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Preface

Every time I complete a manuscript my attention turns quickly to the title of my
next book. And after completing the latest version of Mathematics for Computer
Graphics, 1 began to think of what should follow. It didn’t take too long to iden-
tify the subject of this book: rotation transforms, which have always interested me
throughout my career in computer graphics.

I knew that I was not alone in finding some of the ideas difficult, as every time
I searched the Internet using search keys such as ‘quaternions’, ‘Euler angles’, ‘ro-
tors’, etc., I would come across websites where groups were discussing the meaning
of gimbal lock, the matrix representation of a quaternion, eigenvectors, etc., and I
knew straight away that I had to do my bit to clarify the subject.

One of the main problems why there is so much confusion arises through the
different forms of vector and matrix notation. Some authors work with matrices that
involve row vectors, rather than column vectors, which leads to a transposed matrix.
In some cases, the direction of rotation is clockwise, rather than the normal posi-
tive, anti-clockwise direction. Quaternions are treated as a four-dimensional object
where one has to visualise a hyper-sphere before they can be mastered. Some of the
algorithms for extracting eigenvectors and their associated eigenvalue can be very
sensitive to the type of matrix in use. This is all rather disconcerting.

The experienced mathematician will take all of this in his or her stride, but to a cg
programmer trying to implement the best rotation algorithm and design some stable
code, this is not good news. So about a year ago, I started to collect my thoughts on
how to approach this subject. After a few false starts and chapter rewrites, I decided
to write an introductory book that would take the reader through the foundations of
rotation transforms from complex numbers to Clifford algebra rotors, touching on
vectors, matrices and quaternions on the journey.

Ilustrations are vital to understanding rotation transforms, especially the differ-
ence between rotated points and rotated frames. I came across many websites, tech-
nical literature and books where the illustrations confused rather than clarified what
was going on, and I explored various approaches before settling for a unit cube with
numbered vertices. This book contains over a hundred illustrations, which, I hope
will help the reader understand the underlying mathematics.
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In order to create some sort of structure, I have separated transforms for rotating
points in a fixed frame, from transforms that rotate frames with fixed points. I have
also separated transforms in the plane from transforms in 3D space. In all, there are
thirteen chapters, including an introduction and summary chapters.

Chapter 2 provides a quick introduction to complex numbers and the rotational
qualities of imaginary i. The reader should be comfortable with these objects, as we
find imaginary quantities in quaternions and multivectors.

Chapter 3 covers vectors and their products, whilst Chap. 4 describes matrices
and their associated algebra. It also explores other relevant topics such as matrix
inversion, symmetric and antisymmetric matrices, eigenvectors and eigenvalues.

Chapter 5 covers quaternions and their various forms, but I leave their rotational
abilities for Chap. 11. I play down their four-dimensional attributes as [ don’t believe
that this characteristic is too important within this introductory book.

Chapter 6 introduces multivector rotors that are part of Clifford’s geometric al-
gebra, and again, their rotational qualities are delayed until Chap. 12.

Chapter 7 covers rotation transforms in the plane and establishes strategies used
for transforming points in space, whilst Chap. 8 addresses rotating frames of refer-
ence in the plane.

Chapter 9 is an important chapter as it introduces the classic techniques for han-
dling 3D rotations, composite rotations, gimbal lock, and provides a stable technique
for extracting eigenvectors and eigenvalues from a matrix.

Chapter 10 develops the ideas of Chap. 9 to explain how coordinates are com-
puted in rotating frames of reference.

Chapter 11 takes quaternions from Chap. 5 and shows how they provide a pow-
erful tool for rotating points and frames about an arbitrary axis.

Chapter 12 takes the multivectors from Chap. 6 and shows how they provide a
unified system for handling rotors. Finally, Chap. 13 draws the book to a conclusion.

I would like to take this opportunity to acknowledge the authors of books, tech-
nical papers and websites who have influenced my writing over recent years. From
these dedicated people I have discovered new writing techniques, how to format
equations, and how to communicate complex ideas in an easy manner. Without
them this book would not have been possible. However, there is one author that
I must acknowledge: Michael J. Crowe. His book A History of Vector Analysis [1]
is an amazing description of how vectors and quaternions evolved, and is highly
recommended.

In particular, I would like to thank Dr Tony Crilly, Reader Emeritus at Middlesex
University, who read a draft manuscript and made many important recommenda-
tions. Tony read the book through the eyes of a novice and questioned my writing
style when clarity started to sink below the surface. Forty years ago, when I was
struggling with gimbal lock and Euler transforms, Tony brought to my attention the
rotation transform developed by Olinde Rodrigues, who had invented quaternions
before Hamilton, but that’s another story. I included this transform in my animation
software system PICASO, running on a mainframe computer with a 24 KB store!
I was very nervous about using it as sines and cosines were evaluated at a software
level and extremely slow.
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I would also like to thank Prof. Patrick Riley for providing me with a harmono-
gram that has formed the book’s cover design, and for his feedback on early drafts
of the manuscript when I needed to know whether I was managing to communicate
my ideas effectively.

Once again, I am indebted to Beverley Ford, General Manager, Springer UK,
and Helen Desmond, Assistant Editor for Computer Science, for their support and
reminding me of the importance of deadlines. I would also like to thank Springer’s
technical support team for their help with ISTEX 2¢.

Ringwood John Vince
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Chapter 1
Introduction

1.1 Rotation Transforms

In computer graphics the position of an object is expressed by two transforms:
translation and rotation. It is relatively easy to visualise a translation and express
it mathematically, however rotations do present problems. Furthermore, it is not just
objects that require rotating and translating — frames of reference have to be posi-
tioned within the world coordinate system in order to secure different views of the
virtual world. In order to do this, it is necessary to combine rotation and translation
transforms.

When rotating and translating objects, the angles and translation offsets are often
relative to a fixed frame of reference. However, when rotating and translating frames
of reference, the angles and offsets are relative to a changing frame of reference,
which requires careful handling. Primarily, this book is about rotation transforms,
and how they are used for moving objects and frames of reference in the plane and
in 3D space. But in order to do this within a real computer graphics context, it is
necessary to include the translation transform, which introduces some realism to the
final solution.

The world of mathematics offers a wide variety of rotation techniques to choose
from such as direction cosines, Euler angles, quaternions and multivectors. Each has
strengths and weaknesses, advocates and critics, therefore no attempt will be made
to identify a ‘best’ technique. However, I will attempt to draw your attention to their
qualities in order that you can draw your own conclusions.

1.2 Mathematical Techniques

Six branches of mathematics play an important role in rotations: trigonometry, com-
plex numbers, vectors, matrices, quaternions and multivectors, which are described
in the following chapters and ensure that this book is self contained. We only require
to consider certain aspects of trigonometry which will become foundations for the

J. Vince, Rotation Transforms for Computer Graphics, 1
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other topics. Complex numbers are extremely useful from two perspectives: the first
is that they pave the way to the idea of a rotational operator, and second, they play
an intrinsic part in quaternions and multivectors. Vectors provide a mechanism for
representing oriented lines, and together with complex numbers form the basis for
quaternions, which provide a mechanism for rotating points about an arbitrary axis.
Lastly, multivectors introduce the concept of oriented areas and volumes, and pro-
vide an algebra for undertaking a wide range of geometric operations, especially
rotations.

1.3 The Reader

This is an introductory book and is aimed at readers studying or working in com-
puter graphics who require an overview of the mathematics behind rotation trans-
forms. They are probably the same people I have encountered asking questions on
Internet forums about Euler angles, quaternions, gimbal lock and how to extract a
direction vector from a rotation matrix.

Many years ago, when writing a computer animation software, I encountered
gimbal lock and had to find a way around the problem. Today, students and pro-
grammers are still discovering gimbal lock for the first time, and that certain mathe-
matical techniques are not completely stable, and that special cases require detection
if their software is to remain operational.

1.4 Aims and Objectives of This Book

The aim of this book is to take the reader through the important ideas and mathemat-
ical techniques associated with rotation transforms, without becoming too pedantic
about mathematical terminology. My objective is to make the reader confident and
comfortable with the algebra associated with complex numbers, vectors, matrices,
quaternions and rotors, which seems like a daunting task. However, I believe that
this is achievable, and is why I have included a large number of worked examples,
and shown what happens when we ignore important rules.

1.5 Assumptions Made in This Book

I only expect the reader to be competent in handling algebraic expansions, and to
have a reasonable understanding of trigonometry and geometry. They will probably
be familiar with vectors but not necessarily with matrices, which is why I have
included chapters on these topics.
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1.6 How to Use the Book

The book has a linear narrative and readers with different backgrounds can jump in
at any convenient point. Apart from explaining the mathematical techniques, I have
tried to introduce the reader to the mathematicians behind the techniques. Math-
ematicians such as Hamilton, Cayley, Gibbs, Clifford, Euler, Laplace, Sarrus and
Grassmann have all played a part in rotation transforms and associated mathemat-
ics, and are responsible for the techniques we use today. Hopefully, you will find
this background material relevant and interesting.






Chapter 2
Complex Numbers

2.1 Introduction

Complex numbers have been described as the ‘king’ of numbers, probably because
they resolve all sorts of mathematical problems where ordinary real numbers fail.
For example, the rather innocent looking equation

1+x2=0

has no real solution, which seems amazing when one considers the equation’s sim-
plicity. But one does not need a long equation to show that the algebra of real num-
bers is unable to cope with objects such as

x=+—1.

However, this did not prevent mathematicians from finding a way around such an
inconvenience, and fortuitously the solution turned out to be an incredible idea that
is used everywhere from electrical engineering to cosmology. The simple idea of
declaring the existence of a quantity i, such that i> = —1, permits us to express the
solution to the above equation as

X =i

All very well, you might say, but what is i? What is mathematics? One could also
ask, and spend an eternity searching for an answer! 7 is simply a mathematical object
whose square is —1. Let us continue with this strange object and see how it leads us
into the world of rotations.

2.2 Complex Numbers

A complex number has two parts: a real part and an imaginary part. The real part
is just an ordinary number that may be zero, positive or negative, and the imaginary
part is another real number multiplied by i. For example, 2+ 3/ is a complex number

J. Vince, Rotation Transforms for Computer Graphics, 5
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where 2 is the real part and 3 is the imaginary part. The following are all complex
numbers:

2, 242, 1-3i, —4i, 17i.

Note the convention to place the real part first, followed by i. However, if i is as-
sociated with a trigonometric function such as sin or cos, it is usual to place i in
front of the function: i sin@ or i cos, to avoid any confusion that it is part of the
function’s angle.

All that we have to remember is that whenever we manipulate complex numbers,
the occurrence of i2 is replaced by —1.

2.2.1 Axioms

The axioms defining the behaviour of complex numbers are identical to those asso-
ciated with real numbers. For example, given two complex numbers z; and z, they
obey the following rules:
Addition:
Commutative 71 +22 =22+ 21
Associative  (z1 +22) +23 =21 + (22 +23) .

Multiplication:

Commutative 7122 = 2221
Associative  (z122) 23 = 21 (2223)
Distributive 71 (z2 + 23) = 2122 + 2123

(z1 +22) 23 = 2123 + 2223.

2.3 The Modulus

The modulus of a complex number a + bi is defined as v/a% + b2. For example, the
modulus of 3+44i is 5. In general, the modulus of a complex number z is written |z|:

z=a+ bi
|z| =+ a? + b2.

We’ll see why this is so when we cover the polar representation of a complex num-
ber.
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2.4 Addition and Subtraction

Given two complex numbers:

zZ1=a+bi
7n=c+di
Zixmn=(@@xc)+bxd)i

where the real and imaginary parts are added or subtracted, respectively. For exam-
ple:

z1=543i
72=342i
21 +22=8+5i
21 —z22=2+4+I.

2.5 Multiplication by a Scalar

A scalar is just an ordinary number, and may be used to multiply a complex number
using normal algebraic rules. For example, the complex number a + bi is multiplied
by the scalar A as follows:

A(a+ bi) =Xra + Abi
and a specific example:

2(3+5i) =6+ 10i.

2.6 Product of Two Complex Numbers

The product of two complex numbers is evaluated by creating all the terms alge-
braically, and collecting up the real and imaginary terms:
z1=a+ bi
z2=c+di
2122 = (a + bi) (c 4+ di)
=ac +adi + bci + bdi?
= (ac — bd) + (ad + bc)i

which is another complex number. For example:
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z1=3+4i
72=5-2i
2122=03+4i) (5 —2i)
= 15— 6i +20i — 8i>
=15+14i +8
=234 14i.

Remember that the addition, subtraction and multiplication of complex numbers
obey the normal axioms of algebra. Also, the multiplication of two complex num-
bers, and their addition always results in a complex number, that is, the two opera-
tions are closed.

2.7 The Complex Conjugate

A special case exists when we multiply two complex numbers together where the
only difference between them is the sign of the imaginary part:

(a + bi) (a — bi) = a®> — abi + abi — b*i*
=a? + b2,

As this real value is such an interesting result, a — bi is called the complex conjugate
of a + bi. In general, the complex conjugate of

z=a+Dbi

is written either with a bar z symbol or an asterisk z* as
*=a—bi

and implies that

ZZ* =a2 +b2 — |Z|2-

2.8 Division of Two Complex Numbers

The complex conjugate provides us with a mechanism to divide one complex num-
ber by another. For instance, consider the quotient

a—+bi

c+di’

This can be resolved by multiplying the numerator and denominator by the complex
conjugate ¢ — di to create a real denominator:
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a+bi  (a+Dbi)(c—di)
c+di  (c+di)(c—di)
_ac—adi+bci — bdi?
2+ d?
ac+bd bc—ad\ .
:<&+ﬂ)+<é+ﬂ>L

Another special case is when a =1 and b = 0:

L etap c 4\
=(+d) == )-|5—=)¢
c+di 24+ 42 c2+d?

which is the inverse of a complex number.
Let’s evaluate the quotient:

4+ 3i
344i
Multiplying top and bottom by the complex conjugate 3 — 4i we have
443i  (4+3i)(3—4i)
3+4i (3+4i)(3—40)
_12-16i+9i —12i* 24 T

25 =25 25"

2.9 The Inverse

Although we have already discovered the inverse of a complex number, let’s employ
another strategy by declaring

[y

71=-=
where z is a complex number.
Next, we divide both sides by the complex conjugate of z to create
z1 1
¢zt

But we have previously shown that zz* = |z|?, therefore,

711
= P
and rearranging, we have
Z*
1= W
In general
| R4
E =Z = W
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As an illustration let’s find the inverse of 3 + 4i

1 1
m=(3+4l)
3—4i
25
3 4
=25 25¢

Let’s test this result by multiplying z by its inverse:

(3 -+ 40) 3 4 9 12,_|_12.+16_1
i 5 251 i i

~25 25 25 25
which confirms the correctness of the inverse.

2.10 The Complex Plane

Leonhard Euler (1707-1783) (whose name rhymes with boiler) played a significant
role in putting complex numbers on the map. His ideas on rotations are also used
in computer graphics to locate objects and virtual cameras in space, as we shall see
later on.

Consider the scenario depicted in Fig. 2.1. Any number on the number line is
related to the same number with the opposite sign via a rotation of 180°. For exam-
ple, when 2 is rotated 180° about zero, it becomes —2, and when —3 is rotated 180°
about zero it becomes 3.

But as we know that i = —1 we can write

—n=in.

If we now regard i> as a rotation through 180°, then i could be a rotation through
90°!

Figure 2.2 shows how complex numbers can be interpreted as 2D coordinates
using the complex plane where the real part is the horizontal coordinate and the

Fig. 2.1 Rotating numbers
through 180° reverses their . .
sign -
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A
maginary p=1+2i
21

—

q=-2+i

real -

N\

-4 3 12 1 2 3

=-1-2i

T

Fig. 2.2 The graphical representation of complex numbers

imaginary part is the vertical coordinate. The figure also shows four complex num-
bers:

p=14+2i, g=-24i, r=—-1-2i, s=2—-i

which happen to be 90° apart. For example, the complex number p in Fig. 2.2 is
rotated 90° to ¢ by multiplying it by i:

i(142i)=i+2i%
=—-2+4i.
The point ¢ is rotated another 90° to r by multiplying it by i:
i(=2+4i)=—2i+i>
=—1-2i.
The point r is rotated another 90° to s by multiplying it by i:
i(—1—2i)=—i —2i*
=2—1i
Finally, the point s is rotated 90° back to p by multiplying it by i:
i(2—i)=2i—i>
=142

2.11 Polar Representation

The complex plane provides a simple mechanism to represent complex numbers
graphically. This in turn makes it possible to use a polar representation as shown
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Fig. 2.3 Polar representation A
of a complex number imaginary = a+bi
b
r=lz|
arg(z) =60
a real >

in Fig. 2.3 where we see the complex number z = a + bi representing the oriented
line r. The length of r is obviously ~/a% + b2, which is why the modulus of a com-
plex number has the same definition. We can see from Fig. 2.3 that the horizontal
component of z is r cos @ and the vertical component is r sin6, which permits us to
write

z=a+bi
=rcosf +risinf
=r(cosf +isinh).
Note that i has been placed in front of the sin function.

The angle 6 between r and the real axis is called the argument and written arg(z),
and in this case

arg(z) =6.

One of Euler’s discoveries concerns the relationship between the series for expo-
nential e, sin and cos:

0

'Y =cosf +isinb

which enables us to write
z=ré?’.
We are now in a position to revisit the product and quotient of two complex
numbers using polar representation. For example:
z=r(cosf +1isinb)
w =s(cos¢ +ising)
zw =rs (cosO +isinf) (cosp + i singp)
= rs(cos@ cos¢ +icosfsing +isinf cos¢ + i?sin6 sin¢)
= rs((cos@ cos¢ — sinfsin¢) + i (sinf cos¢ + cosH sinq)))

and as
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,aginaryTW py
2ig
\ _ z=1+i

zw real

5

zw = -2+2i

y
I\

Fig. 2.4 The product of two complex numbers

cos (0 4+ ¢) = cos 6 cos ¢ — sinf sin ¢
sin (6 + ¢) = sinf cos ¢ 4 cos 6 sin ¢
zw =rs(cos (6 + @) +isin (6 +¢)).
So the product of two complex numbers creates a third one with modulus
lzw|=rs
and argument
arg(zw) = arg(2) + arg(w) = 0 + ¢.
Let’s illustrate this with an example. Figure 2.4 shows two complex numbers
z=1+i, w=2i
therefore,
Izl =2, arg(z) =45°
lw| =2, arg(w) =90°
lzw| =22
arg(zw) = 135°

which is another complex number —2 + 2i.

2.12 Rotors

The above observations imply that multiplying a complex number by another, whose
modulus is unity, causes no scaling. For example, multiplying 3 + 4i by 1 4 0i
creates the same complex number, unscaled and unrotated. However, multiplying
3 +4i by 0+ i rotates it by 90° without any scaling.



14 2 Complex Numbers

Fig. 2.5 Rotating a complex imaginary\
number about another
complex number 4i
z=2+3.414i
A i
3i D3 +3i
459
2i
2+ 2i
1i
Aq
1 2 3 4real 7

So to rotate 2 4 2i by 45° we must multiply it by

c0s45° +isin45° = £ + £

<£+“/—_z)(z+21)_f+«/§z+«/_z+fﬂ
=2V/2i.

So now we have a rotor to rotate a complex number through any angle. In general,
the rotor to rotate a complex number a + bi through an angle 6 is

Ry =cosO +isinb.

Now let’s consider the problem of rotating 3 4 3i, 45° about 2 + 2i as shown
in Fig. 2.5. From the figure, the result is z &~ 2 4 3.414i, but let’s calculate it by
subtracting 2 + 2i from 3 + 3i to shift the operation to the origin, then multiply the
result by ~/2/2 4 +/2/2i, and then add back 2 + 2i:

z=<£+£ )((3+3 )— (2+2i)) +2+2i

2
(I f>(1+l)+2+21
~/_ V2. V2 2
7 7 +7 ——+2+2

=2+ (2+2)i
~2+3.414i

which is correct. Therefore, to rotate any point (x, y) through an angle 6 we convert
it into a complex number x + yi and multiply by the rotor cos 6 + i sin6:
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x'+y'i = (cosf +1isinf) (x + yi)
= (xcosf — ysinf) + (xsin6 + ycosh)i

where (x’, y') is the rotated point.
But as we shall see in Chap. 4, this is the transform for rotating a point (x, y)

about the origin:
x| _[cos® —sinb || x
vy | | sin® cosO ||y

Before moving on let’s consider the effect the complex conjugate of a rotor has
on rotational direction, and we can do this by multiplying x + yi by the rotor cos 6 —
ising:

x' +9'i = (cos® —isinf) (x + yi)
=xcosf + ysinf — (xsin6 + ycos6)i

x| [ cos@ sind ||x
¥y | | —sind cosb ||y

which is a rotation of —6.
Therefore, we define a rotor Ry and its conjugate Rg, as

which in matrix form is

Ry =cosf +isinf

R(S =cosf —isinf

where Ry rotates 46, and R; rotates —6. The dagger symbol “{’ is chosen as it is
used for rotors in multivectors, which are covered later.

2.13 Summary

There is no doubt that complex numbers are amazing objects and arise simply by
introducing the symbol i which squares to —1. It is unfortunate that the names
‘complex’ and ‘imaginary’ are used to describe them as they are neither complex
nor imaginary, but very simple. We will come across them again in later chapters
and see how they provide a way of rotating 3D points.

In this chapter we have seen that complex numbers can be added, subtracted,
multiplied and divided, and they can even be raised to a power. We have also come
across new terms such as: complex conjugate, modulus and argument. We have also
discovered the rotor which permits us to rotate 2D points.

In the mid-19th century, mathematicians started to look for the 3D equivalent
of complex numbers, and after many years of work, Sir William Rowan Hamilton
invented quaternions which are the subject of a later chapter.
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2.13.1 Summary of Complex Operations

Complex number

z=a+bi wherei’=—1.

Addition and subtraction

Scalar product

Modulus

Product

Complex conjugate

Division

Inverse

Polar form

Rotors

z1=a+ bi
z2=c+di
Zitzo=(@xc)+bxd)i.

Az = la + Abi.
|z| = v a2+ b2.
z1z22 = (ac — bd) + (ad + bc)i.

¥ =a — bi.

z1_ (ac+bd L+ bc—ad) .
. \2+d? c2+d? .

-1 z*

Tz

Z

z=r(cosf +isinf)

r=|z|
0 = arg(z)
z=re'?.

Ry =cosf +isinf

Rg =cosf —isinb.

2 Complex Numbers



Chapter 3
Vectors

3.1 Introduction

Vectors can be used to represent all sorts of data from weather maps to magnetic
fields, and in computer graphics they are used to represent oriented lines and lo-
cate points in space. In 1853 Sir William Rowan Hamilton (1805-1865) published
his book Lectures on Quaternions [2] in which he described terms such as vector,
transvector and provector. Hamilton had been looking for a 3D equivalent to com-
plex numbers and discovered quaternions. However his work was not widely ac-
cepted until 1884, when the American mathematician Josiah Willard Gibbs (1839—
1903) published his treatise Elements of Vector Analysis, [3] describing modern
vector analysis.

3.2 Vector Notation

As a vector contains two or more numbers, its symbolic name is generally printed
using a bold font to distinguish it from a scalar variable. Examples being n, i and q.
When a vector is assigned its numeric values, the following notation is used

=[]

The numbers 2 and 3 are the components of n and their position within the brackets
is very important.

Two types of notation are in use today: column vectors and row vectors. In this
book we use column vectors, although they can be transposed into a row vector
using this notation: n =[2  3]T. The superscript T reminds us of the column to row
transposition.

J. Vince, Rotation Transforms for Computer Graphics, 17
DOI 10.1007/978-0-85729-154-7_3, © Springer-Verlag London Limited 2011
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Fig. 3.1 A vectoris
represented by an oriented
line segment

» <

3.3 Graphical Representation of Vectors

Cartesian coordinates provide an excellent mechanism for representing vectors and
allows them to be incorporated within the classical framework of mathematics. Fig-
ure 3.1 shows an oriented line segment used to represent a vector. The length of the
line represents the vector’s magnitude, and the line’s orientation and arrow define
its direction.

The line’s direction is determined by the vector’s head (xj, y;) and tail (x;, y;)
from which we compute its x- and y-components A, and A:

Ay = x5 — Xt
A)‘ =Yh — Yt-

For example, in Fig. 3.1 the vector’s head is (6,4) and its tail is (1, 1), which
makes its components Ay =5and Ay, =3 or [5 3]T. If the vector is pointing in the
opposite direction, its components become Ay = —5and Ay =—-3or[-5 — 3]T.

One can readily see from this notation that a vector does not have a unique posi-
tion in space. It does not matter where we place a vector, so long as we preserve its
length and orientation its components will not alter.

3.4 Magnitude of a Vector

The length or magnitude of a vector r is written |r| and is computed by applying the
theorem of Pythagoras to its components A, and Ay:

vl =,/A2 + A2,

For example, the magnitude of vector [3 4T is V32 + 42 =5. Figure 3.2 shows
eight vectors, with their geometric properties listed in Table 3.1. The subscripts ,
and ; stand for head and tail respectively.
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Fig. 3.2 Eight vectors whose Y
coordinates are shown in
Table 3.1 ?

o}

A

Table 3.1 Values associated

with the eight vectors in Xh Yh Xt Vt Ay Ay |vector|
Fig. 3.2
2 0 0 2 0 2
0 2 0 0 0 2 2
-2 0 0 -2 0 2
0 -2 0 0 0 -2 2
1 1 0 0 1 1 V2
—1 1 0 0 -1 1 V2
-1 —1 0 0 —1 ~1 V2
1 —1 0 0 1 ~1 V2

3.5 3D Vectors

A 3D vector simply requires an extra component to represent its z-component A :
T
r=[A; A, A[]

and its length is given by

Ir|=/A2+ A2 + A2,

3.6 Vector Manipulation

Vectors are very different to scalars, and rules have been developed to control how
the two mathematical entities interact with one another. For instance, we need to
consider vector addition, subtraction and multiplication, and how a vector is modi-
fied by a scalar. Let’s begin with multiplying a vector by a scalar.
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3.6.1 Multiplying a Vector by a Scalar

Given a vector n, 2n means that the vectors components are doubled. For example,
given

n=[3 4 5] then 2n=[6 8 10] .

Similarly, dividing n by 2, its components are halved. Note that the vector’s direction
remains unchanged — only its magnitude changes. However, the vector’s direction is
reversed if the scalar is negative:

A=-2 then An=[-6 -8 —10]".

In general, given

ni +Ain
n=|np then +Ain=| *Ainy where A is a scalar.
n3 +Ans

3.6.2 Vector Addition and Subtraction

Given vectors r and s, r £ s is defined as

Xr Xs xr £ xg
r=1{yr{, S=1JYs then r+s= Vr :l:y‘,
Zr Zs Zr £ 2

Vector addition is commutative:

a+b=b+a
1 4 4 1
e.g. 214+ |5|=|5]4+]2
3 6 6 3

However, like scalar subtraction, vector subtraction is not commutative

a—b#b-—a
4 1 1 4
e.g S|—=(2|#|2]|—1|5
6 3 3 6

3.7 Position Vectors

Given any point P(x, y, z), a position vector p is created by assuming that P is
the vector’s head and the origin is its tail. Because the tail coordinates are (0, 0, 0)
the vector’s components are x, y, z. Consequently, the vector’s length |p| equals
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Vx2 + y2 4 z2. For example, the point P (4, 5, 6) creates a position vector p relative
to the origin:

p=[4 5 6] and |p|=V42+52+62~20.88.

3.8 Unit Vectors

By definition, a unit vector has a length of 1. A simple example is i where
i=[1 0 0" and [ij=1.

Converting a vector into a unit form is called normalising and is achieved by di-
viding the vector’s components by its length. To formalise this process consider the

vectorr=[x y z]T withlength |r| =/x2 + y2 + z2. The unit form of r is given
by

. 1
r=—[x vy z]T.
|r|

This process is confirmed by showing that the length of t is 1:

A\ v\ [\
It = (T) +(7) +<T)
Ir| || Ir|
1
= X2 +yi+22
|r|

It = 1.

To put this into context, consider the conversionof r =[1 2 31T into a unit form:

Irl=v12+22+32=+14

_ 0.267
f=——|2|~|0535
V14| 3 0.802

3.9 Cartesian Vectors

We begin by defining three Cartesian unit vectors i, j, k aligned with the x-, y- and
z-axes respectively:

1 0 0
i=|0]|, j=|1]|, k=]|0
0 0 1

Any vector aligned with the x-, y- or z-axes can be defined by a scalar multiple of
the unit vectors i, j and k respectively. For example, a vector 10 units long aligned
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with the x-axis is 10i, and a vector 20 units long aligned with the z-axis is 20k. By
employing the rules of vector addition and subtraction we can compose a vector r
by summing three Cartesian unit vector as follows:

r=ai+bj+ck

which is equivalent to writing r as

..,
Il
SN

and means that the length of r is computed as
Ir| =va?+b% +c2.
Any pair of Cartesian vectors such as r and s are combined as follows

r=ai+bj+ck
s=di+ej+ fk
rts=(@xd)i+bxe)j+(cL k.

For example:

r = 2i 4 3j + 4k
s=5i4+6j+7k
r+s=7i+9j+11k.

3.10 Scalar Product

The mathematicians who defined the structure of vector analysis provided two ways
to multiply vectors together: one gives rise to a scalar result and the other a vector
result. For example, we could multiply two vectors r and s by using the product of
their magnitudes: |r||s|. Although this is a valid operation it ignores the orientation
of the vectors, which is one of their important features. The idea, however, is readily
developed into a useful operation by including the angle between the vectors.

Figure 3.3 shows two vectors r and s that have been drawn, for convenience,
such that their tails touch. Taking s as the reference vector — which is an arbitrary
choice — we compute the projection of r on s, which takes into account their relative
orientation. The length of r on s is |r| cos 8. We can now multiply the magnitude of
s by the projected length of r: |s||r|cos §.

This scalar product is written

r-s=|r||s|cosg. 3.D

The dot symbol *-’ is used to denote a scalar multiplication, which is why the product
is often referred to as the dot product. We now need to discover how to compute it.
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Fig. 3.3 Visualising the Y
scalar product

To begin, we define two Cartesian vectors r and s, and proceed to multiply them
together using the dot product definition:

r=ai+bj+ck

s=di+ej+ fk

therefore,

r-s=(ai+bj+ck) - (di+ej+ fk)
=ai-(di+ej+ fk)+bj-(di+ej+ fk)+ck-(di+ej+ fk)
=adi-it+aei-j+afi-kK+bdj-i+bej-j+bfj-k
4+cdk-i+cek-j+cfk-k.
Before we proceed any further, we can see that we have created various dot product
terms such asi-i,1i-j, -k, etc. These terms can be divided into two groups: those
that reference the same unit vector, and those that reference different unit vectors.
Using the definition of the dot product (3.1), terms such asi-i,j-jandk-k=1,

because the angle between i and i, j and j, or k and k, is 0°, and cos0° = 1. But
because the other vector combinations are separated by 90°, and cos90° = 0, all

remaining terms collapse to zero. Bearing in mind that the magnitude of a unit vector
is 1, we can write

r-s=|r|[s|cos B =ad + be + cf.

This result confirms that the dot product is indeed a scalar quantity.
Let’s use the scalar product to find the angle between two vectors r and s:

r=[2 0 4"
s=[5 6 10]"
=22+ 02 + 42~ 4472
Is| = v/52 + 62 + 102 ~ 12.689
Ir||s|jcosB=2x5+0x6+4x10=50
12.689 x 4.472 x cos f =50
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50
- Los8il
€08 B = 15689 x 4.472

B =cos”10.8811 ~ 28.22°.

The angle between the two vectors is approximately 28.22°, and S is always the
smallest angle associated with the geometry.

3.11 The Vector Product

The second way to multiply vectors is by using the vector product, which is also
called the cross product due to the *x’ symbol used in its notation. It is based on the
observation that two vectors r and s can be multiplied together to produce a third
vector t:

rxs=t
where
t| = |r||s|sin B (3.2)

and B is the angle between r and s.

The vector t is normal (90°) to the plane containing the vectors r and s, which
makes it an ideal way of computing surface normals in computer graphics applica-
tions. Once again, let’s define two vectors and proceed to multiply them together
using the ‘x’ operator:

r=ai+bj+ck
s=di+ej+ fk
r x s = (ai+ bj+ ck) x (di+ ¢j + fk)
=aix (di+ej+ fk) +bj x (di+ ej+ fk) + ck x (di+ ej + fk)
=adixi+taeix j+afixk+bdjxi+bejxj+bfjxk
+cdk xi+cek x j+ cfk x k.

As we found with the dot product, there are two groups of vector terms: those that
reference the same unit vector, and those that reference different unit vectors.
Using the definition for the cross product (3.2), operations such as i x i, j x j and
k x k result in a vector whose magnitude is 0. This is because the angle between the
vectors is 0°, and sin 0° = 0. Consequently these terms vanish and we are left with

rxs=aeixj+afixk+bdjxi+bfjxk+cdk xi+cek xj. (3.3)

The mathematician Sir William Rowan Hamilton struggled for many years to gener-
alise complex numbers — and in so doing created a means of describing 3D rotations.
At the time, he was not using vectors — as they had yet to be defined — but the imag-
inary terms i, j and k. Hamilton’s problem was to resolve the products ij, jk, ki
and their opposites ji, kj and ik.
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One day in 1843, when he was out walking, thinking about this problem, he
thought the impossible: ij = k, but ji = —k, jk =i, but kj = —i, and ki = j, but
ik = —j. To his surprise, this worked, but it contradicted the commutative multipli-
cation law of scalars. Although Hamilton had discovered “3D complex numbers”,
to which he gave the name quaternion, they were not popular with everyone. And as
mentioned above, Josiah Gibbs saw that converting the imaginary i, j and k terms
into the unit vectors i, j and k created a non-complex algebra for manipulating vec-
tors, and for over a century we have been using Gibbs’ vector notation.

