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Preface

elcome to Game Engine Architecture. This book aims to present
W a complete discussion of the major components that make up
a typical commercial game engine. Game programming is an im-
mense topic, so we have a lot of ground to cover. Nevertheless, I trust
you'll find that the depth of our discussions is sufficient to give you
a solid understanding of both the theory and the common practices
employed within each of the engineering disciplines we’ll cover. That
said, this book is really just the beginning of a fascinating and po-
tentially lifelong journey. A wealth of information is available on all
aspects of game technology, and this text serves both as a foundation-
laying device and as a jumping-off point for further learning.

Our focus in this book will be on game engine technologies and
architecture. This means we’ll cover the theory underlying the var-
ious subsystems that comprise a commercial game engine, the data
structures, algorithms, and software interfaces that are typically used
to implement them, and how these subsystems function together
within a game engine as a whole. The line between the game engine
and the game is rather blurry. We'll focus primarily on the engine it-
self, including a host of low-level foundation systems, the rendering
engine, the collision system, the physics simulation, character ani-
mation, audio, and an in-depth discussion of what I call the game-
play foundation layer. This layer includes the game’s object model,
world editor, event system, and scripting system. We’ll also touch
on some aspects of gameplay programming, including player me-
chanics, cameras, and Al. However, by necessity, the scope of these
discussions will be limited mainly to the ways in which gameplay
systems interface with the engine.
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This book is intended to be used as a course text for a two- or
three-course college-level series in intermediate game programming.
It can also be used by amateur software engineers, hobbyists, self-
taught game programmers, and existing members of the game in-
dustry alike. Junior engineers can use this text to solidify their under-
standing of game mathematics, engine architecture, and game tech-
nology. And some senior engineers who have devoted their careers
to one particular specialty may benefit from the bigger picture pre-
sented in these pages as well.

To get the most out of this book, you should have a working
knowledge of basic object-oriented programming concepts and at
least some experience programming in C++. The game industry rou-
tinely makes use of a wide range of programming languages, but
industrial-strength 3D game engines are still written primarily in
C++. As such, any serious game programmer needs to be able to code
in C++. We'll review the basic tenets of object-oriented programming
in Chapter 3, and you will no doubt pick up a few new C++ tricks
as you read this book, but a solid foundation in the C++ language is
best obtained from [51], [52], [40], and [41]. If your C++ is a bit rusty, I
recommend you refer to these or similar books to refresh your knowl-
edge as you read this text. If you have no prior C++ experience, you
may want to consider reading at least the first few chapters of one
or more of those books and/or working through a few C++ tutorials
online before diving into this book.

The best way to learn computer programming of any kind is to
actually write some code. As you read through this book, I strongly
encourage you to select a few topic areas that are of particular in-
terest to you and come up with some projects for yourself in those
areas. For example, if you find character animation interesting, you
could start by installing OGRE and exploring its skinned animation
demo. Then you could try to implement some of the animation blend-
ing techniques described in this book, using OGRE. Next you might
decide to implement a simple joypad-controlled animated character
that can run around on a flat plane. Once you have something rela-
tively simple working, expand upon it! Then move on to another area
of game technology. Rinse and repeat. It doesn't particularly matter
what the projects are, as long as you're practicing the art of game
programming, not just reading about it.

Game technology is a living, breathing thing that can never be
entirely captured within the pages of a book. As such, additional
resources, errata, updates, sample code, and project ideas will be
posted from time to time on this book’s website at [59]. You can also
connect with me on LinkedlIn at [60].
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New to the Fourth Edition

In the time between the publication of the third edition of Game En-
gine Architecture and this, its fourth edition, real-time rendering and
lighting techniques have evolved immensely in terms of their sophis-
tication and their ability to achieve photorealism. During this period,
the raw power, feature set, and architecture of the GPU have also
undergone transformative change. Today’s GPUs are equipped with
entirely new hardware components, including a host of new render-
ing features and shader types, real-time ray tracing accelerators, and
fast tensor compute cores for machine learning. In response to these
changes, I realized that the fourth edition of Game Engine Architecture
would require an entirely new approach to discussing 3D rendering
and photorealistic lighting in the context of game engines. As a re-
sult, the book now devotes two brand new chapters to addressing
these deep and fascinating topics.

As a consequence of adding so much new material to the book,
its girth and mass have grown steadily from edition to edition. Some
readers have told me that their copy of the book found a secondary
use—as part of the weight rack in their home gym! To avoid the book
becoming too physically cumbersome, it has been split into two vol-
umes for the fourth edition. Volume I, Foundations and Core Engine Sys-
tems covers essential concepts, techniques, tools, and the engine sys-
tems that form the core of every game engine. Volume II, Graphics,
Motion, and Sound delves into all of the major subsystems found in
every game engine, including the animation engine, the 3D render-
ing engine, the lighting engine, the physics engine, the audio engine,
and the game object model. While each volume can be read stand-
alone, I highly recommend obtaining and reading both volumes so
you’ll have a complete picture of the game engine landscape.

This fourth edition of Game Engine Architecture also improves
upon the treatment of various topics covered in prior editions. A
discussion of undefined behavior in the context of compiler opti-
mizations has been added. Fuller coverage of the various C++ lan-
guage standards up to C++23 is included. The animation chapter has
been augmented with a discussion of motion matching. And, as with
all previous editions, various errata have been repaired that were
brought to my attention by you, my devoted readers. Thank you! I
hope you'll find that the mistakes you found have all been fixed. (Al-
though no doubt they have been replaced by a slew of new mistakes,
about which you can feel free to inform me!)

