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provided in this edition, making it an excellent jumping off point for those who wish to dig
deeper into any particular aspect of the game development process.

Key Features

¢ Covers both the theory and practice of game engine software development
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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.

Xi
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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 LinkedIn 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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Rendering

hen most people think about computer games, the first thing

that comes to mind is stunning three-dimensional graphics.
Most games these days aim to produce photorealistic graphics—
imagery with such high detail and physically accurate lighting that
it can be difficult to tell the difference between the game’s virtual
world and reality. Some games opt for a more-stylized look, perhaps
emulating the appearance of a cartoon, or a pencil sketch, or an im-
pressionist painting. And of course, two-dimensional game graph-
ics is still very much a thing in the game industry. In the following
two chapters, we'll focus primarily on real-time three-dimensional
graphics, and we’ll generally assume that photorealistic rendering is
the goal. However nearly all of what we’ll learn can also be applied
to non-photorealistic 3D rendering, and we’ll briefly touch on some
of the ways in which stylized effects can be achieved.

The topic of 3D computer graphics is a subset of an even broader
topic known as computer-generated imagery (CGI). Computer graphics
technologies find many uses outside the game industry, including
film and special effects, simulation, computer-aided design (CAD),
lighting engineering, medical visualization, and many more. In gen-
eral, the goal of CGl is to produce a synthetic image as output, given
some kind of non-image data as input.

Real-time 3D rendering is a specialized kind of 3D rendering which
aims to produce images at the desired level of quality and photo-
realism at interactive frame rates to provide the illusion of motion.
This means achieving a refresh rate of at least 30 frames per second
(FPS) although frame rates of 60 FPS or higher are more typical in
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1. Rendering

the games industry. At a frame rate of 60 FPS, the computer has
just over 16 milliseconds to generate each image. But the game en-
gine does a lot more than just render graphics every frame; it also
needs to update game logic, animate the objects in the scene, run col-
lision detection and the physics simulation, synthesize audio, and so
on. As such, a game’s rendering engine needs to fulfill two equally-
important requirements—to produce highly-detailed photorealistic
graphics, and to do so very very quickly! Considering that film ren-
dering engines often take anywhere from many minutes to many
hours to render a single frame, the quality of real-time computer
graphics these days is truly astounding.

Real-time 3D rendering is an exceptionally broad and profound
topic, so there’s simply no way to cover all of the details in two
chapters. Thankfully there are a great many excellent books and
other resources available on this topic. In fact, real-time 3D graph-
ics is perhaps one of the best covered of all the technologies that
make up a game engine. The goal of these chapters, then, is to pro-
vide you with a broad understanding of real-time rendering tech-
nology and to serve as a jumping-off point for further learning.
After you've read through these pages, you should find that reading
other books on 3D graphics seems like a journey through familiar
territory.

1.1 The Rendering Problem

A 3D rendering engine is a collection of computer hardware and soft-
ware whose purpose is to solve a problem we’ll call the rendering prob-
lem: Given a virtual world comprised of scene elements (virtual solid
objects, fluids, clouds of smoke, and so on), one or more virtual light
sources, and a virtual camera, the task is to produce a two-dimensional
color image of the scene as viewed by the camera. We say that the
scene elements, light sources, and camera are virtual because they
don't exist in the real world —they only exist as descriptions residing
in the computer’s memory. We want the output image to mimic, to
some desired and practically feasible degree of realism or stylization,
the image that would have been generated had a real-world camera
been viewing that same real-world scene.

1.1 Conceptualizing the Rendering Problem

There are a number of ways to conceptualize the rendering prob-
lem, and hence multiple ways to break down the problem to make it
tractable.
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1111 Rendering as Data Conversion

A program that solves the rendering problem can be viewed as a data
conversion algorithm: Its inputs are mathematical/numerical mod-
els of scene elements, light sources, and a camera, specified in three-
dimensional space. The output is a two-dimensional rectangular ar-
ray of data, with some desired dimensions W x H, each element of
which contains color information encoded in a numeric format that
is suitable for display on a TV screen, CRT monitor, or other display
device. The data elements making up the output image are called
“picture elements” or pixels for short.

1112 Rendering as a Geometric Problem

The rendering problem can be conceptualized from a geometric point
of view. As we’ll learn in Section 11.2, each scene object can be rep-
resented or approximated by a mathematical description of its exte-
rior surface. This surface geometry can be broken down into a patch-
work of simple geometric primitives such as triangles, each of which
is defined by three points known as vertices. To render the scene, the
vertices are transformed into the Cartesian coordinate space of the
virtual camera and projected from three-dimensional space into the
two-dimensional space of the display screen.

Once in screen space, the primitive shapes can be drawn as sim-
ple wireframes by connecting the transformed vertices with lines. Or
they can be shaded by filling the screen pixels that lie interior to each
primitive with a color. The color of each pixel is typically selected
either by reading color information from a 2D image known as a tex-
ture map and/or by performing approximate or photorealistic lighting
calculations.

1113 Rendering as Visibility Determination and Shading

The image produced by a 3D rendering engine is typically intended
to mimic the output of a real-world camera. A digital camera contains
an array of light sensors; the intensity and spectral characteristics of
the light detected by each sensor determines the color of the corre-
sponding pixel in the image. Most of the photons received by one
of these sensors will have bounced off the exterior surface of some
object in the scene prior to arriving at the light sensor.

Thinking about the rendering problem in this way permits us to
break it down into two sub-problems:

1. The visibility problem. The rendering engine needs to determine
which objects in the scene can be “seen” by the camera. Assum-
ing our camera contains N light sensors (and thus generates an
outputimage comprised of N pixels), the solution to the visibil-
ity problem provides the rendering engine with a collection of