Let’s continue with Hamilton’s rules and reduce the cross product terms of (3.3)
to

r xs=aek —afj— bdk + bfi—+ cdj — cei. 34
Equation (3.4) can be tidied up to bring like terms together:
rxs=(bf —ce)i+ (cd —af)j+ (ae — bd)k. (3.5)

Now let’s repeat the original vector equations to see how (3.5) is computed:

r=ai+bj+ck
s=di+ej+ fk
rxs=(bf —ce)i+ (cd —af)j—+ (ae — bd) k. 3.6)

To compute i’s scalar we consider the scalars associated with the other two unit
vectors, i.e. b, ¢, e, and f, and cross-multiply and subtract them to form (bf — ce).

To compute j’s scalar we consider the scalars associated with the other two unit
vectors, i.e. a, ¢, d, and f, and cross-multiply and subtract them to form (cd — af).

To compute k’s scalar we consider the scalars associated with the other two unit
vectors, i.e. a, b, d, and e, and cross-multiply and subtract them to form (ae — bd).

The middle operation seems out of step with the other two, but in fact it pre-
serves a cyclic symmetry often found in mathematics. Nevertheless, some authors
reverse the sign of the j scalar term and cross-multiply and subtract the terms to
produce —(af — cd) which maintains a visual pattern for remembering the cross-
multiplication. Equation (3.6) now becomes

rxs=(bf —ce)i— (af —cd)j+ (ae — bd) k. (3.7

Although we have not yet covered determinants, their notation allows us to write
(3.7) as

a b
d e

cly_la ¢
f d f
A 2 x 2 determinant is the difference between the product of the diagonal terms.

Therefore, to derive the cross product of two vectors we first write the vectors
in the correct sequence. Remembering that r x s does not equal s x r. Second, we
compute the three scalar terms and form the resultant vector, which is perpendicular
to the plane containing the original vectors.

Let’s illustrate the vector product with two examples. First, we will confirm that
the vector product works with the unit vectors i, j and k. We start with

i+ k.

b
rxs=
e
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Fig. 3.4 The vector tis Y

normal to the vectors r and s P
3

-

Py s P, T~

r=1i+0j+ 0k
s=0i+ 1j+ Ok
and then compute (3.7)
rxs=0x0-0xDi—(1x0-0x0)j+(1x1-0x0)k.

The i scalar and j scalar terms are both zero, but the k scalar term is 1, which makes
ixj=k.
Now let’s show what happens when we reverse the vectors:

SXr=(I1x0-0x0i—-(1x0-0x0)j+Ox0-1x k.

The i scalar and j scalar terms are both zero, but the k scalar term is —1, which
makes j x i = —K. So we see that the vector product is antisymmetric, i.e. there is a
sign reversal when the vectors are reversed. Similarly, it can be shown that

jxk=i
kxi=j
kxj=-i
ixk=-j.

Now let’s consider two vectors r and s and compute the normal vector t. The vec-
tors are chosen so that we can anticipate approximately the answer. For the sake of
clarity, the vector equations include the scalar multipliers O and 1. Normally, these
would be omitted. Figure 3.4 shows the vectors r and s and the normal vector t, and
Table 3.2 contains the coordinates of the vertices forming the two vectors.

X3 — X2 X — X2
r=|y3—y»|, S=|Y1—W0N
23— 22 1 —22

then

P1=(0,0,1), P=(1,0,0), P3=(0,1,0)
r=—li+ 1j+0k
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Table 3.2 Coordinates of the

vertices used in Fig. 3.4 Vertex X y i
Py 0 0
P 1 0 0
Ps 0

s=—1i+0j+1k
rxs=(Ix1-0x0i—(-1x1—-(-1)x0)j+(—-1x0—-(-1)x Dk
t=i+j+k.
This confirms what we expected from Fig. 3.4. Now let’s reverse the vectors to
illustrate the importance of vector sequence:
SXr=0x0—-1xDi— (-1 x0—-(-DxDj+(-1x1-(=1)x0)k
t=—i—-j—k

which is in the opposite direction to r x s and confirms that the vector product is
non-commutative.

3.12 The Right-Hand Rule

When we cover multivectors we will see that lines, planes and volumes are all ori-
ented and can be described mathematically. In particular, 3D space is described as
being left- or right-handed, and in this book we choose to work with a right-handed
space. Consequently, the right-hand rule is an aide mémoire for working out the
orientation of the cross product vector. Given the operation r x s, if the right-hand
thumb is aligned with r, the first finger with s, and the middle finger points in the
direction of t.

3.13 Deriving a Unit Normal Vector

Figure 3.5 shows a triangle with vertices defined in an anti-clockwise sequence from
its visible side. This is the side from which we want the surface normal to point.
Using the following information we will compute the surface normal using the cross
product and then convert it to a unit normal vector.
Create vector r between P; and P3, and vector s between P, and Ps:
r=-—1li+1j+0k
s=—1i+0j+2k
rxs=(1x2—-0x0)i—(—1x2—-0x—-Dj+(-1x0—-1x—-1k
t=2i+2j+k
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Fig. 3.5 The normal vector t
is derived from the cross
productr x s

It =v22+22+12=3
t 2'+2'+1k
=-i+-j+ -k
w=31T3ITs

3.14 Interpolating Vectors

In computer animation we need to vary quantities such as height, width, depth, light
intensity, radius, etc., such that they change over a sequence of animation frames.
The change may be linear or non-linear, and a variety of techniques exist for chang-
ing one numeric value into another. This process is called interpolating.

To interpolate between two values v; and v, we often use the linear interpolant:

v=(1—-1tv; +tvy

where the parameter ¢ varies between 0 and 1. For example, given vi =2 and vy =
10 we can compute a half-way point by making t = 0.5:

v=05x2+05%x10=6

where ¢ is linked to the animation frame number.

However, this technique cannot be used for changing quantities such as a light
source direction, dust-cloud particle velocity, or the direction and intensity of a
flame. This is because these quantities possess both magnitude and direction — they
are vector quantities.

For example, if we interpolated the x- and y-components of the vectors [2  3]T
and [4 7], the in-between vectors would carry the change of orientation but ignore
the change in magnitude. To preserve both, we must design a spherical interpolant
that is sensitive to a vector’s length and orientation.

Figure 3.6 shows two unit vectors vy and v, separated by an angle 6. The inter-
polated vector v can be defined as a portion of v; and a portion of v;:

v=av] + bvj.

Let’s define the values of a and b such that they are a function of the separating
angle 0. Vector v is t6 from vi and (1 — ) 6 from vy, and it is evident from Fig. 3.6
that using the sine rule

a b

sin(l—1)0 _ sintf’

(3.8)
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Fig. 3.6 Vector v is derived
from a part of v and b part
of v

Furthermore,

m =acostf

n=bcos(l1—1)6
where

m+n=1. 3.9
From (3.8)
_asintf
sin(1—1¢)0

and from (3.9) we get
asintfcos(l1 —1)60 _

10 + -
acos sin(l —1)60
Solving for a we find that
sin(1—1)0
a=—
sin 6
__sint6
"~ sing

Therefore, the final spherical interpolant is
sin(l1—1)0 sint6
- sin6 Vi sinf
To see how this operates, let’s consider a simple exercise of interpolating be-
tween two unit vectors [1 0] and [—1/+/2 1/+/2]T. The angle 6 between the

vectors is 135°. Equation (3.10) is used to interpolate individually the x- and the
y-components individually:

V2. (3.10)

sin(l —0)135° W+ sin135° 1
Vy ==—m—m—m—— - N
* sin 135° sin 135° V2
sin(1 —7)135° sinz135° 1
- 0 - I
U= e < O g X <ﬁ)
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1.5
1,
s 05+
0 . . . . . . : . . |
05 136 27 405 54 675 81 945 122 135
1L
angle

Fig. 3.7 Curves of the interpolated angles

Fig. 3.8 A trace of the 1.2
interpolated vectors between
T _ 1 14T e
[T 0] and [ 7 ﬁ]
0.8
> 0.6
0.4
0.2
o ‘L

-0.8 -0.6 -0.4 -0.2 0 0.2 04 06 0.8 1 1.2

Figure 3.7 shows the interpolating curves and Fig. 3.8 shows the positions of the
interpolated vectors, and a trace of the interpolated vectors.
Two observations to note about (3.10):

o First, the angle 6 is the angle between the two vectors, which, if not known, can
be computed using the dot product.

e Second, the range of 6 is given by 0 < 6 < 180°, for when 6 = 0°, 180° the
denominator collapses to zero. To illustrate this we will repeat (3.10) for 6 =
179°.

The result is shown in Fig. 3.9, which reveals clearly that the interpolant works
normally over this range. One more degree, however, and it fails! Nevertheless, one
could still leave the range equal to 180° and test for the conditions # = 0 then v = v,
and when t = 180° then v = v,.

So far, we have only considered unit vectors. Now let’s see how the interpolant
responds to vectors of different magnitudes. As a test, we can input the following

vectors to (3.10):
V] = |:(2):| and vy = |:(1):| .

The separating angle 8 = 90°, and the result is shown in Fig. 3.10. Note how the
initial length of v reduces from 2 to 1 over 90°. It is left to the reader to examine
other combinations of vectors.
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1.2

0.8

0.6

0.4

0.2

o)
-1.5 -1 -0.5 0 0.5 1 1.5
X

\

Fig. 3.9 Interpolating between two unit vectors 179° apart

Fig. 3.10 Interpolating 1.2 -

between the vectors [2  0]T

and[0 11T Ly
0.8

> 0.6 1
0.4+

0.2 4

3.15 Summary

This chapter has covered the important features of vectors relevant to rotations. Ba-
sically, we need to know how to create a position vector, normalise a vector, and
multiply two vectors using the scalar and vector product. In Chap. 6, we explore the
ideas of multivectors, which build upon the contents of this chapter.

3.15.1 Summary of Vector Operations

Vector
v=[x y zI'
v=xi+yj+zk.

Addition and subtraction
vi=xii+yij+zak
vy = x0i+ yoj + 22k
vitvy=(x£x)i+ 1) j+ (1 xz2)k
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Scalar product

AV = Axi+ Ayj + Azk.

[v| =/x2 + y2 + 22

v =1.

Magnitude

Unit vector

Scalar product
Vi V2 = |vi||vz2]cos B
Vi - V2 =Xx1X2 + y1y2 +2122.
Vector product
Vi Xvy=t

[t = [vi][v2]sin B

Vi X V2 =(y122 — 21y2) i+ (z1x2 — x122) j + (x1y2 — y1x2) k.

Interpolating vectors
sin(1—1)6 sint6@
V= - Vi .
sin 6 sin 6

v, [0<t<l1].

3 Vectors



Chapter 4
Matrices

4.1 Introduction

Matrix notation was investigated by the British mathematician, Arthur Cayley
(1821-1895), in 1858, fifteen years after the invention of quaternions. Cayley and
others had realised that it was possible to express a collection of equations by sepa-
rating constants and variables. For example, the following simultaneous equations

2x +3y =18 4.1
4x —y=2_8 “4.2)
have a solution x = 3 and y = 4, which can be discovered by eliminating one vari-

able, such as x, and computing y, which in turn can be substituted into one of the
equations to reveal the value of x. However, matrix notation allows us to express the

equations as follows
2 3||«x 18
B MY “

where the array of four numbers is a matrix and the other two columns are vectors.
When multiplying the matrix and the vector [x y]T together we must multiply the
respective terms of the top row of the matrix with the column vector to equal 18 and
create (4.1). Similarly, we must multiply the respective terms of the bottom row of
the matrix with the column vector to equal 8 and create (4.2).

Matrix notation also allows us to express these equations as

Av=c 4.4)

ofi ) <[] (1)

There happens to be a special matrix such that when it multiplies a vector it
results in no change — this matrix is called an identity matrix and has the form

I=|:(1) (1’]
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It is also possible to compute another matrix A~!, called the inverse of A, such that
A~!A = 1. Therefore, if we assume that A is still

-l ]

and is invertible, we can compute A~! and use it to multiply both sides of (4.4), we
have

A 'Av=A"l¢
Iv=A"l¢c
v=A"l¢

which reveals the components of the vector v, and the solution to the equations.
Without showing its derivation, the inverse of A is

R O
A _ﬁ[4 _2} (4.5)

and when we multiply ¢ by A~! we get

gl L[]

which is the desired result.

Matrices can also be regarded as rectangular arrays of numbers, which may pos-
sess various properties. For instance, we can imagine a matrix where all the elements
have the same value. We could also create a matrix where all the elements are zero,
apart from the diagonal elements. There are many more such configurations, which
are explored in this chapter.

If this is the first time you have met matrices, then the author’s book Mathematics
for Computer Graphics [4] will provide you with the necessary background. So for
the moment, let’s continue and discover more about matrices.

4.2 Matrices

Let’s begin by defining a matrix as a rectangular array of numbers with row rows and
col columns, where any element in the matrix is addressed by @,y cor- The matrix
of numbers can be represented in shorthand as

A= [arow,col]

where row and col are natural numbers. However, matrices representing 2D and 3D
rotations are all square, where the number of rows equals the number of columns.
The following are all examples of square matrices:

1 2 3
12 el
7 8 9

W O L =
~ 00NN
[SSEEN BEN IS}
NN 0 A~
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We will discover in later chapters that a 4 x 4 matrix is the largest matrix we will
require to represent a 3D rotation. Now let’s look at some of the ways we manipulate
matrices.

4.3 The Transpose of a Matrix

One useful matrix operation is the transpose where every element a0 1S €X-
changed with its transpose dco;, row, and is written
T T
A = [arow,col] = [acol,ruw]o

For example, here is a matrix A and its transpose AT

1 2 1 3

A= , AT= .

3 4 2 4
It is possible that the elements of A are such that A = AT. Such a matrix is called a
symmetric matrix, and we will examine this later.

4.4 The Identity Matrix

As mentioned above, the identity matrix 1 is a matrix such that
JA=AI=A.

The three identity matrices we will encounter in later chapters are

1 0 0O
1 0 (1)(1)8 01 00
01’001’0010
0 0 01

and it should be obvious that IT = L.

4.5 Adding and Subtracting Matrices

It is possible to add and subtract matrices so long as they have the same number of
rows and columns. For example, in matrix notation

A+B= [amw,col + brow,col]~

SERILE

6 8 4 4
A+B=|:10 12}, A—B=[4 4]

For example:

then
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4.6 Multiplying a Matrix by a Scalar

Multiplying a matrix by a scalar A is the same as multiplying an equation by the
same scalar. Therefore,

+AA = [ﬂ:)\amw,coll

12 2 4
A:[3 4] )\A:[é 8]

For example, if . =2

4.7 Product of Two Matrices

As already mentioned, every element in a matrix has a unique address specified
by its row and column: a,,y o Where a comma separates the values of row and
col. However, these commas can make the notation very fussy and are not always
employed. For example, a; represents the element for row = 1 and col = 1, and
a3 represents the element for row = 2 and col = 3. In this book, we never need
to manipulate matrices with more that 4 rows or columns, therefore, there is no
confusion.

Matrices have their origins in algebra, therefore matrix algebra must agree with
its algebraic counterpart. Bearing this in mind, let’s investigate the product of two

matrices:
al  ai bi1 b2
A = N B =
|:a21 6122:| |:b21 bzz]
then their product is given by

B— anbi1 +anba  anbiz +abn
an1bi1 +anby  azbip +axnby |

SR

[5x14+6x3 5x2+6x4
_7x1+8x3 Tx24+8x4

[54+18 10424
| 7+24 14432
23 34
T 131 46]°

For example, given

then

AB =
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Now let’s compute BA

BA=|:1x5+2><7 1x6+2x8]

3x54+4x7 3x6+4x%x8

19 22
~ 43 50

which confirms that, in general, matrix multiplication is non-commutative.
It can also be shown that

[AB]T = BTAT
and

[A+B]T=AT +BT.

4.8 The Inverse Matrix

Most mathematics software systems include a matrix inversion package, but for
completeness, let’s demonstrate how we arrived at the inverse matrix Al 4.5):

1 (1 3
-1_ L
A ‘14[4 —2]'

Initially, we started with the simultaneous equations
2x +3y=18 (4.6)
4x —y=28. “@.7
Solving these algebraically we multiply (4.7) by 3 and add it to (4.6) to eliminate y:

2x+3y=18
12x =3y =24
14x =42
x=3.
Substituting x = 3 in (4.6) gives
6+3y=18

which makes y = 4.

4.8.1 Calculation of Inverse

Now let’s solve (4.6) and (4.7) using matrix notation. We begin with

Av=c
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ol ) e[ ()

Next we introduce an identity matrix, which does not disturb anything:

where

Av=Ic 4.8)

[‘2* —i] m - [(1) ﬂ [12} “9)

The objective is to multiply both sides of (4.8) by A~! and turn the LHS matrix A
into an identity matrix, and at the same time turn the RHS matrix I into A~!. But
as we don’t know A~! we will have to do this in a number of steps. Like the above
simultaneous equations, we can scale, add, subtract or divide matrix rows, so long
as we manipulate the entire matrix equation.

We start by subtracting 2 x row(1) from row(2) in (4.9):

[3 —ﬂ [)yc] N [—; (1)} [12] (4.10)

Next, multiply row(1) x % in (4.10):

14 Ir.1 r 7

= 71 x = 0]]18

3 — 3
L O =7]|ly] -2 1] 8] @11

Next, add row(2) to row(1) in (4.11):

14 1Ir.,1 T 1 IR

= Offx = 1[[18

3 — 3
L O =7]|ly] -2 1] 8] (@.12)

Next, multiply row(1) x % in (4.12):
1 o[«x Lo37T718
—| 14 14
BEIHE RN @1
Finally, divide row(2) by —7 in (4.13):
r 1 3
I Of|x| |14 1z 18
|:O 1] y:|_|: S g | 4.14)
L 7 7
As the LHS matrix is an identity matrix, the RHS matrix in (4.14) must be A~ and

is tidied up to become
_ 111 3
1
A= 14 [4 —2] ’

Later on, we will explore another technique that does not involve any overt algebraic
skills.
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4.9 Determinant of a Matrix

When solving a pair of simultaneous equations such as

ax+by=r

cx+dy=s
the expression ad — bc arises in the solution. For example, in the simultaneous
equations (4.6) and (4.7) the corresponding expression has a value 2 x (—1) — 3 x

4 = —14 whose magnitude appears in the solution of A~!. Because this expression
is so useful, it is identified by the name determinant and is written

detA = |A| = ad — bc

a b
A:[ }
c d
Determinants are formed from square arrays, in that they have the same number
of rows and columns, which permits us to classify them in terms of their order.

Some texts classify a scalar quantity as a first-order determinant — for example a.
A second-order determinant has two rows and columns — for example

a b
c d|’

When dealing with three simultaneous equations

where

ax+by+cz=r
dx+ey+ fz=s
gx+hy+iz=t

the corresponding matrix is

A=

R A Q
RN
~

and the equivalent determinant is

aei +bfg+cdh —ceg —afh — bdi.

4.9.1 Sarrus’s Rule

The French mathematician, J.P. Sarrus (1789-1861), noted that a third-order de-
terminant is easily computed by exploiting a pattern which is very obvious if the
determinant’s columns are extended as follows:

a b ¢ a b

d e f d el.

g h i g h
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aei, bfg and cdh are strings of elements sloping downwards to the right, whereas,

ceg, afh and bdi are strings of elements sloping downwards to the left. For exam-
ple, the determinant

detA =

W
NN - O
N O A

has a value of

Al=2x1x2)+(O0x0x4)+ @ x3x2)
—(Ux1Ix4)—-2x0x2)—0x3x2)
=4+04+24-16—-0-0
|A] =12.
In general
detA = |[A| =aei +bfg+cdh — ceg —afh — bdi (4.15)

and the expansion is known as Sarrus’s rule.
Equation (4.15) can be rearranged to reveal another pattern:

|Al=a(ei — fh) +b(fg—di)+c(dh — eg)
where the expressions
(ei — fh), (fg—di), (dh—eg)

are regarded as minor determinants. Let’s pause at this juncture and examine |A|’s
minor determinants:

a b c a b c
d e fl|= e fl—|d fl+1|d e . (4.16)
g h i h i g i g h

Equation (4.16) shows how a third-order determinant can be represented as the sum
of three minor determinants:

a b c
d e fl=a ¢ f —b‘d f —i—c‘d l.
¢ h i h i g i g h

Note that the middle minor determinant is prefixed with a negative sign. This ensures
that the equation’s value is the same as (4.15). The reason for this is that mathematics
is not interested in forming convenient visual patterns on the page — its patterns are
created from cycles of elements or subscripts. Consequently, if we prefer a visual
pattern as an aide-mémoire, we must make the necessary algebraic adjustments to
maintain the equation’s integrity. For example, by repeating the first column of |A|
as follows

R AR
S &
-~ a
R AR
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the pattern (fg — di) is now very obvious. However, it is widely agreed that it is
best to ignore this and embrace a simple visual pattern. The price to be paid for this
is a negative sign as follows:

|A| =a(ei — fh) — b(di — fg) + c(dh — eg).

4.9.2 The Laplace Expansion

The French mathematician, Pierre Simon de Laplace (1749-1827), developed a
method of expanding a determinant in terms of its minors, which, with the associ-
ated change of sign, is called a cofactor. The cofactor ¢y, cor Of an element a,p, coi
is the minor that remains after removing from the original determinant the row row
and the col column.

For example, in (4.17) the minor of a1 is identified by removing the first row
and the first column; the minor of ay; is identified by removing the first row and the
second column; and the minor of a3 is identified by removing the first row and the
third column:

air  az  ais
detA =|ax; ax» ax]|. “4.17)
aszy daszz asjs

The three minor determinants for a1, a2 and a3 are respectively:

Al = azy aza i Ay = az;  aa ) Az = az; a2
azp  asz asy  asz aszp  asp
whereas, the three cofactors are
cil =+aiAn
clp=—anAp
c13 = +azAis.

In general, the minor of d;py cor is denoted Aoy col-
Laplace proposed the following formulae for selecting the cofactor sign:

(— 1)r0w+col

which generates the pattern

Although we have chosen the first row to expand the above determinants, any row,
or column may be used.
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The above Laplace expansion can be used for any order determinant, and for
the purposes of this book, the highest order we will encounter is a fourth-order
determinant. So let’s expand the following determinant

0 4 -1 0

1 0 1 4
detA = 0 6 3 3l

35 2 2

The first column and the first row both contain two zeros, which helps our expansion,
so let’s expand |A| using the first row. The two relevant minor determinants are

1 1 4 1 0 4
Ap=10 3 3|, A3=1|0 6 3.
3 2 2 3 5 2

Next, we expand Ay and A3 with their cofactors as follows

c12=—4[1(—1)‘+‘ ; ;'H(—l)‘“g ;’+4(—1)‘+3g ;H
— —4[0+9 - 36]
=108
6132—1[1(—1)1“ 0 §'+4(—1)”3 : 2”
= 1[-3—72]
=75,

Therefore,

detA =c12 4+ c13 =108 + 75 = 183.

4.10 Cofactors and Inverse of a Matrix

Although the idea of cofactors has been described in the context of determinants,
they can also be applied to matrices. For example, let’s start with the following
matrix and its cofactor matrix

[0 1 3

A=[2 1 4

|4 2 6
A A A
cofactor matrix of A= | Ax; Ay Az
| A31 A3 A3
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where
_laxn axs| _ 1 4 _
An=+ ap ap| |2 6|7 2
__|az axz|_ |2 4| _
A= az1 asz| |4 6 =4
L la oaxz| |2 1)
A=+ ax s =+, » =0
_ _|a2 as|_ |1 3] _
Az = ap ay| |2 6 =0
_ o laun a3 _ |0 3]
Ap =+ a1 axs =t+|4 6= 12
_ _lan anz|_ |0 1|_
AB="10 an|T 7 )a 2|70
L lan a3| I 3]
Azl =+ dr s =+, 1 =1
_ _lan az|_ |0 3| _
An= ay ax| 2 4 =6
L lan an| 0 1 _
Az =+ W1 an =+, {|= 2
therefore, the cofactor matrix of A is
-2 4 0
cofactor matrix of A = 0 —12 4
1 6 -2

It can be shown that the product of a matrix with the transpose of its cofactor matrix
has the following form:

detA O .. 0

A (cofactor matrix of A)T = 0 detA ... 0

0 0 0 detA
and multiplying throughout by 1/det A we have
(1/detA) A (cofactor matrix of A)T =1
which implies that

| _ (cofactor matrix of AT
N detA

Naturally, this assumes that the inverse actually exists, and it will if det A # 0.

A
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Let’s find the inverse of the above matrix

01 3
A=|2 1 4
|4 2 6
[ —2 4 0
(cofactor matrix of A) = 0 —12 4
|1 6 -2 |
[ —2 0 1]
(cofactor matrix of A)T = 4 —12 6
| 0 4 =2
detA=1x4x44+3%x2%x2—-1%x2%x6—-3x1x4=4
1 -2 0 1
Al'=-| 4 —12 6
Yl o 4 2

Let’s check this result by multiplying A by A~! which must equal I:

01 3 1 -2 0 1
AA'=[2 1 4|-| 4 —12 6
42 6|% 0 4 2
1 4 0 0
=7 0 4 0
0 0 4
1 00
=(0 1 0].
0 0 1
Finally, let’s compute the inverse matrix for (4.6) and (4.7) using cofactors:
[2 3
=3 1
. [—1 —4
(cofactor matrix of A) =
| -3 2
. r [-1 =3
(cofactor matrix of A)" = 4 5

detA =2 x (—=1) =3 x 4=—14

11 3
—1 _
A= 14 [4 —2}
which confirms the original result.
In general, the inverse of a 2 x 2 matrix is given by

a a
A— 11 12
azy a2
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Al 1 azp —an
ajlazy — ajppaz) | —azl ar

which, for the above matrix is

A‘l—_—l -1 =3]_1[1 3
T 4|4 2] 144 2

4.11 Orthogonal Matrix

Although many matrices have to be inverted using the transpose of their cofactor
matrix, an orthogonal matrix implies that its transpose is also its inverse. For exam-
ple:

A— [cos,B —sin,31|

T | sinB  cospB

is orthogonal because

AT=|: cos B sin,Bi|

—sinfB cosp

T cosB —sinf cosf sinp 1 0
sin 8 cosB || —sinfB cosp 0 1
Orthogonal matrices play an important role in rotations because they leave the origin
fixed and preserve all angles and distances. Consequently, an object’s geometric
integrity is maintained after a rotation, which is why an orthogonal transform is
known as a rigid motion transform.
A rotation transform also preserves orientations, which means that left-handed

and right-handed axial systems (frames) remain unaltered after a rotation. Such
changes in orientation will occur with a reflection transform.

and

4.12 Diagonal Matrix

A diagonal matrix is a square matrix whose elements are zero, apart from its diag-
onal:

all 0 0

0 axn 0
A=

0 0 ... au

The determinant of a diagonal matrix must be

detA =aj) X axy X -+ X dyy,.
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Here is a diagonal matrix with its determinant

2 00
A=|0 3 0
0 0 4

A|=2x 3 x4=24.

The identity matrix I is a diagonal matrix with a determinant of 1.

4.13 Trace

4 Matrices

The trace of a square matrix A is the sum of its diagonal elements and written as

Tr (A). For example:

A=

(VST S

2
3
4

N kW
~N N A

45
Tr(A)=1+4+3+5+7=16.

In Chap. 9 we use the trace of a square matrix to reveal the angle of rotation
associated with a rotation matrix. And as we will be using the product of two or

more rotation transforms we require to establish that

Tr (AB) = Tr (BA)

to reassure ourselves that the trace operation is not sensitive to transform order, and

is readily proved as follows.
Given two square matrices A and B:

all e e all’l bll
e a e a e b
A= 22 2n . B= 22
anl Ann by
then,
al] PECIEY .. aln bll
Y a e a ... b
AB = 22 2n 22
al’ll e e ann bnl
abyy ain
e a b e a
AB = 22022 2n
an1 annbnn

and Tr (AB) = aj1b11 + axbry + - - - + anpbpy.

bln
b2n

bln
b2n

bun
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Hopefully, it is obvious that reversing the matrix sequence to BA only reverses
the a and b scalar elements on the diagonal, and therefore does not affect the trace
operation.

4.14 Symmetric Matrix

It is worth exploring two types of matrices called symmetric and antisymmetric ma-
trices, as we refer to them in later chapters. A symmetric matrix is a matrix which
equals its own transpose:

A=AT.
For example, the following matrix is symmetric:
1 3 4
A=|3 2 4
4 4 3

The symmetric part of any square matrix can be isolated as follows. Given a matrix
A and its transpose AT

aill aln aln all an] anl
6121 6122 P a2n T a]2 6122 - an2
A= | . . A=
anl  Apy ... Qpn al, ... dpn
their sum is
2an ap+ay ... ap+ap
T ap +az 2az) ...y tap
A+A =
alp +ay1 ay +apy ... 2a,p

By inspection, A + AT is symmetric, and if we divide throughout by 2 we have

szlm+AU
2
which is defined as the symmetric part of A. For example, given
ajl apz a3 ail a1 asy
A=|an an ap|. Al=|an an axn
asp dsz2  dass a3 azz  dasz

then
(A +AT)

1
2
|: an (a2 +a21)/2 (a13+as31)/2

(a12 +a)/2 axn ax +az
(@13 +az1)/2  (axs +a3z)/2 ass
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arl
= 53/2
§2/2

where

Using a real example:

A:

S=

which equals its own transpose.

S3/2

a2

s1/2

W= N N ==

S2/2
S1/2
ass

Sy =az3 +as
s2 = a3 +asp

§3=ajz2 +azy.

>

-3
|
A= O

4.15 Antisymmetric Matrix

A=W

[N ST

4 Matrices

An antisymmetric matrix is a matrix whose transpose is its own negative:

AT=-A

and is also known as a skew symmetric matrix.
As the elements of A and AT are related by

When k = row = col:

Arow,col = —Acol,row-

Ak .k = —Ak,k

which implies that the diagonal elements must be zero. For example, this is an anti-

symmetric matrix

In general, we have

ar a2
azr a2

an2

0 6 2

-6 0 -4

-2 4 0
Adln ar
a?n ’ AT _ a2
Qnn din

az]
azn

an

Aanl
an2

Adnn



4.15 Antisymmetric Matrix 49

and their difference is
0 app —as| ... Q1 — apl

A_ AT —(a12 —azy) 0 e Ao —ap

—(a1n —an1) —(azn—ap2) ... 0

It is clear that A — AT is antisymmetric, and if we divide throughout by 2 we have

1
Q=-(A-AT).
2
For example:
[ai1 an ais aiy ay  as
A=|an an an|, A'=|an an an
| as1 a3z a3z a3 a3 as;
i 0 (a2 —a2) /2 (a13—az) /2
Q= (a21 —an)/2 0 (a23 —az) /2
| (@31 —a3) /2 (a3 —a3)/2 0
and if we maintain some symmetry with the subscripts, we have
[ 0 (a2 —a2) /2 —(a31 —a13) /2
Q=| —(a2—a2)/2 0 (a23 —az) /2
| (@1—ai3) /2 —(az—az)/2 0
[ 0 q3/2 —q2/2
=| —q3/2 0  q1/2
92/2  —q1/2 0

where

q1 =da; —as;
q2 =asz1 — a3
q3 =ai2 —azi.

Using a real example:

01 4 0 3 4

A=[3 1 4|, AT=|1 1 2
(4 2 6 4 4 6
[0 —1 0

Q=(1 o0 1
0 -1 0

Furthermore, we have already computed

S=

EE N \S ]
W = N
AN W A
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and

S+Q=

~ W o
DO =
N B~ B~
Il
>

4.16 Inverting a Pair of Matrices

In later chapters we form the products of two or more matrices, and in some cases
require to find their inverse. In anticipation of this requirement, let’s compute the
inverse of a pair of matrices.

Given two transforms T and R, the product TR and its inverse (TR)~! must
equal the identity matrix I:

(TR)(TR) ™' =1
and multiplying throughout by T~! we have
T !ITR(TR) ' =T!
R(TR) ' =T,

Multiplying throughout by R™! we have

R'R(TR) '=R7'T"!

(TR~ =Rr~IT .
Therefore, if T and R are invertible, then
(TR '=R-IT"!.

Generalising this result to a triple product such as STR we can reason that

(STR)'=R7!T'S$7.

4.17 Eigenvectors and Eigenvalues

Matrices represent linear transforms that scale, translate, shear, reflect or rotate
points, whilst leaving the origin untouched. For example, the following 2D trans-

L

transforms the points on four unit squares as shown in Fig. 4.1 where we see a
pronounced stretching in the first and third quadrants, and reduced stretching in the
second and fourth quadrants.

It should be clear from Fig. 4.1 that any point (k, k) is transformed to another
point (5k, 5k), and that its mirror point (—k, —k) is transformed to (—5k, —5k).
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Fig. 4.1 Transforming points Y/
on four unit squares

4

Fig. 4.2 How a transform

reacts to different points Y v

A~ eigenvector

0
R 1
\‘/’P
4 3D 1 1 2 3 X
N 1
S

Similarly, any point (—k, k) is transformed to another point (—3k, 3k), and its mirror
point (k, —k) is transformed to (3k, —3k). Thus the transform shows a particular
bias towards points lying on vectors [k k1T and [k k]T, where k #0.

These vectors are called eigenvectors and the scaling factor is its eigenvalue.
Figure 4.2 shows a scenario where a transform ¢ moves point R to §, whilst the
same transform moves P — which lies on one of ¢’s eigenvectors, to Q — which also
lies on the same eigenvector.

We can define an eigenvector and its eigenvalue as follows. Given a square ma-
trix A, a non-zero vector v is an eigenvector, and A is the corresponding eigenvalue
if

Av = v

where A is a scalar.

