mapping one imageimdther through a process
of gradual distortion. This is typically done by selectingraall set of correspondingpntrol pointson
each of the two images. For example, to morph between twa flisse might consist of the corners of
the mouth, nose, eyes, ears, chin, and hairline. Next, agb@iompatiblecontrol meshess generated,
one for each image (see Fig. 50(b)). (A good choice would belauhay triangulation, as discussed in
Lecture 9.) Then, the animation process involves lineanigrpolating between these two images.

Skeletal Models: As mentioned above, the most common form of character airomased in high-end 3-dimensional
games is through the use of skeletal animation. A charest@odeled askinsurface stretched overskeletal
frameworkwhich consists of movingpints connected by segments calledneg(see Fig. 51). The animation is
performed by modifying the relationships between pairsdjdieent joints, for example, by altering joint angles.
We will discuss this process extensively later.

A skeletal model is based on a hierarchical representatierevperipheral elements are linked as children of
more central elements. Here is an example:

Root (whole model)
Pelvis
Spine
. . Neck
Head
Right shoulder
Right elbow
. Right hand
Left shoulder
Left elbow
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Fig. 51: Skeletal model.

. Left hand
Right thigh
Right knee
. Right ankle
Left thigh
Left knee
Left ankle

Clearly, a skeletal model can be represented internallynagiti-way rooted tree, in which each node represents
a single joint. Thebonesof the tree are not explicitly represented, since (as wd ska)) they do not play a
significant role in the animation or rendering process. Wé discuss later how the skin is represented. For
now, let us consider how the joints are represented.

Joint representation; At a minimum, we need to be able to perform the following ofiers on any skeleton tree:

enumeratg): Iterate through all the joints in the skeleton. In some imp@atations this might need to be done
according to a particular tree traversal (preorder or pdst). For the algorithms we will discuss later, the
order of enumeration will not be significant.

isRoot(j): Return true ifj is the root node and false otherwise.
parent(j): For a given non-root nodg return its parent, which we denote ).
Depending on the details of the algorithms involved, it mp &e useful to access a joint’s children, but we
will not need this. Given the above requirements, the treebearepresented very simply as an array of triples,
where each triple consists of:

e anamefor the joint (which will be useful for debugging),

e a structure holding the joint®iternal information(which we describe below), and

¢ theindexof the joint’s parent in this array.
We can make the convention of storing the root joint in indeof €his array, and therefore we can detect the
root node easily. Of course, this is just one possible remtesion.

What does the joint’s “internal information” consist of? Bgoint can be thought of as defining its oyaint
coordinate framgsee Fig. 52(a)). Recall that in affine geometry, a coordific@me consists of a point (the
origin of the frame) and three mutually orthogonal unit eest(thez, y, andz axes of the frame). These coor-
dinate frames are organized hierarchically accordingécsthucture of the skeleton (see Fig. 52(b)). Rotating a
joint can be achieved by rotating its associated coordifratee. Each frame of the hierarchy is understood to
be positionedelativeto its parent’s frame. In this way, when the shoulder joinbigted, the descendent joints
(elbow, hand, fingers, etc.) also move as a result (see Fg))52
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Fig. 52: Skeletal model.

Clearly, in order to achieve this effect, we need to know #lationships between the various joints of the
system. A basic fact from affine geometry is that, given any éwordinate frames ia-dimensional space,

it is possible to convert a point represented in one cootdiframe to its representation in the other frame by
multiplying the point (given as @i+ 1)-dimensional vector in homogeneous coordinates) tinfds-d) x (d+1)
matrix. Let's imagine that we are working in 3-dimensioradse. For any two jointg andk, let T}, ;) denote
the change of coordinates transformation that maps a pojoirit j's coordinate system to its representation
in k’s coordinate system. That is, dfis a column vector in homogeneous coordinates represeotiagoint
relative toj’s coordinate system, theri = Ty, - v is v's representation relative tds coordinate frame.

Given any non-root joing, recall thatp(j) denotes its parent joint. L&/ denote the root of the tree, which is
associated with the entire skeletal model. We are intedtéstthe following transformations:

Local-pose transfor.mation: Tip(j)«j) converts a point inj's coordinate system to its representation in its
parent’s coordinate system.

Inverse local-pose transformation: i, ;) converts a point irj’s parent's coordinate system j& coordi-
nate system. Clearly,ﬂ[jﬂ,(j)] = (T[p(j)ej])_l-

Which of these transformation matrices is associated wihdimt? It turns out to be neither. We shall see that
there is yet another matrix that is more important. (Welkréhis another matrix more important at least for
the purposes of the skin rendering algorithm that we shaitiilee later. You may have your own reasons for
storing one or both of these matrices, since they are cértialevant to the local processing of the skeleton.)

Storing local-pose transformations: If you wanted to store these matrices, how would you do so? Astioned
above, they can be represented as matrices, eitlBex 8 for 2-dimensional animations or 4 x 4 for 3-
dimensional animations. You may prefer to use an altereaipresentation, depending on your application.
For example, if you working in 2-dimensional space, thentthasformatiorilj;._,;); most likely consists of
two components, a rotation anglethat aligns the twa:-axes, and a translation vectay from p(j)’s origin
to j’s origin. This is a more concise representation. Storidga3 matrix involves storind floats, whereas
storing the paird, v;) involves only3 floats. Given this concise representation, it is easy toseehie inverse
as the pai(—6, —v;). Also, it is easy to derive the associated matrices fromrépsesentation. (We will skip
this easy exercise in affine geometry, since we haven't digsdiaffine geometry in detail.)

Is there a similarly concise representation for the loaaetransformation in 3-dimensional space? The answer
is yes, but the issue of rotation is more complicated. Agaimrder to represerit};. ,;y, you need to store

a 3-dimensional rotation and a translation. The transiaiectorv; can be stored as a 3-dimensional vector.
However, how do you represent rotations in three dimensgpace? There are two common methods:
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Euler angles: It turns out thatany rotation in 3-dimensional space can be expressed as theositiop of
three rotations, one about tlreaxis, one about thg-axis, and one about theaxis. These are sometimes
referred to apitch, roll, andyaw (see Fig. 53).

Pitch Roll Yaw

Fig. 53: Rotations by Euler angles.

Quaternions: While Euler angles are easy for humans to work with, they atethm most mathematically
elegant manner of representing a rotation. Why this is sctlieraard to explain, but as an example of
why, consider the question of how to interpolate between Buter angle rotations. Suppose that one
is represented by the rotatiosy, 6o, v) and the other by¢;,6;,11). In order to generate a smooth
interpolation between these two rotations, you would redyiconsider performing a linear interpolation
between them. For example, the midpoint rotation would vergby (2052t fotfu Potvn) f yoy
would do so (and trust me on this), you would find this midpoatation would not appear to look anything
close to the initial or final rotations.

There is, however, a mathematically clean solution to tipeasentation of 3-dimensional angles, which
is called aquaternion This is a mathematical object that was discovered aroudygrs ago by the
Irish mathematician Hamilton. It would take too long to eplhow quaternions work, but in a nutshell, a
guaternion represents a 3-dimensional rotation by a 4-eierector. (Note that this is less space efficient
than Euler angles, which require only 3 numbers, but theedireht vector is of unit length, so it is possible
to derive the 4th component from the first 3.) There is a miidégion operator defined on quaternions,
and it is possible to compose two rotations by multiplying #8ssociated quaternions.

One nice feature of quaternions is that, unlike Euler anghey interpolate nicely. Because a quaternion
is a unit vector, you need to be sure to use spherical intatipal (that is, interpolating along great circle
arcs) rather than linear (straight-line interpolation)heTgood news is that, without understanding the
mathematical details of quaternions, it is possible to doaah software that will do all of this for you.

So, the upshot of this is that you can store the local poseftamation using either 6 or 7 floats (a rotation
stored as 3 Euler angles or 4 quaternion coefficients) anélarient translation vector. As in the 2-dimensional
case, there are easy procedures for computing the invarsgfarmations from either representation.

Bind Pose: Before discussing animation on skeletal structures, iséful to first say a bit about the notion of a pose.
In a typical skeleton, joints move by means of rotationsis(tather interesting to think about how this happens
for your own joints. For example, your shoulder joint as tvegkes of freedom, since it can point your upper
arm in any direction it likes. Your elbow also has two degreEgeedom. One degree comes by flexing and
extending your forearm. The other can be seen when you twmnwaost, as in turning a door knob. Your neck
has (at least) three degrees of freedom, since, like yowrldén you can point the top of your head in any
direction, and, like your elbow, you can also turn it clockevand counterclockwise.)

Assigning angles to the various joints of a skeleton (andrengenerally, specifying the local pose transfor-
mations for each joint) defines the skeleton’s exact pasitibat is, itspose When an designer defines the
initial layout of the model’s skin, the designer does sotietato a default pose, which is called theference
poseor thebind pose For human skeletons, the bind pose is typically one whesechHaracter is standing
upright with arms extended straight out to the left and righmilar to Fig. 51 above). There are two important
change-of-coordinate transformations for this process.
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Bind-pose transformation: (also called theylobal pose transformatigri,;. ;) converts a point iry’s coor-
dinate system to its representation in the model's glofaleace coordinate systeid.
We can express the matrix associated with this transfoomats the product of the matrices associated
with the local pose transformations frojrup to the root. In particular, suppose that the path frota
the root isj = j; — jo — ... = jm = M, then (assuming post-multiplication, as OpenGL does) the
bind-pose transformation is

m—1
T[M“]'] = T[jm%jmfl] "'T[jsejz]T[Jé%jl] = H T[jm—iflejmfi]'
=1
This transformation is important since, if we know of a p@ingosition relative to its nearest joint (for
example, a point on the tip of the index finger), this transi@tion allows us to convert this point into its
representation in the model’s global coordinate frame plte®f this obvious usefulness, we shall see that
the inverse of this transformation, given next, is even nimigortant.

Inverse bind-pose transformation: 7};.,; converts a point in the model's global coordinate systentdo i
representation relative tgs local coordinate system. Clearli};._ ;) = (T[Mej])—l. Equivalently,

m—1
Tyjerr) = Tijrjol Thacin) -+ Thimrcinl = L1 Thiciinn)-
=1

When an artist places the skin on an object, he/she is inglassociating a triangulated mesh with the skeleton.
The modeling software knows the coordinates of the vertidahis mesh with respect to the model’s global
coordinate system. However, in order to know how each vevikxespond to changes in joint angles, we will
need to map each vertex of the mesh into its representatiah o one or more nearby joints. Next time, we
will discuss the process of how to render skin on an animdtelb®n. We shall see that the most relevant of
all the transformations associated with any joint isitiverse bind-pose transformatipwhich indicates how to
map a vertex from the global frame down to a local frame. Socarenow answer the question raised earlier,
“What does the joint’s internal information consist of?” Taeswer is the inverse bind-pose transformation.
Next time, we'll see exactly why.

Lecture 14: Animation for Games: Skeletal Animation

Sources:Chapt 11 of GregoryGame Engine Architecture

Recap: Last time we introduced the principal elements of skeletatlels. Today we will discuss methods for ani-
mating these models. We will also discuss the issue of howverdhese models with “skin,” and how to move
the skin smoothly as part of the animation.

Recall that a skeletal model consists of a collection oftgiwhich have been joined into a rooted tree structure.
Recall that gooseis defined by rotating each of the joints in a specific way. Rata are defined relative to a
default pose, called thaind poseor reference poseThe mesh defining the character’s skin is defined relative to
this pose. (Typically this is the character standing ugnigith arms outstretched to the sides.) Each npdé

this tree is (either implicitly or explicitly) associatedttva the following relevant transformations:

Local-pose transformation: 7j,;); converts a point inj’s coordinate system to its representation in its
parent’s coordinate system. Its invergg,_,;y, converts from the parent’s frame to the joint’s frame.

Bind-pose transformation: (also called thglobal pose transformatigri},, . ;) converts a point in’s coordi-
nate system to its representation in the model’s globateefse coordinate systefd. It can be computed
as the product of the local-pose transformations froap to the root. Its inversd,j;._ s, converts from
the model’s frame to the joint’s frame.
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Animating the Model: There are two natural ways to specify a skeletal's model:pose

Forward kinematics: You specify the position of the model (both its location anthtion) and the angles by
which the joints are to be rotated. The system then placemtuel at the desired position and applies
these rotations, which fixes the positions of all the modelists.

Inverse kinematics: The problem with forward kinematics is that forces the desigo determine which joint
angles achieve the constraints that he/she wants to imgemeexample, if we know that the object is
to have both feet at certain positions on the ground and hieg with its right hand for a door knob,
shouldn’t the system be able to determine the joint angless@

In inverse kinematigghe designer provides the system with a set of constrdiatsare to be satisfied, and
the system’s job is to determine a set of joint angles so tteateasulting pose achieves these constraints.
Typically, these constraints take the form of specifyingeventhe endpoints (that is, leaves of the skeleton
tree) are to be placed, and it determines the intermediategogles to achieve these constraints.

Inverse kinematics is clearly a more convenient option fdesigner, and many high-end solid modelers pro-
vide the feature. In general, inverse kinematics is mucternballenging to implement than forward kinematics.
There are many reasons for this. First, the inverse kinesptioblem is simply a more complicated mathemat-
ical problem to solve than forward kinematics. Forward kia¢ics systems require little more than the ability
to perform matrix multiplications. The inverse involvedvéing a nonlinear constrained optimization problem.
Another reason is that a typical system of constraintsder-specifiedwhich means that there may be multiple
(often infinitely many) valid solutions. An inverse kinerieatsystem would either need to establish which of
these solutions is most “natural” (whatever that meansiy, will need to request further information from the
designer to add additional constraints. For example, teesy may assume that joint angles that are close to
their reference-pose values are of lower energy than tthagérivolve higher turning angles, and it will attempt
to find a pose that satisfies all the constraints and is of thiedopossible energy.

By the way, there is a third way of obtaining joint angles irnaation. This is through the process mibtion
capture Markers are placed on a subject, who is then asked to perdentain actions (walking, running,
jumping, etc.) By tracking the markers using multiple caasesr other technologies, it is possible to reconstruct
the positions of the joints. From these, it is simple exeraislinear algebra to determine the joint angles that
gave rise to these motions. Motion capture has the advanfggeducing natural motions. (Of course, it might
be difficult to apply for fictitious creatures, such as flyimggons.)

Let us make the simplifying assumption that our poses antations are specified using forward kinematics.
In order to specify an animation, we need to specify how tire gngles change over time. At the most general
abstract level, we can think of each local-pose transfdomaf, ;). ;, as being a function of time. For any
given timet > 0, this function would tell us how to transform a point frojis local coordinate frame to its
parent’s frame. If we knew these functions for all the joiot®ur system, at any timewe could apply matrix
multiplication to compute the bind pose transformatida,. ;). From this, we know how any point defined in
j's local frame is positioned relative to the model's frame.

Unfortunately, this abstract view is far to general lenélitso practical implementation. There are many ap-
proaches that can be applied to reduce the complexity to@ptable level:

Sample: Rather than storing the animation in functional form, wd edmpute a collection afiscrete samples
at specific times. We can think of these as correspondinget&eli frames of a key-frame animation. We
then use some form of interpolation to smoothly fill the gapetsveen successive key frames.

Eliminate redundancy: Storing a full4 x 4 linear transformation can be space inefficient. If we knoat #n
joint can rotate only about a single fixed axis, then we nedyl sinre the angle of rotation.
Since different joints have different rotation charadtk, is there a general way to handle this? A clever
trick that can be used to store joints with multiple degrddssedom (like a shoulder) is to break the into
two or more separate joints, one for each degree of freeddmsémeta-jointsshare the same point as
their origin (that is, the translational offset betweemttis the zero vector). Each meta-joint is responsible
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for a single rotational degree of freedom. For example, lierghoulder one joint might handle rotation
about the vertical axis (left-right) and another might Handtation about the forward axis (up-down) (see
Fig. 54). Between the two, the full spectrum of two-dimensiarotation can be covered.

Fig. 54: Using two meta-joints (b) to simulate a single joirith two degrees of freedom.

Compress: If movements are small, the difference of joint angles ouecsssive key frames may be very small.
If so, itis not necessary to use all 32 bits of a floating-poaltie to store the rotation angle. Instead, it may
suffice to store a low-precision integer that indicates thmloer of degrees of rotation. Expressed in terms
of information theory, smoth motions have low informatiantent, that islow entropy There are many
data compression techniques that have been developed fieldseof signal processing and information
theory for storing low-entropy streams efficiently.

Simple Animation Representation: There are a number of different file formats that are useddscdbing anima-
tions. These are based on various combinations of the adees.i In Fig. 55 we give a graphical presentation
of a animation clip. Let us consider a fairly general set npwhich each pose transformation (either local or
global, depending on what your system prefers) is repreddnyt a 3-element translation vectar, y, z) and a
4-element quaternion vect(s, t, u, v) to represent the rotation.

Time samples
01 2345¢67 Linear interpolation

Joint 0 1

Joint 1 1

Camera motion

Meta channels { .

I
Left footstep Right footstep

T—» Event triggers

Fig. 55: An uncompressed animation stream.

The clip is discretized by taking samples at equally spactrivals. (The interval size is generally longer than
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the frame rate.) We may then interpolate linearly betwearsecutive samples at the frame rate of the display
to obtain the transformation at any given point in time.

If the sampling is sufficiently dense, and the motion is sigfidy smooth, then linear interpolation works well

enough. If you want to save more space by sampling more dpayse may find it useful to consider more
sophisticated methods of sampling.

Spline reconstruction: There are methods in geometric modeling for extracting acsimourve from a set of
sample points. These systems go under various names, Bariess, B-splines, Hermite splines.