Of course, as I've said before, the field of game engine pro-
gramming is almost unimaginably broad and deep. There’s no way
to cover every topic in one book. As such, the primary purpose
of this book remains to serve as an awareness-building tool and a
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jumping-off point for further learning. I hope you find this edition
helpful on your journey through the fascinating and multifaceted
landscape of game engine architecture.
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Introduction

hen I got my first game console in 1979 —a way-cool Intellivi-
W sion system by Mattel —the term “game engine” did not ex-
ist. Back then, video and arcade games were considered by most
adults to be nothing more than toys, and the software that made
them tick was highly specialized to both the game in question and
the hardware on which it ran. Today, games are a multi-billion-
dollar mainstream industry rivaling Hollywood in size and pop-
ularity. And the software that drives these now-ubiquitous three-
dimensional worlds—game engines like Epic Games’ Unreal Engine
5, Valve’s Source 2 engine, Crytek’s CRYENGINE® 3, Electronic Arts
DICE’s Frostbite™ engine, and the Unity game engine—have be-
come fully featured reusable software development kits that can be
licensed and used to build almost any game imaginable.

While game engines vary widely in the details of their architec-
ture and implementation, recognizable coarse-grained patterns have
emerged across both publicly licensed game engines and their pro-
prietary in-house counterparts. Virtually all game engines contain a
familiar set of core components, including the rendering engine, the
collision and physics engine, the animation system, the audio system,
the game world object model, the artificial intelligence system, and
so on. Within each of these components, a relatively small number of
semi-standard design alternatives are typically employed.

There are a great many books that cover individual game engine
subsystems in exhaustive detail, such as three-dimensional graphics,
collision detection, or AL. Some other books cobble together valuable
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1. Introduction

tips and tricks across a wide variety of game technology areas. How-
ever, | have been unable to find a book that provides its readers with a
reasonably complete picture of the entire gamut of components that
make up a modern game engine. The goal of this book, then, is to
take the reader on a guided, hands-on tour of the vast and complex
landscape of game engine architecture.

In this book you will learn:

* how real industrial-strength production game engines are ar-
chitected;

* how game development teams are organized and work in the
real world;

¢ which major subsystems and design patterns appear again and
again in virtually every game engine;

¢ the typical requirements for each major subsystem;

¢ which subsystems are genre- or game-agnostic, and which ones
are typically designed explicitly for a specific genre or game;
and

* where the engine normally ends and the game begins.

We'll also get a first-hand glimpse into the inner workings of
some popular game engines, such as Quake, Unreal, and Unity, and
some well-known middleware packages, such as the Havok Physics
library, the OGRE rendering engine, and RAD Game Tools” Bink 2
video library. And we’ll explore a number of proprietary game en-
gines that I've had the pleasure to work with, including the engine
Naughty Dog developed for its Uncharted and The Last of Us game
series.

Before we get started, we'll review some techniques and tools for
large-scale software engineering in a game engine context, including:

¢ the difference between logical and physical software architec-
ture;

* configuration management, revision control, and build sys-
tems; and

* some tips and tricks for dealing with one of the common devel-
opment environments for C and C++, Microsoft Visual Studio.

In this book I assume that you have a solid understanding of C++
(the language of choice among most modern game developers) and
that you understand basic software engineering principles. I also as-
sume you have some exposure to linear algebra, three-dimensional
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vector and matrix math, and trigonometry (although we’ll review the
core concepts in Chapter 5). Ideally, you should have some prior ex-
posure to the basic concepts of real-time and event-driven program-
ming. But never fear—I will review these topics briefly, and I'll also
point you in the right direction if you feel you need to hone your
skills further before we embark.

11 What Is a Game?

We probably all have a pretty good intuitive notion of what a game is.
The general term “game” encompasses board games like chess and
Monopoly, card games like poker and blackjack, casino games like
roulette and slot machines, military war games, computer games,
various kinds of play among children, and the list goes on. In
academia we sometimes speak of game theory, in which multiple
agents select strategies and tactics in order to maximize their gains
within the framework of a well-defined set of rules by which the
agents can interact. When used in the context of console or computer-
based entertainment, the word “game” usually conjures images of
a three-dimensional virtual world featuring a humanoid, animal,
or vehicle as the main character under player control. (Or for the
old geezers among us, perhaps it brings to mind images of two-
dimensional classics like Pong, Pac-Man, or Donkey Kong.) In his ex-
cellent book, A Theory of Fun for Game Design, Raph Koster defines a
game to be an interactive experience that provides the player with
an increasingly challenging sequence of patterns which they learn
and eventually master [32]. Koster’s assertion is that the activities of
learning and mastering are at the heart of what we call “fun,” just as
a joke becomes funny at the moment we “get it” by recognizing the
pattern.

For the purposes of this book, we’ll focus on the subset of games
that comprise two- and three-dimensional virtual worlds with a
small number of players (between one and 16 or thereabouts). Much
of what we’ll learn can also be applied to HTML5/JavaScript games
on the Internet, pure puzzle games like Tetris, battle royales, or mas-
sively multiplayer online games (MMOG). But our primary focus
will be on game engines capable of producing first-person shooters,
third-person action/platform games, racing games, fighting games,
and the like.

.11 Video Games as Soft Real-Time Simulations

Most two- and three-dimensional video games are examples of what
computer scientists would call soft real-time interactive agent-based
computer simulations. Let’s break this phrase down in order to better
understand what it means.