The German word eigen means characteristic, own, latent or special, and eigen-
vector means a special vector associated with a transform. The equation that deter-
mines the existence of any eigenvectors is called the characteristic equation of a
square matrix, and is given by

det(A — AI) = 0. (4.18)
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Let’s derive the characteristic equation (4.18).
Consider the 2D transform ¢ that maps the point (x, y) to another point (ax +
by, cx 4+ dy):

1(x,y) > (ax + by, cx +dy).
This is expressed in matrix form as
t:vi Av

or

where

) -l

Therefore, if v is an eigenvector of ¢, and X its associated eigenvalue, then

or in equation terms:

ax +by =xrx
cx +dy =2Ay.
Rearranging, we have
(a—Mx+by=0
cx+d—-—2)y=0

et

For a non-zero [x y]T to exist, we must have

a—A b
det|: c d_’\i|_0

or back in matrix form:

which is called the characteristic equation. Let’s use this on the transform

BB
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Then

4—x 1
1 4—Ax

4—2%*=1=0
A2—8r+16—1=0
A2 —8A+15=0
(A —5) (L —3)=0.

=5

Thus A =5 and A = 3, are the two eigenvalues we observed in Fig. 4.1. Next, we
substitute the two values of X in

el

to extract the eigenvectors. Let’s start with A = 5:

B[]

which represents the equation y = x or the vector [k k]T. Next, we substitute

L

which represents the equation y = —x or the vector [k  k]T.

Thus we have discovered that the transform possesses two eigenvectors [k k]T
and [—k  k]T and their respective eigenvalues A = 5 and A = 3, as predicted.

The characteristic equation may have real or complex solutions, and if they are
complex, there are no real eigenvectors. For example, we have already come across
the 2D transform for rotating points about the origin:

A— [cosﬂ —sin,81|

T | sinB  cosPB

and we would not expect this to have any real eigenvectors, as this would imply that
it shows a rotational preference to certain points. Let’s explore this transform to see
how the characteristic equation behaves.

The characteristic equation is

cosp—XA —sinf

sin 8 cosff— A =0

where S is the angle of rotation. Therefore,
(cosp— )2 +sin> =0
- 2\ cosf —I—cosz,B + sin2,8 =0
A2 —2xcosf+1=0.
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This quadratic in A is solved using

_ —b+b? —4ac

2a

A

wherea=1,b=—-2cosfB,c=1:

. 2cos B £ +/4cos? B —4
- 2
=cosfB+,/cos?p —1

=cos B £/ —sin’p
Al =cosf+isinf

A =cosf —isinf

which are complex numbers.
The corresponding complex eigenvectors are

o[
1]

Now let’s investigate the eigenvectors associated with a 3D transform. We start
with the arbitrary transform

30 1]
A=| -1 3 3
1 0 3]
and its characteristic equation is
3—A 0 1
-1 3—-x 3 |=0.
1 0 3—A
Expanding the determinant using the top row we have
3—A 3 -1 3—-2x
G=21" 3—,\‘_“ 1 0‘—0

B-MNB=-1>-3=-2=0
G-M[B-1*-1]=0
B-1) (A —61r+8)=0
B-AMNA—DHA—-2)=0
which has solutions A = 2, 3, 4. Let’s substitute these values of A in the original
equations to reveal the eigenvectors:
B —-Mx + 7=0
—-x+G-A)y+ 3z=0
X + B—-1)z=0.
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With A =2 we have z = —x from the 1st equation. Substituting this in the 2nd
equation we have y = 4x, which permits us to state that the associated eigenvector
is of the form [k 4k —k]T.

With A = 3 we have z = 0 from the 1st equation, and x = 0 from the 3rd equation,
which permits us to state that the associated eigenvector is of the form [0 & 017.

With A =4 we have z = x from the 1st equation. Substituting this in the 2nd
equation we have y = 2x, which permits us to state that the associated eigenvector
is of the form [k 2k k]T.

Therefore, the eigenvectors and eigenvalues are

[k 4k —k¥ r=2
0 &k 0" rA=3
k 2k k¥ r=4

where k # 0.

The major problem with the above technique is that it requires careful analysis to
untangle the eigenvector, and ideally, we require a deterministic algorithm to reveal
the result. We will discover that such a technique is available in Chap. 9.

4.18 Vector Products

Vectors are regarded as single column or single row matrices, which permits us to
express their products neatly. For example, given two vectors

a X
v=|b|, w=|y
¢ Z
then
v-w=vlw
X
:[a b c] y | =ax + by +cz.
z

Similarly, the vector cross product is written

a X i j Kk
vxw=|b|x|y|=|la b c
c z Xy z

=(bz—cy)i— (az —xc)j+ (ay —bx)k
[ bz —cy]
=| —az+xc |.
| ay—bx |
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4.19 Summary

Matrices play an important role in representing rotations, especially orthogonal ma-
trices, which is why they have been reviewed in this chapter. The inverse matrix is
also an important concept to grasp as this provides the mechanism for reversing a

rotation or change of frame. We will also come across eigenvectors in later chapters,
which is why they were explained in some detail.

4.19.1 Summary of Matrix Operations

Matrix (2 x 2)

Matrix (3 x 3)

Transpose
a c a d g
AT = , Bl=|b e n
b d
- c f i
Identity
L 0] 1 00
I= |: , I=]10 1 0O
0 1] 0 0 1

Adding and subtracting
M = N = [mow,cot & Rrow,coll-
Multiplying by a scalar
+AM = [EAm 0w, col]-
Product transpose
[MN]T =N"™M".
Sum/difference transpose
M+N]T=MT +NT.
Determinant
detA =|A| =ad — bc
detB = |B| =aei +bfg+ cdh —ceg —afh — bdi.
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Inverse
M-l (cofactor matrix of M)T
detM
[MN]™'=N"'M~".
Orthogonal
M is orthogonal if MT = Y

Trace

Tr(A)=a+d

TrB)=a+e+i

Tr(MN) = Tr(NM).

Symmetric

M is symmetric if M =M".
Symmetric part S

S=-M+M").

[NSR

Antisymmetric
M is antisymmetric if M = -MT.

Antisymmetric part Q

(M-M").

N =

Q=
Eigenvector
v is the eigenvector of M if Mv = Av.
Eigenvalue

A is the eigenvalue of M if Mv = Av.






Chapter 5
Quaternions

5.1 Introduction

As mentioned earlier, quaternions were invented by Sir William Rowan Hamilton in
1843. Sir William was looking to generalise complex numbers in higher dimensions,
and it took 14 years of toil before he stumbled upon the idea of using a 4D notation
— hence the name ‘quaternion’.

5.2 Definition

The definition and associated rules for a quaternion are:
q=a+bi+cj+dk

where a, b, c and d are scalars, and i, j and k are imaginary and obey the following
rules:

i’=-1, j’=-1, kK*=-1, ijk=-1

ij=k, jk=1i, ki=j

ji=—k, kji=-i, ik=-—j.
Although quaternions had some enthusiastic supporters, there were many mathe-
maticians and scientists who were suspicious of the need to involve so many imag-
inary terms. Towards the end of the nineteenth century Josiah Gibbs resolved the
problem by declaring that the three imaginary quantities could be viewed as a 3D
vector and changed the original bi + cj + dk into bi + cj + dk, where i, j and k

are unit Cartesian vectors. Today, it is convenient in computer graphics to write a
quaternion in two ways:

q=s,V 6.1
q=s+v (5.2)

where s is a scalar, and v is a 3D vector.

J. Vince, Rotation Transforms for Computer Graphics, 59
DOI 10.1007/978-0-85729-154-7_5, © Springer-Verlag London Limited 2011
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The difference is rather subtle: in (5.1) the scalar and vector are separated by a
comma, whereas in (5.2) a ‘“+’ sign is used as in complex numbers. Although the
idea of adding a scalar to a vector seems strange, this notation is used in this book
as it helps us understand the ideas behind multivectors, which are covered in the
next chapter. Since Hamilton’s invention, mathematicians have successfully applied
quaternions to rotate points about an arbitrary axis, which is why we are interested
in them.

A quaternion then, is the combination of a scalar and a vector:

q=s+vVv

where s is a scalar and v is a 3D vector. If we express the vector v in terms of its
components, we have

q=s+xi+yj+zk wheres,x,y,z are all scalars.

Later on we will discover that in the context of a rotation transform, v is used to
represent the axis of rotation, and the scalar s encodes the angle of rotation.

5.2.1 Axioms

Quaternions share the same axioms as complex numbers apart from multiplication,
where they do not commute.
Addition:

Commutative qi+q=q2+q1
Associative  (q1 +q2) +q3 =q1 + (q2 +q3).
Multiplication:

Associative  (q192)q3 = q1(q293)
Non-commutative qiq2 # q2q.-

5.3 Adding and Subtracting Quaternions

Two quaternions ¢ and qp
q =s1+txi+yj+ak
q2 =52+ x2i + y2j + 22k

are equal if, and only if, their corresponding terms are equal. Furthermore, like vec-
tors, they can be added and subtracted as follows:

qr £q2 = (s1 £52) + (x1 Tx)i+ (y1 £ y2)j + (21 L2k



5.4 Multiplying Quaternions 61

For example:

q: =0.64+2i+4j—3k
qQ@=024+3i+5j+7k
q1 +q2=0.84+5i+9j+ 4k
q—qx=04—-i—j— 10k.

5.4 Multiplying Quaternions

When multiplying quaternions we must employ the following rules:
i2=—1, j*=-1, K=-1, ijk=-1

ij =Kk, jk=i, ki=j

ji=-k, Kkj=-i, ik=-j.

Note that quaternion addition is commutative, however, the rules make quaternion
products non-commutative. For example:

q =s1+vi=s1+xii+yj+zk
Q=52+ V2 =52+ x2i + yoj + 22k
qiq2 = (5152 — X1x2 — y1y2 — 2122) + (s1xX2 + $2%1 + y122 — y221)i
+ (s1y2 +s2y1 + z1x2 — 22X1)j + (5122 + 5221 + X1y2 — X2yDkK
=s152 — (x1x2 + y1y2 +2122) + s1(x2i + y2j + 22K) + s2(x1i + y1j + 21K)
+ (V122 — y2z2Di + (z1x2 — z2x1)j + (x1y2 — x2y1)k
which can be rewritten using the dot and cross product notation as
qiq2 =5152 — V- V2 +81V2 + 852V + V| X V)
where
S182 — V1 -Vv2  isascalar, and
S1V2 + $2V] + V] X V2 is a vector.
For example:
qr=1+2i+3j+4k
Q=2—-i+5j—-2k
qiqe = (1 +2i+3j+4k)(2 —i+5j —2k)
qa=(1x2-2x(=1)+3x5+4x(-2)
+ 1(—i+5j — 2k) +2(2i + 3j + 4k)
+(3 X (—2)—4x5)i—(2x (=2)—4x (—1))j—|—(2x5—3 X (—1))k
=—-3+4+3i+11j+ 6k —26i+ 13k
=-3-23i+11j+ 19k



62 5 Quaternions

which is another quaternion. You may wish to evaluate q2q; and show that qq; #
q29q1-

5.5 Pure Quaternion

A pure quaternion has a zero scalar term:

q=0+v
which is a vector. Therefore,
q=0+4+wv;
Q@=0+v

qiq2=—Vi-V2+ V]I X V2
which leads to a rather strange result for the square of a pure quaternion:
qq=-V-v+VXV
=—V-V
2
=—|v|

a negative real number! In Hamilton’s day, physicists found this result difficult to
accept, and on top of all the imaginary terms refused to adopt quaternions and em-
braced the vector analysis proposed by Gibbs et al.

5.6 Magnitude of a Quaternion

The magnitude, norm or modulus of a quaternion is written |q| and equals

q=s5s+xi+yj+zk

Iq| =\/s2 +x24+y2 + 22
For example:
q=142i+4j—-3k
lql = V12 422 + 42 + (—3)2 = /30.

5.7 Unit Quaternion

A unit quaternion has a magnitude equal to 1:

|Q|=\/S2+x2+y2~l—zz=1.



5.8 The Quaternion Conjugate 63

Any quaternion q can be normalised to a unit quaternion ¢ by dividing by its mag-
nitude:

. q
q=—.
lql

5.8 The Quaternion Conjugate
We have already discovered that the complex conjugate of a complex number z =
a + bi is given by
F=a—bi
and is very useful in computing the inverse of z. The quaternion conjugate plays a
similar role in computing the inverse of a quaternion. Therefore, given
q=s+v
=s+xi+yj+zk
its conjugate is defined as
qQ-=s—v
=s—xi—yj—zk.

If we compute the product qq* we obtain

qq" = (s +V)(s—V)
=524+ V- VHsSV—sV+VX (—v)=s2+v-v
T I
which is a scalar and implies that
qq* =g/’

or

lql = vaq*.

Similarly, we can show that qq* = q*q.
Now let’s show that (q1q2)* = q3q]. We start with quaternions q and qa:
qr =s1+Vi
Q=5+
qiq2 = (s1 + v (s2 +v2)
=8152 — V[ - V2 +51V2 + 85V + V] X V2

(q1q2)* = 5152 — Vi - V2 — $1V2 — $2V] — V| X V3. (5.3)
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Next, we compute q;q7}
qr=s1—-V
GC=52-"
q45q] = (52 — v2)(s1 — V1)
=s152 — V1 - V2 +52(=V1) +51(—V2) + (—V2) X (=V})
=515) — V] - V3 —S1V2 —§2V] — V| X V) 5.4

and as (5.3) equals (5.4), (q1q2)* = q3q].

5.9 The Inverse Quaternion

Given a quaternion q we can compute its inverse q ! as follows.
By definition, we require that
aqa”'=q 'q=1. (5.5)
First, we multiply (5.5) by q*
a’qq ' =q'q 'q=1¢" (5.6)
and from (5.6) we can write
. q* q*
q = ” = 3-
qq |q|

1

If q is a unit quaternion, then q~' = q*, which is useful when reversing a rotational

sequence. Therefore, as
(q192)" = q>q]
then
@) '=q'q "

For completeness let’s evaluate the inverse of q where

1 1 1
=T A TATA
q*_l_Li_Lj_Lk
V3 V3 /3
AP =142+ x4 2=2
@=1r37373=
q! l(l_Li_LJ_Lk)
2 V3 3 3
1 1 1
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5.10 Summary

Quaternions offer a powerful algebra for rotating points about an arbitrary axis and
it is important that they are fully understood before proceeding. We have yet to see
how quaternions actually perform this rotational task, which is covered in Chap. 11.

5.10.1 Summary of Quaternion Operations

q=s5+V
=s+xi+yj+zk
where s, x, y, z are scalars, and
iP=—-1, j*=-1, K=-1, ijk=-1
ij=k,  jk=i, ki=j
ji=—-k, kj=—i, ik=—j.
Addition and subtraction
qi £q2 = (51 £52) + (x1 £x)i+ (1 £2)j+ (21 £ 22)k
Product
qiq2 = (s152 — X1x2 — y1y2 — 2122) + (s1%2 + $2x1 + y122 — y221)i
+ (s1y2 +s2y1 +21%2 — 22xX1)j + (5122 + 5221 + X102 — X2y DK
qiq2 = (5152 — V1 - V2) +51V2 + 52V1 + V1 X V2.

Pure
q=0+v.
Magnitude
lq =\/s2 +x2+y2+ 22
Unit

lql =\/s2+x2+y2+zz =1.
Quaternion conjugate
qQ*=s—v=s5—xi—yj—zk
(192" = q3q7.

Inverse

* *

-1_ q _ q
q‘q |Iqf?
(@a) ' =q;,'q; "

q






Chapter 6
Multivectors

6.1 Introduction

This is a brief introduction to multivectors of geometric algebra and we only ex-
plore those elements associated with rotations. Those readers who wish to pursue
the subject further may wish to consult the author’s books: Geometric Algebra for
Computer Graphics [5] or Geometric Algebra: An Algebraic System for Computer
Games and Animation [6].

We regard vectors as directed lines or oriented lines, but if they exist, why
shouldn’t oriented planes and oriented volumes exist? Well they do, which is what
geometric algebra is about. Unfortunately when vectors were invented, the work of
the German mathematician, Hermann Grassmann (1809-1877), was not understood
and consequently ignored. In retrospect this was unfortunate, as Grassmann had
invented an exceedingly powerful algebra for geometry, and it has taken a further
century for it to emerge through the work of William Kingdon Clifford (1845-1879)
and David Hestenes. So let’s explore an exciting algebra that offers new ways of
handling rotations.

6.2 Symmetric and Antisymmetric Functions

Symmetric (even) and antisymmetric (odd) functions play an important role in un-
derstanding multivectors. For example, f(8) is a symmetric function if

f(=B)=f(B)

an example being cos 8 where cos(—f) = cos 8. Whereas, f(f) is an antisymmetric
function if

f(=B)=—f(B)
an example being sin 8 where sin(—f) = — sin .
J. Vince, Rotation Transforms for Computer Graphics, 67
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Fig. 6.1 Two line segments a Y
and b separated by +8

b

b} d/ X

6.3 Trigonometric Foundations

Figure 6.1 shows two line segments a and b with coordinates (ai, a2) and (b1, b)
respectively. The lines are separated by an angle 8, and it is a trivial exercise to
show that

ab sinﬁ = a1b2 — a2b1

which equals the area of the parallelogram formed by a and . What is interesting is
that reversing the relative orientation of the lines such that b is rotated — g relative
to a makes

absin B = —(a1by — arby)

which means that this is antisymmetric due to the sine function.
We know from the definition of the scalar product of vectors that

abcos B =a1by + axbs

which remains unaltered if the relative orientation of the lines is reversed, which
means that this is symmetric due to the cosine function.

6.4 Vectorial Foundations

If we form the algebraic product of two 2D vectors a and b we have:

a=aji+ayj
b = byi + byj
ab = a1 b1i% + axbrj’ + a1brij + arbiji. (6.1)

It is clear from (6.1) that arbi? + a2b2j2 has something to do with abcos 8, and

a1brij + axbyji has something to do with ab sin 8. The product ab creates the terms
i2, j, ij and ji, which are resolved as follows.
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6.5 Inner and Outer Products

Let’s assume that the products ij and ji in (6.1) anticommute: ji = —ij. Therefore,
ab = a1 b1i% + axbrj’ + (a1br — arby)ij 6.2)
and if we reverse the product to ba we obtain
ba = a1 b1i’ + axbrj’ — (a1br — arby)ij. 6.3)

From (6.2) and (6.3) we see that the product of two vectors contains a symmetric
component

arbii* + axbaj*
and an antisymmetric component
(a1by — azby)ij.

Geometric algebra defines the product ab as the sum of two other products called
the inner and outer products. The inner product has the form

a-b=a||b|cosp (6.4)
where
a-b=(ai+ aj) - (b1i+ b2j)
=a\bji-i+aibyi-j+axb1j-i+axbyj-j
=aib +axb;

which is the familiar scalar product. The outer product uses the wedge ‘A’ symbol,
which is why it is also called the wedge product and has the form

aAb=]a||b|sinBiAj (6.5)
where
aAnb=(aji+ axj) A (b1i+ byj)
=abjini+abiAj+abij i+ arbrj A
=(aiby —azb1)iAj
which enables us to write
ab=a-b+aAb (6.6)
ab = |a||b|cos 8 + |a||b]| sin Bi A j. 6.7)

6.6 The Geometric Product in 2D

Clifford named the sum of the two products the geometric product, which means
that (6.6) reads: The geometric product ab is the sum of the inner product “a dot b”
and the outer product “a wedge b”.
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Given the definition of the geometric product, let’s evaluate i:
ii=i-i+iAl
Using the definition for the inner product (6.4) we have
i-i=1x1xcos0°=1
whereas using the definition of the outer product (6.5) we have
ini=1x1xsin0%iAi=0.
Thus i =1 and j*> = 1, and aa = |a|?:
aa=—a-ataAa
=|a||a] cos 0° + |a||a| sin0°i A j
aa= |a|2.
This result is much more satisfying than the square of a pure quaternion q:
aq=—lq*.
Now let’s evaluate ij:
ij=1i-j+1iAj].
Using the definition for the inner product (6.4) we have
i-j=1x1xc0s90°=0
whereas using the definition of the outer product (6.5) we have
inj=1x1xsin90iAj=1iAj].

Thus ij =iAj. But whatisiA j? Well, it is a new object called a bivector and defines
the orientation of the plane containing i and j. As the order of the vectors is from i
to j, the angle is +90° and sin(+90)° = 1. Whereas, if the order is from j to i the
angle is —90° and sin(—90°) = —1. Consequently,

ji=j-i+jni
=0+1x1xsin(—90%)iAj
=—iAj.

A useful way of visualising the bivector i A j is to imagine moving along the
vector i and then along the vector j, which creates an anticlockwise rotation. Con-
versely, for the bivector j Ai, imagine moving along the vector j followed by vector i,
which creates a clockwise rotation. Another useful picture is to sweep vector j along
vector i to create an anticlockwise rotation, and vice versa for j A i. These ideas are

shown in Fig. 6.2.
The following equation

ab=9+12i A j
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Fig. 6.2 An anticlockwise A >
and clockwise bivector J

A

means that the geometric product of two vectors a and b creates a scalar, inner
product of 9, and an outer product of 12 on the i—j plane. For example, given

a=3i

b =3i+4j

ab = (3i) - Bi+4j) + (3i) A Bi+4j)
=94+ 9Ai+12iA]
=94 12iAj.

The 9 represents |a||b| cos B, whereas the 12 represents an area |a|[b|sin 8 on the
i—j plane. The angle between the two vectors § is given by

B =cos~(3/5).

However, reversing the product, we obtain

ba = (3i+4j) - (3i) + Bi+4j) A (3i)
=949%Ai+ 12jAi
=9—12iAj
where the sign of the outer (wedge) product has flipped to reflect the new orientation
of the vectors relative to the accepted orientation of the basis bivector.
So the geometric product combines the scalar and wedge products into a single
product, where the scalar product is the symmetric component and the wedge prod-

uct is the antisymmetric component. Now let’s see how these products behave in
3D.

6.7 The Geometric Product in 3D

Before we begin let’s introduce some new notation to simplify future algebraic ex-
pressions. Rather than use i, j and k to represent the unit basis vectors let’s employ
e], ey and es3 respectively. This implies that (6.7) can be written

ab = |a||b|cos 8 + |a||b|sin Be; A e;.

We also remind ourselves that we are working with a right-handed axial system,
where, using our right-hand, the thumb aligns with e, the x-axis, the first finger
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Fig. 6.3 The 3D bivectors €,

/\

aligns with e, the y-axis, and the middle finger aligns with e3, the z-axis. We begin
with two 3D vectors:

a=aje] + azep + azes

b=>bie; + brer + b3e3

and their inner product is

a-b=(aie| +axe; +aszes) - (b1e| + bres + bzes)
=a1by + axby + azb;

and their outer product is

anb=(aje +axe; +azes) A (bre| + bres + bze3)
=aibre; Aexy+aibze; Aes+arbiex Aep
+ aybzey Aes +azbies Aep + azbres A e
= (a1by — axb1)e; A ey + (a2bz —azbr)ex A ez + (azby —arbz)es Aey.
(6.8)

This time we have three unit basis bivectors: e; A ep, € A e3, €3 Aej, and three asso-
ciated scalar multipliers: (a1by — azxby), (a2b3 — azbs), (azby — a1b3) respectively.
These bivectors are the basis for a right-handed oriented axial system.

Continuing with the idea described in the previous section, the three bivectors
represent the three planes containing the respective vectors as shown in Fig. 6.3, and
the scalar multipliers are projections of the area of the vector parallelogram onto the
three bivectors as shown in Fig. 6.4. Note that this is the accepted definition for a
right-handed space. The orientation of the vectors a and b determine whether the
projected areas are positive or negative.

Equation (6.8) should look familiar as it looks similar to the cross product a x b:

ax b= (aiby —axby)es + (ax2bz — azbr)e| + (azby — arbz)e;. (6.9)

This similarity is no accident, for when Hamilton invented quaternions he did not
recognise the possibility of bivectors, and invented some rules which eventually
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Fig. 6.4 The projections on
the three bivectors

became the vector product. In fact, we show later that quaternions are bivectors in
disguise. We can see that a simple relationship exists between (6.8) and (6.9):

e; Aepyandes

e> Ae3and e

e3 Aep and ep.
The wedge product bivectors are perpendicular to the vector components of the cross
product. So the wedge product is just another way of representing the cross product.
However, the wedge product introduces a very important bonus — it works in space
of any dimension; whereas, the cross product is only comfortable in 3D. Not only

that, the wedge (outer) product is a product that creates volumes, hypervolumes, and
can also be applied to vectors, bivectors, trivectors, etc.

6.8 The Outer Product of Three 3D Vectors

Having seen that the outer product of two 3D vectors is represented by areal pro-
jections onto the three basis bivectors, let’s compute the outer product of three 3D
vectors:

a=aje; +azep + ase;

b=bie; + bre; + bze3

c=cie| + crer + c3e3
anbAc=(are; +arer + aze3) A (b1e1 + byey + bzes) A (c1e1 + caea + c3e3)

= ((a1by — azbr)e; A ey + (axbz —azbr)es Ae3 + (azby —aibz)es Aep)
A (c1e1 + coer + c3e3).

At this stage we introduce another axiom: the outer product is associative. This
means that a A (b A ¢) = (a Ab) A c. Therefore, knowing thata Aa=0:
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aAbAc=c3(a1by —ayby))e; Aey Aes+cr(arby —azbr)ey Ae3 Aeg
+ co(azby —aib3)es nep A ey
= (c3(a1by — azby) + c1(axbs — azby) + ca(azby —aibz))e; Aex Aes

or using a determinant:

ar b1 ¢
aAbAc=|ay by cyle; AexAe;
ay by c3

which is the well-known expression for the volume of a parallelpiped formed by
three vectors.

The term e; A ey A e3 is a trivector and implies that the volume is oriented. If
the sign of the determinant is positive, the original three vectors possess the same
orientation of the three basis vectors. If the sign of the determinant is negative, the
three vectors oppose the orientation of the basis trivector.

6.9 Axioms

One of the features of geometric algebra is that it behaves very similar to the every-
day algebra of reals:

Axiom 6.1 The associative rule:

a(bc) = (ab)c.

Axiom 6.2 The left and right distributive rules:

a(b+c¢)=ab+ac
(b+c¢)a=ba + ca.

The next four axioms describe how vectors interact with a scalar A:

Axiom 6.3
(Aa)b = A(ab) = Aab.
Axiom 6.4
A(ga) = (r¢)a.
Axiom 6.5
A(a+b)=Aa+ Ab.
Axiom 6.6

(A +¢)a=ra—+ ga.
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Axiom 6.7

2 2

6.10 Notation

Having abandoned i, j, k for ey, e, e3, it is convenient to convert geometric products
ejey---e, to eyy...,. For example, eje;e3 = e23. Furthermore, we must get used to
the following substitutions:

€;€€c; =¢€;
€1 = —€12
€312 = €123
€12 =¢€2
€121 = —€2.

6.11 Grades, Pseudoscalars and Multivectors

As geometric algebra embraces such a wide range of objects, it is convenient to
grade them as follows: scalars are grade 0, vectors are grade 1, bivectors are grade 2,
and trivectors are grade 3, and so on for higher dimensions. In such a graded algebra
it is traditional to call the highest grade element a pseudoscalar. Thus in 2D the
pseudoscalar is ej; and in 3D the pseudoscalar is e}»3.

One very powerful feature of geometric algebra is the idea of a multivector,
which is a linear combination of a scalar, vector, bivector, trivector, or any other
higher dimensional object. For example the following are multivectors:

A =3+ (2e; + 3ey +4e3) + (Sex + 6ex3 + 7e31) + 8eq3
B =2+ (2e; 4+ 2ey + 3e3) + (4ej2 + Sex3 + 6e31) + 7e123
and we can form their sum:
A+B=5+ (4e; +5e; + 7e3) + (9e12 + 11ex3 + 13e31) + 15e123
or their difference:
A—B=1+(e2+e3)+ (er2 +ex3 +e31) +ens.

We can even form their product AB.
We can isolate any grade of a multivector using the following notation:

(multivector)

where g identifies a particular grade. For example, say we have the following mul-
tivector:

2+ 3e; +2e; — 5eq2 + 6e23
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we extract the scalar term using:
(24 3e; + 2ex — Sejz + 6e123)p =2
the vector term using
(24 3e; + 2e> — Sejz + 6e123)1 = 3e; + 2e;

the bivector term using:

(24 3e; +2ex — 5e12 + 6e123)2 = —5eq2
and the trivector term using:

(24 3e; +2ex — 5eq2 + 6e123)3 = 6eq23.

It is also worth pointing out that the inner vector product converts two grade 1
elements, i.e. vectors, into a grade O element, i.e. a scalar, whereas the outer vector
product converts two grade 1 elements into a grade 2 element, i.e. a bivector. Thus
the inner product is a grade lowering operation, while the outer product is a grade
raising operation. These qualities of the inner and outer products are associated
with higher grade elements in the algebra. This is why the scalar product is renamed
as the inner product, because the scalar product is synonymous with transforming
vectors into scalars. Whereas, the inner product transforms two elements of grade n
into a grade n — 1 element.

6.12 Redefining the Inner and Quter Products

As the geometric product is defined in terms of the inner and outer products, it
seems only natural to expect that similar functions exist relating the inner and outer
products in terms of the geometric product. Such functions do exist and emerge
when we combine the following two equations:

ab=a-b+aAb (6.10)
ba=a-b—aAb. (6.11)

Adding and subtracting (6.10) and (6.11) we have

1

aobzi(ab—{—ba) (6.12)
1

a/\bzi(ab—ba). (6.13)

Equations (6.12) and (6.13) are used frequently to define the products between dif-
ferent grade elements.
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6.13 The Inverse of a Vector

In traditional vector analysis we accept that it is impossible to divide by a vector, but
that is not so in geometric algebra. In fact, we don’t actually divide a multivector by
another vector but find a way of representing the inverse of a vector. For example,
we know that a unit vector a is defined as

. a
a=—
|a
and using the geometric product
A2 a2 —1
a2
therefore,
_ a’b
~ lal?

and exploiting the associative nature of the geometric product we have
a(ab
b= (ab) .
|aJ?
Equation (6.14) is effectively stating that, given the geometric product ab we can
recover the vector b by pre-multiplying by a~!:

(6.14)

-1 _ a
ja?

Similarly, we can recover the vector a as follows by post-multiplying by b~!:

__(ab)b
b2
For example:
a=e| +2e
b = 3e; + 2e;
their geometric product is
ab =7 —4eqs.

Therefore, given ab and a, we can recover b as follows:

2
b— (el+5_e2)(7 depy)

1
= 5(761 —4eq12 + 14e; — 8erp2)

1
= §(7e1 —4ey 4 14e; + 8ey)

= 3e; + 2e>.
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Similarly, given ab and b, a is recovered as follows:

3e; + 2ep
a=(7—4e —_—
( 12)( B )
1
= E(zlel + 14e; — 12e121 — 8eq22)
1
= E(Zlel + 14e, + 12e; — 8eyp)
=e; + 2e;.
Note that the inverse of a unit vector is the original vector:
A1 a
a = =a.
|af?

6.14 The Imaginary Properties of the Outer Product

So far we know that the outer product of two vectors is represented by one or more
unit basis vectors, such as

anb=Airen + Axexs + Azes
where, in this case, the A terms represent areas projected onto their respective unit
basis bivectors. But what has not emerged is that the outer product is an imaginary
quantity, which is revealed by expanding e%zz
el, =enn
but as
€1 = —e2
then
€121)2 = —e€1(12)2
~ el
e, =—1.
Consequently, the geometric product effectively creates a complex number! Thus in
a 2D scenario, given:
a=ae; +ae;
b=bie; + bre,
their geometric product is
ab = (a1b1 + axby) + (a1by — azbyi)ern

and knowing that e =i, then we can write ab as

ab = (a1by + axby) + (a1by — axby)i. (6.15)
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However, this notation is not generally adopted by the geometric algebra commu-
nity. The reason being that i is normally only associated with a scalar, with which it
commutes. Whereas in 2D, e, is associated with scalars and vectors, and although
scalars present no problem, under some conditions, it anticommutes with vectors.
Consequently, an upper-case [ is used so that there is no confusion between the two
elements. Thus (6.15) is written as

ab = (a1b1 + axby) + (a1b2 — azb1)1
where
I>=—1.

It goes without saying that the 3D unit basis bivectors are also imaginary quantities,
So too, is €(23.

Multiplying a complex number by i rotates it 90° on the complex plane. There-
fore, it should be no surprise that multiplying a 2D vector by e, rotates it by 90°.
However, because vectors are sensitive to their product partners, we must remember
that pre-multiplying a vector by ey rotates a vector clockwise and post-multiplying
rotates a vector anticlockwise. For instance, post-multiplying e; by ejy creates e,
which is an anticlockwise rotation, whereas, pre-multiplying e; by ej> creates —ey,
which is a clockwise rotation.

Whilst on the subject of rotations, let’s consider what happens in 3D. We begin
with a 3D vector

a=aje;| +azez + azes
and the unit basis bivector e as shown in Fig. 6.5. Next we construct their geomet-
ric product
ejpa=ajene; + azejpex +azeze;

=aie21 +azei2 +aze3

= —ajey +axe| + aze|23

=aze; —ajez +aze23
which contains two parts: a vector (are; — ajep) and a volume azeqs3.

Figure 6.5 shows how the projection of vector a is rotated anticlockwise on the
bivector ej;. A volume is also created perpendicular to the bivector. This enables us
to predict that if the vector is coplanar with the bivector, the entire vector is rotated
90° and the volume component is zero.

Post-multiplying a by e, creates

ae|;p = —ape| +ajey +aseqs

which shows that while the volumetric element has remained the same, the projected
vector is rotated anticlockwise. You may wish to show that the same happens with
the other two bivectors.
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Fig. 6.5 The effect of €
multiplying a vector by a a;
bivector

6.15 Duality

The ability to exchange pairs of geometric elements such as lines and planes in-
volves a dual operation, which in geometric algebra is relatively easy to define. For
example, given a multivector A its dual A* is defined as

A*=TA
where [ is the local pseudoscalar. For 2D this is e and for 3D it is e{23. Therefore,
given:
a=ae| +ae;

its dual is

a’ =ep(aie; +mer)
=aie2] +axe
=aze| —ajey

which is another vector rotated 90° anticlockwise.