Spherical interpolation: Some quantities, such as quaternions, are by definitiongreeof unit length. When
you interpolate linearly between two vectors of unit lengdtte result is a vector that is of less than unit
length. (The linear interpolant travels along the stralgte curve between the point, not along the great
circle of the unit sphere as it should.) There are efficiempotational methods for performirgpherical
interpolation We will not discuss these, but just so you are aware of standegon,lerp means linear
interpolation andgslerpmeans spherical interpolation.

Auxiliary Information: Itis sometimes useful to add further decorations to youmation, which are not necessarily
related to the rendering of the moving character. Examplelsde:

Event triggers: Discrete signals sent to other parts of the game system xaange, you might want a certain
sound playback to start with a particular event (e.g., feptsound), a display event (e.g., starting a particle
system that shows a cloud of dust rising from the footstepypa may want to trigger a game event (e.g.,
a non-playing character ducks to avoid a punch).

Continuous information: You may want some process to adjust smoothly as a result adrtmation. An
example would be having the camera motion being coordinaigdthe animation. Another example
would be parameters that continuously modify the textumrdioates or lighting properties of the object.
Unlike event triggers, such actions should be smoothlyjaiated.

This auxiliary information can be encoded in additionakatns, calledneta-channelg¢see Fig. 55). This
information will be interpreted by the game engine.

Lecture 15: Animation for Games: Animation and Skinning
Sources:Chapt 11 of GregoryGame Engine Architecture

Recap: In the last couple of lectures we introduced the principatrants of skeletal models and how to represent
animations. Recall that a skeletal model consists of a ciitle of joints, which have been joined into a rooted
tree structure. Recall thateseis defined by rotating each of the joints in a specific way. Rata are defined
relative to a default pose, called thimd poseor reference poselhe mesh defining the character’s skin is defined
relative to this pose. (Typically this is the character diag upright with arms outstretched to the sides.) Each
nodej of this tree is (either implicitly or explicitly) associatevith a the following relevant transformations:

Local-pose transformation: 7}, ;; converts a point inj’s coordinate system to its representation in its
parent’s coordinate system. Its invergg,_,;)), converts from the parent's frame to the joint’s frame.

Bind-pose transformation: (also called thglobal pose transformatigri},,. ;) converts a point in’s coordi-
nate system to its representation in the model’s globateafse coordinate systeid. It can be computed

as the product of the local-pose transformations froap to the root. Its inversd,j;._ s, converts from
the model’s frame to the joint’s frame.
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Animation by forward kinematics: We assume that an animation is represented by a functiomiyas time
to joint angles, or more generally, the transformations thkate one joint to another. This function is
represented by means of a collectiorcbfinnelseach of which stores a sequence of sampled transforma-
tions, one per joint. Through the use of various interpolatinethods (linear or spherical, piecewise or
smooth) we can determine the exact joint-to-joint transfation at any desired time instant.

Skinning: Now that we know how to specify the movement of the skeletaer time, let us consider how to animate
the skin that will constitute the drawing of the characteneTirst question is how to represent this skin. The
most convenient representation from a designer’s perispeetnd the one that we will use, is to position the
skeleton in the reference pose and draw the skin around sbitirgy structure (see Fig. 56).

Fig. 56: Binding skin to a skeletal model in the referencespos

In order that the skin move smoothly along with the skeletwse,need to associate, bind, vertices of the
mesh to joints of the system, so that when the joints moveskiremoves as well. (This is the reason that the
reference pose is called the bind pose.)

As we mentioned earlier, if we were to bind each vertex to glsijoint, then we would obsenaacksappearing

in our skin whenever neighboring vertices are bound to twfemint joints that are rotated apart from one
another. To overcome this, we allow each vertex of the mesle tsound to multiple joints. When this is done,
each joint to which a vertex is bound is assignegegghting factor that specifies the degree to which this joint
influences the movement of the vertex. Thus, each vertexeafigsh is associated with:

Joints: A list of joint indicesto which this mesh vertex is bound

Weights: A corresponding list ofveights which determine the influence of each joint on this vertehede
weights are assumed to be nonnegative and suim to

For example, if you were to imagine the vertices of a forearesim those that lie close to the elbow might be
bound to the shoulder, elbow, and wrist joints, but with thee having the highest weight. As we move down
the forearm towards the wrist, the vertex weights for theuther would vanish, the weights for the elbow would
decrease, but the weights for the wrist would increase, amd/euld also see weight factors for the fingers to
become positive as well. The number of joints to which a tgbiertex is bound is typically small, e.g., from
two to four. Good solid modelers provide tools to automdiiycassign weights to vertices, and designers can
query and adjust these weights until they produce the dkkiok.

The above binding information can be incorporated into tiesmrinformation already associated with a vertex:
the (z, y, z)-coordinates of its location (with respect to the model dawate system), thér, y, z)-coordinates
of its normal vector (for lighting and shading computaticem)d its(s, t) texture coordinates.
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Moving the Joints: In order to derive the computations needed to move a verter fts initial position to its final
position, let’s start by introducing some notation. Firstall that our animation system informs us at any time
the current angle for any joint. Abstractly, we can thinklatjoint angle as providing lcal rotation, RE“_O],

that specifies how joint has rotated. For example, if the joint has undergone a ooi#trough an anglé about

some axis, themgteo] would be represented by a rotation matrix by arfgédout this same axis. (The analysis

that we perform below works under the assumption fhj%ft_o] is any affine transformation, not necessarily a
rotation.)

Consider a vertex of the mesh. Let(?) denotev’s position in the initial reference pose, and 1t denote
its position at the current time. We assume that this infdionas provided to us from the solid modeler. We
can express in one of two coordinate systems. Lstdenote its initial position with respect {ics coordinate
frame and leb,; denote its initial position with respect to the model’s fan(iThroughout this section, we will
assume that is associated with the single joiptrather than blended between multiple joints.) Given trevab
local rotation transformation, we ha ) = Rg“_o]v](.o). (Because we assume thatotates with framgj, its

representation with respect jodoes not really change over time. Instead, think)ﬁ? as its representation
relative to the joint's unrotated reference frame.)

Recall thatT},,. ;) denotes the bind-pose transformation, which we introdezetier. In general, Iefl“[[]fjg]

denote the transformation that maps the vené& (which is inj’s coordinate frame at tim@) to v](\? (which is
in the model's frame at any timg.

Let’s consider how to compu [fwf_O]J . As we did earlier, we'll build this up in a series of stagescbnverting

a point from its frame to its parent, then its grandparerd, smon until we reach the root of the tree. To map a
vertex at time) from its frame to its parent’s frame at timeve need to do two things. First, we apply the local
joint rotation that takes us from tinteto time ¢ with respect tgj’s local frame, and then we transform this to

. ), . . «0] . [t+0]
j's parent’s frame. That is, we need to first apﬂy and thenT}, ;. ;. Let us deflnél“[p(j)ﬁj] to be the

productTi, ;). Ry~ . We now have

0 _ 0 _ [t4-0], (0) _ () 0)
Uiy = TV = TG B 705" = Tty i

An Example: These matrix relations can be rather confusing, so let usidena simple example to make this a bit
more concrete. Consider the pair of joints shown in Fig. h¥aere jointj lies5 units to the right of its parent

p(j)-
(t)
v, = (0) 1)
: """ L I—OUJ('U) =(1,0) : ..... S ]
! “ (t)
o= 6.1
I_d : : ! ! @Ugé)ﬂ = (670) I_.t 1 1 1 ?‘p(j)
P) p(j)
") @

Fig. 57: Mapping a joint to its parent’s frame. (a) and (b)fdoe rotating the joint and (c) and (d): after rotating the
joint.

It follows that Ty, ;)j (,y) = (z+5,y). We can express this in the form of homogeneous matriceslas/o
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Recall that the homogeneous representatiofxof) is [z, y, 1]. Thus, we have
1 0 5
Tpgyey = | 010
0 0 1

Let’s consider the point lying at the tip of theaxis in j's coordinate frame in the reference model. That is,
vﬁo) = (1, 0). This point’s representation relativei¢;)’s coordinate system is

(0) (0) 105 1 6
vy = Tpreqvy’ = | 0 1 00| =]0],
00 1|1 1

which is the pomtv(?)) = (6,0), relative top(j)’s coordinate system at tine as expected (see Fig. 57(b)).

Suppose that between tifi@ndt we rotate the joing by 90° counterclockwise (see Fig. 57(c)). The associated
rotation matrix maps a poirftz, y) to (—y, x). This is represented by the following rotation matrix.

0 -1 0
R =11 0 o0
0 0 1

Sincev§0) = (1,0), after rotation it is mapped (relative s unrotated coordinate system) to

0 -1 0][1 0
oW = RO = 11 0 oo = |1},
0 0 1][1 1

which is the poin{0, 1) at the tip of they-axis as expected (see Fig. 57(c)).

Finally, let’'s consider the combination of these two steyy® want to know where the vertexis mapped to
at timet by in p(5)'s coordinate frame. To obtain this we compose the two t@nsitions by multiplying the
corresponding matrices

[r=0] o] 1 05]70 -1 0 0 -1 5

< t—

T = TR = {0 1 0|1 0 0] =|1 0 0
o0 1|lo0 o0 1 0 0 1

Therefore, we can obtain's representation at time relative top(j)'s coordinate frame, that iSJ,(,t()j): by
applying this transformation toj(.o). That is,

© ol () 0O -1 5 1 5

t te

=T vy = 1 0 O 0 = 11,
Up(j) p(4)«3]"3 0o o0 1 1 1

which is the point5, 1), just as we would expect (see Fig. 57(d)).

The Current-Pose Transformation: Hopefully, you now believe thé’lf[[ (“)Oj_ maps a vertex fronj’'s frame at time

0 to p(j)'s frame at timet, accounting for the rotation of joint To obtam the position of a vertex associated
with j’s coordinate frame, we need only compose these matricdsmgoback to the root of the tree. Suppose
that the path fromy to the root isj = j; — j» — ... — j,, = M, then transformation we desire is
m—1
T[t<—0] _ T[t(—O] [t+0] t«—O T [t+0]

[M <] [Imdm-1]" [J34+32] [Jz“]l [Jm—i—14Jm—il"
=1
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We refer to this as theurrent-pose transformatigmsince it tells where joinj is at timet relative to the model’s
global coordinate system. For the sake of making our natatiore concise, we’'ll refer to it henceforth as
Ciam«j)- Observe that with each animation time step, all the matricd) change, and therefore we need to
perform a full traversal of the skeletal tree to comptitg;.; for all joints j. Fortunately, a typical skeleton has
perhaps tens of joints, and so this does not represent disagrticomputational burden (in contrast to operations
that need to be performed on each of the individual verti¢@ssieletal mesh).

Blended Skinning: Next, we consider how to compute the positions of blendeticesy. We assume that for the
current-pose transformatiafi ;. ;) has been computed for all the joints and we assume that eaielx veis
associated with a list of joints and associated weights.. (e} = {j1,...,jx} be the joints associated with
vertexv and letW (v) = {w,...,w;} be the associated weights. Typicallyis a small number, ranging say
from 2 to 4. For¢ running from1 to &, our approach will be compute the coordinates oélative to jointj;,
then apply the current-pose transformation for this jombider to obtain the coordinates ofelative to the
(global) model frame. This gives usdistinct points, each behaving as if it were attached to fardift joint.
We then blend these points together, to obtain the desisedtre

Recall the inverse bind-pose transformatiby_ ,;, which maps a vertex from its coordinates in the model
frame to its coordinates relative jis coordinate frame. Recall that this transformation isrdefion the refer-
ence model, and so is applied to vertices of the original mgd®r to animation. Once we have the vertex in
its representation at tinferelative to jointj, we can then apply the current-pose transformatign, ; to map
it to its current position relative to the model framewvas bound to a single joint we would have
t 0

vh) = Cinreg Tieanoly -
Let us define; = Cjar )T This is called theskinning transformatioffor joint j. (Note that this needs
to be recomputed each time the rotation angles change.)

Now, we can generalize this to the general case of blendingngra collection of vertices. Recall thathas
been bound to the joints of(v). Its blended position at timeis given by the weighted sum

t 0
o) = Z wi K, vy
ji€J(v)

A simple example of this is shown in Fig. 58. In Fig. 58(a) wewlihe reference pose. In Fig. 58(b), we show
what might happen if every vertex is bound to a single joint.&Wthe joint flexes, the vertices at the boundary
between to bones crack apart from each other. In Fig. 58(d)ave made a very small change. The vertices
lying on the seam between the two pieces have been boundttgduts j; andjs, each with a weight of /2.
Each of these vertices is effectively now placed at the mittpaf the two “cracked” copies. The result is not
very smooth, but it could be made much smoother by addingisig the neighboring vertices as well.

Reference pose Each vertex bound to one joint Seam vertices have weight 1/2
| R \
i 8 1 ; 1 !,
J1 )2 J1 )2
(a) (b) ()

Fig. 58: A simple example of blended skinning.

It is worth making a few observations at this point about ttegagye/computational requirements of this ap-
proach.
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Matrix palette: In order to blendeveryvertex of the model, we need only one vertex for each jointhef t
skeleton, namely the skinning matricks. Recall that a skeleton will have perhaps tens of joints)eihi
may have hundreds of vertices. Assuming that the joint atexed by integers, the palette can be passed
to the GPU as an array of matrices.

Vertex information: Each vertex is associated with a small list of joint indiced sveights. In particular, we
do not need to associate entire matrices with individugices.

From the perspective of GPU implementation, this reprediemt is very efficient. In particular, we need only
associate a small number of scalar values with each vertexhich there are many), and we store a single
vertex with each joint (or which there are relatively few).dpite of the apparent tree structure of the skeleton,
everything here can be represented using just simple artgdern GPUs provide support for storing matrix
palettes and performing this type of blending.

Shortcomings of Blended Skinning: While the aforementioned technique is particularly weltegito efficient GPU
implementation, it is not without its shortcomings. In pautar, if joints are subjected to high rotations, either
in flexing or in twisting, the effect can be to cause the skidéform in particular unnatural looking ways (see
Fig. 59).

() (b)

Fig. 59: Shortcomings of vertex blending in skinning: (a)l&gsing due to bending and (b) collapsing due to twisting.

Lecture 16: Artificial Intelligence for Games: Basics

Sources: Some of the material from today’s lecture comes from the b@gificial Intelligence for Games” (2nd
Edition) by I. Millington and J. Funge.

What is Atrtificial Intelligence? Atrtificial intelligence(Al) can be defined (circularly) as “the study of computatibn
systems that exhibit intelligence.” Unfortunately, it istreasy to define what we mean by “intelligence.” In
the context of games, an in particular in the design of nayqal characters (NPCs) a working definition might
be, “It is whatever a person would do.” (Where, of course, tloedw/person” might be replaced by “ogre,”
“zombie,” or “enchanted unicorn,” whatever makes senséhfeicurrent context.)

At a basic level, game entities hagealsthat they are expected to achieve (e.g., staying out of dapgesuing
the enemy, fighting). This leads to a view of Al as planningigigies to achieve these goals. Computing
optimal ways of achieving these goals may involveptimization algorithmsat a low level and lead to complex
planning strategiest a high level. Often, in games, Al is most evident in gamesmih fails, that is, when
other rationally behaving characters behave in an inesdpljcunintelligent manner. (For example, it may fail
to find a path around an obstacle, when such a path is visualipas.)

Roles of Game Al: Generally, Al is used in games is to determine complex behsvhat not specified by the player.
Examples include:

Nonplayer Opponents: For example, in an FPS, opponents should exhibit realistaclk behavior, which
might include a decreased level or aggression or even tietgeahen suffering damage. This
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Nonplayer Teammates: For example, given a squadron of soldiers, the group shoolknm a coordinated
supportive manner. Such support NPCs are sometimes endpioyaultiplayer online games to assist
inexperienced players. In some contexts, this might betsatiby the game designer. In others, the
motion would be computed through the use of Al.

Support and Autonomous Characters: This includes generating realistic crowd behavior, whaeedharac-
ters may need to interact in a realistic manner when comitagdontact with the player’s character.

Commentary/Instruction: Again, this is typically scripted, but an example requiriigmight involve deter-
mining whether the player is stuck and in need of a hint on foproceed.

Camera Control: Typically camera control is simply automatic, but in a coexpénvironment it may require
intelligence to compute a good viewpoint, from which it isspible to identify the important elements of
the environment and is not obscured by obstacles.

The key element in all of these examples is the featuoeofplexity Examples of things that aret Al include:

Determined by physical laws: Examples include the flight of a tennis ball or the reactioa ofir that hits an
obstacle.

Purely random: An example would include which block falls next in Tetris.

Direct response to game rules/user inputsThis includes events for which the response is predetedriye
the game designer. This includes typical camera contrdpted animations, events that are triggered by
the user’s inputs, and events that are scheduled to occyraatiaular time or after a particular time delay.

One notable gray area is where Al ends and animation begorsexXample, a soccer player dribbling the ball

must make decisions as to how to avoid opponents, which imdffiects the direction and speed with which he
runs, which in turn affects joint angles. Typically, Al sgsts control the high-level decisions and the animation
controls the lower level decisions:

Should | run with the ball or pass it? This is definitely an Al decision (unless it has been scripted

If I run, what path should | take? This is getting into the gray area. If we wish to evaluate tkelihood of
success of various options, based on hypotheses of howalier@nd other NPCs might respond, we are
definitely in the realm of Al. If we simply wish to compute a stest obstacle-avoiding path (say using
Dijkstra’s algorithm), this is in the realm afigorithmics

How to move my legs to travel along this path?Now we are definitely outside of the realm of Al, and into
the realm of animation.

Properties of a Good Al System: The following is a list of generally good properties of a gafdeystem.

Goal driven: The Al system should behave in a manner that is consistehttit (implicit) high-level goals
of the entities involved.

