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Preface

What I cannot create, I do not understand.

RICHARD FEYNMAN (FAMOUS AMERICAN PHYSICIST
AND NOBEL LAUREATE)

Lectures which really teach will never be popular; lectures which
are popular will never teach.

MICHAEL FARADAY (FAMOUS ENGLISH
EXPERIMENTALIST AND SCIENTIST)

A mathematical theory is not to be considered complete until you
have made it so clear that you can explain it to the first man whom
you meet on the street.

DAVID HILBERT (FAMOUS GERMAN MATHEMATICIAN)

I have no formal background in fluid dynamics. I am not an engineer nor
do I'have a specialized degree in the mathematics or physics of fluids. Tam
fortunate that I did not have to carry that baggage around. On the other
hand, I do have degrees in pure mathematics and computer science and
have an artsy background. More importantly, I have written computer
code that animates fluids.*

I wrote code. That is the bottom line.

* Other stuff as well of course. Chess games, Pac-Man rip offs, writing code to make money dur-
ing summer jobs, ray tracers, particle system simulations, surface modeling, and more recently a
unified dynamics solver called Nucleus. That is the beauty of writing code. The computer can be
taught to do all sorts of things and you can do it anywhere. All you need is a laptop with an Internet
connection. Sort of like mathematics. A mathematician is basically a clever mechanism that turns
coffee into theorems. Coding and mathematical work can be done anywhere: the Copacabana
Beach of Rio Janeiro (Brazil) or a remote cabin in Northern Canada.
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I did not just download some code from the Internet and mash it
together. Therefore, I think I understand what I am talking about. Of
course, it is based on previous work. I did not invent the theories and con-
cepts behind it. Research is a process.

You cannot fool a computer.

You can fool students, colleagues, or friends but not a computer. Why?
A computer is like the best pet ever, it is wickedly fast and always obeys.
Creating computer code is the ultimate test whether you understand
something or not. Teach it to the computer and you will understand it.
If you work for a company, you also have to deal with marketing, public
relations, sales, and the customer feedback cycle.

Customer feedback is brutally honest. They pay you money for your
software and they expect it to work. If it doesn’t work, they will let you
know. It either works or it doesn’t. Postmodern literature debates, on the
other hand, are not like that. Everyone is right and everyone is wrong at
the same time. But these debates fueled by coffee or wine might be more
fun than spending hours fueled by coffee fixing computer code that has
to work.

I like writing code. And I like fixing code as long as it is my code.

This book is written by a dilettante of some sorts. However, by writing
computer code, I came to understand the dynamics of fluids. This book
is not your usual fluid dynamics textbook full of clever equations. I know
equations quite well and Ilove them. They helped me to understand fluids.
But to most people, they look like strange hieroglyphs from some other
universe.

That is how Chinese characters appear to me.

That is why fancy equations are not very helpful to most people. When I
get an e-mail written entirely in Chinese characters, I just ignore it. What?
The alternative is that I take a course to learn Chinese characters. That
would be cool and help me the next time I travel to China. But that is going
to be a lot of work and my time is limited. Besides, it is fun to be a stranger
in a strange land.

I want this book to be accessible to people who are not experts in math-
ematics or physics. I also want to make this a fun book. That is how I do
research. I like to have fun even at work. Some parts of this book have
mathematics. My hope is that the math will be somewhat accessible to
most people who are willing to go along. This is a common tactic in math-
ematics when reading a mathematical paper that is not in your area of
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expertise and trying to understand it. At first, you just try to get the gist
of it. Then if it sounds cool, you go through the details. And if you really
get excited, then you should try to write some code that implements the
content of the paper.

I also provide one-paragraph summaries of the material after each sec-
tion in this book. I found this to be a good practice when I was learning
math and computer science at the university. What did I learn in a nutshell
after alecture? I picked up this practice from a math professor, Pierre de la
Harpe, at the University of Geneva who started each lecture with a sum-
mary of the material he covered in the previous lectures.

This methodology really helps if you are taking tons of classes. I also
tend to understand some material using different tools than what most
people are used to. I like to repeat things from different points of view.
I like to argue with myself. That way, I can be both right and wrong, just
not at the same time. You can learn some interesting stuft from this pro-
cess. It is also a good tactic before giving a talk. You will be ready to face
most questions. No question is stupid, and some can point you in new
directions. I am always open to exploring new ideas, and learning. You
can never be the smartest or the most creative person in the room.