It is easy to show that (a*)* = —a, and two further dual operations return the
vector back to a.

In 3D the dual of a vector e; is

€123e] = €231 = €3
which is the perpendicular bivector. Similarly, the dual of e; is e3; and the dual of
€3 is €12.
For a general vector aje; + aez + azes its dual is
ep3(arer +axer +azes) = aje3r + aze 32 + az€1233
=aze|y +ajexs + azes;.

The duals of the 3D basis bivectors are:

€123€12 = €12312 = —€3

€123€23 = €12323 = —€]

€123€31 = €12331 = —€2.



6.16 The Relationship Between the Vector Product and the Outer Product 81

Table 6.1 Hamilton’s i )
quaternion product rules t J k

6.16 The Relationship Between the Vector Product and the
Outer Product

We have already discovered that there is a very close relationship between the vector
product and the outer product, and we will see what happens when we form the cross
and wedge product of two 3D vectors:

a=aje] +azey + asze;

b=bie; + brer + bze3

a x b= (ayb3 — azby)e; + (azb) — a1b3)ex + (a1by — azby)e; (6.16)
anb = (axb; —asby)e; nes + (azby —aibz)es Aep + (arhy — azbi)e; A ey
= (a2b3 — azby)ex3 + (azby — arbs)es) + (a1by — axby)ern. (6.17)

Multiplying (6.17) by 1123 we obtain

l23(a Ab) = (axb3 — azb)eizers + (azby — arbz)ernszes;
+ (a1b2 — azby)eizern
= —((a2bz — azbr)e + (azb) — a1b3)es + (a1by — axby)es)

which is identical to the cross product (6.9) apart from its sign. Therefore, we can
state:

axb=—Ip3(aAb).

6.17 The Relationship Between Quaternions and Bivectors

Hamilton’s rules for the imaginaries i, j and k are shown in Table 6.1, whilst Ta-
ble 6.2 shows the rules for 3D bivector products. Although there is some agreement
between the table entries, there is a sign reversal in some of them. However, if we
switch to a left-handed axial system the bivectors become e3>, €13, €1 and their
products are as shown in Table 6.3. If we now create a one-to-one correspondence
(isomorphism) between the two systems:

i<e3, j<es k<en

there is a true correspondence between quaternions and a left-handed set of bivec-
tors.
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Table 6.2 3D bivector

product rules €23 €3] (Sh)
€23 -1 —ep €3]
€3] e -1 —e3
e —e3) €3 -1

Table 6.3 Left-handed 3D

bivector product rules €32 €13 €]
€3 -1 €] —e3
€3 —ey] -1 e3
€2] €3 —e3n —1

6.18 Reverse of a Multivector

You will have noticed how sensitive geometric algebra is to the sequence of vectors,
and it should not be too much of a surprise to learn that a special function exists to
reverse sequences of elements. For example, given

A=ab

the reverse of A is denoted using the dagger symbol A
A" =ba

or the tilde symbol A
A =ba.

The dagger symbol is used in this book.
Obviously, scalars are unaffected by reversion, neither are vectors. However,
bivectors and trivectors flip their signs:

(e1e2)’ =ere; = —ejer
and
(e1e2e3)" = ezere; = —ejezes.

When reversing a multivector containing terms up to a trivector, it’s only the bivector
and trivector terms that are reversed. For example, given a multivector A

A=A4+v+B+T

where

A is a scalar
v is a vector
B is a bivector, and

T is a trivector
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then
Af=14+v-B-T.

Let’s illustrate this reversion process with an example.
Given three vectors

a=2e; +3ep
b=4e; —2e¢;
c=e +e€

the products ab and ba are
ab = (2e; + 3ex)(4e; — 2ex) =2 — 16eq3
ba = (4e; — 2e2)(2e; + 3e2) =2 + 16e;5.
Thus
(ab)T =ba.
Furthermore, the products abc and cba are
abc = (2e; + 3ep)(4e; — 2er)(e; +ep) = —14e; + 18e;
cba = (e; +ey)(4e; —2e3)(2e; + 3ep) = —14e; + 18e;.

And as there are only vectors terms there are no sign changes.
Reversion plays an important role in rotors and we will meet them again in the
next chapter.

6.19 Summary

This chapter has covered the basic ideas behind geometric algebra which offers
an algebraic framework for oriented lines (vectors), oriented planes (bivectors) and
oriented volumes (trivectors), not to mention higher dimensional objects. We have
yet to discover how they offer an alternative way of rotating points in the plane and
in 3D space.

6.19.1 Summary of Multivector Operations

Inner product: 2D vectors
a=aie; +arer
b="bie; + bre,
a-b=a|blcos B =a1b| + axb;.
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Inner product: 3D vectors

a=aje| +axey + azes
b=>b1e| + bye; + bzes

a-b=a||b|cos B =a1b| + arby + a3bs.

Outer product: 2D vectors

a=aje; +ae

b=bie; + bre>
_|la1 a2
anb= by by e Nep.

Outer product: 3D vectors

a=aje] +azey + azes
b=0bie| + brey + bze3

c=cje] + ey + c3e3

as
b3

az as
by b3

G De ey +

by by 1 2

ay az az

anbAc=|by by b3 e; NeyANes
¢l €2 C3

l]a A b| = |a||b] sin 8.

aAnb= e Aes3+

Geometric product
ab=a-b+aAb
ba=a-b—aAb

1
a-b:i(ab+ba)

1
anb= E(ab—ba).

Inverse of a vector
1 a
)

Duality
A*=1A
I = the local pseudoscalar.

Reverse of a multivector

a
b

6 Multivectors

e3 N ep



Chapter 7
Rotation Transforms in the Plane

7.1 Introduction

In this chapter we investigate the techniques for rotating points in the plane using
geometry, matrices and multivectors. These ideas will be developed further in the
next chapter where we consider rotating frames of reference in the plane.

7.2 2D Transforms

2D transforms are used to scale, translate, rotate, reflect and shear shapes. For ex-
ample, a point P(x, y) is transformed into P’(x’, y') by modifying x and y using

x'=ax + by
y =cx +dy.

By using different values for a, b, ¢ and d we can scale, shear, reflect or rotate a
point about the origin. However, this transform cannot effect a translation as we
need to increment both x and y by values which are spatial offsets. To achieve this
we employ homogeneous coordinates.

7.2.1 Homogeneous Coordinates

Homogeneous coordinates are used to define a point in the plane using three coordi-
nates instead of two. This means that for a point (x, y) there exists a homogeneous
point (xz, yt, t) where ¢ is an arbitrary number. The values of x and y are found by
dividing xt and yt by ¢. For example, the point (2, 3) has homogeneous coordinates
(4,6,2), because (4/2,6/2,2/2) = (2,3, 1). But the homogeneous point (4, 6, 2)
is not unique to (2,3) — (8, 12,4), (10, 15,5) and (200, 300, 100) are all possible
homogeneous coordinates for (2, 3).
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Fig. 7.1 2D homogeneous
coordinates can be visualised
as a plane in 3D space where
t =1, for convenience

For our purposes we can imagine that a collection of homogeneous points of
the form (xz, yt, t) exist on an xy-plane where 7 is the z-coordinate as illustrated
in Fig. 7.1. The figure shows a triangle on the r = 1 plane, and a similar, larger
triangle on a more distant plane. Thus, instead of working in two dimensions, we
can work on an arbitrary xy-plane in three dimensions. The 7-coordinate of the plane
is immaterial because the x- and y-coordinates are eventually scaled by ¢. To keep
things simple it is convenient to choose ¢ = 1, which means that the point (x, y) has
homogeneous coordinates (x, y, 1) making scaling unnecessary.

If we substitute 3D homogeneous coordinates for traditional 2D Cartesian coor-
dinates we must attach 1 to every (x, y) pair. When a point (x, y, 1) is transformed,
it emerges as (x, y', 1), and we discard the 1. This may seem a futile exercise, but
it resolves the problem of creating a translation transform.

Consider the following transform on the homogeneous point (x, y, 1):

x'=ax+by+e
y=cx+dy+f

this is represented in matrix form as
/

X
/

y =
1

X

e
Sy
1 1

S o Q
(RSN

and resolves the problem of translation by adding e and f to x’ and y’ respectively.
However, this has to be paid for in terms of extra memory required to store the larger
matrix.

7.3 Matrix Transforms

In this section we investigate strategies for designing matrix transforms to translate
and rotate points about the origin and an arbitrary point. We will also see how the
inverse transform is used to establish new frames of reference.
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Fig. 7.2 The point P(x,y) is Y
rotated through an angle g to y’ P'(x’,y")
PI(x',y")
R
P(x,y)
y
R
B
4
’
X X X

7.3.1 Translate a Point

Perhaps the simplest transform is that of point translation. For example, to translate
apoint P(x, y) by (#, t;), we only require

x'=x+1
y/ = y + l‘y
which is represented by this homogeneous matrix
x 1 0 ¢ x
Y| =101 1 y
1 0 0 1 1

We will refer to this translate matrix as sz,zy-
As an example, let’s translate the point P(2,3) by (4,5), which moves it to
P'(6, 8):

6 1 0 4
81=10 1 5
1 0 0 1

—

7.3.2 Rotate a Point About the Origin

Figure 7.2 shows a point P(x, y) which is rotated an angle 8 about the origin to
P’(x’, y"), and as we are dealing with a pure rotation, both P’ and P are distance R
from the origin.

From Fig. 7.2 it can be seen that

cosd =x/R

sinf =y/R
x'=Rcos (8 + B)
y' =Rsin (@ + B)
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and substituting the identities for cos (6 + 8) and sin (6 + ) we have
x" = R (cos@ cos B — sinf sin B)
=R (%cosﬂ - %sinﬁ)
=xcosf —ysinf
y' = R (sinf cos B + cos @ sin B)
=R (%cosﬁ + %sinﬁ)

=xsinf + ycosf
or in matrix form
x' cosBp —sinB O] [ x
y |=| sinB cosB 0]y
1 0 0 1 1

and is the homogeneous transform for rotating points about the origin. For example,
to rotate a point 90° about the origin the transform becomes

0 0 -1 0 1
1{=]1 00 0
1 0 0 1 1

where we see the point (1, 0, 1) becomes (0, 1, 1) and we ignore the homogeneous
scaling factor of 1.
Rotating a point 360° about the origin the transform becomes the identity matrix:

x’ 1 0 0]«
Yy =[0 1 0]y
1 0 0 1 1

The following observations can be made about the rotation matrix Rg:

cosf —sing 0
Rg = | sinf cosB O
0 0 1

Its determinant equals 1:
detRg = 0052,3 + sinzﬂ =1.

Its transpose is

cosf sing 0
R;g =| —sinB cosB 0
0 0 1

The product Rg Rl =1
cosB —sing 0 cosfp sing 0

1 00
RgRy=| sinp cosp 0 || —sinf cosp 0|=[0 1 0
0 0 1 0 0 1 0 0 1
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and because R,gR}; equals the identity matrix, REI = RE:
cosff sing 0
R;'=| —sing cosp 0
0 0 1

confirms that Rg is orthogonal.

7.3.3 Rotate a Point About an Arbitrary Point

Now let’s see how to rotate a point (x,y) about an arbitrary point (y,?,). The
strategy involves making the point of rotation a temporary origin, which is achieved
by subtracting (., t,) from the coordinates (x, y) respectively. Next, we perform a
rotation about the temporary origin, and finally, we add (¢, ) back to the rotated
point to compensate for the original subtraction. Here are the steps:

1. Subtract (#x, t,) to create a new temporary origin:

X| =X — 1y
n=y-—ty.
2. Rotate (x1, y1) about the temporary origin by S:
X2 =(x—t)cosp—(y—ty)sinp
y2=(x —ty)sin B+ (y — ty) cos B.
3. Add (t,, ty) to the rotated point (x7, y2) to return to the original origin:
x'=x 41,
Y=yt
x'=(x—t)cosf— (y—ty)sinf +1y
Y = —t)sinB+ (y —ty)cos B+ ty.
Simplifying, we obtain
x'=xcosp — ysinB +t.(1 —cos B) + 1, sin B
y' =xsinf+ ycosB +1,(1 —cos B) — t, sin B

and in matrix form we have

x cosfp  —sinf t (1 —cosp)+t,sinf X
y |=|sinp cosB t,(l—cosp)—t,sinp y|. (7.1)
1 0 0 1 1

For example, if we rotate the point (2, 1), 90° about the point (1, 1) the transform
(7.1) becomes

—

1 0 -1 2
21=|1 0 0
1 0 01
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The above algebraic approach to derive the rotation transform is relatively easy.
However, it is also possible to use matrices to derive composite transforms, such as
a reflection relative to an arbitrary line or scaling and rotation relative to an arbitrary
point. All of these linear transforms are called affine transforms, as parallel lines
remain parallel after being transformed. Furthermore, the word ‘affine’ is used to
imply that there is a strong geometric affinity between the original and transformed
shape. One cannot always guarantee that angles and lengths are preserved, as these
can change when different scaling factors are used. For completeness, let’s derive
the above transform using matrices.

A transform for rotating a point 8 about the origin is given by

cosp —sing O
Rg = | sinf cosfp 0

0 0 1
and a transform for translating a point (z,, t,) relative to the origin is given by
1 0 #
Tt)m ty == O ] t y
0 0 1

We can use Rg and Ty, ;, to develop a composite transform for rotating a point about
an arbitrary point (,, t) as follows:
!/

X X
V| =T, ReTo 1y |y (7.2)
1 1
where
T_; -, creates a temporary origin
Rg rotates 8 about the origin
Ty 1, returns to the original position.

Note that the transform sequence starts on the right next to the original coordinates,
working leftwards.
Equation (7.2) expands to

x' 1 0 ¢t cosf —sing 0 1 0 —t X
y|=[0 1 1 sinf cosp 0 |[0 1 -t y
1 0 0 1 0 0 1 0 0 1 1

Next, we multiply these matrices together to form a single matrix. Let’s begin by

multiplying the Rg and T_; _; matrices, which produces

x' 1 0 1 cosf —sinf —tycosB+tysinf || x
Y |I=10 1 1t sinf cosp  —tysinf —t,cosp y
1] oo 1 0 0 1]
and finally we obtain
[ x’ cosp —sinB (1 —cosB)+tysinf | [x
y' |=|sinp  cosp t,(1 —cosp)—t,sinp y
1 0 0 11

which is the same as the previous transform (7.1).
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7.3.4 Rotate and Translate a Point

There are two ways we can combine the rotate and translate transforms into a single
transform. The first method starts by translating a point P (x, y) using T(z,, ¢,) to an
intermediate point, which is then rotated using Rg. The problem with this strategy
is that the radius of rotation becomes large and subjects the point to a large circular
motion. The normal way is to first subject the point to a rotation about the origin
and then translate it:

P/ = Ttx,lyRﬁ P
x’7 [1 0 ¢ ][cosp —sinp 0] [x
y|=[0 11 sing cosB Of |y
1] oo 1 0 0o 1|1
[x’] [cosp —sinf t, x

y |=|sinp cosp 1, y
1] | o o 1|1

For example, consider rotating the point P (1, 0), 90° and then translating it by
(1, 0). The rotation moves P to (0, 1) and the translation moves it to (1, 1). This is
confirmed by the above transform:

S O =
—_— O =
—_

7.3.5 Composite Rotations

It is worth confirming that if we rotate a point 8 about the origin, and follow this
by a rotation of 6, this is equivalent to a single rotation of 6 + 8, so RgRg = Ry 3.
Let’s start with the transforms Rg and Ry:

[cosp —sinp 0
Rg=| sinf cosffg O
. 0 0 1
[cos® —sind 0
Ry = | sin6 cosf O
. 0 0 1

We can represent the double rotation by the product RgRg:

cosf —sinfd 0 cosf —sinf 0
RoRg = | sin6 cosf O sin 8 cosB O
0 0 1 0 0 1
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[ cos@cos B —sinfsin —cosfsinf —sinfcosf 0
= | sinfcosB +cosfsinB —sinfsinf +cosfcospf 0O
0 0 1

:cos(9+,3) —sin(@+p8) 0
= | sin(6 + B) cos(@+p) O
L 0 0 1

which confirms that the composite rotation is equivalent to a single rotation of 6 + .

7.4 Inverse Transforms

Given a transform A, its inverse A~! is defined as such that
AATT=ATTA=1
where I is the identity matrix. So let’s identify the inverse translation and rotation

transforms.
We know that the translation matrix is given by

1 0 #
Ttx »ty == O 1 t}’
0 0 1

and we could reason that the inverse of T, ,, must be a translation in the opposite
direction:
1 0 —#
-1
T,X’ly =0 1 -1
0 0 1
We can confirm this by computing T,:},V from the cofactor matrix of T, ; , trans-
posing it and dividing by its determinant:

1 0 0
cofactor matrix of Ty, ;, = 0 1 0
| -1 —1y 1
1 0 —¢,
T, =0 1 —g
' 10 0 1
and as detT,x,,y =1, we can write
1 0 —t
T\, ={0 1 —g
' 0 0 1

So our reasoning is correct. Furthermore, T | ,),T,:}tv =1

10 t|[1 0 — 1 0 0
Ty, ., T; ! 01 #|[|l0 1 —,|=]0 10
0 0 0 0 00 1

tety —
1 1
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Similarly, we know that the rotation transform is given by

[cosp —sinB 0]
Rg=| sinp cosffp 0
0 0 1

and we can reason that the inverse of Rg must be a rotation in the opposite direction,
i.e. a rotation of —f:

cosp sing 0]
REI = | —sinB cosp 0
0 0 1

We can also compute ngl by forming the cofactor matrix of Rg, transposing it and
dividing by its determinant:

[cosp —sinB 0]
cofactor matrix of Rg = | sinf cosf 0
| 0 0 1]
cosf sinf 0]
Rg =| —sing cosB O
L 0 (U
and as detRg =1, we can write
cosf sing 0
REI =| —sinB cosB O
0 0 1

So our reasoning is correct. Furthermore, ngngl =1I:

cosf —sin 0 cosf sing 0 1 0 0
R,gngl = | sing cosB O —sin8 cosp O|=(0 1 O
0 0 1 0 0 1 0 0 1

7.5 Multivector Transforms

Multivectors are linear combinations of vectors, bivectors, trivectors, etc., plus a
scalar. They possess imaginary qualities and consequently have the ability to rotate
vectors. Although it is unusual to employ multivectors in 2D computer graphics,
they have been included to introduce their rotational qualities.

7.5.1 Translate a Point

Figure 7.3 shows a point P (x, y) with position vector p, and is translated by (t., t,)
using

p'=p+t
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Fig. 7.3 Translate a point by e
Pl
(tx, ty) 1

€]

where t = [t ty]T. The position vector p’ points to the translated point P’ with
components:

P=G+t)e+(y+1n)e

and agrees with the translation matrix

/

X 1 0 ¢ X
Y|=101 1|y
1 0 0 1 1

7.5.2 Rotational Qualities of the Unit Bivector

We know from Chap. 2 that multiplying a complex number by imaginary i rotates
that complex number by 90°. In geometric algebra the 2D pseudoscalar ej; is also
imaginary in that e%z = —1, and has similar rotational properties, but has the extra
feature of controlling the direction of rotation. For example, Fig. 7.4 shows pe;;
which rotates p, 90°:

p=pie; + pe
peix = (pier + paez) e

= pi1€2 — p2€;
= —p2e; + p1er.
€
per Pl
p2 P
P2 Pi e
Fig. 7.4 pe,, rotates p, 90°
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Fig. 7.5 ej,p rotates p, —90° €

D2

P1 [

However, the reverse product ejop rotates p, —90°:
p=pie; + p2e2
pei2 =e2 (prer + pae)
=—piex + pae;
= p2€1 — p1€2
as shown in Fig. 7.5.

We also discovered in Chap. 2 that a complex number z = a 4 bi can be repre-
sented in exponential form as

7= Izleiﬁ =|z| (cos B +isin B)

which, if used to multiply another complex number, scales it by |z| and rotates it .
Figure 7.6 shows a plane defined by m A n and the vectors n and m such that n
is rotated B further than m:

n=nie; +nze;
m=m;e| +mje)
nm=n-m—maAn
= [n||m|cos B — [m|[n|sin e

= [n|[m| (cos B — sin Ber2) .

e A

maAan

€]

Fig. 7.6 The bivector m A n
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Pre-multiplying a vector p by the product nm creates p’ such that given:

pP=pier + pae2
nmp = [n||m| (cos B —sin Bei2) (p1e1 + prez)
= |n||m| (cos Bp1e; + cos Bpre; + sin Bp1e; — sin fprey)
p’ = [n||m|[(cos Bp1 — sin Bp2) e; + (sin Bp; + cos Bp2) €3]

P cos —sin
} =|n||m|[ ~f ﬂ“’”}
P sin 8 cosB || p2
and confirms that the vector p is rotated 8 and scaled by |n||m|.
Post-multiplying a vector p by the product nm creates p’ such that given:
p=pier + p2e
pnm = (pie; + p2e2) [n|[m| (cos B — sin fey2)

= [n||m| (p1e| cos B — piezsin B + prescos B + pre; sin B)
p’ = n|lm|((pi cos B + pasinB) e + (—pi sin B + pa cos B) e;)

/ .
p cos sin 1
! =|n||m|[_ o8P ﬁ][’) }
Py sinf cosB || p2
and confirms that the vector p is rotated —f8 and scaled by |n|/m|. By making n
and m unit vectors, the product nm rotates a vector without scaling, which is an
essential quality for a rotation transform.

Before proceeding, we should clarify the effect of reversing the product nm to
mn. Therefore, assuming that vectors n and m remain unchanged, the product mn
is given by:

n=nie; +nze
m=nmie; + moe
mn=m-n+mAn
= [n||m|cos B + [m||n|sin Se;>
= [n|[m] (cos B + sin Ber2) .
Pre-multiplying a vector p by the product mn creates p’ such that given:
p=piel + p2e2
mnp = [n|[m| (cos # + sin fe12) (p1e1 + pre2)
= |n||m| (cos Bp1e; + cos Bpre; — sin Bpie; + sin Bprer)
p’ = In||m|((cos Bp1 + sin Bp2) €| + (—sin Bp; + cos Bp2) €2)

P _ cosfB  sinf || p1
|:p/2:|_|n||m||:—sinﬂ cosﬂ][p2i|

and confirms that the vector p is rotated — and scaled by |n|/m]|.
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It should be no surprise that post-multiplying a vector p by the product mn rotates
it .

The above results are summarised as follows:

nmp = pmn rotates p, f

pnm =mnp rotates p, —p.

7.5.3 Rotate a Point About the Origin

In Chap. 9 on 3D rotations we show the origins of rotors in geometric algebra using
double reflections. The plane containing the vectors n and m is defined by the wedge
product m A n, which means we can write the product mn as

mn=—m-n+mAn
and the product nm in the same plane as
nm=m-n—mAn
which accounts for the negative sign in the following bivector term
nm = |n||m| (cos 8 — sin Beyy) .

Furthermore, if we make n and m unit vectors we can replace them by a rotor Rg
whose magnitude is 1 because

IRg| =/cos? B +sin® =1
therefore no scaling occurs, which means that

Rgp rotates p, B i.e. anticlockwise, and

pRg rotates p, —B i.e. clockwise.

The effect of this rotor is illustrated as follows:

p=e t+e
R,s50 = c0s45° — sin45°e;,
V2 V2
=-————€n
2 2
V2 V2
pP=Ryop=(— — —en)(e+e)
2 2
—ﬁe —i-\/ze +ﬁe ﬁe
Ty TR yRT
— Ve,

as shown in Fig. 7.7.
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Fig. 7.7 The effect of rotor €
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R 50 on vector p ‘T R,_p
1
PR,
p 45
1 e
Similarly, reversing the product to pR,so we obtain
f f
p= PR 50 = (e +€2) <— - 7&2)
V2 V2 N V2 N V2
=—e ——e+ —ery+ —e
R R TR Tt
= \/Eel

as shown in Fig. 7.7.

Geometric algebra also employs a reversion function which reverses the sequence
of elements in a multivector by switching the signs of bivector and trivector ele-
ments. Instead of reversing the sequence of p and Rg, we can reverse Rg using R;:

Rg =cos 8 — sin Bepn

RE =cos B +sin e
therefore,
R oo (Y2 V2
P—R450P—< > + 5 en (e1 +e2)
—£e £e _£e +£e
ity e et
=\/§e1
and
V2 V2
p= PR450 =(e; +e) (7 7%2)
—ﬁe +ﬁe +\/§e ﬁe
Tyttt Ty R TR
=x/§e2

which means that
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R;p rotates p, —f i.e. clockwise

pR;; rotates p, B8 i.e. anticlockwise
and
PRy = R,Tgp-
Using the rotor Rg in a single-sided transformation only works for vectors in the
plane of rotation, which satisfies everything we do in 2D. However, in 3D we have

to employ a double-sided, half-angle formula of the form Rg pR:g, which is covered
in Chap. 11.

7.5.4 Rotate a Point About an Arbitrary Point

Earlier in this chapter we developed a transform for rotating a point about an ar-
bitrary point. Let’s show how we can approach the same problem using geometric
algebra. Figure 7.8 shows the geometry describing how the point P is rotated S
about T to P’, and by inspection we can write

pP=t+Rg(p—t).
Using the previous example, where T = (1, 1), P = (2, 1) and = 90° we have
Ryjo =0s90° —sin90°%e12 = —e12
t=e;+ep
p=2e +e
p'=e +e—epn(2e; +e;—e —e)

=e; + e —epe

=e;te+e
=e; +2e)
which is correct.
ez PV o
-
p' A P
T
t
p
Fig. 7.8 Using a rotor Rg to e
rotate P about 7'
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If we expand the definition of p’ we obtain:

p=t+Rg(p—1t)
=1ye| +tyer + (cos B —sinBern) ((x — 1) €1 + (y — ty)e2)
=tce| +1yey+ (xcos B — ysin B — 1, cos B+ 1y sinB) e
+ (xsin B + ycos B — 1, sin B — ty cos B)es
= (xcos B — ysin B +tx (1 —cos B) + t, sin B)e;
+ (x sinB+ycospB+1, (1 —cosp) —t, sin,B)eg

which in matrix form is

x' cosp —sinf ty (1 —cosp)+tysinf | [ x
y |=|sinp  cosp t,(l —cosp)—t,sinp y
1 0 0 1 1

and agrees with the original transform (7.1).

7.6 Summary

In this chapter we have seen how the translation and rotation transforms are used
to rotate points about the origin and arbitrary points. We have also seen how the
inverse transforms translate and rotate in the opposite directions which will be used
in the next chapter to relate points in different frames of reference.

We have also seen how multivectors provide an alternative approach based upon
vectors, bivectors and rotors, and can undertake the same tasks. However, we have
discovered that fundamentally they are matrix transforms in disguise, albeit, an ef-
fective one.

In order to show the patterns that exist between these two mathematical ap-
proaches, all the commands are summarised.

7.6.1 Summary of Matrix Transforms

Translate a point

1 0 ¢
T[)csty - O 1 ty
0 0 1
Rotate a point
cosB —sinB 0

Rg = | sinf cosf 0
0 0 1
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Rotate a point about (7., 7,)

cosp —sinfB 1y (1 —cospB)+1,sinp
Ty . RgT—; —, = | sinp cosB ty(1 —cospB)—t,sinf
0 0 1

7.6.2 Summary of Multivector Transforms

Rotor definition
Rg =cos B — sin Beyo
R; = cos B + sin Beq;.
Translate a point
P =p+t=(x+rie +(y+1))e.
Rotate a point
p' =Rgp = (cos B —sin fer2) (ver + yer)
P’ =PR}, = (xe; + ye) (cos B + sin Bero)
Rotate a point about (., ,)
p' =t+Rg(p—t)=rce; +1yex+ (cos B —sinfern) ((x —1x) e + (y — 1y)e2)
pP=t+@p-t RE =1ce; +1yer + ((x — 1) e; + (v — 1y)e2) (cos B + sin Beyr) .






Chapter 8
Frames of Reference in the Plane

8.1 Introduction

In the previous chapter we covered the transforms for rotating points in the plane
with respect to a fixed frame of reference. In this chapter we investigate the trans-
forms for computing the coordinates of points in rotated frames of reference using
geometry, matrices and multivectors. We will employ many of the concepts previ-
ously described in order to develop inverse transforms and rotors.

8.2 Frames of Reference

You have probably been on a train waiting to depart from a railway station, and
through the window see another stationary train. Then suddenly you notice move-
ment. To begin with, it is difficult to decide which train is moving, and the problem
is often resolved when the entire scenario is seen with reference to some fixed object
such as a tree or a building. This phenomena reminds us that motion is relative, and
plays an important role in understanding transforms and frames of reference.

When a frame of reference moves — such as a train — the relationship between
the seated passengers and the train remains fixed. The only thing that does change
is the relationship between the train and other frames of references such as a tree or
a building.

One can describe the relative motion between the train and a tree by assuming
that the train remains stationary and the tree moves in an equal and opposite direc-
tion. So if the train’s translation is described by T, the tree’s translation relative to
the train is described by the inverse transform T~!.

Similarly, the rotation of a swivel chair can be described in two ways. The usual
way is to assume that the swivel chair rotates relative to the desk where it’s lo-
cated. The relative motion interpretation proposes that the chair is stationary, whilst
the desk rotates in an equal and opposite direction. So if the chair’s rotation is de-
scribed by R, the desk’s rotation relative to the chair is described by the inverse
transform R~
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Let’s assume that a tree is located in a 3D frame of reference labelled XY Z and
the train’s frame of reference is labelled X'Y’Z’. When the two frames are coinci-
dent, the tree has identical coordinates in both frames. However, if the train’s frame
X'Y’Z’ is translated by the transform T relative to XY Z, the tree’s coordinates rel-
ative to the train have effectively moved in the opposite direction given by T~!.

Similarly, let’s assume that a desk is located in a frame of reference labelled
XY Z and a chair’s frame of reference is labelled X'Y’Z’. When the two frames are
coincident, the desk has identical coordinates in both frames. However, if the chair’s
frame X'Y’Z’ is rotated by the transform R relative to XY Z, the desk’s coordinates
relative to the chair have effectively rotated in the opposite direction given by R™1.

8.3 Matrix Transforms

Having established the equivalence between transforms for moving points in a fixed
frame, and the inverse transforms for fixed points in a moving frame, let’s explore
how we construct the transforms for translated and rotated frames of reference in
the plane. As in the previous chapter, we will show how matrices and multivectors
offer two approaches to this problem.

In computer graphics most frame of reference transforms are expressed by a
translation or a rotation, or a combination of both. We will explore these different
scenarios and develop transforms for converting coordinates in the original frame of
reference to coordinates in the second frame.

8.3.1 Translated Frame of Reference

Figure 8.1 shows two coincident 2D frames of reference X’'Y’ and XY, where a
point in one frame has identical coordinates in the other. Therefore, the two frames
of reference are related as follows

X X
Yo =1y
1 1
where I is the identity transform
1 00
I=|0 1 O
0 0 1

which ensures that P’ = P.
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Fig. 8.1 The X'Y’ axial Y
system is coincident with XY
P'(x,y") = P(x,y)
Y/
X’ X
Fig. 8.2 The XY’ axial Y v
system is translated (¢, ty)
, P(x,y)  P'(x.y)
! b
y
t,
y X v
2% x X

Figure 8.2 shows the frame X'Y’ translated by (z,,#,) which is equivalent to
translating P by T_, _,; which is also the inverse transform T;},v. Therefore,
a point P(x, y) in XY has coordinates P’(x’, y") in X'Y’ given by

/

x X
y/ :Tt:,lt). y
1 1
where
1 0 —t
T, =10 1 —1
0 0 1

For example, the point (zx, fy) in XY should have coordinates (0, 0) in X 'Y

0 1 0 —¢ ty
01=({0 1 —zt, ||t
1 00 1 1

which is confirmed.



106 8 Frames of Reference in the Plane

Fig. 8.3 The X'Y’ axial Y
system is rotated S

P(x,y), P'(x".y)
V\ X
R g
’
0-p .
5

8.3.2 Rotated Frame of Reference

Figure 8.3 shows the frame X'Y’ rotated 8 which is equivalent to rotating P by
—pB and is effected by the transform REI. Therefore, a point P(x,y) in XY has
coordinates P’(x’, y") in X'Y’ given by

X X
Y | =R |y
1 1
where
cosf sing 0
REI =| —sinB cosB O
0 0 1

We can also confirm this using the geometry shown in Fig. 8.3,

x = Rcosf

y = Rsin6

x" = Rcos(@ — B)

y' = Rsin(® — B)

x' = Rcosfcos B+ Rsinf sin B
=xcosfB+ ysinf

y' = Rsinf cos B — Rcos@sinf
=—xsinf + ycosf

which as a homogeneous matrix is

x’ cosB sing O | x
y |=|-—sing cosg 0|y
1 0 0 1 1
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which is the inverse rotation transform ngl or R_g. For example, the point (1, 1)

in XY, will have coordinates (ﬁ, 0) in the frame of reference rotated 45°:

V2 V2/2 V272 01
0 |=|-v2/2 V22 0|1
1 0 0 1][1

which is confirmed.

We have previously shown that two separate rotations of a point is equivalent
to a single composite rotation of a point. Similarly, it is a trivial exercise to prove
that two separate rotations of a frame is equivalent to single composite rotation of a
frame.

8.3.3 Rotated and Translated Frame of Reference

Having looked at translated and rotated frames of reference, let’s combine the two
operations and develop a single transform. This is not too difficult to follow, so long
as we are careful with our definitions and diagrams.

When a point is rotated and translated we use the operation

P/ = T[x,[leBP.
We know that the transform for moving a frame of reference — whilst keeping a point
fixed — is the inverse of that used for moving points — whilst keeping the frame fixed.
Which suggests that the transform for a rotated and translated frame of reference is
the inverse of T;, ; Rg which is
(T, Rp) ' =Ry T,
and makes

—1p—1
P/=R/3 T,X’lyP
or

P/ =R7ﬂT71X’71yP.