Responsive: The Al system should respond rapidly to relevant changdsdrstate of the world. For example,
if a path is blocked, the NPC should respond quickly by conmgua new path.

Smart, but not omniscient: The Al system should behave as if it knows a good deal abowtdhiel (inanimate
objects, other NPCs, and even the player) and select itwimebaccordingly. Of course, an NPC cannot
act based on information that it could not reasonably havsviedge of.

Consistent: An NPC should behave in a consistent manner, to generateripeession that it embodies a
believable character.

Efficient and Practical: Computational resources are limited, and the time needeééwelop, program, and
test the Al system must be considered within the economistcaints of the game.

3Some might claim that this is Al, since algorithmics is just aislubot of Al. If you say this in earshot of an algorithms reskar, be prepared
to get punched in the face.
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Unfortunately, many of these goals conflict with each othed many of the problems in game Al result from
developers making compromises in quality for the sake opBaity or efficiency.

The Al Loop: The fundamental view of a game from the perspective of Al Ive® continuously evaluating the
current state of the (perceptible) world and determiningtghould the agent do in the very near future (that
is, the next frame to be drawn). This generally may involveiaber of layers of sensing and decision making.
These are illustrated in Fig. 60.

Evaluate | —=| Goal

outcome \

/7 Intention
Model N\
update

f
! [}

Game State

Fig. 60: The game Al loop.

Perception: The entity senses the elements of the game state that iswitglscope of perception.

Model update and outcome: The perception of the state results in updates to the entitternal state model.
The outcome of these state changes may be very simple (“I preéhand need to retreat”) but could
conceivably be quite sophisticated in the context of a gaiittea@mplex narrative structure (“An ally has
acted against my interests. Is he a spy?”)

Goals and intentions: Based on a character’s understanding of the world statet, arkdts motivations, and
how are these motivations weighed to arrive at a set of goEf&Ese goals need to be mapped these into
intentions that are to be manifest through the charactettgd actions. (“That sniper is killing too many
of us. How can we reduce our visibility? Hiding? Shoot outlights? Smoke grenades?”)

Plan and action: Given these intentions, the character then needs to deeefdpn of actions in order to
achieve the desired results. Such a plan consists of a segjoétasks. Once a plan has been developed,
the character needs to act in order to perform these tasks.

Agents: NPCs are often modeled in games through the use of an Al cmtstalled an agent. An (autonomous
intelligent)agentis a system situated within and a part of an environment #vaes that environment and acts
on it, over time, in pursuit of its own agenda and so as to effdmt it senses in the future.

At a high conceptual level, an agent is characterized byethesic components, which operate iteratively over

time:

Sensing: Perceive features of the environment, and in particulaapges to the environment that are relevant
to the agent’s goals.

Thinking: Decide what action to take to achieve its goals, given thesatisituation and its knowledge. Of
course, this is where all the complexity lies. Thinking maydimple reaction (“Danger. Flee!”) or may
involve complex responses based on past experiences anthtgalf the objectives are complex, apply
planning strategies to break them into well-defined actions

Acting: Carry out these actions.

One can develop a taxonomy of agents, based on their saattisti.
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Simple reflex agent: acts solely based of the current perception without regapévious experiences. These
are usually implemented by simplele-based system8f X occurs then dd”.” These are often encoded
as a table, where input events are mapped to integer indickthaith table entry is an encoding of the
action to take on stimulus

Model-based agent: extends the simple reflex agent by storing its own interretesf‘l’'m healthy, hungry,
injured, etc.”), the state of the perceived world (“I heaheetit approaching from the east”), and some
model of how the world works.

Such an agent chooses an action in the same way as the refléxlagehe action will generally depend
on the model’s current state. These agents are often impkechby &finite-state machinelhe machine’s
state corresponds to the agent’s state, and current pencéggers an action and a transition to a possibly
different state (For example, “If | am wandering and healtstate) and see the player's avatar (current
perception), | will start pursuing it (action).”)

Goal-based agent:further extends on the capabilities of the model-basedtagby usinggoal information
Goal information describes situations that are desirafileis allows the agent a way to select among
multiple possible intentions, selecting the one that veiich a goal state. Search and planning algorithms
may be invoked to map goals into low-level actions.

Utility-based agent: further extends the goal-based agent by defining a meast@noflesirable a particular
state is. This measure is expressed through the useitility function, which measures how happy the
agent would be with this state. The agent then chooses tl@ndbat maximizes the expected utility of
the action.

Learning agent: takes all of this a step further by evaluating the resultsast pction, and uses this information
to make (hopefully) better choices in the future. It has twmpartant components, laarning element
which is responsible for making improvements by criticairaluating the benefit of the outcomes of prior
actions, ancperformance elementvhich is responsible for selecting external actions. Nb# future
actions may not be chosen solely on the basis of expectety,ubilit there may also be exploration of
unknown states to determine their utility.

Perceptions

Senfors

State ———
How the world evolves
Affect of my actions

My state and
world state

World state if |
do action A

l Environment
How happy will

| be?

l
What is my

next action?
¥
Actuators

Utility ————

Actions

Fig. 61: A utility-based agents.

Looking ahead: In future lectures, we will explore two important aspect&\bin computer games. The first is plan-
ning motion to achieve various goals (e.g., pursue the erntlye shortest path) subject to various constraints
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(e.g., avoid obstacles). We will also discuss techniquemfiking decisions.

Lecture 17: Artificial Intelligence for Games: Planning Motion

Sources: Some of the material from today’s lecture comes from the bddksame Programming Wisdom 2" by S.
Rabin and “Planning Algorithms” by S. M. LaValle (Chapts. ideb).

Motion For the next couple of lectures, we will discuss one of theomaiements of the use of Al in games, planning
motion for non-player characters (NPCs). Motion is a rerabhk complex topic, which can range from trivial
(computing a straight-line path between two points in tlanp) to tremendously complex, such as

e planning the coordinated motion of a group of agents who wasmove to a specified location amidst
many obstacles

e planning the motion of an articulated skeletal model thioagight passageway

e planning the motion of a character from one location to agottho is moving in a dense crowd of other
moving people (who have their own destinations)

e planning complex ad hoc motion, like a mountain climber jumgpover boulders or climbing up the side
of walls

Game designers have some advantages in solving these psldance the environment in which the NPCs
move is under the control of the game designers. Nonethdlessechniques that we will present for doing
motion planning are broadly applicable, even though the nayneed to applied in their full generality. (For
example, we can place our obstacles farther apart to maksiérefor characters to fit between them.)

Overview: Given the diverse nature of motion planning problems it isswprising that the suite of techniques is
quite large. We will take the approach of describing a fewegahideas, that can be applied (perhaps with
modifications) across a broad range of problems. Thesevienbe following elements:

Single-object motion:
From objects to points: methods such asonfiguration space® reduce the problem of moving a com-
plex object (or assembly of objects) to one of moving a sipgiat through space space
Discretization: methods such asaypoints roadmaps andnavigation meshe® reduce the problem of
moving a point in space to computing a path in a graph
Shortest paths: practical and efficient algorithms for computing and reprég shortest paths
Multiple-object motion:

Flocking: methods such dsoidsfor planning basic flocking behavior (as with birds and hegdinimals)
and applications to simulating crowd motion

Purposeful crowd motion: technigues such aselocity obstacle$or navigating a single agent from an
initial start point to a desired goal point through an emiment of moving agents

Configuration Spaces: Let us consider the problem of planning the motion of a simgjent among a collection of
obstacles. Since the technique that | will be presentirgparirom the field of robotics, we’ll refer to the agent
henceforth as ebot The environment in which the agent operates is calleddtkspacewhich consists of a
collection of geometric objects, calledstacleswhich the robot must avoid. We assume that the workspace is
static, that is, the obstacles do not move. We also assurmna thaplete geometric description of the workspace
is available to us.

For our purposes, mbot will be modeled by two main elements. The first element is tit®ot's geometric
model, say with respect to its reference pose (e.g., positiat the origin). The second is tenfiguration
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by which we mean a finite sequence of numeric values that plécifies the position of the robot. Combined,
these two elements fully define the robot’s exact shape asitigoo of the robot in space.

For example, suppose that the robot is a 2-dimensional paoltfgat can translate and rotate in the plane. Its ge-
ometric representation might be given as a sequence otesrtielative to its reference position. Let us assume
that this reference pose overlaps the origin. We refer tdattetion of the origin as the robotteference point
The robot’s configuration may be described by its transtatichich we can take to be the, y) coordinates of

its reference point after translation and an artgteat represents the counterclockwise angle of rotatiomiabo
its reference point (see Fig. 62(a)). Thus, the configunaiaiven by a triplez, y, 8). We define the space of
all valid configurations to be the robotenfiguration spaceFor any poinp = (z, y, 0) in this space, we define
R(p) to be the correspondingacemenof the robot in the workspace.

R(1,3,0)
& R(4,2,3oo

Reference pose

Reference pose

(a) (b)

Fig. 62: Configurations of: (a) translating and rotatingaband (b) a translating and rotating robot with a revolute
joints.

A more complex example would be articulated armconsisting of a set of links, connected to one another by a
set ofrevolute joints The configuration of such a robot would consist of a vectgoiot angles (see Fig. 62(b)).
The geometric description would probably consist of a gegdmeepresentation of the links. Given a sequence
of joint angles, the exact shape of the robot could be detiyecbmbining this configuration information with
its geometric description.

Free Space:Because of limitations on the robot’s physical structuret tue obstacles, not every point in configuration
space corresponds to a legal placement of the robot. Sonfigwations may be illegal because:

¢ the joint angle is outside the joint’s operating range (eygu can bend your knee backwards, but not
forwards ...ouch!)

¢ the placement associated with this configuration intessemine obstacle

Such a configuration is calledfarbidden configuration The set of all forbidden configurations is denoted
Crorb(R, S), and all other placements are calliegle configurationsand the set of these configurations is de-
notedCr...(R,.S), or free space These two sets partition configuration space into twomtistiegions. (Note
that the regions do not need to be connected. That is, theydenavo free configurations, but there is no path
between them that lies entirely within the free space.)

C-Obstacles and Paths in Configuration SpaceMotion plannings the following problem: Given a workspasea
robotRR, an initial configuratiors, and a final configuratiot(both points in the robot’s free configuration space),
determine whether it is possible to move the robot from ondigaration by a patfiR(s) — R(t)consisting
entirely of free configurations (see Fig. 63(a)).

Based on the definition of configuration space, it is easyedisat the motion planning problem reduces to the
problem of determining whether there is a path frero ¢ in configuration space (as opposed to the robot’s
workspace) that lies entirely within the robot’s free confiion subspace. Thus, we have reduced the task of
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Fig. 63: Motion planning: (a) workspace with obstacles,dverting obstacles into C-obstacles, and (c) configura-
tion space and C-obstacles.

planning the motion of a robot in its workspace to the probtdrfinding a path for a single point through free
configuration space.

Since these are rather hard to illustrate, let’'s considgtead perhaps the simplest nontrivial case, which is
translating a convex polygonal robot in the plane amidstlieciion of polygonal obstacles. In this cased both
the workspace and configuration space are two dimensioreatl&im that, for each obstacle in the workspace,
there is a correspondingpnfiguration obstacl¢or C-obstacl¢ that corresponds to it in the sense thaRifp)
does not intersect the obstacle in the workspace, jihayes not intersect the corresponding C-obstacle.

In order to see how to define the C-obstacles in this simplepig consider the path traced out by the robot’s
reference point as we “scrape” it along the boundary of tretaathe (see Fig. 63(b)). The associated C-obstacle
is simply the collection of points traced out by this path ¢generally a surface in higher dimensions) (see
Fig. 63(b)). Given the collection of C-obstacles in confagion space, the motion planning problem reduces to
determining whether there existpathfrom s to ¢ that avoids all the C-obstacles. It is easy to prove thatther
exists a valid motion in the workspace if and only if thereséxia path in the free space.

When rotation is involved, this scraping process must ca@nsidt only translation, but all rotations that cause
the robot’s boundary to touch the obstacle’s boundary. (@eeto visualize this is to fix the value éf rotate

the robot by this angle, and then compute the translatioradstacle with the robot rotated at this angle. Then,
stack the resulting C-obstacles on top of one anotheryasies through one complete revolution. The resulting
“twisted column” is the C-obstacle in 3-dimensional spabtiote that because the configuration space encodes
not only translation, but the joint angles as well. Thus, th raconfiguration space generally characterizes both
the translation and the individual joint rotations. (Ttgsnisanely hard to illustrate, so | hope you can visualize
this on your own!)

When dealing with polyhedral robots and polyhedral obstagiedels under translation, the C-obstacles are all
polyhedra as well. However, when revolute joints are ingdivthe boundaries of the C-obstacles are curved
surfaces, which require more effort to process than simplythgedral models. Complex configuration spaces

are not typically used in games, due to the complexity of @ssing them. Game designers often resort to more
ad hoc tricks to avoid this complexity, and the expense ofiaay.

Discretizing Configuration Space: As mentioned above, we can reduce the motion planning proffier a single
moving agent) to the problem of computing a path in the fregigaration space. Unfortunately, computing
such a path for even a single point in space is a nontrividblpro. Typically, we are interested not merely in
the existence of a path, but rather finding a “good” path, elgerodness connotes different things in different
contexts (e.g., shortness, low-energy, natural lookitg) e

There are two common techniques for computing such pathesfifit is based on a sort of physical simulation
of repulsive potential fieldand the second is based graph search algorithmd_et’s consider each of these.
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Potential-Field Navigation: The analogy to understand this approach is to imagine a $iiyoarying terrain with
hills and valleys. Suppose you place a marble on top of ondehtlls of the terrain and let it go. It will
naturally slide down until reaching the lowest point.

How can we base a path finding algorithm on this idea? Supage/our obstacles reside in 2-dimensional
space (see Fig. 64(a)). The idea is to model this as a temd@rdimensional space. The start paintill lie

on top of a hill, the goal point as lying in the bottom of a deep basin, and all the obstackesradeled as
vertical cylinders whose 2-dimensional projections aeedbstacles, but which have steep vertical sides (see
Fig. 64(b)). Think of the obstacles like the plateaus you fintlin the American deserts, where the cross section
of the plateau is the obstacle.

Now, when you start the marble rolling at pointthe force of gravity will naturally draw it down towards the
destinationt. Because the obstacles form high vertical “plateaus”, thebie naturally roll around and avoid
them. With a bit of luck, the marble will eventually roll anodi on this terrain and find its way fromto ¢. By
projecting the resulting path down into the plane, we obtiandesired path (see Fig. 64(c)).

(a) (b) (c)

Fig. 64: Computing paths by potential-field navigation.

More formally, the process is modeled as follows. First, weup a repulsive field around obstacles (and
generally any forbidden regions of the configuration spabkixt, we set up an attractive field centered at the
desired destination point Finally, with the aid of a physics simulator, we let our rtibenarble flow “downhill”
along the line of steepest descent in the resulting potdiid.

How do we do this? If we le¥ (x, y) denote the value of the potential field at any point directiony), then the
direction of steepest descent it given by tradient vectorwhich can be computed from the partial derivatives
of ¥. More formally, the gradient i&¥ ¥ = (0¥ /dz,0¥/dy). Thus, if you define your potential fields to
be differentiable functions, then the gradient is easy tomate at any point. Of course, the gradient changes
from one point to the next. The simulator follows the gratiginection downhill for a short distance. It then
recomputes the gradient at the new point, and keep congnuin

One of the features of potential-field navigation is thathd physics is properly modeled, the movement point
naturally follows a smooth energy-minimizing path. Thasesults in smooth, natural motion.

While potential-field navigation has a certain intuitive ohao it, it has a significant downside, which is shared
by all gradient-descent methods. Namely, it can get studkdal minima of the potential field. Once your
robotic marble roles into a depression surrounding by nainotis obstacles on all sides, it will come to rest
there, without reaching the destination. This suggestsi#ieel for moregglobal solutions, which will discuss
next.

Graph-Based Navigation: The other widely used class of methods are based on firsktidog the configuration
free space into a graph model (with nodes and edges), andfidying any standard shortest path algorithm,
such as Dijkstra’s algorithm or*Asearch to compute the shortest path. (We'll say more abesethlgorithms
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later.) There are many different methods that are used toa@ing this graph. We will consider a few common
ones for the remainder of this lecture.

Waypoints and Road Maps: The simplest approach for generating a navigation grapio, $gatter a large number
of points throughout the configuration free space, calagipoints and then connect nearby waypoints to one
another. The edges of this graph can be labeled with thendistaetween the associated points. The resulting
graph is called aoad map (Note that these are distances in configuration spaceijssis tiot simply Euclidean
distance. For example, you may need to define what is meahtelyistance of rotating a joint through an angle
of 6.) Given the location of the start poinrtand the destination poirit we join these with edges to nearby
waypoints. Finally, we invoke a shortest path algorithme Tésult is a path in configuration space.

How do we construct these waypoints? There is no single pesefenethod. Here are a few ideas:

Placed by the game designerThe game designer has a notion of where it is natural for tineegagents to
move, and so places waypoints along routes that he/she dedmamportant. For example, this would
include points near the entrances and exits of rooms in amomdnvironment or along the streets or
crosswalks in an urban setting. This gives the designer &f loontrol of the motion of the game agents,
and a lot of flexibility to add more points where motion is Highonstrained and fewer where motion is
unconstrained.

In a large environment, however, there may be too many wayp&or a single designer to place. Thus,
we would like something more automated.

Grid: The simplest way to cover a large area is to overlay a squade and generate waypoints along the
vertices of the grid (see Fig. 65(b)). This has the advantdgamplicity, but note that it can result in the
generation of a very large number of grid points, if the gedalution is not properly set.
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Fig. 65: A road map for a set of obstacles (a) based on waypgienerated on: (b) a grid, (c) a quadtree, (d) the
medial axis.