The main goal of this book is to show how to create computer code
that animates the motion of fluids. Computer code will be included in this
book. Readers can download the accompanying code and run it on their
own computers.

My goal is actually more ambitious. I want programmers to use these
codes as a starting point to create their own apps, games, and so on. In
fact, some of my code has been available for over 10 years and many people
have used it as a starting point to create their own games, fun demos, and
apps. Even better would be if programmers rewrite the code in a com-
pletely different manner or in a completely different language. That would
be so cool. I would like to challenge any reader to write a shorter version
of my code in C that is still readable.

I did not want to write a Fluid Dynamics for Dummies style of book.
This is because I think my readers are smart and creative people who want
to know how fluids are simulated on a computer to create nifty anima-
tions. In fact, I want smart and creative programmers to read this book
and extend the code to create novel applications. Basically, I want this
book to inspire people to do their own stuff. To create and not take any-
thing for granted.
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Be a rebel.

Not to destroy, but to create.

I'love it when I get an e-mail out of the blue from someone far from my
home in Toronto, like India, pointing me to a web-based application they
created that combines fluids and reaction-diffusion processes. And “wow”
the program runs in a web page. And the person thanks me, too. How cool
is that. My day is certainly made.

Since there are so many good technical books on fluid dynamics, I want
this book to be different and less technical. I want this book to be a bridge
between my two favorite fluid dynamics books:

An Album of Fluid Motion (Stanford University, California, 1982),
assembled by Milton Van Dyke*

A Mathematical Introduction to Fluid Mechanics (Springer, 2000), writ-
ten by Alexandre Chorin and Jerrold Marsden

The first book is a collection of photographs of famous fluid experi-
ments. It is the perfect geek coftee table book.

The second book is a brilliant and concise mathematical introduction to
fluid dynamics. This book clarified many obscure aspects of fluid dynamics
for me through a rigorous mathematical treatment. Consider the follow-
ing statement: “Pressure is the Lagrange multiplier derived from the diver-
gence free constraint.” If this statement makes sense to you, then Chorin
and Marsden’s book is for you. But please continue reading this book.

This book is also a personal account of how I have dealt with fluid
dynamics. Obscure at first, leading to enlightenment followed by writing
computer code.

I want to make the narrative of this book somewhat interesting.
Research is not just a collection of impersonal facts that seem to come out
of nowhere. The science of fluids was created or discovered, whatever, by
real people. I think it is important to give homage to them.

* T have to tell this story. I ordered this book from Milton Van Dyke’s website and did not have to pay
for it when I ordered it. Only when I got the book through regular mail, did I see that there was a
notice to send a check of some ridiculously low amount of money to a certain Milton Van Dyke liv-
ing in Palo Alto, California. No one I know would rip off a person who put together such a beautiful
book. Of course, I immediately sent the check to the address with “Thanks!” written on the back of
the check.
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Don’t worry.

This book is not going to describe how many wives, husbands, lovers, or
kids these scientists had. There are plenty of good books out there docu-
menting their personal lives. I am not an expert in these matters anyway
nor am I particularly interested in their extracurricular activities. It is all
about their scientific achievements.*

This book is based on many talks I have given over the last 15 years.
Which explains the somewhat informal colloquial style of the book. Also,
I assume my readers have access to search engines as there is no exhaus-
tive list of references. If you like something in the book and want to know
more about it, research it. That is how I work these days. I do miss the days
I had to go to libraries, however, that is just nostalgia.

The first time I gave a talk on this subject was at an annual computer
graphics conference called SIGGRAPH' in Los Angeles in 1999. The paper
I presented was called “Stable Fluids.” That was a crazy conference for me.
I had other talks on completely different subjects,* one in the same after-
noon, and I had to lug my hardware, an SGI Octane, using a cab from
my hotel room at the Westin Bonaventure up on Figueroa Avenue to the
convention center at the bottom of Figueroa.

But it worked out.

This was one of the first times that fluid simulations were shown to
react to user input in real time. There was applause. And then there was
applause again two years later, again in Los Angeles, when I gave my dem-
onstration of real-time fluids on a Pocket PC.S I wrote this just for fun. The
Pocket PC fits in your pocket (hence the name). Consequently, I was able
to show my fluid creations everywhere: at parties, on the subway, or to my
family living abroad in Europe.

Only later did people tell me that I disproved some skeptics, that my fast
demonstrations two years earlier were only due to using fancy hardware.