Substituting the matrices for R_g and T_;, _,, we have

x' cosB sinf 0 I 0 —1 x
Yy |=|—-sinf cosp 0|0 1 -z y
1 0 0 1 0 0 1 1
which simplifies to
x' cosf sinf  —tecosB—r1,sinf | | x
y |=|—sinB cosp  t;sinf—r1,cosp y (8.1)
1 0 0 1 1

Equation (8.1) is the homogeneous matrix for converting points in the XY coordi-
nate system to the translated and rotated XY’ coordinate system.
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Fig. 8.4 The X'Y’ axial Y e
system translated (ty, ) and Y’
rotated § P(x,y) P'(x.y)
A
y =g
y /;C/YX
ty i
X, X,
tx X X

A quick test confirms that sz,ty RﬂREIT;}rV =1 1ie.

T;,., ngngl T;}ty =T, T;}ty =1

or
cosB  —sinf iy cosf sinfB  —tycosB —t,sinfB 1 0 0
sin 8 cosfB ty —sinf8 cosf tysinf—tycosB [=[0 1 0
0 0 1 0 0 1 0 0 1

Figure 8.4 shows how the frame of reference X7 Yr is created for the intermedi-
ate translated frame, followed by a rotation of 8 about the new origin, ending with

the final frame of reference X'Y’.
Let’s test (8.1) with the example shown in Fig. 8.5 where

B =90°
(tx, ty) = (10, 5)
(x,y)=109,6)
1 01 =57[9
1|={-10 10]]|6 (8.2)
1 00 1|]1

and we see that (9, 6) in XY becomes (1, 1) in X'Y’.

Y
X
P(x,)’), I)/(.\'/-_\‘/)
y=06 i
t,=5
Y 1
Xg Y
Fig. 8.5 The XY’ axial
system is translated (10, 5) Y B o 10
X = = X

and rotated 90°
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Fig. 8.6 If the X’- and Y
Y’-axes are assumed to be
unit vectors, their direction
cosines form the elements of
the rotation matrix

2 90°—

8.4 Direction Cosines

Direction cosines are the cosines of the angles between a vector and the Cartesian
axes, and for a unit vector they are its components.

Figure 8.6 shows the rotated frame X'Y’, and by inspection the direction cosines
for a vector lying on X’ are cos 8 and cos(90° — B), which can be rewritten as cos
and sin 8. The direction cosines for a vector lying on Y’ are cos(90° + 8) and cos 8,
which can be rewritten as — sin § and cos 8. But these direction cosines cos 3, sin g,
—sin 8 and cos 8 are the four elements of the inverse rotation matrix REI:

- cosf sinf
Rﬁ1=|: }

—sinf  cosp

The top row contains the direction cosines for the X’-axis and the bottom row con-
tains the direction cosines for the Y’-axis. This relationship also holds in 3D. Conse-
quently, if we have access to these cosines we can construct a transform that relates
rotated frames of reference.

Figure 8.7 shows an axial system XY’ rotated 45°, and the associated transform
is

x' 0.707 0.707 07 [x

y |~| -0707 0707 0]y

1 0 0 1|1
Y

v (0.707,0.707)
"""""""""""""""""""" f(L1)=(1.414.0)

Fig. 8.7 The four vertices of
the unit square shown in both
frames

(1,0)=(0.707,-0.707)

X
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The four vertices on a unit square become

(0,0) — (0,0)

(1,0) — (0.707, —0.707)
(1,1) — (1.1414,0)

(0, 1) — (0.707,0.707)

which by inspection of Fig. 8.7 are correct.

8.5 Multivector Transforms

Geometric algebra is relatively new compared to other branches of mathematics and
has still not found its way into mainstream computer graphics software. Neverthe-
less, it has been included in this chapter to demonstrate that it can be used alongside
matrix transforms and quaternions.

8.5.1 Translated Frame of Reference

Figure 8.8 shows a frame of reference X'Y’ translated (z,, t,) relative to the original
frame of reference XY . Therefore, if p points to a point P(x, y) in XY, and t points
to the origin of X'Y’, then p’ = p — t points to the point P’(x’, y’) relative to the
X'Y’ frame of reference, and means that p’ is given by

p/ = —t)er+(y— ty)e2-

P(x,y) P'(x',y)

Fig. 8.8 The XY’ axial
system translated (zx, ty) Ix X X




8.5 Multivector Transforms 111

Fig. 8.9 Using a rotor R to Y
rotate XY to XY’

8.5.2 Rotated Frame of Reference

We have already shown that in order to compute the coordinates of a point P in
a rotated frame of reference X'Y’, we rotate the point by an angle in the opposite
direction as shown in Fig. 8.9 to P’. Thus if the new frame of reference is rotated 8,
and p is P’s position vector, then p’ points to the new point P’ and is computed as
follows:

p' =R}p
where
R:g = cos 8 + sin fejs.

Let’s test this with the same example used above by rotating the frame of reference
45° and computing the coordinates of the point (1, 1)

p=e +e
Riso = c0s45° + sin45°q,
V2 V2

— o

p= <{+{e12>(e1+e2)
—ﬁe —i—ﬁe ﬁe +ﬁe
Ty TR Ty
=x/§e1

and P’ = (+/2,0), which is correct.
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Fig. 8.10 The X'Y’ axial Y
system is rotated 90° and
translated (10, 5) P(x,y), P'(x'.v) X
y
p-t
B
N A ———
T

8.5.3 Rotated and Translated Frame of Reference

Earlier, we saw how two inverse transforms are used to compute the coordinates of a
point in a rotated and translated frame of reference. We can achieve the same result
using multivectors as follows.

We begin with point P and its frame of reference X Y. The first step is to establish
a translated frame of reference X Y7 with position vector t. Which means that

pr=p-—t (8.3)

Next, as shown in Fig. 8.10, we rotate pr by —pf to effectively rotate the frame of
reference X7Yr to X'Y’. Which means that

p'=Rpr. (8.4)
Substituting (8.3) in (8.4) we have
p'=Rj(p-10
or
p = (cosp + sinﬁelg)((x —t)e + (y — ty)eg). (8.5)

Let’s test (8.5) using the same values in the previous example where

B =90°
(¢, 1y) = (10, 5)
(x,¥)=10,6)

p’ = (cos90° + sin90°2) ((9 — 10)e; + (6 — 5)ez)
=ep(—e; +e€2)
=e]+e

which makes P’ = (1, 1) the same as (8.2).
Although multivectors provide an alternative way of solving vector-based prob-
lems, they still have a matrix background. For example, expanding (8.5) we have
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p’ = (cos B +sin Bep)((x — rr)er + (y — 1y)e2)
= (x cos B—t1, cos B)e; + (ycos B—ty cos B)e;
— (xsin B—1, sin B)e; + (y sin B—1, sin B)e;
= (xcos B+ ysinf — 1, cos B — 1, sin B)e;
+ (—=xsinB + ycos B + 1, sin 8 — t, cos B)e;

or in matrix form

x' cosf  sinf  —tycosf—tysinf || x
y |=|—sinp cosp  t.sinf—rt,cosp y
1 0 0 1 1

which is identical to (8.1).

8.6 Summary

In this chapter we have discovered that if a transform such as Ty, ;, or Rg is used

for moving points, whilst keeping the frame fixed, their inverses T ,:gltv and ngl can
be used for moving the frame, whilst keeping the point fixed. It goes without saying
that the converse also holds, in that we could have declared a transform for moving
a frame, and its inverse could be used for moving a point.

We have also seen how geometric algebra provides an alternative approach to
transforms based upon vectors, bivectors and rotors, and can undertake the same
tasks.

In order to show the patterns that exist between these two mathematical ap-
proaches, all the commands are summarised.

8.6.1 Summary of Matrix Transforms

Given
1 0
Tt)cstyz 0 1 ty
10 0 1
[cosp —sing 0O
Rg = | sinf cosfp 0
L 0 0 1

Translate frame

—Iy

10
-1
T 01 -1
0 0



114 8 Frames of Reference in the Plane

Rotate frame

cosf sing 0
REI = | —sinB cosp O
0 0 1

Translate and rotate frame

cosf sinf  —tycospB —t,sinf
REIT;},V = | —sinB cospB tysinfB —t, cos B
' 0 0 1

8.6.2 Summary of Multivector Transforms

Frame rotor
R; = cos B + sin Beq,.
Translate frame
p'=p—t=(x—r)e +(y—r)e.
Rotate frame
P’ =R;p = (cos f +sin fera) (ver + yea).
Translate and rotate frame

p= RL(P —t) = (cos B + sin Ber2) ((x — ty)er + (y — 1y)€2).



Chapter 9
Rotation Transforms in Space

9.1 Introduction

In this chapter we generalise the 2D transforms covered in Chap. 7 to three dimen-
sions. In particular, we examine rotating points about the fixed three Cartesian axes
and off-set, parallel axes, and about an arbitrary axis. We also explore Euler an-
gles, and their Achilles’ heel — gimbal lock. Matrices will be used to describe these
geometric scenarios.

9.2 3D Transforms

3D transforms include the scale, translate, reflect, shear and rotate transforms, and
in this chapter we need only consider the translate and rotate operations, which we
will explore individually and in combination. Let’s start with the translate transform.

9.2.1 Translate a Point

The matrix for a 3D point translation is basically the same as previously described
but with one extra dimension T, ;.. It requires the homogeneous form and is
written

I 0 0 1
01 0 ¢
Ti iy, = y
b0 0 11
0 0 0 1
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where ., ty, t; are the x-, y-, z-offsets respectively. It goes without further explana-
tion that the inverse transform T, }ry,t, is

1 0 0 —#
—1 _ 010 —1ly
e R B s
0 00 1

9.2.2 Rotate a Point About the Cartesian Axes

Although we talk about rotating points about another point in space, we require
more precise information to describe this mathematically. We could, for example,
associate a plane with the point of rotation and confine the rotated point to this plane,
but it’s much easier to visualise an axis perpendicular to this plane, about which the
rotation occurs. Unfortunately, the matrix algebra for such an operation starts to be-
come fussy, and ultimately we have seek the help of quaternions or multivectors.
So let us begin this investigation by rotating a point about the three fixed Carte-
sian axes. Such rotations are called Euler rotations after the Swiss mathematician
Leonhard Euler.

Recall that the transform for rotating a point about the origin in the plane is given
by

cosf —sing 0
Rg = | sinp cosf 0
0 0 1

This can be generalised into a 3D rotation Rg ; about the z-axis by adding a z-
coordinate as follows

cosB —sing 0 O

Re. — sin 8 cosp 0 O
pe= 0 010
0 0 0 1

which is illustrated in Fig. 9.1

To rotate a point about the x-axis, the x-coordinate remains constant whilst the
y- and z-coordinates are changed according to the 2D rotation transform. This is
expressed algebraically as

x' =x
y' =ycosB —zsinp
7 =ysinB+zcosB
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Fig. 9.1 Rotating the point Y

P about the z-axis P(x.y.2

" P(ry.2)
/ X

1 0 00
0 cosB —sing O
0 sing cosfp 0
0 0 0 1

To rotate about the y-axis, the y-coordinate remains constant whilst the x- and z-
coordinates are changed. This is expressed algebraically as

or in matrix form as Rg »

Rg =

x' =zsinB + xcos B
/

y =Yy

7 =zcosp —xsinB

or in matrix form as Rgy

cosfp 0 sing O

R — 0 1 00
By =1 —sinf 0 cosB 0O
0 0 0 1

Note that the matrix terms don’t appear to share the symmetry enjoyed by the pre-
vious two matrices. Nothing really has gone wrong, it’s just the way the axes are
paired together to rotate the coordinates. Now let’s consider similar rotations about
off-set axes parallel to the Cartesian axes.

9.2.3 Rotating About an Off-Set Axis

To begin, let’s develop a transform to rotate a point about a fixed axis parallel with
the z-axis, as shown in Fig. 9.2. The scenario is very reminiscent of the 2D case for
rotating a point about an arbitrary point, and the general transform is given by

x’ X
y/
Z = Ttx,ty,ORﬁ,zT—tx,—ty,O z

1 1
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Fig. 9.2 Rotating a point Y
about an axis parallel with the
z-axis

where

T_i .10 creates atemporary origin
Rg ; rotates B about the temporary z-axis
T, 1,0 returns to the original position

and the matrix transform is

cosp —sinB 0 (1 —cospB)+t,sinp

sin cos 0 #y(1 —cosB) —t,sin
Tlx,ty,ORﬁ,zT—tx,—ty,O = /(3) /(8) 1 Y ( 2 * /?)
0 0 0 1

I hope you can see the similarity between rotating in 3D and 2D — the x- and
y-coordinates are updated while the z-coordinate is held constant. We can now state
the other two matrices for rotating about an off-set axis parallel with the x-axis and
parallel with the y-axis:

1 0 0 0

|0 cosB —sinf ty,(1—cosP)+t,sinf

To.1y.:RpxTo, 1y~ = 0 sing cosfB  t;(1 —cospB)—tysinf
| 0 0 0 1|
[ cosp 0 sinf t(1 —cosB) —t;sinf |

0 1 0 0

To0:RpyTor 0= | _ sinf 0 cosp t,(1 —cospB)+t,sinB
i 0 0 0 1]

9.3 Composite Rotations

So far we have only considered single rotations about a Cartesian axis or a parallel
off-set axis, but there is nothing to stop us constructing a sequence of rotations
to create a composite rotation. For example, we could begin by rotating a point «
about the x-axis followed by a rotation 8 about the y-axis, which in turn could be
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Fig. 9.3 A unit cube with
vertices coded as shown in
Table 9.1

Table 9.1 Vertex coordinates

for the cube in Fig. 9.3 vertex 0 1 2 3 4 5 6 7
X 0 0 0 0 1 1
y 0 0 1 1 0 0 1
Z 0 1 0 1 0 0 1

followed by a rotation y about the z-axis. As mentioned above, these rotations are
called Euler rotations.

One of the problems with Euler rotations is visualising exactly what is happening
at each step, and predicting the orientation of an object after a composite rotation. To
simplify the problem we will employ a unit cube whose vertices are numbered O to
7 as shown in Fig. 9.3. We will also employ the following binary coded expression
that uses the Cartesian coordinates of the vertex in the vertex number:

vertex =4x + 2y + z.

For example, vertex O has coordinates (0,0,0), and vertex 7 has coordinates
(1,1, 1). All the codes are shown in Table 9.1.

Let’s repeat the three rotation transforms for rotating points about the x-, y- and
z-axes respectively, in their non-homogeneous form and substitute ¢ for cos and s
for sin to save space:

rotate o about the x-axis Ryx=|0 ¢y —Sq

cg 0 sp
rotate 8 about the y-axis Rg y = 01 0
—sg 0 «cp

rotate y about the z-axis R, ;=|s, ¢, 0
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We can create a composite, moving-point, fixed-frame rotation by placing
Ry.x. Rgy and R, ; in any sequence. As an example, let’s choose the sequence
R, ;Rg yRy x

¢y —s, 0 cg 0 sg 1 0 0
R, Rg Ryx=|s, ¢ O 01 0]]0 ¢cg —saf. (91
0 0 1 —sg 0 «cg 0 5o Co
Multiplying the three matrices in (9.1) together we obtain
CyCB  CySBSqy — SyCq CySBCy + SySa
SyCp  SySgSa tCyCq  SySECy — CySy 9.2)
—Sg ChSa CBCq
or using the more familiar notation:
cosycosf cosysinfsina —siny cosa cosy sinfcosa + siny sino

sinycosf8 sinysinBsina +cosy cosa siny sinBcosa —cosy sina
—sin B cos B sina cos S cos

Let’s evaluate (9.2) by making @« = 8 =y =90°:

—_ o O

01

1 0]. 9.3)
-1 0 0
The matrix (9.3) is equivalent to rotating a point 90° about the fixed x-axis, followed
by a rotation of 90° about the fixed y-axis, followed by a rotation of 90° about the
fixed z-axis. This rotation sequence is illustrated in Fig. 9.4 (a)—(d).

Figure 9.4 (a) shows the starting position of the cube; (b) shows its orientation
after a 90° rotation about the x-axis; (c) shows its orientation after a further rotation
of 90° about the y-axis; and (d) the cube’s resting position after a rotation of 90°
about the z-axis.

From Fig. 9.4 (d) we see that the cube’s coordinates are as shown in Table 9.2. We
can confirm that these coordinates are correct by multiplying the cube’s original co-
ordinates shown in Table 9.1 by the matrix (9.3). Although it is not mathematically
correct, we will show the matrix multiplying an array of coordinates as follows

0 0 1 00 0O0T1T1T11

010 0011 0011

-1 0 0 0101 01 01
01 01 0 1 0 1
=|0 0 1 1 0 0 1 1
0000 -1 -1 =1 -1

which agree with the coordinates in Table 9.2.

Naturally, any three angles can be chosen to rotate a point about the fixed axes,
but it does become difficult to visualise without an interactive cgi system.

Note that the determinant of (9.3) is 1, which is as expected.
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Fig. 9.4 Four views of the unit cube before and during the three rotations

Table 9.2 Vertex coordinates

for the cube in Fig. 9.4 (d) vertex 012 3 4 5 6 7
x 0o 1 0 1 0 0 1
y 0 0 1 0 0 1
z o 0o 0 0 -1 -1 -1 -1

An observation we made with 2D rotations is that they are additive: i.e. R, fol-
lowed by Rg is equivalent to Ry 5. But something equally important is that rota-
tions in 2D commute:

RoRg =RgRy =Ro1p =Rpiq
whereas, in general, 3D rotations are non-commutative. This is seen by considering

a composite rotation formed by a rotation « about the x-axis R, x, followed by a
rotation B about the z-axis Rg ;, and

Roz,xRﬁ,z 7'& Rﬂ,zRa,x~

As an illustration, let’s reverse the composite rotation computed above to
Ro <Rg Ry

1 0 0 cg 0 sp ¢, —s, 0
RoxRg Ry ;=10 ¢y —5q4 01 O sy ¢, 0]. 094
0 sy Ca —sg 0 «cp 0 0 1
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Fig. 9.5 Four views of the unit cube using the rotation sequence Ry xRg R, ;

Multiplying the three matrices in (9.4) together we obtain

Cpcy —CpSy Sp
SqSBCy +CaSy  —SqSSy +CuCy  —SqCp 9.5)
—CaSBCy + SaSy CaSBSy + SaCy CaCB

or using the more familiar notation:

cos fcosy —cosfsiny sin 8
sina sinfcosy +cosasiny —sinasinfsiny +cosacosy —sinacosf
—cosasinfcosy +sinasiny cosasinfBsiny +sinacosy cosacosf

Comparing (9.3) and (9.5) it can be seen that they are completely different.
Let’s evaluate (9.5) by making @« = 8 =y =90°:

(9.6)

- O O
|

S = O

S O =

The matrix (9.6) is equivalent to rotating a point 90° about the fixed z-axis, fol-
lowed by a rotation of 90° about the fixed y-axis, followed by a rotation of 90° about
the fixed x-axis. This rotation sequence is illustrated in Fig. 9.5 (a)—(d).

From Fig. 9.5 (d) we see that the cube’s coordinates are as shown in Table 9.3.
We can confirm that these coordinates are correct by multiplying the cube’s original
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Table 9.3 Vertex coordinates

for the cube in Fig. 9.5 (d) vertex. 01 2 3 4 5 6 7
x 0 0 10 0 1
0o -1 -1 0 0 -1 -1
z 0 0 1 1 1

coordinates shown in Table 9.1 by the matrix (9.6). We show the matrix multiplying
an array of coordinates as before:

0 01 00 0O0T1TT1T1'1
0 -1 0 001 1 0011
1 0 0 01 01 01 01
0 1 0 1 0 1 0 1
=0 0 -1 -1 0 0 -1 -1
00 0 011 1 1

which agree with the coordinates in Table 9.3, and we can safely conclude that, in
general, 3D rotation transforms do not commute. Inspection of Fig. 9.5 (d) shows
that the unit cube has been rotated 180° about a vector [1 0 1]7T.

Now let’s explore the role eigenvectors and eigenvalues play in 3D rotations.

9.3.1 3D Eigenvectors

In Chap. 4 we examined the characteristic equation used to identify any eigenvectors
associated with a matrix. The eigenvector v satisfies the relationship

Av =\v

where A is a scaling factor.

In the context of a 3D rotation matrix, an eigenvector is a vector scaled by A
but not rotated, which implies that it is the axis of rotation. To illustrate this, let’s
identify the eigenvector for the composite rotation (9.3) above:

0 0 1
R90°,ZR90°,yR90°,x= (1) (1) 8

Figure 9.4 (a)-(d) shows the effect of this composite rotation, which is nothing
more than a rotation of 90° about the y-axis. Therefore, we should be able to extract
this information from the above matrix.

We begin by writing the characteristic equation for the matrix:

0—A 0 1

0 1-2 0 |=0. 9.7)
—1 0 0—»x
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Expanding (9.7) using the top row we have
1—-2 0 01—-A
0 —A -1 0
(=2 +A)+1-2=0
M- 4+1-1=0
B2 —a+1=0
M- 4a=1

—A

REEE

When working with 3 x 3 matrices we always end up with a cubic in A, for which
there can be three types of solution:

1. One real and two complex conjugate solutions.
2. Three real solutions including the possibility of a double solution.
3. Three distinct real solutions.

It is clear that A =1 is one such real root, which satisfies our requirement for an
eigenvalue. We could also show that the other two roots are complex conjugates.

Substituting A = 1 in the original equations associated with (9.7) to reveal the
eigenvector, we have

—x+0y+ z=0
Ox +0y+0z=0
—x+0y— z=0.

It is obvious from the Ist and 3rd equations that x = z = 0. However, all three
equations multiply the y term by zero, which implies that the associated eigenvector
is of the form [0 & O]T, which is the y-axis, as anticipated. Now let’s find the
angle of rotation.

Using one of the above rotation matrices Rg, y and the trace operation:

cosf 0 sinf
Ry, = 0 1 0
—sin8 0 cospB

Tr(Rg,y) =1+2cos B
therefore,
B = arccos((Tr(Rg y) — 1)/2).
To illustrate this, let 8 = 90°:

R9O°,y =

—_ o O
S = O
SO =

Tr(Rgoo’),) =1
therefore,

B =arccos ((1 — 1) /2) =90°.
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Let’s choose another matrix and repeat the above:

1 0 0
Ryx=|0 cosa —sina
0 sina cos o

This time, let o« = 45°:

1 0 0
Ryo,=|0 ~2/2 —v2/2
0 V272 V22

Tr(Ryso ) =1+ V2
therefore,
a = arccos((1 4+ /2 — 1)/2) = 45°.

So we now have a mechanism to extract the axis and angle of rotation from a
rotation matrix. However, the algorithm for identifying the axis is far from satisfac-
tory, and later on we will discover that there is a similar technique which is readily

programable.
For completeness, let’s identify the axis and angle of rotation for the matrix (9.6):
0 01
Rgoo +Rgpo yRgpo , =10 —1 0
1 00
Once more, we begin by writing the characteristic equation for the matrix:
0—2 0 1
0 —1-x 0 |=0. 9.8)
1 0 0—A
Expanding (9.8) using the top row we have
—1-x2 0 0 —1—2
_A‘ . _k‘—i—l‘l . ‘:0

—A(=A+21)+1-2=0
M- +1-a=0
A2 -a+1=0
M- ta=1
Again, there is a single real root: A = 1, and substituting this in the original equations

associated with (9.8) to reveal the eigenvector, we have

—x+0y+ z=0
Ox —2y+0z=0
x+0y—- z=0.
It is obvious from the 1st and 3rd equations that x = z, and from the 2nd equation
that y = 0, which implies that the associated eigenvector is of the form [k 0 k],
which is correct.
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Using the trace operation, we can write
Tr(Rype Rgpe (Rgpe ) =—1

therefore,

B =arccos ((—1 — 1)/2) = 180°.

As promised, let’s explore another way of identifying the fixed axis of rotation,
which is an eigenvector. Consider the following argument where A is a simple rota-

tion transform:

If v is a fixed axis of rotation and A a rotation transform, then v suffers no rota-

tion:
Av=yv
similarly,
Aly=v.
Subtracting (9.10) from (9.9), we have
Av—ATv=0
A-AT)v=0

where 0 is a null vector.
In Chap. 4 we defined an antisymmetric matrix Q as

1
Q=1(a-A")
therefore,
(A —AT)=2Q.
Substituting (9.14) in (9.12) we have
2Qv=0
Qv=0

which permits us to write

0 g3 —q2||un
—q3 0 a1 v | =
Q@ —q1 0 U3

where

g1 =az3 —as
g2 =4da3z] —ai3
q3=ajpz —azj.

Expanding (9.15) we have

(9.9)

(9.10)

©.11)
9.12)

9.13)

9.14)

(9.15)
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Ovy +q3v2 —qov3 =0
—q3v1 +0v2 +qv3 =0
q2v1 —q1v2 + 0vz =0.

Obviously, one possible solution is v; = vy = v3 = 0, but we seek a solution for v
in terms of g1, g2 and g3. A standard technique is to relax one of the v terms, such
as making vy = 1. Then

q3v2 — q2v3 =0 (9.16)
—q3+qiv3=0 9.17)
qz—qlvzzo. (9.18)
From (9.18) we have
q2
V) = —.
q1
From (9.17) we have
q3
V3 = —
q1

therefore, a solution is

[6]1 e ]T
v=|— —= =
q1 491 41
which in a non-homogeneous form is
T

V= [41 'y 43]

or in terms of the original matrix:
T
v=[(a—axn) (a31—a13) (a2 —az)] (9.19)

which appears to be a rather elegant solution for finding the fixed axis of revolution.
Now let’s put (9.19) to the test by recomputing the axis of rotation for the pure
rotations Ry », Rg y and R, ; where o = 8 =y =90°:

10 0
Rype, = |0 0 -1
01 0

using (9.19) we have
v=[-1-1) 0-0) 0-0]=[-2 0 o

which is the x-axis.

Rope , =

—_— O O
S —= O
S O =
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using (9.19) we have
v=[0-0) (-1-1) ©0-0]=[0 -2 0

which is the y-axis.

R90°,z =

S = O
S O~
- O O

using (9.19) we have
v=[0-0) 0-0) (-1-D]=[0 0 -21"

which is the z-axis.
However, if we attempt to extract the axis of rotation from

0 0 1
R9o°,xR9o°,yR90°,z =0 =10
1 0 0

we have a problem, because g = g2 = g3 = 0. This is because A = AT and the
technique relies upon A # AT,

So let’s consider another approach based upon the fact that a rotation matrix
always has a real eigenvalue A = 1, which permits us to write

Av = \v
Av=Alv=1v
A-Dv=0
therefore,
(an—1 an aiz | [ vi 0
a1 (ap—1) ax v |=]0 (9.20)
asy azpy (a3 —1) U3 0

Expanding (9.20) we have

(ar1 — Dvy +ajpvz +azv3 =0
az1v1 + (a2 — Do +axv3 =0
az vy +azxnvy + (azz — Dvz =0.

Once more, there exists a trivial solution where v; = vy = v3 = 0, but to discover
something more useful we can relax any one of the v terms which gives us three
equations in two unknowns. Let’s make v; = 0:

apvy +ajzvy=—(a;; — 1) 9.21)
(a2 — D vp 4+ axvi = —ay (9.22)
azvy + (a33 — 1) vz = —as;. (9.23)

We are now faced with choosing a pair of equations to isolate v, and v3. In fact, we
have to consider all three pairings because it is possible that a future rotation matrix
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will contain a column with two zero elements, which could conflict with any pairing
we make at this stage.

Let’s begin by choosing (9.21) and (9.22). The solution employs the following
strategy: Given the following matrix equation

o ml[b]=e]

X y 1

then

ar by
ay by

Therefore, using the 1st and 2nd (9.21) and (9.22) we have

c1 by
¢ by

a A
a 2

1% . U3 N 1
‘—(an -1 a3 an —(a;1 —1)

a2 a3

—as| a3 (an—1) —ay) (ap—1) an

V1 =apax; —az(axn — 1)
v =ajzaz —axs(a;; — 1)
v3 = (a1 — D(axn — 1) —ajpaz;.

Similarly, using the 1st and 3rd (9.21) and (9.23) we have

vy =az(azz — 1) —azazn
vy =ajzaz — (a1 — (a3 — 1)
vz =az(a — 1) —apas;

and using the 2nd and 3rd (9.22) and (9.23) we have

vy = (a2 — D(azz — 1) —axaz
vy = ap3az; —azi(azz — 1)
v3 =az1az —az(axp —1).

Now we have nine equations to cope with any eventuality. In fact, there is nothing
to stop us from choosing any three that take our fancy, for example these three
equations look interesting and sound:

v1 = (an — D(azz — 1) —axazn (9.24)
vy = (azz — D(ai1 — 1) —asiai3 (9.25)
v3 = (aj1 — D(axp — 1) —anaz;. (9.26)

Therefore, the solution for the eigenvector is [v; v2 v3]T. Note that the sign of
vy has been reversed to maintain symmetry.
Let’s test (9.24), (9.25) and (9.26) with the transforms used above:
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1 0 O =D —-(-)x1=2
Rype , =10 0 -1 n= (—-1)O) — 0x0 =0
' 10 1 Ol lvs= O — 0x0 =0
0 0 1] [vi= O)(~=1) — 0x0 =0
Rypo , = 010 n=>CFH(-)-(-Hhx1=2
| -1 0 0] v= (DO — 0x0 =0
[0 -1 0] [vi= (-=1)©) — 0x0 =0
Rype ., =| 1 00 n= 0)(-1) — 0x0 =0
10 0 1] uy=EDED (D) x1=2
[0 0 1] [vi==2(-1)— 0x0 =2
Ry Roge Rgpe =0 —1 0 [{vm=(-D(=D— Ix1 =0
| 1 0 0flwvs=(D(=2)-0x(=1)=2
0 0 1] [vi= O)(=1) — 0x0 =0
Ryge Rgge Ry = 010 =) -(-Hx1=2
| -1 0 0] v= (DO — 0x0 =0.
We can see why the resulting vectors have components of 2 by evaluating a normal
rotation transform:
L0 0] vi=(a—Dlca—1) = (=5a) X (5¢) =2(1 — ca)
Ryx=[0 co —Sa n= (—-1DO) - 0x0 = 0
0 s¢ cCa v3= (O)(cg—1) - 0x0 = 0.

We can see that when o = 90°, v; = 2.

So far we have created three composite rotations comprising individual rota-
tions about the x-, y- and z-axes: Ry xRg yR, ; and R, ;Rg yRy . But there is
nothing stopping us from creating other combinations such as Ry yRg yRy,  or
R, :Rg yR, ; thatinclude two rotations about the same axis. In fact, there are twelve
possible combinations:

Ry xRg Ry v, RoxRg Ry, RyxRg Ry, Ry ,Rg Ry,
RoyRp xRy .y, RoyRg Ry RoyRp Ry x, ReyRg: Ry,
Ry Rp <Ry v, Ry :RgxRy ., Ry :Rg Ry, Re:RgR,;

which are covered in detail in Appendix A.

9.4 Gimbal Lock

There are two potential problems with all of the above composite transforms. The
first is the difficulty visualising the orientation of an object subjected to several
rotations; the second is that they all suffer from what is called gimbal lock. From
a visualisation point of view, if we use the transform R, ;Rg R4, to animate an
object and change y, 8 and « over a period of frames, it can be very difficult to
predict the final movement and adjust the angles to achieve a desired effect. Gimbal
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Fig. 9.6 Three types of gimbal joints

lock, on the other hand, is a weakness associated with Euler rotations when certain
combinations of angles are used.

To understand this phenomenon, consider a simple gimbal which is a pivoted
support that permits rotation about an axis, as shown in Fig. 9.6 (a). If two gimbals
are combined, as shown in Fig. 9.6 (b), the inner cradle remains level with some ref-
erence plane as the assembly rolls and pitches. Such a combination has two degrees
of rotational freedom. By adding a third gimbal so that the entire structure is free to
rotate about a vertical axis, an extra degree of rotational freedom is introduced and
is often used for mounting a camera on a tripod, as shown in Fig. 9.6 (c).

A mechanical gimbal joint with three degrees of freedom is represented math-
ematically by a composite Euler rotation transform. For example, say we choose
R90°,yR90°,xR90°,z to rotate our unit cube as shown in Fig. 9.7 (a). The cube’s
faces containing vertices 1, 5, 7, 3 and 0, 2, 6, 4 are first rotated about the perpen-
dicular z-axis, as shown in Fig. 9.7 (b). The second transform rotates the cube’s
faces containing vertices 0, 4, 5, 1 and 2, 3, 7, 6 about the perpendicular x-axis,
as shown in Fig. 9.7 (c¢). If we now attempt to rotate the cube about the y-axis,
as shown in Fig. 9.7 (d), the cube’s faces containing 0, 2, 6, 4 and 1, 5, 7, 3 are
rotated again. Effectively we have lost the ability to rotate a cube about one of its
axes, and such a condition is called gimbal lock. There is little we can do about this,
apart from use another composite transform, but it, too, will have a similar restric-
tion. For example, Appendix A shows that Rgpo \ Rgge  Rggo. ¥ Ryge. yR90°, Rogo s
RQOO,ZRQOO,xR9OO,y and RQOO,ZRQOO,yR9OO‘x all possess a similar affliction. Fortu-
nately, there are other ways of rotating an object, which we will explore later.
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Fig. 9.7 An example of gimbal lock

9.5 Yaw, Pitch and Roll

The above Euler rotations are also known as yaw, pitch and roll, and great care
should be taken with these angles when referring to other books and technical pa-
pers. Sometimes a left-handed system of axes is used rather than a right-handed set,
and the vertical axis may be the y-axis or the z-axis, and might even point down-
wards. Consequently, the matrices representing the rotations can vary greatly. In
this text all Cartesian coordinate systems are right-handed, and the vertical axis is
always the y-axis.

The terms yaw, pitch and roll are often used in aviation and to describe the mo-
tion of ships. For example, if a ship or aeroplane is heading in a particular direction,
the axis aligned with the heading is the roll axis, as shown in Fig. 9.8 (a). A perpen-
dicular axis in the horizontal plane containing the heading axis is the pitch axis, as
shown in Fig. 9.8 (b). The axis perpendicular to both these axes is the yaw axis, as
shown in Fig. 9.8 (c).