Quadtree: Placing the waypoints at the vertices of a quadtree decoitigpodas the advantage that the res-
olution of the waypoints can be adjusted to fit the tightndghi® environment (see Fig. 65(c)). Narrow
cramped corridors will be decomposed into small regiond,wide open fields into large regions.

Medial-Axis Waypoints: Both grids and quadtrees suffer from the same problems. Téteidithat motion
along the vertices of either structure tends to producesptitat are aligned with the coordinate axes.
Thus, motion along a diagonal corridor will tend to zig-zagtte left and right. Additional steps are
needed to smooth out such paths.

One idea for fixing this is to situate the waypoints so theyegpond to the centers of obstacle-free disks
of maximum size. We say that a circular diBkis maximalif there is no obstacle-free disk of larger radius
that containsD. The union of the centers of all maximal disks naturally defia set of points that runs
along the center of your domain. It is an important objecténmetry, called thenedial axis

By sampling waypoints on or near the medial axis (see Figd®bsagents will naturally move along
the centers of corridors. (Of course, you can add a bit of gangariation, so they merely walk in a
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more natural manner that is not too close to the walls.) Thathod of placing waypoints is best for 2-
dimensional domains (since it is messier to compute the ahedis of higher dimensional configuration
spaces) and where the domain consists mostly of corriderstiructures.

Navigation Meshes: One of the shortcomings of all the aforementioned appraach¢hat they neglect the
essential feature that the free configuration spacerégi@n not a collection of discrete points. If you
are a dynamic setting, and an obstacle is placed on a wayipdin¢ center of a narrow corridor, it may
be impossible to determine how to navigate around the dlestsince there are no alternate waypoints
nearby.

The next idea is based on producing a decomposition of tleedoafiguration space into a collection
of convex regions. Such a decomposition is callegagigation mesh There are many ways to build
road maps based on such meshes. A very popular way is to shdieapath both up and down from
each obstacle vertex. These bullet paths subdivide sp&zeainollection of trapezoid shaped regions
(with parallel vertical sides). The decomposition is chldrapezoidal mapand it can be computed very
efficiently (see Fig. 66(b)).

To generate a road map from a trapezoidal map we create x vertiee center of each trapezoid and a
vertex at the midpoint of each vertical edge. We create egj@iag each center vertex to the vertices on
its (at most four) edges (see Fig. 66(c)).

(a) (b) (c)

Fig. 66: Trapezoidal-map based navigation mesh: (a) thiacles, (b) trapezoidal map, (c) road map with connecting
links to s andt.

v

Now to answer the motion planning problem, we assume we a&endhe start point and destination
point t. We locate the trapezoids containing these two points, antect them to the corresponding
center vertices. We can join them by a straight line segnimstause the cells of the subdivision are
Convex.

Lecture 18: Atrtificial Intelligence for Games: Finding Paths

Sources: Some of the material from today’s lecture comes from the b@gtificial Intelligence for Games” by I.
Millington and J. Funge. The material orf Bearch is derived from D. Nau’s lecture notes.

Recap: In the previous lecture, we discussed a technique for redubie motion of an general object amidst a set of
obstacles to the motion of a single point (in configuratioacs) among a collection configuration-obstacles, or
C-obstacles. Since computing paths in a general geometn@ih is difficult, we also presented technique for
mapping the problem into one involving graphs. This invdigampling points from the free space (calealy-
point9 and judiciously connecting nearby waypoints to form a grdpllowing this, techniques for computing
shortest paths in graphs can be applied or adapted. Todayillgéscuss some of these algorithms and how to
adapt them to the context of computing shortest paths inhgrap
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Computing Shortest Paths: The problem of computing shortest paths in graphs is very stetlied. Recall that a
directed graph(or digraph) G = (V, E) is a finite set ofnodes(or verticeg V' and a set of ordered pairs of
nodes, calle@dgesF (see Fig. 67(a)). Ifu,v) is an edge, we say thatis adjacentto « (or alternately, that
is aneighborof »). In most geometric settings, graphs argirected since if you get from. to v, you can get
from v to u. It is often convenient to use a directed graph represemtatiowever, since it allows you to model
the fact that travel in one direction (say up hill) may be mexpensive than travel in the reversed direction.

(a) (b)

Fig. 67: A directed graph.

In the context of shortest paths, we assume that each(edggis associated with a numeneeight w(u, v).
A pathin G is any sequence of nodés, . . ., u;) such thatu,_1,u;) is an edge ofs. Thecostof a path is
the sum of the weights of these ed@i1 w(u;—1,u;). Theshortest path problens, given a directed graph
with weighted edges, and giverstart nodes anddestination node, compute a path of minimum cost from
to ¢ (see Fig. 67(b)). Let us denote the shortest path cost frto in G by (s, t).

In earlier courses, you have no doubt seen examples of #dlgmifor computing shortest paths. Here are some
of the best-known.

Breadth-First Search (BFS): This algorithm is among the fastest algorithms for compushortest paths, but
it works under the restrictive assumption that all the edwmse equal weight (which, without loss of
generality, we may assume to be The search starts af and then visits all the nodes that are connected
to s by a single edge. It labels all of these nodes as being andistafrom s. It then visits each of these
nodes one by one and visits all of their neighbors, provided they have not already been visited. It
labels each of these as being at distaddeom s. Once all the nodes at distantéave been visited, it
then processes all the nodes at distahy@nd so on. The nodes that are waiting to be visited are placed
afirst-in, first-out queuelf G hasn nodes andn edges, then BFS runs in tind&n + m).

Dijkstra’s Algorithm: Because BFS operates under the assumption that the edggistsvaie all equal, it
cannot be applied to general weighted digraphs. Dijkstakgsrithm is such an algorithm. It makes the
(not unreasonable) assumption that all the edge weightsameegativé. Dijkstra’s algorithm operates
in a greedy manner. It associates each nodéth a distance estimaté[u], which in general is an upper
bound on the distance fromto u. We maintain the nodes in two classes, those thatiavésited(that
is, waiting to be processed, or sometimes calipdr) and those that have besisited (that is, already
processed, or sometimes calleldsed. At each step, Dijkstra’s algorithm selects the unvisitedie v
that has the lowest distance estimate. For each neighbbt, we update its distance estimate by setting
d[v] = min(d[v], d[u] + w(u,v)). This process is calleetlaxation
For the sake of efficiency, the unvisited nodes are storedgricaity queue which is sorted by the-
values. If the priority queue is implemented efficientlyy,sasing a heap data structure, then Dijkstra’s
algorithm runs inO(m log n) time 3

4Negative edge weights do not typically arise in geometridexts, and so we will not worry about them. They can arise irio#pplications.
For example, in financial applications, an edge may model agctios where money can be made or lost. In such contexts, veeighy be positive
or negative. When computing shortest paths, however, it eng¢is$ that the graph have no cycles whose total cost is ivegddr otherwise the
shortest path is undefined.

51f the priority queue is implemented using a much fancier datacsire, called a Fibonacci heap, the running time is evetehe?(m +
nlogn).
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Bellman-Ford Algorithm: Since Dijkstra’s algorithm fails if the graph has negatidge weights, there may
be a need for a more general algorithm. The Bellman-Fordrigthgo generalizes Dijkstra’s algorithm by
being able to handle graphs with negative edge weightsirasguthere are no negative cost cycles. It runs
in time O(nm).

Floyd-Warshall Algorithm:  All the algorithms mentioned above actually can be used lieesomore general
problem, namely thaingle-source shortest path problenfhe reason is that if you run each algorithm
until every node in the graph has been visited, it computestiortest path frora to every other node.

It is often useful in games to compute the shortest pathsdmtall pairs of nodes, and store them in a
table for efficient access. While it would be possible to de thi invoking Dijkstra’s algorithm for every
possible source node, an even simpler algorithm is the Flggcshall algorithm. It runs in imé@(n?).

Note that the output size of Floyd-Warshall@¥n?). This may be unacceptably large. When used in
games, all-pairs shortest paths are usually computed irrarihical context. For example, the envi-
ronment can be broken up into regionsneighborhoods Each neighborhood is associated with a small
number ofrepresentative waypoinis your graph. Then shortest paths are computed betweemiadl p
of these representatives. To compute a shortest path beawvearbitrary pair of points, you can find the
closest representatives to the source and destinationsiamly look up the shortest path between the
representatives. This described a two-tiered hieraraltypbcourse you could extend this to any number
of layers.

Other Issues: There are a number of other issues that arise in the contextnoputing shortest paths.

Storing Paths: How are shortest paths represented efficiently? The sitmpiegis through the use of jgre-
decessor pointer In particular, each node (other than the source) storesrdepdo the node that lies
immediately before it on the shortest path frenfor example, if the sequen¢e uy, . . ., uy) is a short-
est path, then préd;) = wug_1, predug—1) = ug—_2, and so on (see Fig. 68(a)). By following the
predecessor pointer back4pwe can construct the shortest path, but in reverse (se€&ig)). Since this
involves only a constant amount of information per nodes thpresentation is quite efficient.

Fig. 68: Storing/reconstructing the shortest path.

By the way, in the context of the all-pairs problem (Floyd+é¥all, for example) for each pair of nodes
u andv, we maintain a two-dimensional arrd{u, v], which stores either null (meaning that the shortest
path fromu to v is just the edgéu, v) itself), or a pointer tanynode along the shortest path franto v.

For example, ifP[u, v] = z, then to chart the path fromato v, we (recursively) compute the path fram

to x, and the path from to v, and then we concatenate these two paths.

Single Destination: In some contexts, it is desirable to computesanape routgthat is, the shortest path from
every node to some common destination. This can easily bewsthby reversing all the edges of the
graph, and then running a shortest path algorithm. (Thisthasice feature that the predecessor links
provide the escape route.)

Closest Facility: Suppose that you have a set of special locations, ctlgtities, { f1, ..., fx}. For example,
these might represent safe zones, where an agent can gohe avént of danger. When an alarm is
sounded, every agent needs to move to its closest facility.c# view this as a generalization of the
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single destination problem, but now there are multipleidaibns, and we want to compute a path to the
closest one.

How would we solve this? Well, you could apply any algorithon the single-destination problem repeat-
edly for each of your facilities. If the number of facilitiéslarge, this can take some time. A more clever
strategy is to reduce the problem teingle instancef an equivalent single destination problem. In partic-
ular, create a new node, called thgper destinationConnect all your facilities to the super destination by
edges of cost zero (see Fig. 69(a)). Then apply the singtendéen algorithm to this instance. It is easy

to see that the resulting predecessor links will point indinection of the closest facility (see Fig. 69(b)).

Note that this only requiresneinvocation of a shortest path algorithm, riot

super facility

0. A 0

Fig. 69: Using shortest paths to compute the closest facilit

Of course, this idea can be applied to the case of multiplecgopoints, where the goal is to find the
shortest path from any of these sources.

Informed Search: BFS and Dijkstra have the property that nodes are processadreasing order of distance from
the source. This implies that if we are interested in conmgutist the shortest path frogto ¢, we can terminate
either algorithm as soon afas been visited. Of course, in the worst casaight be the last node to be visited.
Often, shortest paths are computed to destinations thaekté/ely near the source. In such cases, it is useful
to terminate the search as soon as possible. If we are s@\sirgyle-source, single-destination problem, then it
is in our interest to visit as few nodes as possible. Can weetteithan BFS and Dijkstra? The answer is yes,
and the approach is to use an algorithm based on informedhsear

To understand why we might expect to do better, imagine thatare writing a program to compute shortest
paths on campus. Suppose that a request comes to computeottess path from the Computer Science
Building to the Art Building. The shortest path to the Art Rling is 700 meters long. If you were to run an
algorithm like Dijkstra, it would visit every node of yourmgus road map that lies within distance 700 meters
of Computer Science before visiting the Art Building (seg.Fi0(a)). But, you know that the Art Building lies
roughly to the west of Computer Science. Why waste time nigiti location that is 695 meters to east, since it
is very unlikely to help you get to the Art Building. Dijkstsaalgorithm is said to be anniformedalgorithm,

but it makes use of no external information, such as the fadtthe shortest path to a building to the west is
more likely to travel towards the west, than the east. So, temwve exploit this information?

Information of the type described above is sometimes calleeuristic It can be thought of as an “educated
guess.” Aninformed search algorithnis one that employs heuristic information to speed up thecheaAn
example in our case would be using geometric informationrextthe search to the destination (see Fig. 70(b)).
If your heuristics are good, then they can be of significanifie Ideally, of course, even if your heuristics are
bad, you still want a correct answer (although it might tak&gler to compute it). To develop this idea further,
lets begin by presenting a simple implementation of Dig'stalgorithm. (See the code block below.) Vertices
are in one of three possible statesidiscoveredqnot yet seen)discoveredseen but not yet processed), and
finished(processed). When a nodehas been processed, its associate@lue should equal the actual cost of
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Uniformed search Informed search

Fig. 70: Search algorithms where colors indicate the omerich nodes are visited by the algorithms: (a) uniformed
search (such as Dijkstra) and (b) informed search (suclas A

the shortest path fromto v, that isd[u] = d(s, «). Thus, whert has been reached|t] is the desired cost. (For
simplicity, we ignore storing predecessor links, but tisanm easy addition.)

Dijkstra’s Algorithm

Dijkstra(G, s, t) {
for (each node u) { /' initialize
d[u] = +infinity; mark u as undiscovered

}
d[s] = 0; mark s as discovered /I distance to source is 0
repeat forever { /I go until finding t
let u be the discovered node that minimizes d[u]
if (u == 1) return d[t] /I arrived at the destination
else {
for (each unfinished node v adjacent to u) {
d[v] = min(d[v], dlu] + w(u,v)) // update d[v]
mark v as discovered
}
mark u as finished /I we're done with u
}

Best-First Search: What sort of heuristic information could we make use of todreittform the choice of which
vertex u to process next? We want to visit the vertex that we think witist likely lead us ta quickly.
Assuming that we know the spatial coordinates of all the saafeour graph, one idea for a heuristic is the
Euclidean distance from the nodeto the destinatiorn. Given two nodes: andv, let dist{u,v) denote the
Euclidean (straight-line) distance betwegmandwv. Euclidean distance disregards obstacles, but intuivel
a node is closer to the destination in Euclidean distands likely to be closer in graph distance. Define the
heuristic functiom(u) = dist(u, t). Greedily selecting the node that minimizes the heuristicfion is called
best-first search Do not confuse this with breadth-first search, even though theyestiee same three-letter
acronym. (See the code block below, as an example.)

Unfortunately, when obstacles are present it is easy to egnvath examples where best-first search can return
an incorrect answer. By using the Euclidean distance, itoeadeceived into wandering into dead-ends, which
it must eventually backtrack out of. (Note that once the alm visits a vertex, itsl-value is fixed and never
changes.)

A* Search: Since best-first search does not work, is there some way tbeuséstic information to produce a correct
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Best-First Search

BestFirst(G, s, t) {
for (each node u) { /I initialize
d[u] = +infinity; mark u as undiscovered

}
d[s] = 0; mark s as discovered /I distance to source is 0
repeat forever { /I go until finding t
let u be the discovered node that minimizes dist(u,t)
if (u==1) return d[t] /I arrived at the destination
else {
for (each unfinished node v adjacent to u) {
dlv] = min(d[v], d[u] + w(u,v)) // update d[v]
mark v as discovered
}
mark u as finished /I we’re done with u
}

search algorithm? The answer is yes, but the trick is to beerol@ver in how we use the heuristic function.
Rather than just using the heuristic functibf:) = dist(u, t) alone to select the next node to process, let us
use bothd[u] andh(w). In particular,d[u] represents an estimate on the cost of getting fscimu, andh(u)
represents an estimate on the cost of getting fuaim¢. So, how about if we take their sum? Define

f(u) = dlu] + h(u) = du] + dist(u, t).
We will select nodes to be processed based on the valy&wf This leads to our third algorithm, called
A-search (See the code block below.)

A-Star Search

A-Star(G, s, t) {

for (each node u) { /I initialize
d[u] = +infinity; mark u as undiscovered
}
dls] = 0; mark s as discovered /I distance to source is 0
repeat forever { /I go until finding t
let u be the discovered node that minimizes d[u] + dist(u,t)
if (u==1t) return d[t] /I arrived at the destination
else {

for (each unfinished node v adjacent to u) {
dlv] = min(d[v], d[u] + w(u,v)) // update d[v]
mark v as discovered

}

mark u as finished /I we're done with u

While this might appear to be little more than a “tweak” of bfasdt search, this small change is exactly what
we desire. In general, there are two properties that thasteuiunction(w) must satisfy in order for the above
algorithm to work.

Admissibility: The functioni(u) never overestimatele graph distance fromto ¢, that ish(u) < §(u,t). It
is easy to see that this is true, sinffe;, t) must take into account obstacles, and so can never be smaller
than the straight-line distanédv) = dist(u, t). A heuristic function is said to badmissibléf this is the
case.
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Consistency: A second property that is desirable (for the sake of effigigstates that, for any two nodes
andu”, we haveh(u') < §(u/,u”) + h(u”). Intuitively, this says that the heuristic cost of gettingri
u' to the destination cannot be larger than the graph cost f#famu” followed by the heuristic cost from
u” to the destination. Such a heuristic is said tocbesistenior monotonig. This can be viewed as a
generalization of th&iangle inequalityfrom geometry (which states that the sum of two sides of agia
cannot be smaller than the other side). Consistency folfowsur heuristic from the triangle inequality:

h(u') = distv/,t) < dist(v/,u”) + dist(v”’,t)  (by the triangle inequality)
< 5, u”) +dist(u” t) = §(u’,u") + h(u").