* But still. Leonhard Euler, one of the heroes of this book, had 13 kids. Legend has it that he did his
finest math while holding one of his babies on his lap.

* SIGGRAPH is an acronym for Special Interest Group on GRAPHics and Interactive Techniques.
Since 1974, this conference has been held yearly in various places across North America. It is the
Mecca for graphics guys. It is the most prestigious place to publish a paper in computer graphics.
In 1999, there were over 40,000 attendees.

¥ “Subdivision Surfaces” and “Diffraction Shaders.”

$ The Pocket PC was released by Microsoft in 2000 and powered by an operating system called
Windows CE. I showed my demo on an iPAQ, which was created by Compaq at the time. In 2007,
Apple came out with the iPhone/iPod. I will say more about that later in the book.
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When people disagree and challenge your work, that is actually a good
sign. If no one cares about your work one way or the other, then why
bother doing it.

The skeptics thought my demonstrations were fast because I showed
them running on an SGI Octane.* I only needed the Octane because it
had three-dimensional hardware texture rendering capabilities. Oh, and
also because I got it for free and it was the best workstation at the time.
But man, was it ever heavy to carry around.” It wouldn’t fit in your pocket.
The only reason I wrote apps for a mobile device was because it was a cool
thing to do. In the end, it showed that software sometimes overpowers
brute-force hardware.

I did this fun stuff when I was living in Seattle, Washington, in the late
1990s. Just after the grunge scene left town and moved to Los Angeles.* At
the same time, our animation software called MAYA was about to take
off. We used to have an office in sunny Santa Barbara, California, where
everyone is always happy. When I went there on a trip from rainy Seattle
and showed them the real-time demos, they immediately wanted to put it
into our MAYA software. This was in 2000. After a roller-coaster ride, the
fluid solver finally made it into our MAYA 4.5 software in 2002 under the
name of “Fluid Effects.” This release would have been impossible without
the help of many people from the MAYA development team in Toronto,
Canada. They did most of the work, getting my research code into a real
piece of software and adding their own secret sauces and spices.

Putting research code into a product takes time and a lot of effort. Trust
me. But in the end, it made it into MAYA! We shipped it. And people are
using it. We didn’t waste our time on some vaporware to prove we were
busy and hardworking. And more importantly, we had fun doing it. Well,
at least I had fun doing it.

In 2008, I wrote a fluid app for the iPhone/iPod. I did this mainly
because the iPhone supports OpenGL ES, has an accelerometer, and
has a multitouch interface. All the things that I wanted to have in an

* At the time, I worked for SGI who actually made the Octane. At the time, it cost over $60,000. Now,
you can buy one on eBay for about $200. Oh right: SGI stands for Silicon Graphics Incorporated.
It used to be the hottest company in Silicon Valley, California. They are pretty much defunct right
now. Google has taken over their old campus in Mountain View.

* An Octane weighs 24.3 kg (54 1b).

* There were still a lot of good bands like the “Murder City Devils” and “Rorschach Test,” just to
name some.
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interactive fluid app in 2000. I will say more about this experience later
in the book. In 2010, we released Fluid FX, an improved version of the
original app.

To summarize: I planted a seed in the area of fluid animation. Others
have too. But this is my story.

Jos Stam
Toronto, Ontario, Canada
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CHAPTER 1

Introduction

Simple play is also the most beautiful. How often do you see a pass
of forty meters when twenty meters is enough? Or a one-two in
the penalty area when there are seven people around you and a
simple wide pass around the seven would be a solution? The solu-
tion that seems the simplest is in fact the most difficult one.

JOHAN CRUIJFF (DUTCH SOCCER LEGEND)

Problems can be complicated. Solutions cannot.

ADVERTISEMENT SPOTTED AT THE COPENHAGEN
AIRPORT AFTER GIVING A TALK ON FLUID DYNAMICS
AT DANSIS

There are times when we're testing an actual explosion, and then
there are times when we blow stuff up just because we can.

JAMIE HYNEMAN (CO-HOST OF THE POPULAR SHOW
MYTHBUSTERS)

Visually, fluids are everywhere and nowhere.

That might seem like a weird statement. But let me explain.