Clearly, there are many ways of aligning a set of Cartesian axes with the yaw,
pitch and roll axes, and consequently, it is impossible to define an absolute set of
yaw, pitch and roll transforms. However, if we choose the following alignment:

e the roll axis is the z-axis
e the pitch axis is the x-axis
e the yaw axis is the y-axis

we have the situation as shown in Fig. 9.9, and the transforms representing these
rotations are as follows:
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roll

heading

roll

heading

Fig. 9.8 Definitions of yaw, pitch and roll

Fig. 9.9 A convention for
roll, pitch and yaw angles

Rroll,z

Rpitch,x

Ryaw,y
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(b)

roll
heading pitch
(©)
yaw
pitch
Y
yaw
roll
heading
X
VA pitch
[cosroll —sinroll 0
sinroll ~ cosroll 0
L 0 0 1
1 0 0
0 cospitch —sinpitch
| 0 sinpitch  cospitch
[ cosyaw 0 sinyaw
0 1 0
| —sinyaw 0 cosyaw
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A common sequence for applying these rotations is roll, pitch, yaw, as seen in the
following transform:

X X
’

Y | = Ryaw, yRypiren xRroitz | ¥
’

Z Z

and if a translation is involved,
/

/
r | = Ttx Jyotz Ryaw, y Rpitch,x Rrall,z

_ e =
—_ N e =

9.6 Rotating a Point About an Arbitrary Axis

Now let’s examine two ways of rotating a point about an arbitrary axis. The first
technique uses matrices and trigonometry and is rather laborious. The second ap-
proach employs vector analysis and is quite succinct. Fortunately, they both arrive
at the same result!

9.6.1 Matrices

We begin by defining an axis using a unit vector n about which a point P is rotated
« to P’ as shown in Fig. 9.10. And as we only have access to matrices that rotate
points about the Cartesian axes, this unit vector has to be temporarily aligned with a
Cartesian axis. In the following example we choose the x-axis. During the alignment
process, the point P is subjected to the transforms necessary to align the unit vector
with the x-axis. We then rotate P, « about the x-axis. To complete the operation, the
rotated point is subjected to the transforms that return the unit vector to its original
position. Although matrices provide a powerful tool for undertaking this sort of

Y

Fig. 9.10 The geometry
associated with rotating a
point about an arbitrary axis
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work, it is nevertheless extremely tedious, but is a good exercise for improving one’s
algebraic skills!

Figure 9.10 shows a point P(x,y,z) to be rotated through an angle « to
P’(x’,y’,7') about an axis defined by

n=ai+ bj+ ck.

The transforms to achieve this operation can be expressed as follows:

/

X X
v | =R_¢yRo Ro xR g Rg |y
7/ z

which aligns the axis of rotation with the x-axis, performs the rotation of P through
an angle « about the x-axis, and returns the axis of rotation back to its original
position. Therefore,

[ cos¢p 0 sing | cosf sinf O
Ry y = 0 1 0 , R_g,=| —sinf cosf O
| —sing 0 cos¢ | 0 0 1
1 0 0 ] cosf —sinf O
Ryx=|0 cosa —sinax |, Ry,=| sinf cosf6 O
| 0 sine  cosa | 0 0 1
[cos¢p 0 —sing |
R 4, = 0 1 0 .
| sing 0 cos¢ |

Let
ailr a2 43
R4 yRo:Re xR Ry y=| a2 axn ax
asp a4z dass
where by multiplying the matrices together we find that:
ap = cos’ ¢ cos? 0 + cos> ¢ sin® 6 cos « + sin’ ¢ cosa
ajp =cos ¢ cosh sinh — cos ¢ sinf cosf cosa — sing cos O sinw
a3 =cos ¢ sin¢ cos? 6 + cos ¢ sin ¢ sin” 6 cosa + sin’ ¢ sinf sina
+ cos? ¢ sinf sina — cos ¢ sin ¢ cos o
a1 = sinf cosf cos g — cosh sinf cos ¢ cos o + cos b sin ¢ sinw
a» = sin® @ 4 cos® 6 cosa
ap3 = sinf cos @ sin¢g — cos 6 sin 6 sin ¢ cos o — cosf cos ¢ sinw
az] =cos ¢ sing cos” 0 + cos ¢ sin¢ sin® 0 cos o — cos® ¢ sinf sina
— cos¢sing cosa
a3y =sin¢ cosf sinf — sin ¢ sinf cos 6 cos + cos ¢ cosf sinw
a3z = sin’ ¢ cos? 6 + sin® ¢ sin® O cosa — cos ¢ sin ¢ sin O sina

+ cos¢sing sinf sinw + cos? ¢cosa.
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From Fig. 9.10 we compute the sin and cos of 6 and ¢ in terms of a, b and ¢, and
then compute their equivalent sin® and cos? values:

cosh =+ 1—b2

= cos’f=1—b"
sinf =b = sin’6 =b?

=

=

cosp=a/v1— b2 cos’¢ =a?/(1 — b?)
sing =c/v'1—b?

sin® ¢ = c2/(1 - b?).

To find aq;:
a“:coszqﬁcosze+cosz¢sin29czosa+sin2¢cosa
2, a?b? n 2
=a cosa + —— cosa
1—b2 1—0b2
2, e+ a’b?
=a —— | cosa
1 -5
but
A+ +t=1 = A=1-d*-p°
2 1—a? — b +a’b?
ajl=a cos o
11 —5
2 2
) (1 —a*)(1—b°)
=da +<1——b2 cos«
:az(l—cosa)+cosoc.
Let
K=1-cosa
then
ar =a’K + cosa.
To find aj5:

ajp =cos¢gcosf sinh — cos ¢ sinf cosf cosa — sin¢g cos b sinw

a Ji—w a c .
=— V10— ——bV1 - b2cosa — ———+/1 — b2sina
VI=5? VI=5? VI—5?

=ab —abcosa — csin«a
=ab(l —cosa) — csinw

ajp =abK — csina.
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To find a;3:

apz = c0s¢sin¢00520 —|—cos¢sin¢sin29cosa + sin2¢sin0 sina
+ coszd) sinf sina — cos ¢ sin¢g cos o

= cos¢sin¢00529 + cos ¢ sing sin? @ cosa + sinf sina — cos ¢ sin¢ cos o
_a a

c
— )+ ———— p*cosa + bsina
v v ( ) V1 =021 —-b2

———— 05«
\/1— \/1—

_ac+ac(1 ) cosa + bsina — ﬁcosa

—————cosa + bsin
- o o

=ac(l —cosa) + bsina
ajz=ackK + bsina.

Using similar algebraic methods, we discover that:

a1 =abK + csina
a22:b2K + cosa
a3 =bcK —asina
a3 =acK — bsina
azp =bcK 4+ asina
ass =c?K + cosa

and our original matrix transform becomes:

*p a’K +cosa  abK —csina  acK +bsina| [ x,
Y, | = | abK +csina b’K +cosa  bcK —asina || y,
Z’p acK —bsina  bcK +asina  ¢>K +cosa Zp

where

K =1-—cosa.

9.6.2 Vectors

Now let’s solve the same problem using vectors. Figure 9.11 shows a view of the
geometry associated with the task at hand. For clarification, Fig. 9.12 shows a cross-
section and a plan view of the geometry.

The axis of rotation is given by the unit vector:

fi = ai + bj + ck.



138 9 Rotation Transforms in Space

Fig. 9.11 A view of the
geometry associated with
rotating a point about an
arbitrary axis

PED

Fig. 9.12 A cross-section hA
and plan view of the
geometry associated with
rotating a point about an N r P
arbitrary axis
n p
0
0

e P(xp, ypzp) is the point to be rotated by angle o to P’'(x,, y},, 7,)-
e O is the origin, whilst p and p’ are position vectors for P and P’ respectively.

From Fig. 9.11 and Fig. 9.12:
pP=0N+NO+ ﬁ

To find ON:

In| = |p|cos6 =n-p
therefore,

ON=n= n(n-p).
To find @:

N N
@ = N—grz NFQ)/rzcoscx r
but
p=n+r=n(@-p)+r

therefore,

r=p—h(-p)



9.6 Rotating a Point About an Arbitrary Axis 139

and

NO = (p—f(h - p))cosa.

—
To find QP':
Let
Nxp=w

where

|w| = |n| - |p|sind = |p|sin®
but

[r| = |p|sinf
therefore,
lw| = |r|.

Now

QP QP QP .

= = =sina

NP’ x| [wl
therefore,

é N .

QP =wsina =h x psina
then

p' =h@-p)+ (p—A@-p))cosa + A x psina

and

p =pcosa +h(h-p)(l —cosa) +h x psina.

This is known as the Rodrigues rotation formula, as it was developed by the French
mathematician, Olinde Rodrigues (1795-1851), who had also invented the ideas be-
hind quaternions before Hamilton. This has been documented by Simon Altmann in
the Mathematics Magazine under the title “Hamilton, Rodrigues and the quaternion
scandal” [7].

If we let

K=1—-cosux
then
p =pcosa +n(h-p)K +h x psina
= (xpi+ ypj+zpk) cosa + (ai + bj + ck)(ax, + by, +cz,)K
+ ((bzp — cyp)i+ (cxp — azp)j+ (ayp — bxp)K) sina
= (x,, cosa +alaxy + by, +czp)K + (bz)p — cyp) sinot)i
+ (ypcosa +b(ax, + by, + czp)K + (cx, — azp) sin)j
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+ (zpcosa + c(axy + by, + czp)K + (ay, — bxp) sina)k

= (xp(a2K +cosa) + yp(abK — csina) + zp(ackK —{-bsina))i
+ (x,,(abK + csina) + yp(sz + cosot) +zp(bcK —a sinot))j
+ (xp(acK — bsina) + y,(bcK +asina) +z,(c*K + cosa))k

and the transform is:

X a’K +cosa  abK —csina  acK +bsina| [ x,
v, | =| abK +csine b’K +cosa  bcK —asine || yp
A acK —bsina  bcK +asina  ¢*K +cosa Zp

which is identical to the transform derived using matrices.

Now let’s test the transform with a simple example that can be easily verified. If
we rotate the point P (10, 0, 0), 180° about an axis defined by n =i + j, it should
end up at P’(0, 10, 0).

Therefore
a=180°, cosa=-—1, sina=0, K=2
V2 V2
= —, b = —, = 0
a 5 > c
and
0 01 0 10
100f{=|1 0 O 0
0 0 0 O 0

which is correct.

9.7 Summary

In this chapter we have seen how the 2 x 2 matrix for rotating a point in the plane
is developed for rotating points in space. In its simplest form, the rotations are re-
stricted to one of the three Cartesian axes, but by employing homogeneous coor-
dinates, the translation transform can be used to rotate points about an off-set axis
parallel with one of the Cartesian axes.

Composite Euler rotations are created by combining the matrices representing the
individual rotations about three successive axes, for which there are twelve combi-
nations. Unfortunately, one of the problems with such transforms is that they suffer
from gimbal lock, where one degree of freedom is lost under certain angle com-
binations. Another problem, is that it is difficult to predict how a point moves in
space when animated by a composite transform, although they are widely used for
positioning objects in world space.

We have also seen how to compute the eigenvector associated with a rotation
transform, and how it represents the axis about which rotation occurs, and the eigen-
value represents the angle of rotation.

Finally, matrices and vectors were used to develop a transform for rotating a point
about an arbitrary axis.
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9.7.1 Summary of Matrix Transforms

Translate a point

Ti . =

SO O
oS o= O
o= O O

Rotate a point about the x-, y-, z-axes

Rg x

Rg,y =

Rg .=

1 0
0 cospB
0 sing
0 0

cosB 0 sin
0 1
—sing 0
00

[cosp —sinp
sin 8 cos B
0 0
0 0

—sin
cos

COos

Rotate a point about off-set x-, y-, z-axes

To ... RpxT0, 1)1, =

Ttx’oqtz R/S,)'T_tx »Ov_tz =

Ti 1, 0R Tt 1, 0=

cos B

1 0 0
0 cosB —sinf
0 sing cos
0 0 0

cosf 0 sinf
0 1 0
—sin 0 cosp
0 0 0

—sin B
sin 8 cos
0 0
0 0

O = O O

Rotate a point about an arbitrary axis

Ix
1y
t;
1
0 0]
B 0
B 0
0 1]
g 0]
0 0
B 0
0 1]
0 0]
00
10
0 1]
0
ty(1 —cosB) +t,sin B
t;(1 —cosB) —t,sin B
1_
t,(1 —cospB) —t,sinB]
0
t;(1 —cosB) +t,sinf
1

ty(1—cosp)+t, sin ]

ty(1 —cosB) —txsin B
0
1

p =pcosa +hh-p)(l —cosa) +h x psina

a’K +cosa  abK —csina  acK + bsina
R,s=| abK +csina b*K +cosa  bcK —asina
acK —bsina bcK +asine 2K + cosa

K=1-—cosu

fi = ai + bj + ck.
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Extracting the angle and axis of rotation from a transform

aylr ap  a
Ryv=|ax ax ax
a1 azyp  as;
a = arccos((Tr(Ry,v) — 1)/2)
v=uv1i+ v2j + vk
vp = (a2 — D)(azz — 1) —axazn
v =(aszz — D(ai1 — 1) —asiais

v3 = (a1 — D(axn — 1) —apaz;.



Chapter 10
Frames of Reference in Space

10.1 Introduction

In Chap. 8 we discovered how to compute the coordinates of a point in a frame of
reference in the plane. In this chapter we study the same problem but in 3D space.
Again, we employ many of the concepts previously described in order to develop
the transforms for translating and rotating frames in space.

The relativity of motion, previously discussed, implies that we cannot absolutely
claim that one frame of reference is stationary whilst another is in motion — it is sim-
ply a question of interpretation and convenience. Fortunately, a matrix transform can
be used to support moving points and moving frames, which means that the trans-
form used for rotating a point in a fixed frame of reference, can be used for rotating
the frame of reference in the opposite direction, whilst keeping the point fixed.

In a 3D space context, this implies that the rotation transform R, ,, which rotates
a point « about the fixed x-axis, can be used to rotate the frame of reference —«
about the x-axis, whilst the point remains fixed. Similarly, the rotation transform
R_q x, which rotates a point —« about the fixed x-axis, can also be used to rotate
the frame of reference o about the x-axis, whilst the point remains fixed.

We employ a simple notation to distinguish transforms that rotate points from
those that rotate frames. For example, R, ( rotates a point o about the x-axis,
whilst Ry ! rotates a frame o about the x-axis. Similarly, R_4 x rotates a point —c

about the x-axis, whilst R:(L’x rotates a frame —a« about the x-axis. Also, Ty, 1, .

translates a point (tx, ty, t;), whilst Tt: ,lt),,n translates a frame (¢, t,, t;). Similarly,

-1

~t _t. _; translates a frame
X Vs Z

T, —t,.—. translates a point (—z, —t,, —1;), whilst T
(_tx, _ty: _tz)~

10.2 Frames of Reference

We have already discussed frames of reference in Chap. 8, and even though the
frames were 2D, the same ideas can be generalised to 3D space without having to
introduce any new concepts — we simply add an extra z-coordinate.
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Fig. 10.1 The point P is Y
translated by (tx, ty,t;) witha
fixed frame P’
p /
X
/
VA

10.3 Matrix Transforms
In general, if points in the frame X'Y’Z’ are related to points in the frame XY Z by
the transform A using
P=AP,
then a point P in XY Z has coordinates in X'Y’'Z’ using
P'=A""P.

In computer graphics most frame of reference transforms involve a translation or
a rotation, or a combination of both. We now explore these different scenarios and
develop transforms for converting coordinates in the original frame of reference to
another frame.

10.3.1 Translated Frames of Reference

Figure 10.1 shows a point P translated by (fy,,,7;) to P’ using the transform
Tyt

I 0 0 1,
10 1 0 ¢
Tty = 0 0 1 ¢
0 0 0 1
where the translated point P’ is given by
P/ZTZ‘x,ly,sz'

Thus the coordinates of P are updated relative to the fixed frame of reference XY Z.
However, there is a second interpretation for T; tyots where P remains fixed and
the frame of reference XY Z is translated by (—t,, —t,, —1;), as shown in Fig. 10.2.
Consequently, the point P(x, y, z) in XY Z has coordinates P’(x’,y’,z') in X'Y'Z’
given by
P =T} P

_tx,_tyv_tz :
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Fig. 10.2 The point P , Y
remains fixed whilst the Y P. P’
frame XY Z is translated ’
(=tx, —ty, —t) v
5
X
Z
yi oz X’
v ’
7 X

For example, the origin of XY Z becomes (ty, t,,t;) in X'Y'Z’":

1y 1 0 0 ¢ 0
| |0 1 0 ¢ |]0
| 10 0 1 1t 0
1 0 0 0 1 1

Therefore, the transform for translating a frame by (¢, ty, t;) is

1 0 0 —1,
4 _|0 10 g
byt = Q0 1 —t,

000 1

Now we consider rotated frames of reference in space.

10.3.2 Rotated Frames of Reference About Cartesian Axes

A 2D frame of reference can only be rotated within its plane, whereas a 3D frame
can be rotated about any axis, whether it be a Cartesian axis or some arbitrary axis.
Let’s look at how R, , behaves when rotating frames about the x-axis, and apply
the results to the other axes.

We know that we can rotate a point, & about the x-axis using

1 0 0
Ryx=|0 cosa —sina
0 sina cosa

However, R, x can also be used to rotate a frame —o about the x-axis. Similarly,
Rg; rotates a frame « about the same axis. Therefore, in general, we can use the
same technique for all three Cartesian axes.

Figure 10.3 (a) and (b) show our unit cube rotated by —90° about the x-axis,
whilst (c¢) and (d) show the frame rotated 90° about the same axis, with the cube
fixed.
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(b)

Fig. 10.3 (a) and (b) The cube is rotated —90°. (¢) and (d) The XY Z frame is rotated 90°

-1 .
The transform for Rgoo’ L 1s

1 0
Ry =Ror, =0 0 1
0 0

1 0 O 000 O0T1T1T11
0 0 1 00110011
0 -1 0 01 010101
00 O o0 1 1 1
=10 1 O 1 01 O
00 -1 -1 00 -1 -1

which are confirmed by Fig. 10.3 (d).
In summary, the transforms for rotating frames « about the x-, y- and z-axes are:

1 0 0
R;!=[0 cosa sina
0 —sina cosa
[cosa 0 —sina |
7] _
RO[’y = 0 1 0
sine 0 cosa
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Fig. 10.4 (a) and (b) The off-set axis and rotated frame. (c) and (d) The unit cube and rotated
frame

cosa sina O
R;L: —sina  cosa 0
0 0 1

10.3.3 Rotated Frames About Off-Set Axes

In Chap. 9 we developed three transforms for rotating a point about an off-set axis
parallel with one of the three Cartesian axes. Let’s develop three complementary
transforms for rotating a frame about the same off-set axes.

To ensure that we compute the correct transform, we must be very clear in our
own minds what we are attempting to do. The objective is to identify an off-set axis
parallel with the z-axis, for example, in the current XY Z frame of reference, about
which a frame is rotated. The first step, then, is to translate the frame, and then
rotate it.

Let’s assume that the axis passes through the point (7, y,0), as shown in
Fig. 10.4 (a). Therefore, given the following definitions for Tz:,]ty,o and R;ylz

1 0 0 —t
L o1 o -
Tono=]0 01 o
000 1
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cos sina 0 O
R |~ sino cosae O O
@2 0 0 1 0
| O 0 0 1
[ cosa  sina 0 —f cosa — tysina
L] —sinae cosa 0 —f,cosa 41, sina
ROt,lex,t)-,O = 0 0 1 ’ 0 ’
| O 0 0 1

Let’s test this transform by making o = 90°, and #, =, = 1, as shown in
Fig. 10.4 (b):

0O 1 0 -1
1 el -1 0 0 1
Rope . T110= 0 01 0
0 0 0 1
which, if used on the unit cube shown in Fig. 10.4 (c), produces
0O 1 0 -1 00 0 o011 11
-1 0 0 1 001 1 0011
0O 01 O 01 01 01 01
0O 0 0 1 1 11 1 1 1 11
-1 -1 0 0 -1 -1 0 O
|1 1 1.1 0 0 0 O
10 1 01 O 1 0 1
1 1 1 1 1 1 1 1

as confirmed by Fig. 10.4 (d).

Let’s explore what happens if we swap the rotation and translation transforms to
T, }IWOR;}Z. This now implies that the frame of reference is rotated « about the z-
axis, and then translated (zy, ty, 0) in the rotated frame’s space, which is not what we
had planned. Here are the three transforms for rotating a frame of reference about

an off-set axis:

1 0 0 0 ]
R-IT-!  — 0 cosa sina —fycosa —f;sina
X700t 7 | 0 —sina  cosa  —f;cosa + 1y sina
0 0 0 1
[cosae 0 —sina —t,cosa +1,sina |
Rlpl _| 0 1 0 0
.y 6,0 = | g _ —tosi
iz sina 0 cosa t,cosa — Iy sino
0 0 0 1
[ cosa  sina 0 —t cosa —tysina |
ROIT- = —sina cosa 0 —tycosa +1;sina
@,z 1y ty,0 = 0 0 1
0 0 0 1
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10.4 Composite Rotations

In Chap. 9 we went into some detail describing how point rotation transforms can be
combined into composite rotations about the three Cartesian axes. There are twelve
possible combinations that are listed in Appendix A. As any rotation transform can
be used to rotate a point in one direction, or a frame of reference in the opposite
direction, the previously computed composite transforms for rotating points, can be
used for rotating frames in the opposite direction.

For example, we previously computed R, ;Rg Ry :

CyCB  CySBSqy — SyCoq  CySBCy + SySa
Ry, :Rg Ry x = | syc8  SySpsa +CyCa SySpcy — CySq
—SB CBSa CBCa

which rotates a point about a fixed frame of reference. But it can also be used to
rotate a frame of reference in the opposite directions:

- CyCp  CySBSqy — SyCq CySBCy + SySa
Rfa = | Sycpg  SyspSa +CyCq  S5ySECy — CySq
—Sg CpSy CpCy

—1 —
R,}, zR—ﬁ y

In order to compute R, zRﬂ \,Ra %C we only have to reverse the sign of the sine terms

in the transform for Ry Rg, yRO, X

CyCR CySBSa + Sy Ca —CySBCq t+ Sy Sa
R, Rﬂ }R;x = | —Sycp  —58ySpSa +CyCa  SySpCa +Cyse | . (10.1)
Sg —CBSa CBCq

Let’s test (10.1) by making « = 8 =y =90°:

0 0 1
R9_0 zR9_0 ng_Oo =0 -1 0
1 0 O

Figure 10.5 (a) shows the initial scenario, Fig. 10.5 (b) shows the frame rotated 90°
about the local x-axis, Fig. 10.5 (c) shows the frame rotated 90° about the local
y-axis, and Fig. 10.5 (d) shows the frame rotated 90° about the local z-axis. If we
subject the coordinates of the unit cube to this composite transform we have

0 0 1 00001111
0 -1 0 00110011
1 0 O 01 010101
0 1 1 01 O 1
00 1 0 0 -1 -1
00 11 1 1
which are confirmed by Fig. 10.5 (d).
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Fig. 10.5 (a) The original frame. (b) Rotated frame about the x-axis. (¢) Rotated frame about the
y-axis. (d) Rotated frame about the z-axis

Note that this specific transform also suffers from gimbal lock, where it is impos-
sible to rotate the cube through an axis passing through vertices 0 and 2. Whereas,
the cube is rotated twice about the axis passing through vertices 0 and 4. Effec-
tively, the axial system has been rotated 180° about the vector [1 0 1]T, which could
be confirmed by calculating the eigenvalue and eigenvector.

10.5 Rotated and Translated Frames of Reference

One of the most important frame changing transforms in cgi enables us to view an
object from any location in space. The transform uses a rotation, which is often a
composite transform, for example R;,ERE,IV R;k, and a translation T,: }tw - And as
the position of the translated frame is normally specified in the original frame, we

begin by translating the frame followed by the rotation:

cycp CySpSq +SyCq  —CySgCy +5ySq 0 1 0 0 —¢

—SyCB  —S8ySpSa +CyCy  SySpCy +CySy 0 01 0 -1 (10.2)
sg —CBSq CACy 0 0 0 1 —f | ’
0 0 0 1 00 0 1

It is not worth multiplying these matrices together as it creates too many terms.
However, we can test it with a simple example.
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Fig. 10.6 (a) The translated frame. (b) The rotated frame about the y-axis

Using the unit cube, let’s position the new frame 2 units along the initial x-axis,
and then rotate the frame 270° about its local y-axis so that its z-axis is looking
back towards the original origin. Figure 10.6 (a) shows the translated frame, and
Fig. 10.6 (b) shows the rotated frame. Thus t, =2, t, =1, =0, « =0°, B =270°
and y = 0°. Substituting these values in (10.2) we have

0 01 0 1 0 0 =2
—1 p-1 1 m—1 0O 1 0 0 01 0 O
R0°,zR270°,yR0°,xT2,o,o: 1.0 0 0 001 0 (10.3)
| 0 0 0 1]]0 0 0 1
0 0 1 0]
0 1 0 O
=l-100 2 (10.4)
| 0 0 0 1]

Using (10.4) to process the coordinates of the unit cube we have

0 01 0][0000T1 1 1°1
0O 1 00[[001 100171
-1 002|001 010101
0 00 1|[1 1 1 1 1 111
01010101
oo 1 100 11
2222011 11
11111111

which are confirmed by Fig. 10.6 (b).
To obtain a perspective view of the cube we simply divide its transformed x- and
y-coordinates by the associated z-coordinate:

0 05 0 05 0 1 01
0 0 05 05 0 0 1 1
2 2 2 2 1111
1 1 1 1 1 1 1 1
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Fig. 10.7 Perspective view Y
of the unit cube @ 6
2
b} 1 4
6 U & X

and as the x-axis of the display screen is in the opposite direction to that of the
frame, we have to switch the sign of the x-coordinates:

0O -05 0 -05 0 -1 0 -
0O O 05 05 0 O 1 1
2 2 2 2 1 1 1 1
1 1 1 1 1 1 1 1

The x- and y-coordinates are used in Fig. 10.7 to show the perspective view seen
from this translated, rotated frame.

1

10.6 Rotated Frames of Reference About Arbitrary Axes

In Chap. 9 we developed the following transform to rotate a point « about an arbi-
trary axis n:

a’K +cosa  abK —csina  acK +bsina
Ry s =| abK +csina b*K +cosa  bcK —asina
acK —bsina  bcK +asina ¢*K +cosa
K=1-cosax
n=ai+ bj + ck.
Therefore, there is nothlng to stop us using the same transform to rotate a frame —o«
about f, or its inverse R, torotate a frame o about n. To compute the latter, we

simply transpose the matrlx or change the sign of o which implies reversing the
sign of the sine terms:

a’K +cosa  abK +csina acK — bsina
= | abK —csina  b2K +cosa  bcK +asine |. (10.5)
acK +bsine bcK —asina 2K +cosa

-1
Ra,fl
Let’s test (10.5) using the previous example where we rotated a frame 270° about
the y-axis, which makes « =270°, n=jand K = 1:

0 0 1

0 1 0
-1 0 0

R270 J
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which agrees perfectly. Naturally, this can be combined with a translation transform

using

-1 -1 _
C{,fl t.x'vt)'atZ_

10.7 Summary

a’K + cosa
abK — csina

acK +bsinae bcK —asina

0

1 0 0 —f
01 0 —t
00 1 —t
000 1

abK +csinae acK — bsina
b*K + cosa

bcK 4+ asina
2K + cosa
0

- o O O

Hopefully, this chapter has covered most of the scenarios involving rotated and
translated frames of reference in 3D space. Although composite rotation transforms
offer a powerful mechanism for creating complex rotations, they are difficult to
visualise and suffer from gimbal lock. Perhaps, the most useful transform is for ro-
tating a frame about an arbitrary axis. For completeness, the important transforms

are summarised below.

10.7.1 Summary of Transforms

Translating a frame

Rotating a frame about a Cartesian axis

1 0 0 —t
-1 _ 01 0 —ly
T[x”>'*’z_ 0 0 1 —¢
0 0 0 1
1 0 0
R(;iz 0 cosa sina
|0 —sina cosa |
[cose 0 —sino]
-1
RO[’y = 0 1 0
| sine 0 cosa |
[ cosa sina O]
R;}Z: —sine cosa O
L 0 0 1




154 10 Frames of Reference in Space

Rotating a frame about an off-set axis

1 0 0 0
_ 0 cosa sind —tycoso —t,sina
R, TO = . ) .
Iylz 0 —sina cosa —1;cosa+tysina
0 0 0 1
[cosa 0 —sina —t,cosa+1t, sina |
R-LTD — 0 1 0 0
a,y " ty,0,1, T 1 1
Y 0 sin 0 cosa —f;cosa — 1 Sina
| 0 0 0 1 1
[ cosa  sine 0 —t,cosa — 1ty sino ]
R-IT- —sine cosa 0 —tycosa+t;sina
2 Iy, ty,0 T 0 0 1 0
| 0 0 0 1 1

Rotating a frame using a composite transform

CyCp CySBSa + Sy Cq —CySpCy + Sy Sa
R Rﬁ yRa = | —Sycp —58yS8Sq +CyCu  SySECy + CySq
Sg —CBSa CBCa

Rotating and translating a frame

cycp CySpSq +SyCq  —CySpCq +Sysq 0
R R R T_ | —Syep —SySSa +Cyca SySpca +cyse 0
Loty t Sg —CBSa CBCy 0
0 0 0 1
1 0 0 —t,
o 01 0 -1
0 0 1 —¢
0 0 0 1

Rotating a frame about an arbitrary axis

a’K +cosa abK +csina acK — bsina
= | abK —csina  b2K +cosa  bcK +asina
acK + bsina bcK —asina  ¢*K + cosa

K=1-—cosa

R-

1
o, N

n=ai+ bj + ck.



Chapter 11
Quaternion Transforms in Space

11.1 Introduction

Quaternions were introduced in Chap. 5 as a mathematical object that combines a
scalar with a vector, in the same way a complex number combines a scalar with an
imaginary quantity. Quaternions, like complex numbers, possess rotational qualities,
but work in four dimensions rather than on the complex plane.

Hamilton invented quaternions in October 1843, and by December of the same
year his friend, John T. Graves, had invented octonions. Arthur Cayley had also
been intrigued by Hamilton’s quaternions, and independently discovered octonions
in 1845.

There are four such composition algebras: real R, complex C, quaternion H,
and octonion O that obey an n-square identity used to compute their magnitudes.
Adolf Hurwitz (1859-1919) proved that the product of the sum of n squares by
the sum of n squares is the sum of n squares only when n is equal to 1, 2, 4 and
8, which are represented by reals, complex, quaternions and octonions. No other
system is possible, which shows how important quaternions are within the realm of
mathematics. Appendix C provides further information on this topic.

In this chapter we investigate how quaternions are used to rotate 3D vectors about
an arbitrary axis.

11.2 Definition

A quaternion q is the union of a scalar and a vector:
q=s5—+V

where s is a scalar and v is a 3D vector. If we express the vector v in terms of its
components, we have

q=s-+xi+yj+zk

where s, x, y and z are all real numbers.
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Fig. 11.1 Three orthogonal
vectors u, vand v X u

Hamilton had hoped that a quaternion could be used like a complex rotor, where
we saw in Chap. 2 that

Ry =cosf +isinf

rotates a complex number by 6. Could the product of a quaternion q and a vector u
rotate u about the quaternion’s vector? Well yes, but only in a restricted sense. To
understand this, consider the scenario where we form the product of a unit quater-
nion ¢ and a pure quaternion p. The unit quaternion q is defined as

q=s+Av

where
s2+a7=1

and the pure quaternion p encodes the vector u with a zero scalar term
p=0+u.

In Chap. 5 we computed product qp, which in this context is

qp=(+r1v)(0+u)
=—AV-u+su+Avxu.

However, if v is orthogonal to u, the dot product term —AV - u vanishes, and we are
left with

qp=su-+ AV X u.

Figure 11.1 illustrates this scenario, where u is perpendicular to v, and v x u is
perpendicular to the plane containing u and V.

Now because V is a unit vector, the length of ¥ x u is |u|, which means that we
have two orthogonal vectors, i.e. u and v x u, with the same length. Therefore, to
rotate u about v, all that we have to do is to substitute cos @ for s and sin8 for A:

qp =cosfu+sinHv x u.

For example, if we create a quaternion whose vector is aligned with the z-axis as
shown in Fig. 11.2 with

q = cosf 4+ sinfk
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Fig. 11.2 The vector 2i is Y

rotated 45° by the quaternion qp = Bi+2 j
q=cosf +sindk

v

and a pure quaternion to represent the vector 2i
p=0+42i
then
qp = 2cosbi+ sinfk x 2i.
With 6 = 45° then

qp = 2§1+§k 2i

=2i+/2j

which is a pure quaternion, i.e. a vector, and p has been rotated 45°.
Let’s see what happens when 6 = 180°:

qp = 2cos 180° + sin 180°k x 2i = —2i

which is also a pure quaternion, and p has been rotated 180°. Note that the vector has
not been scaled during the rotation. This is because we are using a unit quaternion.

Now let’s see what happens when we reduce the angle between v and p. Let’s
reduce the angle to 45° and retain the quaternion’s magnitude at unity, as shown in
Fig. 11.3. Therefore,

1 1
v=—i+—=k
V22
q:cos@—i—sin@(—l—l— )
V22

p=0+42i

This time we must include the dot product term:
qp = —sinfV - u 4 cosfu + sin OV x u.
We let 6 = 45°
fz( 1 1 ) V2. N2(1 1
=——| —=i+—=k) - 2i)+—2i —|——<— —k)xZi
e \n T 2 VRN

=—1+V2i+j
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Fig. 11.3 Rotating the vector
2i by the quaternion
q=-cosf + sin@(%i + %fzk)

p=2i

i+-L
l+ﬁk

=

z V=

which, unfortunately, is not a pure quaternion. It has not been rotated 45° and the
vector’s magnitude is reduced to /3! Multiplying the vector by a non-orthogonal
quaternion seems to have converted some of the vector information into the quater-
nion’s scalar component.