It turns out that admissibility alone is sufficient to showatt&* search is correct, but like a graph with negative
edge weights, the search algorithm is not necessarily&ficbecause we might declare a node to be “finished,”
but later we will discover a path of lower cost to this vertard will have to move it back to the “discovered”
status. (This is similar to what happens in the Bellman-Rdgdrithm). However, if both properties are satisfied,
A* runs in essentially the same time as Dijkstra’s algorithnthie worst case, and may actually run faster.
The key to the efficiency of the search algorithm is that alang shortest path from to ¢, the f-values are
nondecreasing. To see why, consider two nadeendw” along the shortest path, whekéappears before”.
Then we have

dlu']+h(u") = f(u').

Although we will not prove this formally, this is exactly tlendition used in proving the correctness of Dijk-
stra’s algorithm, and so it follows as a corollary thati# also correct. It is interesting to note, by the way, that
Dijkstra’s algorithm is just a special case of,Avhereh(u) = 0. Clearly, this is an admissible heuristic (just
not a very interesting one).

Y

Examples: Let us consider the execution of each of these algorithmscomemon example. The input graph is shown
in Fig. 71. For Best-First and*Ave need to define the heuristi¢u). To save us from dealing with square roots,
we will use a different notion of geometric distance. Defime, (or Manhattan) distance between two points
to be the sum of the absolute values of the difference oftardy coordinates. For example, in the figure the
L, distance between nodgsandt is dist (f,t) = 3 + 6 = 9. For both best-first and*Adefine the heuristic
value for each node to be L; distance fromu to ¢. For exampleh(f) = 9. (For this graph it is easy to verify
thath(-) is an admissible heuristic.)

start |

- d

Fig. 71: The grapltz used in the sample runs.

Dijkstra’s Algorithm: The table below provides a trace of Dijkstra’s algorithmclgable entry indicates the
d-values associated with each node. At each stage (each b tEble), the node with the lowestalue
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is selected next for processing. To indicate that a nodeiihl, we give itsl-value as “~" since it will
not change again.

Dijkstra’s Algorithm — Each entry ig[u]

Stage| d[s] | dla] | d[b] | d[c] | d[d] | dle] | d[f] | dlg] | d[h] | d[t]
Init 0 0 00 0 0 00 o0 00 o0 00
1:s - 8 %) 2 3 o0 00 o0 00 %)
2:c - 8 4 - 3 00 00 00 00 o0
3:d - 8 4 - - 5 6 00 o0 o0
4:b - 6 - - - 5 6 00 o0 00
5.e - 6 - - - - 6 7 00 %)
6:a - - - - - - 6 7 00 %)
7. f |- - - - - - - 7 10 o0
8.¢g - - - - - - - - 10 15
9h |- - - - - - - - - 15
10:¢t | — - - - - — — - - -

Final | O 6 4 2 3 5 6 7 10 15

Best-First Search: The table below shows the trace of best-first search. Eachamnitains the valué[u]/h(u).
(The h(u)-values are only shown for the discovered nodes.) At eagjedtse discovered node with the
smallesth-value is chosen for processing. As above, to indicate thatia is finished, we give itévalue
as “—" since it will not change again.

Best-First Search — Each entrydp:]/h(u)

Stage| d[s] | dla] | d[b] | dlc|] | d[d] | dle] | d[f] | dg] | d[h] | d[t]
h(u) | 15 13 15 17 12 10 9 8 5 0
Init 0/15 | 00 0 00 00 00 0 00 00
1:s - 8/13 | 2/17 | 3/12 | 0 0 s 00
2:d | - 8/13 | — 2/17 | — 5/10 | 6/9 | 00 00
3 f |- 8/13 | 4/15| 2/17 | — 5/10 | — 00 10/5 | oo
4: h | - 8/13 | 4/15| 2/17 | — 5/10 | — 13/8 | — 00
5.9 |- 8/13 | 4/15| 2/17 | — 5/10 | — - - 21/0
6:t - 8/13 | 4/15| 2/17 | — 5/10 | - - - -
Final | O 8 4 2 3 5 6 13 10 21

Not that Best-first determines thdlt] = 21, which is incorrect (it should be 15).

A* search: The table below shows the trace df search. Each entry contains the vadlle]/ f (u). (The f(u)-
values are only shown for the discovered nodes.) At eacle dtagydiscovered node with the smallest
f-value is chosen for processing. As above, to indicate timatde is finished, we give it¢-value as “—"
since it will not change again.

A* Search — Each entry Eu]/ f (u)

Stage| dls] | dla] | db] | dic] | did] | die] [ diy] [ dig] | dih] | dm
h(u) | 15 13 15 | 17 12 10 9 8 5 0

Init 0/15 | 00 0 00 00 0 00 0 00
1:s - 8/21 | oo 2/19 | 3/13 | o 00 o0 0 o0
2:d - 8/21 | oo 2/19 | - 5/15 | 6/15 | oo 00 00
e - 8/21 | oo 2/19 | — - - 7/15 | — 00

4. g - 8/21| o0 | 2/19| - - - - - 15/15
5:¢ - 8/21| o0 | 2/19| — - - - - -
Final | O 8 00 2 3 5 6 13 10 21
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Note that the algorithm computes the correct result, betrininates after 5 stages, not 10 as was the case
for Dijkstra’s algorithm.

A* with inadmissible heuristic: The table below shows the trace of Aearch using the heuristic (u) =
10 - dist; (u, t), which is not admissible for this input. Each entry contaims valued[u]/f(u). (The
f(u)-values are only shown for the discovered nodes. At eacle stegdiscovered node with the smallest
f-value is chosen for processing. As above, to indicate timatde is finished, we give it$-value as “-”
since it will not change again.

A* Search — Each entry u]/f(u)

Stage| d[s] | dla] |db] |dlc |d[d |dle] |d[f] |dgl |dh] |d[t]
h(uw) | 150 130 150 170 120 100 90 80 50 0
Init 0/150 | oo 0 00 0 0 00 00 00 0
1:s - 8/138 | oo 2/172 | 3/123 | 00 0 00 0
2:d - 8/138 | — 2/172 | - 5/105| 6/96 | oo 00 00
3f |- 8/138 | 4/154 | 2/172 | — 5/105 | — 00 10/60 | oo
4:h | — 8/138 | 4/154 | 2/172 | — 5/105 | — 13/83 | — 00
5.9 - 8/138 | 4/154 | 2/172 | — 5/105 | — - - 21/21
6:¢ - 8/138 | 4/154 | 2/172 | — 5/105 | — - - -
Final | O 8 4 2 3 5 6 13 10 21

Observe that this heuristic boosts thealues so high that they dominate when computingfthalues.

As a result, the algorithm effectively determines which eedo process based on thevalues alone,
and so the algorithm behaves in essentially the same maarnmrsafirst search, and computes the same
incorrect result.

Lecture 19: Artificial Intelligence for Games: Multiple Agent Motion

Sources:Today’s material is drawn from a variety of sources. Soméefrhaterial on particle systems is drawn from
lecture notes by Alex Benton from the University of Cambedamd the classic paper “Particle Systems: A Technique
for Modeling a Class of Fuzzy Objects,” by W. T. ReevA§M Transactions on Graphic®, 1983, 91-108. The
material on flocking is based in part on C. W. Reynolds, “F&dderds, and Schools: A Distributed Behavioral
Model,” Computer Graphics21, 25-34, 1987. The material on reciprocal velocity atistais taken from J. van den
Berg, S. Guy, M. C. Lin, D. Manocha, “Reciprocaibody Collision Avoidance,Proc. Int. Symposium of Robotics
Researci{ISRR), 2009.

Recap: In the previous lectures, we have discussed techniquesfopating the motion of a single agent. Today
we will discuss techniques for planning and coordinatirgyriotion of multiple agents. In particular, we will
discuss three aspects of this problem:

Particle systems: Modeling (unintelligent) motion for a collection of object
Flocking behavior: Where all agents are moving as a unit

Crowd behavior: Where a number of agents, each with their own desired destmaire to move without
colliding with each other.

Particle Systems: A particle systenis a technique that uses a large number of small graphidtdas, calledoarti-
cles to create a large-scale, typically “fuzzy,” visual effeekamples of applications of particle systems include
many amorphous natural phenomena such as fire, smoke, alatats, and explosions. In these examples par-
ticles are born and die dynamically, but there are also mtgiaf particle systems where particles are persistent.
These are used to produce static phenomena such as galafstsngy” phenomena such as hair, grass, and
other plants.
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A fundamental principle that underlies particle systentbas our brains tend to cluster an aggregation of similar
objects into the impression of a single impression. Thusptlany individual water drops that cascade down a
flowing fountain are perceived as a flowing stream of watez [5g. 72).

Fig. 72: A particle system simulating the flow of a liquid.

Note that particle systems do not really belong in this lecten artificial intelligence, since their behavior is
based solely on physical laws, and not on any model of igtaiti behavior. Nonetheless, we have decided to
discuss them here because they do represent a common teelimiggenerating interesting patterns of move-
ment in games and other applications of interactive commmrtgphics.

Particle systems are almost as old as computer games thesselhe very earliest 2-dimensional games,
such asSpacewar!andAsteroidssimulated explosions through the use of a particle systeme. ppbwer of the
technique, along the term “particle system,” came aboutia of the special effects in the second Star Trek
movie, where a particle system was used to simulate a firagjprg across the surface of a planet (gemesis
effec).

How Particle Systems Work: One of the appeals of particle systems is that they are egtyesimple to implement,
and they are very flexible. Particles are created, live andenaccording to simple rules, and then die. The
process that generates new particles is calleghaitier. For each frame that is rendered, the following sequence
of steps is performed:

Emission: New particles are generated and added to the system. Thgreemaultiple sources of emission
(and particles themselves can serve as emitters).

Attributes: Each new particle is assigned its (initial) individual peojes that affect how the particle moves
over time and is rendered. These may change over time andimithe following:

Geometric attributes: initial position and velocity
Graphics attributes: shape, size, color, transparency
Dynamic attributes: lifetime, influence due to forces such as gravity and frictio
Death: Any particles that have exceeded their prescribed lifetineeremoved from the system.

Movement: Particles are moved and transformed according to theirrdimattributes, such as gravity, wind,
and the density of nearby particles.

Rendering: An image of the surviving particles is rendered. Partickestgpically rendered as a small blob.

In order to create a natural look, the process of emittinggas and the assignment of their attributes is handled
in the probabilistic manner, where properties such as ttetilon and velocity of particles being determined by
a random number generator.

Particle system can be programmed to execute any set ofigtistns at each step, but usually the dynamic
properties of particles are very simple, and do not reaatynceamplex manner to the presence of other particles
in the system. Because the approach is procedural, it cango@ate any computational model that describes
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the appearance or dynamics of the object. For example, thiemsaand transformations of particles could be
tied to the solution of a system of partial differential etjoias. In this manner, particles can be used to simulate
physical fluid phenomena such as water, smoke, and clouds.

Updating Particles in Time: There are two common ways to update particles over time.

Closed-form function: Every patrticle is represented byarametric functiorof time (and coefficients that are
given by the particle’s initial motion attributes. For exalm given the patrticle’s initial positiopy, its
initial velocity vectorvy, and some fixed field force (representing, for example, the affect of gravity) the
position of the particle at timecan be expressed in closed form as:

1
p(t) = po+ vot + 59152-

(If you have ever taken a course in physics, this formula kélifamiliar to you. If not, don’t worry how

it was derived. It is a simple consequence of Newton’s basie lof motion.) On the positive side, this

approach requires no storage of the evolving state of thtecfggjust its initial state and the elapsed time.
On the negative side, this approach is very limited, and doeallow particles to respond to each other or
their environment.

Discrete integration: In this type of system, each particle stores in curgmtsical state This state consists
of the particle’scurrent position which is given by a poinp, its current velocity which is given by a
vectorv, and itscurrent accelerationwhich is given by a vectosi. (Acceleration should be thought of
as the accumulated effect of all the forces acting on theghartFor example, gravity tends to decrease
the vertical component of the velocity and air resistanoe$ego decrease the particle’s absolute velocity,
without altering its direction.) We can then update theestaer a small time interval\t (for example, the
elapsed time between two consecutive frames). By the basi 6f kinematics (which we may discuss
later this semester):

vV = v+a- At and p = p+ov-AtL

wherep’ andv’ denote the particle’s new position and velocity, respetfiv (Depending on your im-

plementation, you may also need to update the forces actirtheparticle and update acceleration as

well.)

Flocking Behavior: Next, let us consider the motion of a slightly smarter vgrietamelyflocking We refer to
flocking behavior in the generic sense as any motion arisihgma group of agents adopt a decentralized
motion strategy designed to hold the group together. Sublawer is exemplified by the motion of groups
animals, such as birds, fish, insects, and other types oirfieashimals (see Fig. 73).

In contrast to full crowd simulation, where each agent mayehigs own agenda, in flocking it is assumed
that the agents afgomogeneoyghat is, they are all applying essentially the same motiotate algorithm.

The only thing that distinguishes one agent from the nexhésrtposition relative to the other agents in the
system. It is quite remarkable that the complex formatiarséd by flocking birds or schooling behavior
in fish can arise in a system in which each creature is follgwWjpresumably) a very simple algorithm. The
apparently spontaneous generation of complex behaviortie simple actions of a large collection of dynamic
entities is calle&mergent behaviolWhile the techniques that implement flocking behavior domadlve very

sophisticated models of intelligence, variants of thishndtcan be applied to simple forms of crowd motion in
games, such as a crowd of people milling around in a largeaneedestrians strolling up and down a sidewalk.

Boids: One of the earliest models and perhaps the best-known moddotking behavior was given by C. W.
Reynolds from 1986 with his work on “boids.” (The term is ateimtional misspelling of “bird.”) In this system,
each agent (dooid) determines its motion based on a combination of four sirmydkss:

Separation: Each boid wishes to avoid collisions with other nearby boidsachieve this, each boid generates
arepulsive potential fieldvhose radius of influence extends to its immediate neighdmath Whenever
another boid gets too close, the force from this field willdém push them apart.
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Fig. 73: An example of complex emergent behavior in flocking.

Separation Alignment Avoidance Cohesion

Fig. 74: Forces that control flocking behavior.
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Alignment: Each boid’s direction of flight is aligned with nearby boid$ws, local clusters of boids will tend
to point in the same direction and hence will tend to fly in tAme direction.

Avoidance: Each boid will avoid colliding with fixed obstacles in the see At a simplest level, we might
imagine that each fixed obstacle generates a repulsiveti@itiéeid. As a boid approaches the object, this
repulsive field will tend to cause the boid to deflect its flighth, thus avoiding a collision. Avoidance can
also be applied to predators, which may attack the flock.a@tlieen theorized that the darting behavior of
fish in a school away from a shark has evolved through natetatton, since the sudden chaotic motion
of many fish can confuse the predator.)

Cohesion: Effects such as avoidance can cause the flock to break uprrates subflocks. To simulate the
flocks tendency to regroup, there is a force that tends to deasla boid towards the center of mass of the
flock. (In accurate simulations of flocking motion, a boid watknow exactly where the center of mass is.
In general the center of attraction will be some point thattibid perceives being the center of the flock.)

Boid Implementation: Next let us consider how to implement such a system. We applgame discrete integration
approach as we did used for particle systems. In partiowkaassume that each boid is associated with a state
vector (p, v) consisting of its current positiop and current velocity. (We assume that the boid is facing in
the same direction as it is flying, but, if not, a vector ddsiog the boid’s angular orientation can also be added
to the state.) We think of the above rules as imposing forwbgg;h together act to set the boid’s acceleration.
Given this acceleration vectarcaused by the boid forces, we apply the same update wilesp + o - At and
p' = p+ v - At, to obtain the new positiop and new velocity vector’.

How are these forces computed? First observe that, for tteeafeefficiency, you do not want the behavior of
each boid to depend on the individual behaviors ofithe 1 boids, since this would be way to costly, taking
O(n?) time for each iteration. Instead, the system maintains tieststored in @patial data structuresuch as

a grid or quadtree, which allows each boid to efficiently detee the boids that are near to it. Rules such as
separation, avoidance, alignment can be based on a smabanwahnearest neighbor boids. Cohesion requires
knowledge of the center of the flock, but this can be computeg @t the start of each cycle@(n) time.

Since these are not really natural forces, but rather hegithat are used to guiding motion, it is not essential
to determine what the laws of kinetics would do. Rather, gath naturally induces a directional influence.
(For example, the force of avoidance is directed away froenatfiticipated point of impact while the force for
alignment is in the average direction that nearby boids aceng.) Also, each rule can be associated with a
strength whose magnitude depends, either directly or $elgron the distance from the point of interest. (For
example, avoidance forces are very strong near the obdtatctirop off rapidly. In contrast, the cohesive force
tends to increase slowly as the distance from the centeral ff@reases.) Thus, given a unit vectopointing

in the induced direction and the strengtgiven as a scalar, we can compute the updated acceleratitor as

a = c- s-u, wherecis a “fudge factor” that can be adjusted by the user that id tsenodel other unspecified
physical quantities such as the boid’s mass.

One issue that arises with this or any dynamical system istb@woid undesirable (meaning unnatural looking)
motion, such as collisions, oscillations, and unrealdiychigh accelerations. Here are two approaches:

Prioritize and truncate: Assume that there is a fixed maximum magnitude for the act@ervector (based
on how fast a boid can change its velocity based on what saahhal is being modeled). Sort the
rules in priority order. (For example, predator/obstasleidance is typically very high, flock cohesion
is low.) The initial acceleration vector is the zero vectorening that the boid will simply maintain its
current velocity). As each rule is evaluated, compute tlse@ated acceleration vector and add it to the
current acceleration vector. If the length of the accelenatector ever exceeds the maximum allowed
acceleration, then stop and return the current vector.