Fluids like water, honey, maple syrup, fire, explosions, and oil are
everywhere. We can see, smell, and sometimes taste and touch them. On
the other hand, air is nowhere to be seen. Air is also a fluid. We usually
see the effect of motion of the air on other things like insects, dust, clouds,
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and the motion of trees. Air is this invisible thing that makes things move.
Some fluids are like that. The astonishing fact is that all these fluidlike
effects such as liquids and air can be described by a single formal frame-
work called fluid dynamics.

We will get to that.

What is a fluid? It really is a technical word that defines a substance that
can change its shape in a continuous manner. So, a rock is not really a fluid
but when it is heated it becomes one, like lava spurting from a volcano.*
It also releases heat that will affect the motion of the fluid that is air. Lava
definitely can take many different shapes. In fact that is why fluids are
cool. A lava lamp is a good example. The legendary Toronto rock band
“Sucker Punch” even has a song called “Cool Like a Lava Lamp.” No really,
this song rocks.

Since fluids are everywhere and nowhere, why do we want to animate
them? There are many reasons actually. First, some fluid effects are hard
to recreate, like nuclear explosions, tsunamis, and volcanic eruptions. In
these cases, computer-generated fluids can create a multitude of cata-
strophic effects without anyone being hurt. Except, of course, for the ani-
mators who must put in long hours creating these effects, and often end up
separating from their significant others. These animations can also create
effects that have never been seen before or are impossible to create physi-
cally. In the special effects industry, they call actual physical shots with no
computer graphics practical. I always found this to be an awkward word.
Of course, some of these practical shots might be fixed “in post” with com-
puter tools to get the perfect look. Practical means you actually blow stuff
up, like they do in the popular television show MythBusters. Adam Savage
and Jamie Hyneman, the two main hosts of this show, actually used to
work for Industrial Light and Magic (ILM), which is a major special effects
company based in San Francisco. Think Star Wars.

In addition to safety issues, there is another reason to use computers to
create fluid animations: artistic control. In movies, people want fluids to
behave in specific ways, which can be impossible or near impossible using
practical methods. How would you get liquid horses coming out of a stream
of water like in the Lords of the Rings movie using real footage? It might be
possible but very improbable to achieve. When you simulate a fluid using
computer animation you are playing God. You can vary control parameters

* On the other hand, rock formations can be considered in a sense as being very, very, very slow
fluids. Think about the drift of continents that cause volcanoes and earthquakes.
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to make the fluid do something you have in mind. Of course, this practice
of animating fluids has been around since the early days of animation.
Think of the classic Disney movies that featured fluids. However, this was
a rather tedious method to create a convincing animation of a fluid. Back
then every shot had to be hand drawn to create a series of what is called
key-frames. To get an idea of the motion, artists would use a flip book basi-
cally flipping rapidly through the pages of a book sequentially. However,
in this case, each page has a hand-drawn picture on it created by the artist.
By a process of trial and error and intuition, a final fluidlike animation is
created. Like that. Some artists were amazing at doing this.

One of the earliest flip books created is shown in Figure 1.1. It
was invented in 1868 by John Barnes Linnett, an Englishman from
Birmingham. He called it the kineograph, a fancy Latin word for mov-
ing picture. He filed a patent on it too. Why not? In those days there was
a tremendous interest in animated pictures. It was not until December
28, 1895,* that the Fréres Lumiére from France showed their first motion

The kineograph

FIGURE 1.1 The first “flip book.”

* Exactly 70 years to the date before I was born.
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FIGURE 1.2 The Lumiére brothers.

picture to the public. They are both portrayed in Figure 1.2 and one of the
frames of their first movie is shown in Figure 1.3. Legend has it that the
audience watching the movie for the first time was frightened. The sight
of the train entering the station was so scary that most of the audience ran
out of the cinema screaming. This short clip also had a fluid effect in it:
the steam emanating from the locomotive. Interestingly, the brothers’ last
name Lumiére means light in French, yes light, as in bright, not as in not
being heavy.

The flip book and the cinema are good metaphors for computer ani-
mation. Indeed, the goal of computer animation is to create a sequence
of pictures that give the illusion of movement. The bottom line is to fill
an array of picture elements called pixels on a screen for every snapshot.
Traditionally in computer graphics, things are animated in a virtual
3D world and then projected onto a screen. This is called the render-
ing pipeline and is depicted in Figures 1.4 and 1.5. The first figure is
an engraving by the German Leonardo Albrecht Diirer. This is an early
depiction of how perspective projection works and how it is used in art.
Figure 1.5 shows the basic methodology of computer graphics. The ball,