Not to worry. Could it be that an inverse quaternion reverses the operation? Let’s

see what happens if we multiply this result, i.e. qp, by q .

Given
0 +si 9( 1 i+ ! )
= Cos sinf| —i+ —
1 NZIMNV
then
~1 = cos6 sin@( ! i+ ! k)
47 NN
V2 «/§<1. 1 >
=—— —| —i+—=k
2 2\V2 V2
1
=-(v2—-i—k).
2
Therefore,

1
qpq”" =5 (-1 +V2i+ (V2 —i—k)
1
=E(—\/E—(\/Ei—i—j)~(—i—k)+(i+k)+\/§(«/§i+j)—i+«/§j+k)

1
:E(_ﬁ+f2+i+k+2i+f2j—i+ﬁj+k)
=i+V2j+k

which is a pure quaternion. Furthermore, its magnitude is 2, but what is strange, the
vector has been rotated 90° rather than 45° as shown in Fig. 11.4.

If this ‘sandwiching’ of the vector by q and q~! is correct, it implies that increas-
ing 6 to 90° should rotate p = 2i by 180° to 2k. Let’s try this.
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Fig. 11.4 The vector 2i is Y
rotated 90° to i + +/2j + k

i+/2j+k

/

zZ

Let & =90°, therefore,

1 1
= 1| —i+ —k 2i
qp <O+ (ﬁH_ﬁ ))(O+ i)

2
= (14
ﬁ J
Next, we post-multiply by q~!
1 2 ) 1., 1
qpq =E(—1+J) O_EI_ﬁk
2(1,+1k 1_+1k)
=—|—i+ —=k— —i+ —
V2\V2 V2 V2 V2
=i+k—i+k
=2k

which confirms our prediction. Now let’s show how this double angle arises.
We begin by defining a unit quaternion q:

q=s+AV

and we will eventually assign values to s and A. The vector u to be rotated is a pure
quaternion:

p=0+u.

The inverse quaternion q~! is

therefore, the triple qpq ™" is

qpq ' = (s + A9 (0 +u)(s — AV)
=(—AV-u+su+ AV xu)(s —AV)
=—AsV-ut+isu- v+ A 2@ xu) -V
+ A2 w)V+sPu+Asv x u
—AsuXV—A2(V xu) x ¥

=A@ xu) - V+ A2 - w)V +s7u+ 2458 x u —A2(F x u) x V.
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Note that
(vxu)-v=0
and
X xvV=F-V)u—(u-V)v=u— (u-v)v.
Therefore,

L=02@  u)v 4 su+24sV x u — A 2u+ A2 - 9)v

=22 - WV + (s2 = A u+22s9 x u.

qapq

Obviously, this is a pure quaternion as there is no scalar component. However, it is
not obvious where the angle doubling comes from. But, look what happens when
we make s = cos6 and A = sin6:

qpq ! =2sin®0(V - w)v + (cos2 6 — sin’ 6)u+ 2sinf cosHV x u
= (1 —cos20)(V-u)V + cos26u + sin20V x u.

The double angle trigonometric terms emerge! Now, if we want this triple to actually
rotate the vector by 6, then we must build this in from the outset by halving 6 in q:

q =cos(0/2) +sin(8/2)v

which makes

qpq ' = (1 — cosH)(V - u)¥ + cosfu + sin 6V x u. (1L1)

Equation (11.1) is the same equation we came across in Chap. 9 discovered by
Rodrigues a few years before Hamilton, hence the scandal!

Let’s test (11.1) using the previous example where we rotated a vector u = 2i,
90° about the quaternion’s vector ¥ = in + %k:

2 ( L !
wa =S5+ 5
=i++v2j+k

k) +V2j

which agrees with the previous result.
Thus, when a quaternion takes on the form

q =cos(6/2) + sin(0/2)v

it rotates a vector p, anticlockwise 6 using the triple
-1
qpq -
It can be shown that this triple always preserves the magnitude of the rotated vector.
You may be wondering what happens if the triple is reversed to q~'pq? A guess
would suggest that the rotation sequence is reversed, but let’s see what an algebraic
solution predicts:
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q 'pq = (s =A%) (O +u)(s + AV)
=(AV-u+su—Avxu)(s+AV)
=AsV-u—Asu-V+ A% xu- v+ A% - uv

+s2u—AsVxu+Aisux Vv —2A2V xux v

=220 xu) - V+A2@ - w)V +s7u—2xsV x u— A2V x u) x V.

Once again
(Vxu)-v=0
and
(Vxu) xv=u— (u-v)Vv.
Therefore,

q 'pg=212F - w)¥ + s7u — 2AsV x u — A2u+ A2 (u- V)V
=22 - w¥ + (s = A%)u—2as9¥ x u.
Again, let’s make s = cosf and A = sinf:
q 'pg = (1 —2cos6)(V-u)V + cos20u — sin26V x u

and the only thing that has changed is the sign of the cross-product term, which
reverses the direction of its vector. However, we must remember to compensate for
the angle-doubling by halving 6:

q 'pg = (1 — cosd) (V- u)V + cosfu — sinHV x u. (11.2)

Let’s see what happens when we employ (11.2) to rotate u = 2i, 90° about the
quaternion’s vector v = in + %k:

-1 _i Li BRI
q PQ—ﬁ<ﬁ+ﬁk> V2j
—i—V2j+k

which has rotated u clockwise 90° about the quaternion’s vector. Therefore, the
rotor qpq ! rotates a vector anticlockwise, and q~!pq rotates a vector clockwise:

1

qrq = (1 —cosO)(V-u)V + cosfu + sinfv x u

q 'pq= (1 —cosO)(¥-u)¥+ cosbu — sinHv x u.
However, we must remember that the rotor interprets 6 as 20.

Let’s compute another example. Consider the point P (0, 1, 1) in Fig. 11.5 which
is to be rotated 90° about the y-axis. We can see that the rotated point P’ has the
coordinates (1, 1, 0) which we will confirm algebraically. The point P is represented
by the pure quaternion

p=0+u.

The axis of rotation is v = j, and the vector to be rotated is u = j + k. Therefore,
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Fig. 11.5 The point Y
P (0,1, 1) is rotated 90° to
P’(1,1,0) about the y-axis

P(0,1,1) y P’(1,1,0)

U= (1 =cos0)(V-u)¥+ cosOu+sinbv x u

=j-(+Rj+jix{+k
=i+j

apq

and confirms that P is indeed rotated to (1, 1, 0).

Before moving onto the next section it is worth clarifying the interpretation of the
two triples described above. As with the rotation transforms previously covered, we
have used Ry y to describe a point rotation, 6 about the vector v, and R; i to describe
a frame rotation 6 about the vector v. Therefore, in keeping with this convention, we
will use qpq~! to describe a point rotation of the point represented by p about the
quaternion’s vector. And q~!pq to describe a frame rotation about the same vector.

11.3 Quaternions in Matrix Form

Having discovered a vector equation to represent the triple qpq~!, let’s continue
and convert it into a matrix. We will explore two methods: the first is a simple vec-
torial method which translates the vector equation representing qpq~! directly into
a matrix form; the second method uses matrix algebra to develop a rather cunning
solution. Let’s start with the vectorial approach, for which it is convenient to de-
scribe the unit quaternion as
q=s5+V
=s+xi+yj+zk
and the pure quaternion as
p=0+u

which means that the triple becomes

apq ' =2(v-wyv+ (s — [v[})u+2sv x u.
And as we are working with unit quaternions to prevent scaling

2+ |vP=1
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therefore,
s2—vP=2s2—1
and
qpq ' =2(v-wv+ (257 — u+2sv x u.

We can now represent the three terms 2(v - u)v, (252 — Du and 2sv x u as three
individual matrices, which can be summed together:

2(v-w)v=2(xxy + yyu + zzu) (xi+ yj + zK)
(2x% 2xy 2xz | [ xu
=|2xy 2y 2yz Yu
| 2xz  2yz 272 Zu

(257 — 1u= (252 = 1)xui + (257 — 1) yuj + (257 — 1)z,k

252 -1 0 0 Xu
= 0 252 — 1 0 Vu
0 0 2521 || zu

2sv x u=2s((yzu — zyu)i+ (2xy — x2)j + (xyu — yx,)K)

0 —2sz 28y Xy
=| 2sz 0 —2s5x Yu
| =25y 2sx 0 Zu

Adding these matrices together produces

252+ x3H) -1 2(xy —s2) 2(xz +sYy) Xy
apq ' =| 2@y+s 262+ -1 2(yz—sx) Yu
2(xz — sy) 2yz+sx) 27+ -1 Zu

(11.3)
or
1-2(y*+2%) 2(xy — 82) 2(xz+sy) Xu
qQpq ' = 2xy+sz2) 1-2(x%2+2%) 2(yz—sx) || Yu
2(xz — sy) 2(yz+sx) 1 =2x>+y?) Zu
(11.4)

To compute the equivalent matrix for q~'pq all that we have to do is reverse the
sign of 2sv x u:

22+ xH -1 2(xy +52) 2(xz — 8y) Xy
qa'pg=|  2@y—s2) 267+yH -1 202450 || W
2(xz + sy) 2(yz —sx) 2(s24+75)—1 Zu

(11.5)

or
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1-202+2% 2(xy +52) 2(xz —sy) Xu
qflpq = 20y —sz) 1—2(x%2+2%) 2(yz +sx) Yu
2(xz +5Yy) 20yz—sx) 1=2x24+y) || zu

(11.6)

which is the transpose of (11.3) for qpq~".

11.3.1 Quaternion Products and Matrices

The second way to derive (11.3) depends upon representing a quaternion product in
matrix form. For example, given

qi =s1 +x1i+ y1j + 21k

Q2 = 52 + x2i + y2j + 22k

their product is

qiq2 = (51 +x11 + yij + 21K) (52 + x2i + y2j + 22k)
=152 — X1X2 — Y1)2 — 2122
+ 51020 + y2j + 22Kk)
+s2(0x1i+ y1j + 21k)
+ (122 — y2z)i+ (%221 — x122)j + (x1y2 — x2yDk
= 8182 —X1X2 — Y1Y2 — 2122
+ (s1x2 + s2x1 + Y122 — Y221)i
+ (s1y2 + 821 + X221 — X122)J
+ (s122 + 5221 + x1y2 — x2y1)k
ST —X1 —YyY1 —2 52

X1 ST —21 1 X2
qiq2 =

i 21 S1 —X1 »2

21 =N X1 S1 22

At this stage we have quaternion q; represented by a matrix, and g represented by a
column vector. Now let’s reverse the scenario without altering the result by making
(> the matrix and q; the column vector:

§2 —X2 —Y2 —22 S1

kY 2 =0 X1
Y2 —22 52 X2 V1
22 Y2 —xX2 52 21

qiq2 =

So now we have two ways of computing q;q> and we need a way of distinguish-
ing between the two matrices. Let’s call the matrix that preserves the left-to-right
quaternion sequence L and the matrix that reverses the sequence to right-to-left, R:
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51 —X1 —y1 —Z1 52
X1 s1 =21 || X
q192 = L(q1)q2 =
yiooo2 51 —Xx1 »2
L21 =N X1 S1 ] 22 |
§2 —X2 —Yy2 —22 S1

X2 82 2 2 || X
2 -2 s2 X2 |
2 Y2 —x2 S22 ]

q192 = R(q2)q1 =

Remember that L(q;)q2 = R(q2)qi, as this is central to understanding the next
stage. Furthermore, don’t be surprised if you don’t understand the logic of the argu-
ment in the first reading. It took the author many hours of anguish trying to decipher
the original algorithm, and the explanation has been expanded to ensure that you do
not suffer the same experience!

First, let’s employ the matrices L and R to rearrange the quaternion triple product
acb to abc: i.e. move ¢ from the middle to the right-hand side.

We start with the quaternion triple product acb and divide it into two parts, ac
and b. We can do this because quaternion algebra is associative:

acb = (ac)b.
We have already demonstrated above that the product ac can be replaced by L(a)c:
acb = L(a)ch.

We now have another two parts: L(a)c and b which can be reversed using R without
disturbing the result:

acb = L(a)cb = R(b)L(a)c

which has achieved our objective to move ¢ to the right-hand side.

Now let’s repeat the same process to rearrange the triple product qpq~'. The
objective is to remove p from the middle of q and q~! and move it to the right-hand
side. The reason for doing this is to bring together q and q~! in the form of two
matrices, which can be multiplied together into a single matrix.

We start with the quaternion triple product qpq~" and divide it into two parts,
qpand q 1

1 1

a@q  =(@Qpq -
The product gp can be replaced by L(q)p:

1 1

qrq  =L(gpq -

We now have another two parts: L(q)p and q~! which can be reversed using R
without disturbing the result:

apq ' =L(@pq ' =R(q ") L(g@p

which has achieved our objective to move p to the right-hand side.
The next step is to compute L(q) and R(q™") using q = s + xi + yj + zk. L(q)
is easy as it is the same as L(q;) without any subscripts:
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s —x =y -z
| x -z Yy
L(q) = y oz s —x
z -y X S

R(q~") is also easy, but requires converting q» in the original definition into q, !
which is effected by reversing the signs of the vector components:

s x Yy b4
—X s —z y
-y z s —x
-z -y X s

So now we can write

apq ' =R(q")L(g)p

s X y Z s —x -y -z 0

| —x s —z y X s -z y Xy

T -y z s —x y s —x Vu

-z —y silz =y x sz
1 0 0 0 0
01— 202 4+2%) 2(xy —s2) 2(xz+sy) Xy
10 2(xy4sz) 1-22+72) 2(yz—sx) Vu
10 2(xz—sy) 2(yz+sx) 1-— 2x2 + yz) Zu

If we remove the first row and column and treat p as a vector, rather than a quater-
nion, we have

1-2(y2+2%) 2(xy — 52) 2(xz+sy) Xy
=| 2xy+sz)  1-2(x2+7%)  2(yz—sx) Yu
2(xz — sy) 20z 4+sx) 1 =224y || zu

which is identical to (11.4)!

11.3.2 Geometric Verification

Let’s illustrate the action of (11.3) by rotating the point (0, 1, 1), 90° about the y-
axis, as shown in Fig. 11.6. The quaternion must take the form

q =cos(0/2) +sin(6/2)v
which means that = 90° and v = j, therefore,
q=-cos45° + sin45°j.

Consequently,



11.3  Quaternions in Matrix Form 167

Fig. 11.6 The point Y
P (0,1, 1) is rotated 90° to
P’(1,1,0) about the y-axis 3
(0.1.1) o= “#2(1,1,0)
7 X

Substituting these values in (11.3) gives

1 0 0 1 0
1{f=]1 0 1 0 1
0 -1 0 0 1

where (0, 1, 1) is rotated to (1, 1, 0), which is correct.
So now we have a transform that rotates a point about an arbitrary axis intersect-
ing the origin without the problems of gimbal lock associated with Euler transforms.
Before moving on, let’s evaluate one more example. Let’s perform a 180° ro-
tation about a vector v =i + k passing through the origin. To begin with, we will
deliberately forget to convert the vector into a unit vector, just to see what happens
to the final matrix. The quaternion should take the form

q =cos(6/2) +sin(8/2)v
but we will use v as specified. Therefore, with 6 = 180°
s=0, x=1, y=0, z=1.

Substituting these values in (11.3) gives

1 0 2
0 -1 0
2 0 1

which looks nothing like a rotation matrix, and reminds us how important it is to
have a unit vector to represent the axis. Let’s repeat these calculations normalising
the vector to Vv =i/+/2 + k/+/2:
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Fig. 11.7 The point (1,0, 0) Y

is rotated 180° about the
vector v to (0,0, 1)

©.01) y \Q\

which not only looks like a rotation matrix, but has a determinant of 1 and rotates
the point (1, 0, 0) to (0, 0, 1) as shown in Fig. 11.7,

0 0 0 1 1
0Of=(0 —-1 O
1 1 0 O 0

11.4 Multiple Rotations

Say a vector or frame of reference is subjected to two rotations specified by q;
followed by q>. There is a temptation to convert both quaternions to their respective
matrix and multiply the matrices together. However, this not the most efficient way
of combining the rotations. It is best to accumulate the rotations as quaternions and
then convert to matrix notation, if required.

To illustrate this, consider the vector p subjected to the first quaternion (:

aipq;’
followed by a second quaternion q»
a(qipg;')g; "
which can be expressed as

(@291)P(q2q1) .

Extra quaternions can be added accordingly. Let’s illustrate this with an example.
To keep things simple, the first quaternion q; rotates 30° about the y-axis:

q; =cos 15° 4 sin 15°j.
The second quaternion q; rotates 60° also about the y-axis:
q1 = cos 30° + sin 30°j.

Together, the two quaternions rotate 90° about the y-axis. To accumulate these ro-
tations, we must multiply them together:
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q192 = (cos 15° + sin 15°j) (cos 30° + sin 30°j)
=c0s 15°¢c0s 30° — sin 15°sin30° 4 cos 15°sin 30°j + cos 30° sin 15°j

V2 V2,
2 2
which is a quaternion that rotates 90° about the y-axis. Using the matrix (11.4) we

have

- O O
S = O
S O =

which rotates points about the y-axis by 90°.

11.5 Eigenvalue and Eigenvector

Although there is no doubt that (11.3) is a rotation matrix, we can secure further
evidence by calculating its eigenvalue and eigenvector. The eigenvalue should be 6,
where

Tr(qpq ') = 1+ 2cosé.
The trace of (11.3) is
Tr(qpg ") =2(s* +x%) — 1 +2(s> +5°) = 1+2(s* +2°) — 1
=45 +2(s> + x>+ +2%) =3
=452 -1
=4cos*(9/2) — 1
=4cosf +4sin*(0/2) — 1
=4cosf +2—2cosf —1
=142cosf

and
1 -1
cosf = E(Tr(qpq )—1).
To compute the eigenvector of (11.3) we use the three equations derived in Chap. 9:
vi = (a2 — D(az3 — 1) —azaz

vy = (asz3 — D(ai1 — 1) —asias

v3 = (a1 — D(axn — 1) —ajpaz;.
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Therefore,
v = (2(s2 + yz) —2) (2(s2 + ZZ) —2) —2(yz — 5x)2(yz + 5X)
=4(s* +y? = 1) (s + 22 — 1) = 4(y*2* — s%x?)
_ 4((x2 ~|—zz)(x2 n yz) — )22 +s2x2)
=4(x* +x?y? + a2 + 227 — y2 + 57
_ 4x2(sz F a2 y? ~|—z2)
=4x2.
Similarly, v, = 4y? and v3 = 4z2, which confirms that the eigenvector has compo-

nents associated with the quaternion’s vector. The square terms should be no sur-
prise, as the triple qpq ™! includes the product of two quaternions.

11.6 Rotating About an Off-Set Axis

Now that we have a matrix to represent a quaternion rotor, we can employ it to
resolve problems such as rotating a point about an off-set axis using the same tech-
niques associated with normal rotation transforms. For example, in Chap. 9 we used
the following notation

/

/

/ = TlmoatzRvaTftx;Oxftz

—_ N e =
—_ N e =

to rotate a point about a fixed axis parallel with the y-axis. Therefore, by substituting
qpq~! for Rg , we have

x/
Y 1
7 =T 0,99 T-r, 0,
1

—_— e =

Let’s test this by rotating our unit cube 90° about the vertical axis intersecting ver-
tices 4 and 6 as shown in Fig. 11.8 (a) and (b).
The quaternion to achieve this is

q = cos45° + sin45°j

with the pure quaternion

p=0+u
and using (11.3) this creates the homogeneous matrix
0 010 Xy
-1_|1 0 1.0 0 Yu
4= 1 00 0]z
0 0 0 1 1
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axis of rotation

Fig. 11.8 The cube is rotated 90° about the axis intersecting vertices 4 and 6

The other two matrices are

1 0 0 —1
01 0 O
T-w00=19 0 1 o
|00 0 1
1 0 0 1
01 00
Two00=10 0 1 ol
|0 0 0 1
Multiplying these matrices together creates
0 0 1 1
01 00
-1 0 0 1
0 0 0 1
which when applied to the cube’s coordinates produces
0 0 1 1 000 O0T1TT1T11
0100|001 1O0O0T11
-1 0 0 1 01 01 01 01
0 0 0 1 1 1111111
1 212121 2
{00 1T 1 0 0 1 1
1 1 1 1 0 0 0O
1 1111111
These coordinates are confirmed by Fig. 11.8 (a) and (b).

11.7 Frames of Reference

Chapter 10 explored various techniques for changing the coordinates of objects in
different frames of reference. Now that we have covered quaternions, and especially
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(a) (b)

z

Fig. 11.9 The frame is rotated 180° about the vector [i 4 k]

the matrix representing the triple q~!pq, (11.5) we can show how quaternions can
be added to these techniques.

The triple qpq~" is used for rotating points about the vector associated with
the quaternion q, whereas the triple q~'pq is used for rotating points about the
same vector, but in the opposite direction. But we have already reasoned that this
reverse rotation is equivalent to a change of frame of reference. To demonstrate this,
consider the problem of rotating the frame of reference 180° about i + k as shown
in Fig. 11.9 (a) and (b). The unit quaternion for such a rotation is

1 1
=c0s90° + sin 90°<—i + —k)
d V22

V2, V2
=0+ —i+ —k
+ 5 1+ >
Consequently,
2 2
s =0, x:i, =0, z:i—.
2 2

Substituting these values in (11.5) we obtain

0 0 1]]x
1

q pgq=|0 -1 O Yu
1 0 O Zu

which if used to process the coordinates of our unit cube produces

This scenario is shown in Fig. 11.9 (a) and (b).
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Fig. 11.10 The point Y
(0, 1, 1) is rotated 90° about
the vector v to (1, 1, 0)
(0,1,1)
P
Z

11.8 Interpolating Quaternions

Like vectors, quaternions can also be interpolated to compute an in-between quater-
nion. However, whereas two interpolated vectors results in a third vector that is
readily visualised, two interpolated quaternions results in a third quaternion that
acts as a rotor, and is not immediately visualised.

We have already seen that the spherical interpolant for vectors is

_sin(1 —1)6 sint6

- Vi V2
sind sind
and requires no modification for quaternions:
sin(1 —1)0 sint0
= q2.- (11.7)

sinf a sinf
So, given
qi=s1+xii+yj+zk
Q@ =52+ x2i+ y2j + 22K
6 is obtained by taking the 4D dot product of q; and q»:
_ 9192

lq1llq2|
$182 +x1x2 + y1y2 + 2122

lqillqz]
and if we are working with unit quaternions, then

cos =

cosf =s152 + x1x2 + y1y2 + 2122. (11.8)

Let’s use (11.7) in a scenario with two simple quaternions.

Figure 11.10 shows one such scenario where the point (0, 1, 1) is rotated 90°
about v, the axis of q;. Figure 11.11 shows another scenario where the same point
(0, 1, 1) is rotated 90° about v, the axis of q2. The quaternions are

ff

q1 =co0s45° +sin45°%j = — + 7]

2 2
2 = cos45° 4 sin45°% = % + gi'
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Fig. 11.11 The point Y
(0, 1, 1) is rotated 90° about
the vector vto (0, —1, 1)

(0,-1,1)

Therefore, using (11.8)

2
cosf = iﬁ =0.5
2 2
6 = 60°.

Before proceeding, let’s compute the two matrices for the two quaternion triples.
For q;

which when substituted in (11.3) gives

00 17[x,
qpg;'=| 0 1 0|
10 0]z,

Substituting the coordinates (0, 1, 1) gives

1 0 0 1 0
1| = 01 0 1
0 -1 0 O 1
which is correct.
For q3
V2 V2
= , = —, = 0, = 0
s 2 X > y b4

0 1 0 0
-1 (=0 0 -1 1
1 0 1 0 1

which is also correct.
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Fig. 11.12 The point
(0, 1, 1) is rotated 90° about
the vector v to (1,0, 1)

@, 0,1

Using (11.7) with £ = 0.5 should compute a mid-way position for an interpolated
quaternion, with its vector at 45° between the x- and y-axes, as shown in Fig. 11.12.
We already know that 6 = 60°, therefore sin = +/3/2, and using (11.7)

sin%60°(ﬁ ﬁ,>+sin%600<ﬁ ﬁ,)
— - — —1

9= Sn60e \ 2 T 29) T ineoe \ 2 T2
1 (V2 V2, 1 (V2 V2,
=ﬁ<7+?>+ﬁ(7+7'>
=ﬁ+ﬁj+ﬁ+ﬁi
23 23 243 23
N/ U U
=7§+%1+76J
therefore,
V2 1 1

= X =—, = ZZO
& NN

which when substituted in (11.3) gives

-3 2 297 T,
apg ' =| 2 1-2(p) 2= | | Y
203 2P 1-2G+g L
and
2 1 2
3 3 3 Xy
apq ' =| + 2 -3||w
_2 2 1 Zu
3 3 3

Substituting the coordinates (0, 1, 1) gives

2 1 2

1 3 3 3

_ 1 2 2
0f= 3 5 —5 1 (11.9)

1 _2 2 1

3 3 3

which gives the point (1, 0, 1).
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Fig. 11.13 Spherical
interpolation between q
and qp

One of the reasons for using this spherical interpolant is that it linearly inter-
polates the angle between the two quaternions, which creates a constant-angular
velocity between the quaternions. However, one of the problems with visualising
quaternions is that they reside in a four-dimensional space and create a hyper-sphere
with a radius equal to the quaternion’s magnitude. With our 3D brains, this is diffi-
cult to visualise. Nevertheless, we can convince ourselves into thinking we see what
is going on with a simple sketch, as shown in Fig. 11.13, where we see part of the
hyper-sphere and two quaternions q; and q>. In this example, the angle ¢ is a con-
stant angle between two values of the interpolant 7. The spherical interpolant also
ensures that the magnitude of the interpolated quaternion remains constant at unity
and prevents any unwanted scaling.

Figure 11.14 provides another sketch to help visualise what is going on. For ex-
ample, when 7 = 0, the interpolated quaternion is q; which rotates the point (0, 1, 1)
to (1, 1, 0), and when ¢ = 1, the interpolated quaternion is gy which rotates the point
0,1,1) to (0, —1, 1). When t = 0.5, the interpolated quaternion rotates the point
(0,1,1) to (1,0, 1) as computed above. Two other curves show what happens for
t=0.25and t =0.75.

A natural consequence of the interpolant is that the angle of rotation is 90° for
t =0and r =1, but for r = 0.5 the angle of rotation (eigenvalue) is approximately
70.5°. Corresponding angles arise for other values of ¢.

Fig. 11.14 Sketch showing
the actions of the interpolated
quaternions
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11.9 Converting a Rotation Matrix to a Quaternion

The matrix transform equivalent to qpq~" is

[2(s2 +x%) — 1 2(xy — 52) 2(xz+sy) | [ xu
apq '=| 20y +s2) 27 +yH -1 200z—s0) || W
2(xz —sy) 2(yz4sx) 2(s°+7>)—1 Zu

ajl ap ap Xy

=|ax axn axp Yu

| a31 a3z as3 Zu

Inspection of the matrix shows that by combining various elements we can isolate
the terms of a quaternion s, x, y, z. For example, by adding the terms a1 4+ a2 +az3
we obtain:

an +an+azz = (2(s* +x%) — 1) + (2(s* + %) = 1) + 2(s* + %) — 1)
=65 +2(x* +y* +2%) =3
=457 —1

therefore,

1
K =:l:§\/l “+ a1 +ax + ass.

To isolate x, y and z we use

1
x= 5(032 —an3)

1
y= 5(013 —asy)

1
7= E(azl —ap).

We can confirm their accuracy using the matrix (11.9):

[*2)

Il
H_
N =
=
(OSSR )
_I_
W1 N
_|_
W =
I
SIS

-2
5603

(e

-5-3)-

which agree with the original values.
Say, for example, the value of s had been close to zero, this could have made the
values of x, y, z unreliable. Consequently, other combinations are available:
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1
xziz\/l-l-all —axn —az3
1
y=—/(ai2 +az)
4x

1
z=—/(a13 +az1)
4x

1
s = E(an —as3)

1
)’=:|:§\/1—a11+a22—a33

1
x =—(a2 +az)
4y

1
z=—(az +az)
4y

1
s = E(als —asy)

1
z=ﬂ:§\/1—a11 —a +as;

1
x =—(a13 +az1)
4z

1
y=—(a +as)
4z

1
s = 4—Z(a21 —ap).

Quaternion algebra offers a simple and efficient way for computing rotations, but
can also be evaluated in matrix form. We have also shown that it is possible to move
between both forms of notation. It is left to the reader to code up some of these ideas
and explore issues of accuracy and efficiency.

11.10.1 Summary of Quaternion Transforms

Given

q=ys+V=cos(0/2) + sin(0/2)(xi + yj + zKk)
p=0+u.
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Rotating a point about a vector

qpq ! = (1 — cosO)(¥ - u)¥ + cosfu + sin OV x u.
Rotating a frame about a vector

q 'pq=(1 —cosO)(¥-u)¥ + cosfu — sinHV x u.
Matrix for rotating a point about a vector

(1 -2 +2%) 2(xy — 52) 2(xz4+sy) | [ x4
apq'=|  2xy+s2) 1-20% 427 20z—sx) || W
2(xz — sYy) 2(yz+sx) 1-— 2(x% + y2) 1 Lzu |

Matrix for rotating a frame about a vector

[1-2(*+2%) 2(xy +52) 2xz —sy) | [ xu
q 'pg= 2xy —sz) 1—=2(x>+z2%) 2(yz +sx) Yu
2(xz 4+ sy) 2(yz—sx) 1-— 2(x% + yz) J Lz ]

Matrix for a quaternion product

ST —X1 —Y1 —21 $2

X1 ST —Z1 V1 X2
192 = L(qn)q2 =
1 wa Vi 21 ST —X1 y2
21 =N X1 S1 22
§2 —X2 —Y2 —22 S1

X2 52 2 =N X1
y2 =22 52 X2 Y1
22 2 —x2 $2 71

q192 = R(q2)q1 =

Interpolating two quaternions
sin(1 —1)0 sint6
= : q1 —q2
sinf sin @

where
_ 41
lq11l92]
S182 +x1x2 + y1y2 + 2122
cosf =
lq1llqz|

Quaternion from a rotation matrix

1
S=ﬂ:§\/1+a11+a22+a33

1
X = E(an —az3)

1
y= 5(013 —asy)

1
7= E(GZI —ay)
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1
x=ﬂ:§\/1+all —axn —az3

1
y=-—(ai2 +az)
4x

1
z=—(ai3 +asy)
4x

1
s = E(asz —ass)

1
y=i§¢1—a11+a22—a33

1
x =—/(a12 +az)
4y

1
z=—/(a3 +azy)
4y

1
s = E(am —asy)

1
Z:iE\/l_all_a22+a33

1
x =—(a13+azy)
4z

1
y = —(az3 +asy)
4z

1
s = 4—1(6121 —apy).



Chapter 12
Bivector Rotors

12.1 Introduction

In Chap. 6 we explored multivectors, and in Chap. 11 we saw how quaternions are
used to rotate points and frames of reference about an arbitrary vector. In this chapter
we will see how these two ideas merge into one to form bivector rotors. In order to
show how such rotors operate, we begin with reflections and show how these can
effect a rotation.

12.2 The Three Reflections Theorem

The three reflections theorem states that ‘each isometry of the Euclidean plane is
the composite of one, two, or three reflections.” To begin with, an isometry of the
Euclidean plane is a way of transforming the plane that preserves length. Such
isometries include rotation, translation, reflection and glide reflections. The latter is
a combination of a reflection in a line and a translation along that line. John Stillwell
provides an elegant proof for this theorem in his book Numbers and Geometry [8].

The isometry we are particularly interested in is reflection, where the distance
between two points is preserved in their reflection. Consider, for example, the 2D
scenario shown in Fig. 12.1 where two lines M and N are imaginary mirrors sepa-
rated by an angle 6. The real point P subtends an angle o to mirror M and creates
a virtual image Pr which subtends an equal but opposite angle.

Although it is not physically possible, we can imagine that the virtual image Pg
is reflected in the second mirror N. To begin with, P subtends an angle 6 — « to
mirror N and creates another virtual image P’ which subtends an equal and opposite
angle. What is interesting about this configuration is that although the mirrors are
separated by 0, the angle between P and P’ is 260. In order to take advantage of this
effect we need to know how vectors are reflected using multivectors, which is the
subject of the next section.

J. Vince, Rotation Transforms for Computer Graphics, 181
DOI 10.1007/978-0-85729-154-7_12, © Springer-Verlag London Limited 2011


http://dx.doi.org/10.1007/978-0-85729-154-7_12

182 12 Bivector Rotors

Fig. 12.1 Rotating a point by

a double reflection M

12.3 Reflecting a Vector

Figure 12.2 shows a mirror with a unit normal vector i and a vector a with its
reflection a’. Vector a has a perpendicular component a; and a parallel component
a| with n, and our objective is to derive a definition of the reflection a’ in terms of
vector a and any other essential vectors.

From our knowledge of multivectors, we know that i = 1 which permits us to
write

a=’a = n(ha).
This has created the geometric product na which equals
na=n-a+nAa (12.1)
therefore,
a=n(n-a+nAa). (12.2)

We can see that (12.2) has two parts: fi(fi - a) and fi(fi A a). The first part is another
way of expressing a:

a = (ﬁ . a)ﬁ
and as

a=aj +a|

Fig. 12.2 Reflecting a vector
in a mirror
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the second part must be
a, =n(nAa).
From Fig. 12.2 we see that
a'=a; —a| (12.3)
=n(mAa)— (0-a)i. (12.4)
Equation (12.4) contains the product of a vector n and a bivector fi A a which anti-

commute:

(ha — an)

=>
=
>
o
N—

(a — nan)

N =N =

whereas,
. R A o
(nAan= E(na —an)n
1(A h—a)
= —(nan —a
2

therefore, we can write (12.4) as

a’'=—(h-a)h — (hAah
which simplifies to
a'=—(h-a+nAa)h. (12.5)
By substituting (12.1) in (12.5) we have
a’ = —fan (12.6)

which is rather elegant!