Weight and clamp: Assign numeric weights to the various rule-induced acegiems. (Again, avoidance is
usually high and cohesion is usually low.) Take the weiglst@th of these accelerations. If the length of
the resulting acceleration vector exceeds the maximunwatlacceleration, then scale it down
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The first method has the virtue that, subject to the congtairthe maximum acceleration, it processes the
most urgent rules first. The second has the virtue that evdeyhias some influence on the final outcome. Of
course, since this is just a heuristic approach, the degelypically decides what sort of approach yields the
most realistic results.

Crowd Simulation: The last, and most interesting, type of motion simulatiothe of crowds of agents. Unlike
flocking systems, in which it is assumed that the agents leehamogeneously, in a crowd it is assumed that
every agent has its own agenda to pursue (see Fig. 75). Fompéxawe might imagine a group of students
walking through a crowded campus on their way to their neass#s. Since such agents are acting within a
social system, however, it is assumed that they will tendeioale in a manner that is consistent with social
conventions. (I don’'t want you to bump into me, and so | wilt eca manner to avoid bumping into you as
well.)

Fig. 75: Crowd simulation.

Crowd simulation is actually a very broad area of study, ir@enfrom work in game programming and computer
graphics, artificial intelligence, social psychology, ambdan architecture (e.g., planning evacuation routes). In
order to operate in the context of a computer game, such ersysteds to be decentralized, where each member
of the crowd determines its own action based on the perceieddns of other nearby agents. The problem
with applying a simple boid-like flocking behavior is thathereas flocking rules such as alignment naturally
produce systems that avoid collisions between agents,itbesd agendas of agents in crowds naturally brings
them directly into collisions with other agents (as in pedass traversing a crosswalk from both sides). In
order to produce more realistic motion, the agents shouidipate where nearby agents are moving, and then
plan their future motion accordingly.

In order to plan such motions, we will next introduce the haodncept of a velocity obstacles and reciprocal
velocity obstacles.

Velocity Obstacles: Suppose that an agemis moving in a crowded environment where many other ageetsilap
moving. We assume that can perceive the motions of nearby agents and generate estighates on their
velocities. Agent: is also interested in traveling to some destination, andgt@n our path finding algorithm)
we assume that has apreferred velocityv, which it would assume if there were no other agents to censid

For the sake of simplicity, we will model agents as circulakd translating in the plane. Consider two such
agentsga andb, of radii r, andr, and currently positioned at pointg andpy, respectively (see Fig. 76(a)). If
we assume that agemimoves at velocity,,, then at time it will have moved a distance of v, from its initial
position, implying that it will be located at, + ¢ - v,. We will refer to this ap, (t).

For now, let's assume that objécis not moving, that isp, (¢t) = p;, for all t. Let's consider the question of how
to select a velocity for that avoids hitting any time in the future. Two disks intersect if the distanceveen
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B(pb — Pa;Ta + Tb)

B (pb_Pa 7'a+"'ll>
T T

Fig. 76: Velocity obstacle fosi induced byb (assuming is stationary).

their centers ever falls below the sum of their radii. Morarally, let |u|| denote the Euclidean length of a
vectoru. Then||p,(t) — ps(t)]| is the distance between andp, at timet (that is, the length of the vector from
btoa). Thus, the two agents collide|jp,(t) — ps(t)|| < ro + 7. By substituting in the definitions of, (¢) and
o (t), we find that a velocity, will result in a collision some time in the future if there std at > 0, such that

|(Pa +t-va) = pol < 74+ 75 (1)

We would like to express the velocitieg that satisfy the above criterion as lying within a certaiartfidden
region” of space. To do this, defirie(p, r) to be the open Euclidean ball of radiusentered at point. That is

B(p,r) = {q:llg—pll <r}.
We can rewrite Eqg. (1) as

Ht * Vg — (Pb _pa)H < Tq+To,
which is equivalent to saying that v,’s distance from the point, — p, is less than-, + r;,, or equivalently,
the (parametrized) vector v, lies within a ball of radius-, + r;, centered at the point, — p,. Thus, we can
rewrite Eq. (1) as

t- Vg € B(Pb —PasTa + 7'b)v

As t varies from0 to +oc, the vector - v, travels along a ray that starts at the origin and travelsérditection

of v,. Therefore, the set of forbidden velocities are those thatithin a cone that is centered at the origin and
encloses the balB(p, — pa, 7 + 75).

We define thevelocity obstaclef a induced byb, denoted VQ, to be the set of velocities af that will result
in a collision with the stationary objeét
VOup = {v:3t>0,t-v € B(py — Pa,Ta +70)}-

(See Fig. 76(b).)

One problem with the velocity object is that it considersetigoing all the way to infinity. In a dynamic setting,
we cannot predict the motion of objects very far into the fatuSo, it makes sense to truncate the velocity
obstacle so that it only involves a limited time window. Givetime valuer > 0, what the set of velocities that
will result in agentz colliding with agent at any timet, where0 < ¢ < 7 is thetruncated velocity obstacle

VO, = {v:3te0,7], t-v & By —Pa,ra+7)}
This is a subset of the (unbounded) velocity obstacle tirafrehtes very small velocities (since collisions farther

in the future result when is moving more slowly). The truncated velocity obstacle tsuacated cone, where
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the truncation occurs at the boundary of the¢r)-scaled ballB((py — pa)/7, (ra + r5)/7) (S€E Fig. 76(C)).
Observe that there is an obvious symmetry here. Mowimgth velocity v will result in a collision with (the
stationary)b if and only if moving b with velocity —v will result in an intersection with (the stationary)
Therefore, we have

VO;, = —VO,.

Collision-Avoiding Velocities: Next, let us consider how the velocity obstacle changéssfmoving. If we assume
thatb is moving with velocitywv,, then a velocity, will generate a collision precisely if the differences ieith
velocitiesv, — v, generates a collision under the assumption thiat stationary, that isy, — v, € vo;lb.
Equivalently,u, will generate a collision ib if v, lies in the offset velocity obstacle VQ + v, (see Fig. 77(a)).

CAZ (Vi)

Fig. 77: Velocity obstacles where (a) objéds moving at velocity, and (b) objecb is moving at any velocity in the
setV,,.

We can further generalize this. We usually do not know anmodhgect’'s exact velocity, but we can often put
bounds on it. Suppose that rather than knowisgexact velocity, we know thdtis moving at some velocity,
that is selected from a regidn, of possible velocities. (For exampl&, might be square or circular region in
space, based on the uncertainty in its motion estimate.)

Let us consider the velocities afthatmightresult in a collision, assuming thaj is chosen froni/,. To define
this set, we first define tHdinkowski sunof two sets of vectorX andY to be the set consisting of the pairwise
sums of vectors fronk andY’, that is,

XeY ={z+y:zeXandyeY}.

Then, clearlya might collide withb if a's velocity is chosen from VQ, & V4. Therefore, if we want to avoid
collisions withb altogether, them should select a velocity from outside this region. More faligy we define
the set ofcollision-avoiding velocitiefor a given tharb selects a velocity front;, is

CALp(Vo) = {v:v & VOg, ® Vp}

(see Fig. 77(b).)

Just to recap, itz selects its velocity vector from anywhere outside VOb V;, (that is, anywhere inside
CA. (b)), then no matter what velocity selects froml, a is guaranteed not to collide withwithin the
time interval[0, 7].

This now provides us with a strategy for selecting the véilegiof the agents in our system:
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e Compute velocity boundg;, for all nearby agents
e Compute the intersection of all collision-avoiding velaes for these objects, that is

CA] = [ CALL(Vb)
b

Any velocity chosen from this set is guaranteed to avoidsioths from now until timer.
e Select the vector from CAthat is closest ta’s ideal velocityv?.

In practice, we need to take some care in the implementafitilast step. First, there will be upper limits
on fast an object can move or change directions. So, we mayenioee to select any velocity we like. Subject
to whatever practical limitations we have on what the futtetecity can be, we select the closest one that lies
within CA. If there is no such vector, then we must consider the pdigitiiat we cannot avoid a collision. If
S0, we can select a vector that overlaps the smallest nuribetazity obstacles.

Issues: While this might seem to be the end of the story with respecttooity obstacles, there are still issues that
arise. One of these issues was hinted at in the last paraghagiases where there are lots of agents and the
velocity estimates are poor, the collision-avoiding ares ime empty. There are a number of strategies that one
might consider for selecting a good alternative.

There is a more significant problem with this approach, h@rewhich arises even if we consider only two
agents. The problem is that agents that are moving towardsaher can engage in a very unnatural looking
oscillating motion. The situation is illustrated in Fig..7Bvo agents are moving to each other. They see that they
are on a collision course, and so the divert from their idedaities. Let's imagine the best-case scenario, where
they have successfully resolved their impending colligiwhew!) as a result of this diversion (see Fig. 78(b)).
Now, each agent sees that the other agent has diverted Bdrajéctory and reasons, “Great! The other guy has
veered off, and | have won the game of chicken. So, now | cammeson my original velocity” (see Fig. 78(c)).
So, both agents return to their original velocity, and theyreow right back on a collision course (see Fig. 78(d))
and so again they divert (see Fig. 78(e)). Clearly, thisousicycle of zig-zagging motion will repeat until they
manage to make it around one another.

Collision We're safe... Collision
ahead! Both divert Resume course ahead! Both divert

N
‘O
0

(a) (b) (c)

Fig. 78: Oscillation that can result from standard velocibstacle motion planning.

o
—
E o
O.

Although even humans sometimes engage in this sort of bseiflation when meeting each other head-on,
this sort of repeated oscillation is very unnatural, andue tb the fact that both agents are acting without
consideration for what the other agent might reasonabl&ke.question then is how to fix this?
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Reciprocal Velocity Obstacles: The intuition behind fixing the oscillation issue is to shaagponsibility. We assume
that whenever a collision is possible between two agenth, &gents perceive the danger and (since they are
running the same algorithm) they both know how to avoid it.thHeathan having each agent assume total
responsibility for correcting its velocity, we instead askch agent to take dmalf of the responsibility for
avoiding the collision. In other words, each agent divegpath (that is, alters its velocity) by exactly half the
amount needed to avoid the collision. It assumes that ther ailpent willreciprocate by performing the other
half of the diversion. It turns out that this greatly reduttesoscillation problem, since two head-on agents will
now divert just enough to avoid each other.

This leads to the concept oéciprocal velocity obstaclesBefore defining this notion, let us recall the sets
CA_ (), the collision-avoiding velocities far assuming thak selects its velocity fronV;, and CA),(Va),
the collision-avoiding velocities fob assuming that: selects its velocity froni/,. We say that two sets of
candidate velocitie¥,, andV}, arereciprocally collision avoidingf

V. C CAL, (Vi) and V, C CAJ, (V).

This implies a very harmonious set of candidate velocis@s;e for any choice, € V, andv, € V,, we can
be assured that these two agents will not collide.

Note that there is a complimentary relationship betweesgh®o candidate sets. As we increase the possible
velocities inV,,, we reduce the possible set of velocities thaan use to avoid a collision, and vice versa. Of
course, we would like be as generous as we can, by giving egait as much flexibility as possible. We say
that two such candidate velocity sets ezeiprocally maximaif

V. = CAL,(Vy) and V, = CAJ, (V).

Note that we face a tradeoff here, since we could migkeery large, but at the expense of makikig very
small, and vice versa. There are infinitely many reciprgcalaximal collision avoiding sets. So what should
guide our search for the best combination of candidate deexall that each agent has its preferred velocity,
vy andvy. It would seem natural to generate these sets in a mannegitteateach agent the greatest number
of options that are close to its preferred velocity. We seekiaof candidate velocity sets that ayptimalin

the sense that they provide each agent the greatest numbelooities that are close to the agent's preferred
velocity.

There are a number of ways of making this concept more forkhede is one. Consider two paif¥,, ;) and

(V.,, V) of reciprocally maximal collision avoiding sets. For anglits, B(v};, ) denotes the set of velocities
that are within distance of a’s preferred velocity and3(v;, r) denotes the set of velocities that are within
distancer of b's preferred velocity. The quantity arda, N B(v’,r)) can be thought of as the “number” (more
accurately the measure) of candidate velocities:ftrat are close (within distane@ of its preferred velocity.
Ideally, we would like both ard&,, N B(v},r)) and areél;, N B(v;,r)) to be large, so that both agents have
access to a large number of preferred directions. One wayamgtee that two numbers are large is to guarantee
that their minimum is large. Also, we would like the pdlir,, V}) to be fair to both agents, in the sense that
aredV, N B(v:,r)) = aredV, N B(v;,r)). This means that they both agents have access to the sambérium
of nearby velocities.

Combining the concepts of fairness and maximality, we saydtpair(V,, V3 ) of reciprocally maximal collision
avoiding sets ioptimalif, for all radii » > 0, we have

Fair: aredV, N B(v},r)) = aredV, N B(v;,r))
Maximal: For any other reciprocal collision avoiding &/, V),

min(aredV, N B(v},r)),aredV, N B(vy,r))) > min(aredV, N B(v:,r)),aredV, N B(v;,r))).

Now that we have defined this concept, it is only natural tovalskther we have any hope of computing a pair
of sets satisfying such lofty requirements. The remarkahkwer is yes, and in fact, it is not that hard to do!
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The solution is described in a paper by J. van den Berg, M. &. Ri Manocha (see the readings at the start
of these notes). They define aptimal reciprocal collision avoiding paiof candidate velocities, which they
denote by(ORCA; ,, ORCAY,,), to be a pair of velocity sets that satisfy the above optitpglioperties.

They show how to compute these two sets as follows. Firstseissume that the preferred velocities of the two
agents puts them on a collision course. (This is just for #ike ®f illustration. The construction works even if
this is not the case.) Thatis; —v; € VO,. Clearly, we need to divert one agent or both to avoid thessof,

and we will like this diversion to be as small as possible..eenote the vector on the boundary of Ythat

lies closest ta; — v; (see Fig. 79(a)). Since \/[97 is just a truncated cone, it is not too hard to compute the
vectoru. (There are basically two cases, depending on whetheralsestiboundary point lies on one of the flat
sides or on the circular arc at the base.)

ORCAJ,

NS
*

(a) (b) ()
Fig. 79: Computing an optimal reciprocal collision avoiglipair of candidate velocities.

Intuitively, u reflects the amount of relative velocity diversion needeplisb barely escape from the collision
zone. That s, togethers diversion plug’s diversion (negated) must sum#oWe could split the responsibility
however we like to. As we had discussed earlier, for the sagipirocity, we would prefer that each agent diverts
by exactly half of the full amount. That ig, will divert by «/2 andb will divert by —u/2. (To see why this
works, suppose that, = v} +u/2 andv; = v; —u/2. The resulting relative velocity ig, — v, = v} — v} +,
which is a collision-free velocity.)

In general, there are a number of choices thahdb could make to avoid a collision. Let denote a vector of
unit length that points in the same directiomasWe would likea to change its velocity frona); to a velocity
whose orthogonal projection onto the vectds of length at leastu/2||. The set of allowable diversions defines
a half-space (that is, the set of points lying to one side afeg)|and is given by the following formula:

ORCA;, = {v: (v—(vg—&—g))-nzO},

(where the- denotes the dot product of vectors). This formula defineslsgece that is orthogonal to
and lies at distancgu/2|| from v; (see Fig. 79(b)). Define ORGA, symmetrically, but using-3 in-
stead (see Fig. 79(c)). In their paper, van den Berg, Lin, Madocha claim that the resulting pair of sets
(ORCA,,, ORCAy,) define an optimal reciprocally maximal pair of collision &liag. In other words, ifz
selectsany velocity from ORCA, andb selects any velocity from ORG#, and these two sets are both fair
and provide the greatest number of velocities that are ¢tobetha andb’s ideal velocities.

This suggests a solution to the problem of planning the matfx bodies. LetB = {b4,...,b,} denote the
set of bodies other tha;n Compute the ORCA sets farrelative to all the other agents in the system. That is,
Ny ORCA;W. Since each of these regions is a halfplane, there intéosedefines a convex polygon. Next,
find the pointv’, in this convex polygon that minimizes the distancefo This point defines’s next velocity.
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Fig. 80: Computing agent's velocity.

By repeating this for every agent in your system, the resutdollection of velocities that are mutually collision
free, and are as close as possible to the ideal velocities.

There are two shortcomings with this approach. First, ifagents are very close to one another, it may be that
the intersection of the collision-free regions is emptythis case, we may need to find an alternate strategy for
computinga’s velocity (or simply accept the possibility of an interten).

The other shortcoming is that it requires every agent to ktievpreferred velocity; for each of the other
objects in the system. While the simulator may know this, itdsreasonable to assume that every agent knows
this information. A reasonable alternative is to form arineate of thecurrent velocity and use that instead.
The theory is that most of the time, objects will tend to mavéhieir preferred direction.

Lecture 20: Artificial Intelligence for Games: Decision Making

Sources: The material on Behavior Trees has been taken from a nicgréeby Alex Champandard, “Behavior Trees
for Next-Gen Game Al,” which appears on aigamedev.comt{\iglip://aigamedev.com/insider/presentations/bedravi

trees/).

Decision Making: So far, we have discussed how to design Al systems for simgiteglanning. Path planning is a
relatively well defined problem. Most application of Al inga programming is significantly more involved.
In particular, we wish to consider ways to model interesting-player characters (NPCs).

Designing general purpose Al systems that are capable oélingdnteresting behaviors is a difficult task. On
the one hand, we would our Al system to be general enough tode&@ game designer the ability to specify
the subtle nuances that make a character interesting. Grttteehand we would like the Al system to be easy
to use and powerful enough that relatively simple behaviarsbe designed with ease. It would be nice to have
a library of different behaviors and different mechanisorscombining these bahaviors in intersting ways.

Today we will discuss a number of different methods, randiam fairly limited to more complex. In particular,
we will focus on three different approaches, ranging fromge to more sophisticated.

e Rule-based systems
¢ Finite state machines
e Behavior trees
Rule-based Systms:The very first computer games used rule-based systems tttha behaviors of the NPCS. A

rule-based systeiis one that stores no (or very little) state information, #melbehavior of an NPC is a simple
function of the present conditions it finds itself in.
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As an example, consider planning the motion of one of the tghinghe gaméac-Man® Let’s ignore for now

the fact that ghosts have two states, depending on whetbgratte chaising the Pac-Man or they are being
chased. Even when they are chasing the Pac-Man, ghostsatdtdretween two states, depending on whether
they are wandering or chasing. Let's consider a simple el@wiphow to use a rule-based system to define
wandering behavior (see Fig. 81). This simple system mafego ahead whenever possible, and if the way is
blocked it selects (in order of decreasing preference)ngrright, turning left, and reversing.

[ Ahead | Right | Left | Action \
Open - - Go ahead
Blocked | Open - Turn right

Blocked | Blocked | Open Turn left
Blocked | Blocked | Blocked | Turn around

Fig. 81: A (ridiculously) simple wandering behavior for aggth in Pac-Man.

Of course, this is too simplistic to be useable in a game,thliistrates some of the features of a ruled-based
system. It is easy to implement (just a look-up table), easynddify, and easy even for non-programmers to
understand. There a humber of ways that one could enhargsithple idea. For example, rather than just
having a single action for a given set of events, there mayrhser of possibilities and randomization is used
to select the next option (perhaps with weighted probaslito favor some actions over others).

Finite State Machines: The next step up in complexity from a rule-based system igltbaanotion ofstateto add
complexity to a character’s behavior. For example, a clteracay behave more aggressively when it is healthy
and less aggressively when it is injured. As another exanapdesigner may wish to have a character transition
between various states (patrolling, chasing, fightingeeging) in sequence or when triggered by game events.
In each state, the characters behavior may be quite differen

A finite state machiné=SM) can be modeled as a directed graph, where each node gfdph corresponds
to a state, and each directed edge corresponds to a everttiggars a change of state and optionally some
associated action. The associated actions may includgsthiike starting an animation, playing a sound, or
modifying the current game state.

As an example, consider the programming of an enemy comtbdiati NPC in a first-person shooter that
seeks the player’s character and engages it in combat. Seipipat as the designer you decide to implement the
following type of behavior:

¢ If you dont see an enemy, wander randomly
e When you see enemy, attack him

e When hear an enemy, chase him

e On dying, re-spawn

An example of a possible implementation of this using an FSlghiown in Fig. 83(a). For example, suppose
that we are currently in th&/anderstate. If we see our enemy (that is, the player) we transitidhe Attack
state. If we hear a sound, we transition to @teasestate. (This would presumably be followed by querying the
game database to determine where the sound came from and $iystdm to compute a path.) If we die, we
jump to theSpawrstate, where we presumably wait until we have been revivddeait this state. Note that the
“I” indicates that the specified event has not occurred (at the specified condition is not satisfied).

FSMs are a popular method of defining behavior in games. Tiheipal reasons that they are liked is that they
are easy to implement, easy to design (if they are not tog &ig) they are easy to interpret. For example, based

60ur description is not accurate. There are resources onéhethilt provide detailed descriptions of the Pac-Man ghefsatiors. For example,
seehttp://gameinternals.com/post/2072558330/understanding-pac-man-ghost-behavior andhttp://donhodges.com/pacman_pinky_explanation.htm.
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Events:
E: Enemy seen

S: Sound heard
D: Die

Fig. 82: Implementing an enemy combatant NPC for a FPS game.

on the graphical layout of our FSM we can observe one infegahomaly, there is no transition froAttack

to Chas@ Was this intentional? To remedy this, we could create aitiaddl state, calledittack-with-sound-
heard While we are attacking, if we hear a sound, we could transiticthis state. When we are done with the
attack, if we are in this new state, we transition immedjatelthe Chasestate.

How are FSMs implemented? Basically, they can be implendagang a two-dimensional array, where the row
index is the current state and the column index (or indicegeimeral) correspond to the events that may trigger
a transition.

Note that the FSM we have showeddsterministic meaning that there is only a single transition that can be
applied at any time. More variation can be introduced byélg multiple transitions per event, and then using

randomization to select among them (again, possibly witiglte so that some transitions are more likely than

others).

The principal problem with FSMs is that the number of stat@s explodeas the designer dreams up more
complex behavior, thus requiring more states, more eventshence the need to consider a potentially quadratic
number of mappings from all possible states to all possiémes. For example, suppose that you wanted to
model multiple conditions simultaneously. A character imigehealthy/injured wandering/chasing/attacking
aggressive/defensive/neutréflany combination of these qualities is possible, then wel require2-3-3 = 18
distinct states. This would also result in a number of regbatansitions. (For example, all 9 of the states
in which the character is “healthy” would need to providensigions to the corresponding “injured” states if
something bad happens to us. Requiring this much redundzmciead to errors, since a designer may update
some of the transitions, but not the others.)

Hierarchical FSMs: One way to avoid the explosion of states and events is to ek FSM in a hierarchical
manner. First, there are a number of high-level statesespanding to very broad contexts of the character’s
behavior. Then within each high-level state, we could haaseyrsub-states, which would be used for modeling
more refined behaviors within this state. The resultingesysis called ahierarchical finite state machine
(HFSM). This could be implemented, for example, by storimg $tate on a stack, where the highest-level state
descriptor is pushed first, then successively more loctsta

Returning to our fighting bot example, each of the major stAdander Attack Chase andSpawn could be
further subdivided into lower level states. For example,omald design different types of chasing behavior
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(chase on foot, chase while riding a unicyle, chase while@y hovercratft).

The process of looking up state transitions would proceedhnchically as well. First, we would check whether
the lowest level sub-state has any transition for handlireggiven event. If not, we could check its parent state
in the stack, and so on, until we find a level of the FSM hienarghere this event is to be handled.

The advantage of this hierarchical approach is that it aijuadds modularity to the design process. Because
the number of local sub-states is likely to be fairly smalkimplifies the design of the FSM. In particular, we
can store even a huge number of states because each subwa&hiteed only focus on the relatively few events
that can cause transitions at this level.

Other Approaches to Hierarchical Decision Making: A good general, scalable approach is to design the Al deci-
sion systenhierarchically. There are three classical methods for achieving a hieragichl structure:

Programming systems: Programming and scripting systems are very powerful (Tudomplete). They are
very good at describing sequential, conditional, and igpetehaviors, since these constructs are com-
mon to all programming languages. The downside is that tmeysa general that it is hard to reuse
components in other games or to compose components to fawbetgaviors.

Hierarchical Finite-State Machines (HFSM): As we have seen, these are easy to design for moderately sized
systems. It is easy to generate a bunch of states and theideoti®e conditions under which one state
leads to another. They have a nice modular structure, whikemit possible to copy FSMs from one
game to another. However, FSMs and HFSMs can be clunky tovd#alwhen designing “procedural”
behaviors (da:, theny, then repeat 20 times), which are more easily handled in a programmimigtiog
system.

Hierarchical Planners: Al planning systems are software systems that are used éoctseg among a com-
plex state of possible actions to determine the best coudrsetmn. An example (which we will not
discuss) is called hierarchical task networkHTN). Planning-based systems are very powerful, and can
be very useful when dealing with complex decision makingca@ese the planning process can take a lot
of computational resources, HTN software systems tend tather slow. Also they do not adapt well to
highly dynamic contexts, since any change in the system mgyire that the (time-consuming) planner
be re-run from scratch. Planners are often overkill for mainthe simple decisions that need to be made
in typical games.

Behavior Trees: The question that this raises is whether there is a systemadhgines the strengths of these various
systems. We would like a system that is more general the F&Mse structured than programs, and lighter
weight than planners. Behavior trees were developed byfGeofey in the mid-2000s in the field of software
engineering, which provides a modular way to define softwaterms of actions and preconditions. They were
first used in Halo 2 and were adopted by a number of other ganobsas Spore.

Following Alex Champandard’s example, let us consider tlhel@ling of aguard dogin an FPS game. The
guard dog'’s range of behaviors can be defined hierarchicAtlyhe topmost level, the dog has behaviors for
major tasks, such gsatrolling, investigating andattacking(see Fig. 83(a)). Each of these high-level behaviors
could then be broken down further into lower-level behaxidior example, the patrol task may include a subtask
for moving The investigate task might include a subtasklémking around and the attack task may include a
subtask fobite (ouch!).

The leaves of the tree are where the Al system interacts Wilgame state. Leaves provide a way to gather
information from the system througionditions and a way to affect the progress of the game thraagions In

the case of our guard dog, conditions might involve issuek as the dog’s state (is the dog hungry or injured)
or geometric queries (is there another dog nearby, andris thkne of sight to this dog?). Conditions aead-
only. Actions make changes to the world state. This might invpledorming an animation, playing a sound,
picking up an object, or biting someone (which would presbimalter this other object’s state). Conditions
can be thought of afitersthat indicate which actions are to be performed.
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guard dog:

patrol investigate attack

move look around

Fig. 83: Sample hierarchical structure of a guard-dog'sakin.

A taskis a piece of code that models a latent computation. A taskistinof a collectiorconditionsthat
determine when the task is enabled actions which encode the execution of the task. Tasks can end @ither
succes®r failure.

Composing Tasks: Composite taskprovide a mechanism for composing a number of differenttatkere are two
basic types of composite tasks, which form natural comptéme

Sequences:A sequence task performs a series of tasks sequentiallyafterethe other (see Fig. 84(a)). As
each child in the sequence succeeds, we proceed to the rextMbrenever a child task fails, we terminate
the sequence and bail out (see Fig. 84(b)). If all succeedseljuence returns success.

CD/ C{ b \eguate sequentially
A B C D

(a)

Fig. 84: Sequence: (a) structure and (b) semantics.

Selector: A selector task performs at most one of a collection of chalsks. A selector starts by selecting
the first of its child tasks and attempts to execute it. If théddcsucceeds, then the selector terminates
successfully. If the child fails, then it attempts to execthite next child, and so on, until one succeeds (see
Fig. 85(b)). If none succeed, then the selector returngriail

~._success!

(D/ C{ b \t;sequentially
A B C D X ¢

|
(a) (b)

Fig. 85: Selector: (a) structure and (b) semantics.
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Sequences and selectors provide some of the missing ekfdrEMs, but they provide the natural structural
interface offered by hierarchical finite state machinesqueaces and selectors can be combined to achieve
sophisticated combinations of behaviors. For example hawier might involve a sequence of tasks, each of
which is based on making a selection from a list of possibagks. Thus, they provide building blocks for
constructing more complex behaviors.

From a software-engineering perspective, behavior traesagprogrammer a more structured context in which
to design behaviors. The behavior-tree structure forcesléveloper to think about the handling of success
and failure, rather than doing so in an ad hoc manner, as wimuttie case when expressing behaviors using a
scripting language. Note that the nodes of the tree, camditand tasks, are simply links to bits of code that
execute the desired test or perform the desired action. &havior tree provides the structure within which to
organize these modules.

Lecture 21: Multiplayer Games and Networking

Sources: Today'’s lecture is from a number of sources, including leetwotes from University of Michigan by Sugih
Jamin and John Laird, and the article “Network and Multigigyby Chuck Walters which appears as Chapter 5.6 in
Introduction to Game Developmelny S. Rabin.

Multiplayer Games: Today we will discuss games that involve one or more playemsrsunicating through a net-
work. There are many reasons why such games are populapaseaspsay to competing against an Al system.

People are “better” (less predictable/more complex/muterésting) at strategy than Al systems

Playing with people provides a social element to the gani@yadg players to communicate verbally and
engage in other social activities

e Provides larger environments to play in with more charactersulting in a richer experience
e Some online games support an economy, where players cambwsel game resources

Multiplayer games come in two broad types:

Transient Games: These games do not maintain a persistent state. Insteaerplaggage in ad hoc, short
lived sessions. Examples include games [ileeom which provided either head-to-head (one-on-one) or
death-match (multiple player) formats. The are charamdrias being fast-paced and providing intense
interaction/combat. Because of their light-weight natargy client can be a server.

Persistent Games: These games are run by a centralized authority that masggpersistent world. Examples
include. Examples includmassively multiplayer online gam@dMOGSs), such as “World of Warcraft,”
which are played over the Internet.

Performance Issues: The most challenging aspects of the design of multiplayevodked games involve achieving
good performance given a shared resource (the network).

Bandwidth: This refers to the amount of data that can be sent throughettveonk in steady-state.

Latency: In games where real-time response is important, a more tapassue than bandwidth is the respon-
siveness of the network to sudden changes in the state. dyatefers to the time it takes for a change in
state to be transmitted through the network.

Reliability: Network communication occurs over physical media that abgext to errors, either due to phys-
ical problems (interference in wireless signals) or exoegthe network’s capacity (packet losses due to
congestion).
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Security: Network communications can be intercepted by unauthoriseds (for the purpose of stealing pass-
words or credit-card numbers) or modified (for the sake oftihg). Since cheating can harm the experi-
ence of legitimate users, it is important to detect and mignthe negative effects of cheaters.

Of course, all of these considerations interact and trdféeraust be made. For example, enhancing security
or reliability may require more complex communication pils, which can have the effect of reducing the
useable bandwidth or increasing latency.

Network Structure: Networks are complex entities to engineer. In order to bdrder to this topic, networks are
often described in a series of layers, which is called@pen System Interconng@SI) model. Here are the
layers of the model, from bottom (physical) to the top (agatdions).

Physical: This is the physical medium that carries the data (e.g., @oppre, optical fiber, wireless, etc.)

Data Link: Deals with low-level transmission of data between machoreshe network. Issues at this level
include things like packet structure, basic error contiolj machine (MAC) addresses.

Network: This controls end-to-end delivery of individual packetsislresponsible for routing and balancing
network flow. This is the layer where the Internet ProtocB) @nd IP addresses are defined.

Transport: This layer is responsible for transparent end-to-end tearsf data (not just individual packets)
between two hosts. This layer defines two important prosgg¢bCP (transmission control protocol) and
UDP (user datagram protocol). This layer defines the notfoa met addresswhich consists of an IP
address and a port number. Different port numbers can be tospdrtition communication between
different functions (http, https, smtp, ftp, etc.)

Session: This layer is responsible for establishing, managing, @nchihating long-term connections between
local and remote applications (e.g., logging in/out, érepand terminating communication sockets).

Presentation: Provides for conversion between incompatible data reptasens based on differences system
or platform, such as character encoding (e.g., ASCII vetsnisode) and byte ordering (highest-order
byte first or lowest-order byte first) and other issues su@nasyption and compression.

Application: This is the layer where end-user applications reside (mgil, (smtp), data transfer (ftp, sftp),
web browsers (http, https)).

If you are programming a game that will run over the intergety could well be involved in issues that go as

low as the transport layer (as two which protocol, TCP or Ufai, will use), but most programming takes place
at the application level.

Packets and Protocols: Online games communicate througbacket-switched networkke the Internet, where com-
munications are broken up into small data units, cgtlacketswhich are then transmitted through the network
from the sender and reassembled on the other side by theeedgdihis is in contrast to direct-link communica-
tion, such as through a USB cable or circuit-switched cornipation, which was used for traditional telephone
communication.)

In order for communication to be possible, both sides musteagn aprotocol that is, the convention for

decomposing data into packets, routing and transferririg ttaough the network, and dealing with errors.
Communication networks may be unreliable and may connechimas having widely varying manufacturers,
operating systems, speed, data formats. Examples of igsuke design of a network protocol include the

following:
Packet size/format: Are packets of fixed or variable size? How is data to be laidatitin each packet.

Handshaking: This involves the communication exchange to ascertain hata @dill be transmitted (format,
speed, etc.)

Acknowledgments: When data is received, should its reception be acknowledggdfaso, how?
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Error checking/correction: If data packets have not been received or if their contents baen corrupted,
some form of corrective action must be taken.

Compression: Because of limited bandwidth, it may be necessary to rechesitze of the data being transmit-
ted (either with or without loss of fidelity).

Encryption: Sensitive data may need to be protected from eavesdroppers.

The Problem of Latency: Recall that latency is the time between when the user actashed the result is perceived
(either by the user or by the other players). Because mogpetangames involve rapid and often unpredictable
action and response, latency is arguably the most impoctaitenge in the design of real-time online games.
Too much latency makes the game-play harder to understaraibe the player cannot associate cause with
effect. Latency also makes it harder to target objects, Uszthey are not where you predict them to be.

Note that latency is a very different issue from bandwidtr &ample, your cable provider may be able to
stream a high-definition movie to your television after a osel start-up delay. You would not be bothered
if the movie starts after such a delay, but you would be venogad if your game were to impose this sort of
delay on you every time you manipulated the knobs on your gaom#oller.

The amount of latency that can be tolerated depends on teeofygame. For example, in a Real-Time Strategy
(RTS) game, below 250ms (that i5/4 of a second) would be ideal, 250-500ms would be playable paed
500ms would be noticeable. In a typical First-Person Shd&t#es), the latency should be smaller, say 150ms
would be acceptable. In car racing game or other game thalvew fast (twitch) movements, latencies below
100ms would be required. Latencies in excess of 500ms woaleerit impossible to control the car. Note that
the average latency for the simplest transmission (a “ping’the internet to a geographically nearby server is
typically much smaller than these numbers, say on the ofdEd-€100ms.

There are a number of sources of latency in online games:

Frame rate latency: Data is sent to/received from the network layer once per draamd user interaction is
only sampled once per frame.

Network protocol latency: It takes time for the operating system to put data onto thesiphl network, and
time to get it off a physical network and to an application.

Transmission latency: It takes time for data to be transmitted to/from the server.
Processing latency: The time taken for the server (or client) to compute a respomshe input.

There are various techniques that can be used to reduce edetse causes of latency. Unfortunately, some
elements (such as network transmission times) are notrwythur control.

Coping with Latency: Since you cannot eliminate latency, you can try to conceaDitcourse, any approach that
you take will introduce errors in some form. The trick is hawcreate the illusion to your user that he/she is
experiencing no latency.

Sacrifice accuracy: Given that the locations and actions of other players maybeditnown to you, you can
attempt to render them approximately. One approach is torggthe time lag and show a given player
information that is known to be out of date. The second istengpt to estimate (based on recent behavior)
where the other player is at the present time and what thiepla doing. Both approaches suffer from
problems, since a player may make decisions based on elther erroneous information.

Sacrifice game-play: Deliberately introduce lag into the local player's expede, so that you have enough
time to deal with the network. For example, a sword thrussdus occur instantaneously, but after a short
wind-up. Although the wind-up may only take a fraction of amed, it provides the network time to send
the information through the network that the sword thrusbisiing.
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Dealing with Latency through Dead Reckoning: One trick for coping with latency from the client’s side isat
tempt to estimate another player’s current position baseiisorecent history of motion. Each player knows
that the information that it receives from the server is didaie, and so we (or actually our game) will attempt
extrapolate the player’s current position from its pastiorotIf our estimate is good, this can help compensate

for the lag caused by latency. Of course, we must worry abowttbh patch things up when our predictions turn
out to be erroneous.

e Each client maintains precise state for some objects (@cgl player).

e Each client receives periodic updates of the positions efy@ne else, along with their current velocity
information, and possibly the acceleration.

e On each frame, the non-local objects are update@xisapolatingtheir most recent position using the
available information.

e With a client-server model, each player runs their own wersif the game, while the server maintains
absolute authority.

Inevitably, inconsistencies will be detected between #ieapolated position of the other player and its actual
position. Reconciling these inconsistencies is a chaifgngroblem. There are two obvious options. First, you
could just have the player’s avatar jump instantaneousiistmost recently reported position. Of course, this
will not appear to be realistic. The alternative is to smbpihterpolate between the player’s hypothesized (but
incorrect) position and its newly extrapolated position.

Dealing with Latency through Lag Compensation: As mentioned above, dead reckoning relies on extrapolation
thatis, producing estimates of future state based on et $tn alternative approach, called compensation
is based orinterpolation Lag compensation is a server-side technique, which attetogletermine a player’s
intention.

Here is the idea. Players are subject to latency, which dalayheir perception of the world, and so their
decisions are based on information that is slightly out @é deith the current world state. However, since we
can estimate the delay that they are experiencing, we cao tgll-back the world state to a point where we
can see exactly what the user saw when they made their decidf® can then determine what the effect of the
user’s action would have been in the rolled-back world, gulyathat to the present world.

Here is how lag compensation works.

(1) Before executing a player’s current user command, theese
(a) Computes a fairly accurate estimate of the playersiate
(b) Searches the server history (for the current playerhfetast world update that was sent to the player
and received by the player (just before the player would lesweed the movement command).
(c) From that update (and the one following it based on thetemaget time being used), for each player
in the update, move the other playéeckwardsn time to exactly where they would have been when

the current player's user command was generated. (Thisngdckwards must account for both
connection latency and the interpolation amount the cliexgt using that frame.)

(2) Allow the user command to execute, including any weapamgficommands, etc., that will run ray casts
against all of the other players in their interpolated, thabld positions.
(3) Move all of the moved/time-warped players back to theirect/current positions

The idea is that, if a user was aiming accurately based omtbemation that he/she was seeing, then the system
can determine this (assuming it has a good estimate of eaghnfd latency), and credit the player appropriately.

Note that in the step where we move the player backwards m tinis might actually require forcing additional
state information backwards, too (for example, whetheiplager was alive or dead or whether the player was
ducking). The end result of lag compensation is that eachl lci@nt is able to directly aim at other players
without having to worry about leading his or her target inesrth score a hit. Of course, this behavior is a game
design tradeoff.
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Reliability: Let us move on from latency to another important networkssye, reliability. As we mentioned before,
in packet-switched networks, data are broken up into packed then may be sent by various routes. Packets
may arrive out of order, they may be corrupted, or they maytdaarrive at all (or after such a long delay that
the receiver gives up on them). Some network protocols (TQfiticular) attempt to ensure that every packet
is delivered and they arrive in order. (For example, if yo& sending an email message, you would expect the
entire message to arrive as sent.)

As we shall see, achieving such a high level of reliabilitynes with associated costs. For example, the user
sends packets. The receiver acknowledges the receipt kétsato the sender. If a packet receipt is not ac-
knowledged, the sender resends the packet. The additiomahanication required for sending, receiving, and
processing acknowledgments can increase latency and useofithe available bandwidth.

In many online games, however, we may be less concerned#rgtacket arrives on time or in order. Consider
for example a series of packets, each of which tells us wheemnamy player is located. If one of these packets
does not arrive (or arrives late) the information is now dudate anyway, and there is no point in having the
sender resend the packet. Of course, some information isnefch more important nature. Information about
payments or certain changes to the discrete state of the ¢almeer X is no longer in the game), must be
communicated reliably. In short, not all information in axgais of equal importance with respect to reliability.

Communication reliability is handled by protocols at thengport level of the OSI model. The two most com-
mon protocols are TCP (transmission control protocol) aBdPWuser datagram protocol).

Transmission Control Protocol: We will not delve into the details of the TCP protocol, butdsthighlight its major
elements. First, data are transferred in a particular ofach packet is assigned a unicgegjuence number
When packets are received, they are reordered accordingde #equence numbers. Thus, packets may arrive
out of order without affecting the overall flow of data. Alsbrough the use of sequence numbers, the receiver
can determine whether any packets were lost. Second, thenission containsheck-sumsto ensure that
any (random) corruption of the data will be discovered. Téeeiver sends acknowledgments of the receipt of
packets. Thus, if a packet is not received, the sender vgitladier this and can resend it.

TCP also has a basic capability filow control If the sender observes that too many packets are failing to
arrive, it decreases the rate at which it is sending packieddmost all packets are arriving, it slowly increases
this rate. In this way, the network will not become too congés

Advantages:
e Guaranteed packet delivery
e Ordered packet delivery
e Packet check-sum checking (basic error detection)
e Transmission flow control
Disadvantages:
e Point-to-point transport (as opposed to more general folikesmulti-cast)
e Bandwidth and latency overhead
e Packets may be delayed to preserve order

TCP is used in applications where data must be reliably safbamaintained in order. Since it is a reliable
protocol, it can be used in games where latency is not a majaresn.

User Datagram Protocol: UDP is a very light-weight protocol, lacking the error caitand flow control features of
TCP. Itis aconnectionless protocolvhich provides no guarantees of delivery. The sender meeglds packets,
with no expectation of any acknowledgment. As a result, thegltead is much smaller than for TCP.

Advantages:
o Packet based—so it works with the internet
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e Lower overhead than TCP in terms of both bandwidth and Igtenc
e Immediate delivery—as soon as it arrives it goes to the client

Disadvantages:

Point to point connectivity (as with TCP)

¢ No reliability guarantees

No ordering guarantees

Packets can be corrupted

Can cause problems with some firewalls

UDP is popular in games, since much state information is seemial and quickly goes out of date. Note
that although the UDP protocol has no built-in mechanismsefoor checking or packet acknowledgments,
the application can add these to the protocol. For examipsémnie packets are non-critical, they can be sent
by the standard UDP protocol. Certaintical packets can be flagged by your application, and as part of the
packet payload, it can insert its own sequence numbers aodézk-sums. Thus, although UDP does not
automatically support TCPs features, there is nothingeprng your application from adding these to a small
subset of important packets.

Area-of-Interest Management: In large massively multiplayer games, it would be ineffitieninform every player
on the state of every other player in the system. This ralseguestion of what information does a player need
to be aware of, and how to transmit just that information. sTikithe subject of the topic @frea-of-interest
managementThis subject is to networking what visibility is to collgi detection. This is typically employed
in large games, and so it is the server’s job to determine wifiatmation each player receives.

There are two common approaches, grid methods and aura esefBdd methodspartition the world into a
grid (which more generally may be something like a quadirésgch cell is associated with the players and
other entities that reside within this cell. Then, the infiation transmitted to a player is based on the entities
residing within its own and perhaps neighboring grid cells.

One shortcoming of this method is that it neglects the faat $ome entities may not correspond to individual
points, but to entire regions of space. For example, a clépdisonous gas cannot be associated with a single
point in space. The alternative is called @ma methodin which each entity is associated with a region of
space, itsphere of influenceAll players that lie within this region are provided infoation on this entity.

Lecture 22: Cheating in Multiplayer Games

Sources: This lecture is based on the following articles: M. PritehdiHow to Hurt the Hackers: The Scoop on
Internet Cheating and How You Can Combat It,” Gamasutra 2000an and B. Randell, “A Systematic Classification
of Cheating in Online Games,” NetGames 2005, 1-9; S. D. WelthS Soh, “Cheating in Networked Computer
Games: A Review,” DIMEA 2007, 105-112

Cheating in Multiplayer Games: “Cheating” is defined to be acting dishonestly or unfairlyoialer to gain an ad-
vantage. In online games, players often strive to obtainrdaiuadvantage over others, for various reasons.
One of the first analyses of cheating in online games appeaoeshd 2000 in a Gamasutra article by Matthew
Pritchard. He makes the following observations:

If you build it, they will come to hack and cheat
Hacking attempts increase as a game becomes more successful
e Cheaters actively try to control knowledge of their cheats

Your game, along with everything on the cheater’s compugenot secure—not memory, not files, not
devices and networks
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Obscurity# security

Any communication over an open line is subject to interagptanalysis and modification

There is no such thing as a harmless cheat

Trust in the server is everything in client-server games

Honest players would like the game to tip them off to cheaters

Pritchard identifies a number of common cheating attacksd&@ulisses how to counter them. His list includes
the following:

Information Exposure: Clients obtain/modify information that should be hidden.
Reflex Augmentation: Improve physical performance, such as the firing rate orragmi

Authoritative Clients: Although the server should have full authority, some ongjaenes grant clients author-
ity over game execution for the sake of efficiency. Cheatera tnodify the client software.

Compromised servers: A hacked server that biases game-play towards the grougribats of the hacks.
Bugs and Design Loopholes:Bugs and design flaws in the game are exploited.

Infrastructure Weaknesses: Differences or problems with the operating system or netvemvironment are
exploited.

We will discuss some of these in greater detail below.

Reflex Augmentation: Reflex augmentation systems involve the use of software tiivaigh various methods, cir-
cumvents the user-based aiming/firing systems to a softhased system.

One example is aaimbot An aimbot is implemented by modifying the game client pesgror running an
external program in order to generate simulated user ingetwork packets are intercepted and interpreted to
determine the location of enemies and obstacles. Then demplis used to completely control the player’s
avatar and automate repetitive tasks, progressing therdagvatar through the game. Another example is a
reflex enhancemwhich augment a user’s input in reflex games to achieverrettelts. For example, in a shooter
game, the software can automatically aim at opponents.

Reflex augmentation typically involves modifying the urgiely game executable or modifying one of the
system’s library functions that the game invokes. Techesgoorrowed from the area of virus detection can
be employed to be sure that the user has not tampered withathe’g/ binary executable. Some approaches
are static, using fingerprinting to scan the player's hostnory in search of bit patterns of known cheating
applications. A more dynamic approach is to periodicallwdimad the original game executable and compare
its behavior to the user's game’s behavior. If the execetalals not been tampered with, then the two should
behave identically. If not, the user must have tampered thiglcode somehow.

A final detection method is to perform statistical analydis aiser’s performance. If a player is playing too
good to be a human, then he/she probably isn't. Of course,dimbot is sufficiently well designed to fly “just
below the radar,” (playing just slightly above the level ofexpert), it is possible to defeat any such analysis.

Information Exposure: This method of cheating involves the cheater gaining adeeiséormation that they are not
entitled to, such as their opponent’s health, weaponsuress, troops. This cheat is possible as developers often
incorrectly assume that the client software can be trusbétbireveal secrets. Secret information is revealed by
either modifying the client or running another program tetacts it from memory.

Another approach for doing this is to modify elements of thaphics model. For example, suppose that you
have a shooter game, where enemies may hide behind wallsedusr may rely on atmospheric effects like
smoke or fog. The cheater then modifies the parameters thatthese obscuring elements, say by mak-
ing walls transparent, removing the foliage on bushes, dahging the smoke parameters so it effectively
disappears. The cheating application alone now has an sruodd view of the battlefield.
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This is sometimes called anfrastructure-level cheasince it usually involves accessing or modifying elements
of the infrastructure in which the program runs. In a clisatver setting, this can be dealt with is using a
technique called on-demand-loading (ODL). Using this téghe a trusted third party (the server) stores all
secret information and only transmits it to the client whieeytare entitled to it. Therefore, the client does not
have any secret information that may be exposed. Anothewoapp for avoiding information exposure is to
encrypt all secret information. This makes it difficult taelenine where the information is and how to interpret
its meaning.

Protocol-level cheats: Because most multiplayer games involve communicationutinoa network, many cheats
are based on interfering with the manner in which networlkkptcare processed. Packets may be inserted,
destroyed, duplicated, or modified by an attacker. Many esé¢hcheats are dependent on the architecture used
by the game (client-server or peer-to-peer). Below we dlescome protocol-level cheats.

Suppressed update:As we mentioned last time, the Internet is subject latenay gacket loss. For this reason,
most networked games use some form of dead-reckoning. |evibiet of a lost/delayed updates, the server
will extrapolate (dead-reckon) the players movement frhgirtmost recent position and velocity, creating a
smooth movement for all other players. Dead-reckoning liysailows clients to drop some fixed number of
consecutive packets before they are disconnected. In fipgesssed update cheat, a cheater purpcsgipresses
the transmission of some fixed number consecutive update@ so many to be disconnected), while still
accepting opponent updates. The attacker (who is able ttheegther player's movements during this time)
calculates the optimal move using the updates from theipoepts and transmits it to the server. Thus, the
cheater knows their opponents actions before committinpeéa own, allowing them to choose the optimal
action.

Architectures with a trusted entity (e.g., the server), ma@vent this cheat by making the server’s dead-reckoned
state authoritative (as opposed to allowing the client ti)d®layers are forced to follow the dead-reckoned path
in the event of lost/delayed updates. This gives a smootichedt-free game for all other players; however, it
may disadvantage players with slow Internet connectiana.léss authoritative environment (e.g., peer-to-peer)
it may be possible for other players to monitor the delay @irtbpponents and compare it with the timestamps
of updates. Late updates indicate that a player is eithéring delay, or is cheating.

Fixed delay: Fixed delay cheating involves introducing a fixed amountedf to all outgoing packets. This results
in the local player receiving updates quickly, while defayinformation to opponents. For fast paced games
this additional delay can have a dramatic impact on the ocoThis cheat is usually used in peer-to-peer
games, when one peer is elevated to act as the server. Thysah add delay to all other peers.

One way to prevent this cheat in peer-to-peer games cansisidied event ordering and consistency protocols
to avoid elevating one peer above the rest. Note, the fixeydbleat only delays updates, in contrast to dropping
them in the suppressed update cheat.

Another solution is to force all players to use a protocot thigides game time into rounds and requires that
every player in the game submit their move for that round teethe next round is allowed to begin. (One
such protocol is calledbckstep) To prevent cheating, all players commit to a move, and aicelayers
have committed, each player reveals their move. A playemaitsnto a move by transmitting either the hash
of a move or an encrypted copy of a move, and it is revealed bgisg either the move or encryption key
respectively. Lockstep is provably secure against thesleostmer protocol level cheats. Unfortunately, this
approach is unacceptably slow for many fast-paced ganre= giforces all players to wait on the slowest one.

Another example of a protocol to prevent packet suppre&sédaying is calledgliding pipeling(SP). SP works
by constantly monitoring the delay between players to daiter the maximum allowable delay for an update
without allowing times-tamp cheating (see below). SP dasdatk all players into a fixed time step, and so
can be applied to faster-paced games. Unfortunately, Skotaiways differentiate between players suffering
delay and cheaters (false positives).

More Protocol-Level Cheats: The above (suppressed update and fixed delay) are just twipéesof protocol-level
cheats. There are many others, which we will just summarizdly here.
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Inconsistency: A cheater induces inconsistency amongst players by seddfegent game updates to different
opponents. An honest player attacked by this cheat may hiavgame state corrupted, and hence be
removed from the game, by a cheater sending a different epddtim than was sent to all other players.
To prevent this cheat updates sent between players mustified/by either a trusted authority, or a group
of peers.

Time-stamp: This cheat is enabled in games where an untrusted clienbised to time-stamp their updates
for event ordering. This allows cheaters to time-stamprthptates in the past, after receiving updates
from their opponents. Hence, they can perform actions wdtliteonal information honest players do not
have. To prevent this, rather than using timestamps, psotgshould be based on the arrival order of
updates to the server.

Collusion: Collusion involves two or more cheaters working togethath@r than in competition) to gain an
unfair advantage. One common example is of players paaticig in an all-against-all style match, where
two cheaters will team up (collude) against the other pley@olluding players may communicate over
an external channel (e.g., over the phone or instant meggadihis is very hard to detect and prevent.

Spoofing: Spoofing is where a cheater sends a message masqueradingffaseatcplayer. For example, a
cheater may send an update causing an honest player to droptlatir items. To prevent this cheat,
updates should be either digitally signed or encrypted.

If a cheater receives digitally signed/encrypted copiearobpponent’'s updates he may still be able to

disadvantage an opponent by resending them at a later tinmee e updates are correctly signed or

encrypted, they will be assumed valid by the receiver. Tegmeupdates should include a unique number,
such as a round number or sequence number, which the recaivénen check to ensure the message is
genuine.
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