To illustrate (12.6), consider the scenario shown in Fig. 12.3 where we see a
mirror placed on the zx-plane with normal vector j or e;. The vector to be reflected
is

a=i+j—k
which can also be expressed as
a=e; +e —e;3.
Using (12.6) we have
a'=—ex(e; +e—e3)er
which, using the rules of multivectors simplifies to
a’ = —ejejer — ererer + ere3€)
=€ —€—¢€3
=i—j—k

and is confirmed by Fig. 12.3. Now let’s see how these ideas can be generalised into
3D rotations.
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Fig. 12.3 Reflecting a vector
in a mirror

12.4 3D Rotations

Figure 12.4 shows a plan view of two mirrors M and N with their respective unit
normal vectors m and n separated by an angle 6. The plane containing m and 1 is
readily defined by their wedge product m A fi. Using (12.6) we can compute vector
a’s reflection by

b = —mam 12.7)
and b’s reflection by
a’ = —nbh. (12.8)
Substituting (12.7) in (12.8) we obtain
a’ = fimamh, (12.9)
which is extremely compact. However, we must remember that a is rotated twice
the angle separating the mirrors, i.e. 20. Within geometric algebra fim is called a

rotor, and is represented by R, which means that using the reverse operation T we
can write (12.9) as

a’ =RaR’ (12.10)

which reminds us of the way quaternions work.
To illustrate the action of (12.10) consider the 2D scenario shown in Fig. 12.5
with two mirrors M and N and their unit normal vectors m, fi and position vector p:

N

Fig. 12.4 Rotating a point by
a double reflection
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12.4 3D Rotations
Fig. 12.5 Rotating a point by . €A
180° ’ n <
P
pl
ITi]
e

m=ep

n= —€]

p=e; —es.

As the mirrors are separated by 90° the point P is rotated 180°:

p’ = hmpmh
= —ejex(e; —ep)ex(—eq)
=e2121 — €12221

p =—e +e.

Let’s now define a rotor in terms of its bivector and the actual angle a vector is
rotated as follows. The bivector defining the plane is m A f and 6 is the rotor angle,

which means that the bivector angle is 6/2. Let

Ry = nm
oA
R, =mn
where
nm=n-m—mAn
mhn=n-m-+mAn
n-m=cos(6/2)
m A fi =sin(6/2)B
Therefore,

Ry = cos(6/2) —sin(6/2)B
R} = cos(6/2) + sin(6/2)B.

We now have an equation that rotates a vector p through an angle 6 about an axis

defined by B:
P’ =RopR;



186 12 Bivector Rotors

or
p’ = (cos(8/2) — sin(6/2)B)p(cos(6/2) +sin(@/2)B). (12.11)
Let’s demonstrate how (12.11) works with two examples.

Example 1 Figure 12.6 shows a scenario where vector p is to be rotated 90° about
e, which is perpendicular to B, where

0=90°, a=e;, p=e;t+e, ﬁ:e31.
Therefore,

(cos45° — sin45°3;) (€] + €2) (cos45° + sin45°3))

V2 V2
= <— - _e3l>(el +ez)<— + 7631)
£e £e — i_e fe \/_5 + Qe
1+ 2 S8 - e > 563l
1
5(91 —e3+ey+ex3) —e3—e; —e32 — e31231)
=€ —e3

which is correct.
Observe what happens when the bivector’s sign is reversed to —e3:

p’ = (cos45° + sin45°e31 ) (e + e2)(cos45° — sin45°e31)

1
= 5(1 +e31)(er +e2)(1 —e3p)

1
= 5(61 + ez +e3 +e312)(1 —e31)

Fig. 12.6 Rotating a vector
by 90° €3
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Fig. 12.7 Rotating a vector e
by 120°

N

€

1
= 5(61 +e3 4+ e+ ey +e3 —e| +e312 —e31231)

p=e+e;
the rotation is clockwise about e;.
Example 2 Figure 12.7 shows a scenario where vector p is to be rotated 120° about
the bivector B, where
m=e;—e3, n=e—e3, 60=120°, p=e;+es.
First, we compute the bivector:
B=mAn
=(e] —e3) A (e2 —e3)
=ej2 +e3 +e31.

A

Next, we normalise B to B:

A 1
B=—(e;xp+ex3+e3)
V3

and

p’ = (cos60° — sin 60°]§)p(cos 60° + sin 60°]§)

1 31 1 31

= (5 - \/7_%(012 +ex3 +e31)>(e2 +e3)<§ + %E(elz +ex3 +e31)>
(1 enn e e3 1 en e3  e3
_(2 2 2 2>(e2+e3)<2+ y Tt 2)

1
=Z(62+e3—e1—6123-I-e3—62—6312+e1)(1+e12+ez3+e31)

1
= 5(63 —e23)(1 +epp +ex3 +e31)

1

=—(e3—ery+e; +e3+e+ep)

=e; +es3.

[\



188 12 Bivector Rotors

These examples show that rotors behave just like quaternions. Rotors not only
rotate vectors, but they can be used to rotate any multivector, irrespective of their
dimension.

12.5 Rotors as Matrices

Although rotors can be computed using geometric algebra, there is a one-to-one
correspondence with matrix algebra, which we will now demonstrate.

12.5.1 2D Rotor

To begin with we will show that a 2D rotor is nothing more that a 2 x 2 matrix in
disguise for rotating a point 26 about the origin.
Given

m=mie; +mye;
n=nje; +ne;
p=pier + p2e2

and 6 is the angle between m and n. Therefore, we can write

where

m A n=sinéej.
Therefore, using the definition of a rotor
p’ = hmpmh
= (cos6 —sinfe(y)(pre; + prer)(cosh + sinbepr)
= (p1cosbe; + pycosber + pisinfer, — pysinfer)(cosd + sinfepr)
= ((p1 cosf — pasinf)e; + (pysind + ps cos Q)ez)(cose + sinfeqn)
= ((00529 - sin29)p1 —2cosfsinfp;)e;
+ (2cosfsinOp; + (00529 — sin? 0) p2)e:
= (p1cos20 — prsin20)e| + (p1sin20 + pr cos26)e;

Pll _ | cos20 —sin20 || pi
P | sin20  cos20 || p2

or in matrix form
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which is the matrix for rotating a point 20 about the origin. Now let’s do the same
for a 3D rotor.

12.5.2 3D Rotor

We begin with a unit bivector defining the plane m A i, about which the rotation is
effected, where

m

mie; + moer + mszes
n=ne| + nye; + n3es

and we deliberately define

Ry = nm

where 0 is half the angle between m and n.
The rotor will take the form

Ry =5 —xex3 — ye3; — zepp

which permits us to define
R/ =it

which is

Rg =5+ xex3 + ye3; + zeja.
Therefore, given an arbitrary vector

V=vi1e] + vyep + vies
the rotated vector is given by
vV =Ry VRZ.

To keep the algebra simple it is best to compute the individual components of v/

using RgvlelRZ, RgvzezRZ and R9v3e3R;:
Revlele = (s — xep3 — ye3; — zep)vie (s + xex3 + yes; + zepn)
=vi(se; —xej23 — yesz + zex) (s + xex3 + yesr + zepn)
=v1((s* +x2 = y? — 2%)e; +2(xy + s2)ex + 2(xz — sy)e3)

but

s2~|—x2=1—y2—z2
therefore,

Rgvlele =v((1- 2(y2 + zz))el +2(xy + sz)ex + 2(xz — sy)e3).
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Next,

RevzezRZ = (s — xep3 — ye3| — zep)v2ex(s + xexs + yes; + zeq2)
=vp(sey + xe3 — yej3 + zej)(s + xex3 + yes) +zej2)
=0 (2(xy — s2)er + (s> —x? + y* — 2%)er + 2(yz + sx)e3).

Substituting
s2+y2=l—x2—22
we have
Ry vzezRg =vp(2(xy —s2)er + (1 —2(x* +2%))e2 + 2(yz + sx)e3).
Next,

Rev3e3R; = (s — xex3 — ye3; — zejp)vies(s + xex3 + yes; + zepn)
=v3(se3 —xey + ye| — zej23)(s + xex3 + yes3; +ze2)
=v3(2(xz + sy)er +2(yz — sx)ex + (s* —x% — y2 + 2%)e3).

Substituting
s2—|—22=1—xz—y2
we have
Rgv3e3R2 =v3(2(xz — sy)e; +2(yz — sx)ex + (1 — 2()62 + yz))e3).
Therefore,
RovR) = Ruje;R" + RuyesR + RuzesRY

or as a matrix

vy 1 -2y 423 2(xy — 52) 2(xz +sy) vy
v, | = 2xy +52) 1-2(x%*+2%) 2(yz — sx) v
v} 2(xz — 5y) 2yz+sx) 1=2(x24+y>) || v3

which is the same matrix representing the quaternion triple qpq~".

The reader should not be put off by the above algebraic proof. It has been in-
cluded to demonstrate that bivector rotors behave just like quaternions and are rep-
resented by identical matrices.

You may wish to investigate the matrix for the reverse rotor triple Rg PRy, which
you will discover is

v 1-22+2%)  2y+s3) 2az—s»|[w
v, | = 20y —sz) 1—2(x%2+2%) 2(yz +sx) vy
v} 2(xz +5y) 2z —sx) 1=2(x2+y>) || v3

and is the transpose of the above matrix for R@VRZ). Thus the matrices confirm that
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Rngg rotates a vector anticlockwise by 6
R; vRy rotates a vector clockwise by 6.

Furthermore, maintaining our convention about rotating points and frames:

Ry ng rotates a frame clockwise by 6

R; vRy rotates a frame anticlockwise by 6.

12.5.3 Extracting a Rotor

Say we are presented with
b = Ry4R)

where we know & and b and have to discover Ry. Here is one way we can undertake
the task, which is cunning, rather thaq obvious!

Figure 12.8 shows vectors a and b and a third vector fi, mid-way between the
two vectors. Vector n bisects the angle 6 separating a and b, therefore, the product
bA must be a rotor capable of rotating any vector in the plane n A b by 6, which
permits us to write

A

b = bhanb

or
b =R¢aR;
where
Ry = bA (12.12)
R) =iib. (12.13)
Next, to eliminate i we compute
. a+b
n=——
|a+b|
An
b a
012 |6/2
Anb
Fig. 12.8 Vector n bisects 6




192 12 Bivector Rotors

and substitute it in (12.12):

Ry = bh
[ a+b
=5(iri)
|a+b|
_1+ba
|a + b
Similarly,
R, = iib

It is possible to show that

la+b|=/2(1+4a-b)

which permits us to propose an alternative solution

1 +ba
Ry—= 22 (12.14)
V2(1+a-b)
. 1 +ab
' +a (12.15)

Rj=——.
V2(14+4a-b)

Now let’s put these definitions to the test. A

Figure 12.9 shows vector a aligned with the e; axis and b aligned with the e;
axis. Therefore, the rotor is acting in the ej> plane with an angle of 45° to effect a
rotation of 90°. Using our knowledge of rotors, it is obvious that

=
A

90°

Fig. 12.9 Vector a rotates
tob €
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Rygo = c0s45° —sin45°%;
1—ep
T V2
R;Oo = c0s45° + sin45°,
1+ep
V2
So let’s confirm these using (12.14) and (12.15):

1+ ezeq
Rypo = —mmmoeo—e
V2(1+e1 -e)
_ 1-— €12
2
1
RT = +eje
N7 V2(1+er-e)
. 14+ep2
V2
which confirm our predictions.
In a previous example above, we used

R0 = c0s 60° — sin 60°B

i _ o : o
R1200 = co0s 60° 4 sin 60°B

1
=—(e;2+ex+e3p)

/3

>

to rotate e, 4 e3 to e 4 es.
Let’s use (12.14) and (12.15) to invert the process, but remember that we are
dealing with unit vectors, which means that we have to normalise a and b:

. 1
a= ﬁ(ez—f-%)
N 1
b= ﬁ(el +e3).

Furthermore, although the bivector B formed the plane of rotation in the previous
example, this time, the plane of rotation is a A b. Therefore,

1 +ba
120°=7A
V2(1+a-b)

L+ J5(e1 +e3) 5 (€2 +e3)

R

L0t L@ re Sete)
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1+ Tex—e3 —ex+1)

200+ 3)
1+ %elz - %623 - %631 + %
V3
£ + £ — ﬁe — £e
3 g €127 e T el
which makes
N S T T
R =73 ~g et gentgen
But does it work? Well, let’s find out by forming the product
1
R 500 \/—(ez-i-e%) 12\/5(3+612+e32+el3)

x (€2 +€3)(3 —e2 —e3 —e3)

1
=——(e;+e+2e3)(3—ep —e3x —e3)

6+/2

1
= ——(6e; + 6e
6«/5< 1 3)

1
=—=(e;1 +e3)
V2
which is correct.
Finally, let’s employ the rotor matrix. But remember that its definition of Ry has
a negative bivector term, which means that we have to switch the bivector terms in
R o or use the bivector terms from R 120°

i 3 3 V3 V3
R =7 ~gentgent g
where
V3 V3 V3 3

T YT YT T
[1-2(02+2%) 2(xy — 57) 2xz4+sy) | [ v
R120°VRI20° = 2xy +57) 1 -2(x%+2%) 2(yz — sx) v
2(xz — sy) 20yz4sx) 1-224+yH) | [ v

1 1 1 3 1 3

1 —2(35 + 13) 2(15 + 13) 23t 13) vy

_ [ 1 1 13
= Az — 1) 1-2(z+ 1) 23— 13) V2

1_3 1,3 1,1 v
L 23— 13) 203+t 1-2(g+1w) 3
-2 2 1

3 3 3 V]
1 2 2

=73 03 T3 || ™2
—2 1 2 &}

L™3 3 3
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Substituting a = [e; + e3] we obtain

—_—O =
Il
|
WIN W= W[
W= WIN W
|
WIN W W=

which is correct.
You may also like to verify that the determinant of the matrix is 1.

12.6 Summary

It is very interesting to see the close relationship between quaternions and geomet-
ric algebra. It demonstrates that although it is possible to describe the low-level
arithmetic that actually does the work behind the scenes, such as a matrix, it is also
possible to invent objects such as quaternions or bivectors, trivectors, etc., that pro-
vide a conceptual high-level framework that allow mathematicians to work more
productively and creatively. In the end, Hamilton, Grassman and Clifford have pro-
vided us with some extraordinary mathematical inventions that have found their way
into computer graphics, and I hope that this chapter has shown you another way of
handling rotations.

12.6.1 Summary of Bivector Transforms

Reflecting a vector in a plane
v = —nvh.
Rotating a vector using rotors
vV = R@VR;
where
Ry = cos(0/2) — sin(0/2)B
R} = cos(6/2) + sin(6/2)B.

Rotor as a matrix

1207+ 2(xy — 57) 2xz+sy) | [ v1]
RyvR! = 2xy +s57) 1-2(x2+2%) 2(yz —sx) | | v
2xz—sy)  20vz+sx) =224 y7) | [vs ]
(1 -2 472 2(xy +52) 2xz—=sy) | [vi]
Rngg = 2xy —sz) 1—-2(x2+2%) 2(yz +sx) v
2(xz+sy) 2(yz —sx) 1 —=2x2+y?) 1 Lvs]
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where

Extracting a rotor
If

then

Rg =5 — xep3 — ye3; —zepn
Rg =95+ xep3 + ye3; + zejn.

b =RgaR;

Ry = 1A+f’f?‘ _ 1 + ba
la+bl  Hh14a.b
1+ 4ab 1+ ab

Rg: +3A _ +a

12 Bivector Rotors



Chapter 13
Conclusion

The aim of this book was to take the reader through the important ideas and mathe-
matical techniques associated with rotation transforms. I mentioned that I would not
be too pedantic about mathematical terminology and would not swamp the reader
with high-level concepts and axioms that pervade the real world of mathematics.
My prime objective was to make the reader confident and comfortable with com-
plex numbers, vectors, matrices, quaternions and bivector rotors. I knew that this
was a challenge, but as they all share rotation as a common thread, hopefully, this
has not been too onerous for the reader.

The worked examples will provide the reader with real problems to explore. As
far as I know, they all produce correct results. But that was not always the case, as it
is so easy to switch a sign during an algebraic expansion that creates a false result.
However, repeated examination eventually leads one to the mistake, and the correct
answer emerges so naturally.

The real challenge for the reader is the next level. There are some excellent books,
technical papers and websites that introduce more advanced topics such as the B-
spline interpolation of quaternions, the kinematics of moving frames, exponential
rotors and conformal geometry. Hopefully, the contents of this book has prepared
the reader for such journeys.

What I have tried to show throughout the previous dozen chapters is that rotations
are about sines and cosines, which are ratios associated with a line sweeping the unit
circle. These, in turn, can be expressed in various identities, especially half-angle
identities.

Imaginary quantities also seem to play an important role in rotations, and it is just
as well that they exist otherwise life would be extremely difficult! We have seen that
complex numbers, quaternions and bivector rotors all include imaginary quantities,
and at the end of the day, they just seem to be different ways of controlling sines and
cosines. I am certain that you now appreciate that quaternions are just one of four
possible algebras that require an n-square identity, and that they are closely related
to Clifford algebra. Which one is best for computer graphics? I don’t know. But I am
certain that if you attempt to implement these ideas, you will discover the answer.
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Appendix A
Composite Point Rotation Sequences

A.1 Euler Rotations

In Chap. 9 we considered composite Euler rotations comprising individual rotations
about the x, y and z-axes such as R, (Rg yRy ; and R, ;Rg R, . However, there
is nothing preventing us from creating other combinations such as R, yRg yRy x or
R, ;Rg yRy, ; that do not include two consecutive rotations about the same axis. In
all, there are twelve possible combinations:

R)/,XRﬂ,yRO{,Xa Ry,xRﬁ,yRa,z’ Ry,xRﬂ,zRot,x’ Ry,xRﬁ,zRa,y

Ry RgxRay, Ry yRpxRaz, Ry yRg:Rox, Ry yRp Ry,

Ry :Rg:Ray, Ry :Rp:Roz Ry:RgyRor, Ry :Rg Ry
which we now cover in detail.

For each combination there are three Euler rotation matrices, the resulting com-

posite matrix, a matrix where the three angles equal 90°, the coordinates of the

rotated unit cube, the axis and angle of rotation and a figure illustrating the stages
of rotation. To compute the axis of rotation [v; v2 31T we use

v = (a2 — (a3 — 1) — azzazn

v2 = (a3 — D(a11 — 1) — azia13

v3=(ai1 — D(axn — 1) —apaz
where

ail ap a3
R=|ay axn azx
a1 axn  asz

and for the angle of rotation § we use
1
cosd = E(Tr(R) — 1).

We begin by defining the three principal Euler rotations:
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200 A Composite Point Rotation Sequences

1 0 0
rotate o about the x-axis Ry x=|0 c¢ —Squ
| 0 s Ca |
[ cB 0 Sg ]
rotate B about the y-axis Rg y = 01 0
| —sp 0 cp |
_CV —5y 0]
rotate y about the z-axis R, ;= s, ¢, 0
0 0 1

where ¢, = cos« and s, = sina, etc.

Remember that the right-most transform is applied first and the left-most trans-
form last. In terms of angles, the sequence is always «, 8, y.

For each composite transform you can verify that when o = 8 = y = 0 the result
is the identity transform I.

We now examine the twelve combinations in turn.



A2 R,.Rg R, 201

A2 Ry xRg yRy «

1 0 0 cg 0 sg 1 0 0

R, Rg Ry =0 ¢, —s 01 0 0 ¢y —Sq
| 0 sy Ccy —sg 0 «cp 0 sy Co

— cp SpSa SBCq

= sysg (CyCo — SyCpse)  (—CySq — SyCpCy)
| —¢ysp (Syca tcycpsa)  (—SysSa + Ccycpca)

[0 1 0]
R90°,xR90°,yR9o°,x= 10 0
|0 0 —1]
[0 1 0o][0o 0 0 O 1 1 1 1
1 0 0 001 1 001 1
(|00 -1]]0 1T 0 1 0 1 0 1
0 0 1 1 0 0 1 1
=0 0 0 0 1 1 1 1
0O -1 0 -1 0 -1 0 -1

This rotation sequence is illustrated in Fig. A.1 (a)—(d), where the axis of rotation
is[2 2 0]T and the angle of rotation 180°.

Fig. A.1 Four views of the unit cube before and during the three rotations Ryje , Rggo Ry
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A3 Ry xRg yRy ¢

1 0 0 cg 0 sp co —S¢ O
R, Rg Ry ;=10 ¢, —s o1 O Sa¢ ¢q O
10 sy cy —sg 0 «cg 0 0 1

i CpCq —CpSa sg

= | (cySq +Sysgca) (CyCoq —SySpSa) —SyCp
| (SySa — cyspca) (SyCa + CySpSa) CyCp

[0 0 17]
R9o°,xR90°,yR90°,z: 0 -1 0
1 0 0]
0 o0 1]fo0o 0011 11
0 -1 0 00110011
R 0 0fJ{[0O 1 0101 01
[0 1 0 0 1 1
=0 0 -1 -1 0 0 -1 -1
00 0 011 1 1

This rotation sequence is illustrated in Fig. A.2 (a)—(d), where the axis of rotation
is[2 0 2]T and the angle of rotation 180°.

Fig. A.2 Four views of the unit cube before and during the three rotations Rgge , Rggo Rggo -
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A4 Ry Rg Ry x

1 0 0 cg —sg O 1 0 0
R,;Rg:Ryx=|0 ¢, —s sg cg O 0 co —Sa
0 s Cy 0 0 1 0 sy Ca

cg —SBCa SpSa
=|cysg (=Sysq tcycpcy) (—=8ycq — CyCpsy)
| Sysg (cysq +sycpca) (cyca — $yCpSa)

[0 0 17
R9o°,xR90°,zR90°,x= 0 -1 0
|1 0 0]
[0 0 170 00 01 1 11
0 -1 0 001 1 0011
| 1 0 0J[O 1 01 01 01
[0 1 0 1 0 1 1
=0 0 -1 -1 0 0 -1 -
00 0 01 1 1

This rotation sequence is illustrated in Fig. A.3 (a)—(d), where the axis of rotation
is[2 0 2]T and the angle of rotation 180°.

X

Fig. A.3 Four views of the unit cube before and during the three rotations Rgge , Rggo Rggo
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AS Ry xRg Ry, y

1 0
R, Rg:Ryy=10 ¢
0 s

= (8ySq + Ccy8pCa)
| (—¢ySa + 5y5pCa)

[0 —1
R9O°,xR90°,zR90°,y= 1 0
K 0
[0 —1
1 0
K 0
[0 0
=|0 0
0 1

A Composite Point Rotation Sequences

0 cg —sg 0 ce 0 54
Sy Sg cg O 01 0
cy 0 0 1 —s0 0 ¢4

CcpCa  —SB CBSa

cycg  (—=sycq +CySpsa)

syCp (cycq +5y585¢)
0
0
1—
0]fo o 0o 0 1 1 1 1
0 001 1 0011
{01 010101
1 -1 0 0 -1 -
0 0 1 1 1
0 1 0 1 0 1

This rotation sequence is illustrated in Fig. A.4 (a)—(d), where the axis of rotation
is[0 0 2] and the angle of rotation 90°.

Fig. A4 Four views of the unit cube before and during the three rotations Rgpe , Rggo _Rggo |



A6 R, ,Rg, Ry

A.6 R}”yRﬂ’xR‘x’y

Ry yRpxRoy =

R90°,yR9O°,xR9O°,y =

L (=
K
1
0
K
1
K
K
0

0

Cy

Sy

0 s
01 O
0 ¢

1
0
0

(cycq — syCpsqa)

SBSq

$yCq — CyCRSy)

0
0
—1

0

S OO

(el

—1

- o O

— O
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0 0 ce 0 sy
Cﬂ —Sﬂ 0 1 0
s cp —s¢ 0 ¢4
SySp (cySa +sycpcq)
cp —SpCq
cysg  (=Sysq +cycgey)
00 1 1 11

1 1.0 0 1 1
01 01 01

0 1

1 1

-1 0 -1

This rotation sequence is illustrated in Fig. A.5 (a)—(d), where the axis of rotation
is[2 2 0]T and the angle of rotation 180°.

Fig. A.5 Four views of the unit cube before and during the three rotations Ryje \Rggo Rggo |
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A7 Ry yRg xRy ¢

Ry yRp Ro ;=

R9o°,yR90°,xR90°,z =

¢, 0 sy 1
01 O 0
-5y, 0 ¢ 0

(cycq + 5y Sp5q)

CBSa
| (=Syca +cyspsa)
1 0 0]

0 0 -1
[0 1 0 ]
1 0 olfo
0 0 -1 0
10 1 0][0
0 0 0
0 -1 0 -1
0 0 1 1

A Composite Point Rotation Sequences

— o O

0 0 Co
cg  —Sp So
Sﬁ Cﬁ 0
(—CySa +5y5pCq)

CBCq

(8y S +Cyspca)

0 01 11
1 1 0 01
01 010
11 1
-1 0 -1
0 1 1

—_ o O

SyCp

CyCp

This rotation sequence is illustrated in Fig. A.6 (a)—(d), where the axis of rotation
is[2 0 0]T and the angle of rotation 90°.

Fig. A.6 Four views of the unit cube before and during the three rotations Rggo |

90°,xR90°.z
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A8 Ry yRg Ry «
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B Cy 0 SV CB —Sﬂ 0 1 0 0
R, yRg Ry = 01 O s cg 0O 0 cg —5q
| =5y 0 ¢ 0 0 1 0 5o Ca
i cycg  (SySq —CySpcy)  (SyCo +Cyspsy)
= sg CpCa —CBSa
| —sycg  (cySa +Syspca) (CyCa — SySpSa)
[0 1 0]
R9o°,yR90°,zR90°,x: 10 0
|0 0 —1]
[0 1 0]fo o 0o 0 1 1 1 1
1 0 0 001 1 00 11
|00 -1J|0 1 0 1 0 1 01
[0 01 10 01
=0 0 0 0 1 1 1
|0 -1 0 -1 0 -1 0 -1

This rotation sequence is illustrated in Fig. A.7 (a)—(d), where the axis of rotation

is[2 2 0]T and the angle of rotation 180°.

axis of rotation

Fig. A.7 Four views of the unit cube before and during the three rotations R9oo’ y R90°,ZR90°$ N
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A9 R}’,yRﬂ,ZRd,y

¢, 0 sy cg —sg 0 ce 0 54
R, ,Rg Ry, = 01 0 g cg O 01 0
| —sy 0 ¢ 0 0 1 —s¢ 0 ¢4
i (=Sysq +cycgcy) —cysg  (Sycq +Cpcpsy)
= SBCq cB SpSa
| (—CySa — sycpca) sySg  (CycCoy — SyCBS)
[—1 0 0]
R90°,yR90°,zR90°,y = 0 01
| 0 1 0]
(-1 0 o]0 0 0 O 1 1 1 1
0 0 1 00110011
| 01 0]J[0 1 01 0 1 01
[0 000 -1 -1 -1 -
=0 1 0 1 0 1 0
|0 0 1 1 0 0 1 1

This rotation sequence is illustrated in Fig. A.8 (a)—(d), where the axis of rotation
is[0 2 2]T and the angle of rotation 180°.

axis of rotation

Fig. A.8 Four views of the unit cube before and during the three rotations Rggo ;Rggo Rgqo



A10 R, Rg. Ry, 209

A10 R, Rp Ry,

¢y —s, 0 1 0 0 ce 0 54
R, :Rg xRy y =1 sy ¢y 0O 0 cg —sp 01 O
| 0 0 1 0 sp cp —so0 0 ¢4
_(cyca —Sy85gSq)  —Sycp  (CySq +85ySpCq)
= | (syca +cyspsy) cycpg  (SySq — CySCq)
L —CBSq Sg CBCq
[—1 0 0]
Ryge Rgpo Ryge, y = 0 1
| 0 1 0]
(-1 0 0][0 0 0 O 1 1 1 1
0 0 1 0O01 10011
. 01 0J[0 1 010101
[0 000 -1 -1 -1 -1
=0 1 0 1 0 1 0 1
|0 0 1 1 0 0 1 1

This rotation sequence is illustrated in Fig. A.9 (a)—(d), where the axis of rotation
is[0 2 2]T and the angle of rotation 180°.

axis of rotation

Fig. A.9 Four views of the unit cube before and during the three rotations Rgge _Rggo Rggo |
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Aldl Ry ;Rg xRy, ;

¢, —s, 0 1 0 0 e —Sq¢ O
R, Rg Ry .= s ¢, O 0 cg —sp Sa co O
| 0 0 1 0 sg cp 0 0 1
_(cyca —SyCpSa)  (—CySe — Sy CpCa) 588
= | (syca +cpcpsy) (=S¢ +cycgcy) —cysp
L S8 SBCy cp
-0 1
Rgpo Roge (Rgpe ;=0 —1 0
K 17[0 00 1 1 11
0 -1 0 0 1 1.0 0 1 1
|1 0|0 1T 0101 01
[0 1 0 1 0 1 0
=0 0 -1 -1 0 0 -1 -1
0 0 0 01 1 1

This rotation sequence is illustrated in Fig. A.10 (a)—-(d), where the axis of rota-
tionis[2 0 2]T and the angle of rotation 180°.

Fig. A.10 Four views of the unit cube before and during the three rotations Rggo . Rgge  Rggo
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A2 R, Rg Ry,

_Cy —Sy 0 Clg 0 Sﬂ 1 0 0
R, :RgyRyx =1 sy ¢y 0O 01 O 0 cg —5q
| 0 0 1 —sg 0 «cg 0 5o Ca
_cyc;; (=Syco +Cpspsy) (Sysq +cyspcy)
=| sycp (cyca +5y550) (—CySa +5y5Ca)
| —sp CSy CBCq
0 0 1]
Rgge Ry yRgge , =1 0 10
| -1 0 0]
o o 170 00O 1 1 1 1
01 0 001 100 11
|-1 0 0J[0 1 0 1 0 1 0 1
0101 0 1 0 1
=0 0 1 1 0 1 1
|10 000 -1 -1 -1 -1

This rotation sequence is illustrated in Fig. A.11 (a)-(d), where the axis of rota-
tionis [0 2 0]T and the angle of rotation 90°.

X

Fig. A.11 Four views of the unit cube before and during the three rotations Rgpe . Rgge. yRoge
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A13 R, ;Rg Ry, ;

R, :Rg Ry, =

R9o°,zR9o°,yR9o°,z =

A Composite Point Rotation Sequences

¢y, —s, 0 cg 0 sp ca —Sq O
Sy ¢, O 01 O Sa ce O
0 0 1 —sg 0 cg 0 0 1

_(—sysa +cycgey) (=Sycq —CpCpSe) CpSp
(cySa + sycpea) (cyca — SyCpsa)  8ySp

L —SgCq SBSa cp
(—1 0 0]

00 I

| 01 0]

1 0 0[O0 0 00 1 1 1 1
00 1[[00T1 10011
| o1 0f[l01 010101
00 00 -1 —1 —1 —I
0101 0 1 0 1
0011 0 0 1 I

This rotation sequence is illustrated in Fig. A.12 (a)—(d), where the axis of rota-
tionis [0 2 2] and the angle of rotation 180°.

axis of rotation

(b)

Fig. A.12 Four views of the unit cube before and during the three rotations Rggo . Rggo | Roge .



Appendix B
Composite Frame Rotation Sequences

B.1 Euler Rotations

This appendix lists the twelve combinations of creating a composite frame rotation

sequence from R;L, REI} and R; ;, which are

— J — — — — J — N
ROIRZRL. RIIRIIR)L RIIRZIR,L. ROIRSIR))

Y.XTByTa,x VX By T,z VX T Bz, x V. x B,z
—1p-1p-I —1p-1p-I —1p-Ilp-I —1p-lp-I
RV,yRﬂ,xRa,y’ Ry,yRﬂ.,xRa,z’ Ry,yRﬂ,zRa,x’ Ry,yRﬂ,zRa,y

—lp-1p-1 —1lp-1p-1 —1lp-1p-1 —1lp-1p-1
R'RIRS ROIRIIRL RIIRCRL RIIRZIRCL

B,x o,y LB,z L,y e, x 2B,y
For each combination there are three Euler frame rotation matrices, the resulting

composite matrix, a matrix where the three angles equal 90°, the coordinates of the
unit cube in the rotated frame, the axis and angle of rotation and a figure illustrating
the stages of rotation. To compute the axis of rotation [v] v7 31T we use

v = (a2 — D(as3 — 1) —azxzazn

vy = (az3 — D(an — 1) —azians

v3 = (ai — D(a — 1) —anaz
where

ajl ap a3
R=|ay axn ax
a1 aszx  asz

and for the angle of rotation § we use
1
cosd = g(Tr(R) —1).

We begin by defining the three principal inverse Euler frame rotations:

1 0 0
rotate the frame o about the x-axis R‘;,L =10 ¢y S«
0 —sy cqo
J. Vince, Rotation Transforms for Computer Graphics, 213
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214 B Composite Frame Rotation Sequences

[ cB 0 —s B ]
rotate the frame g about the y-axis ngly = 0 1 0
[sp 0 cp
cy sy O
rotate the frame y about the z-axis R;lz =|-s ¢ 0
0 0 1

where ¢, = cos« and s, = sina, etc.

Remember that the right-most transform is applied first and the left-most trans-
form last. In terms of angles, the sequence is always «, 8, y.

For each composite transform you can verify that when o = 8 = y = 0 the result
is the identity transform I.

We now examine the twelve combinations in turn.



_ —1p—
B2 R,!R; R.!

By e

B2 R, Ry R.L

—1lp—-1p-1
R, (Rs Ry =
RL RTL RTL =

90°%,x"90°,y" 90° x

1 0 0 Cﬂ 0 —Slg 1

0 cy Sy 0 1 0 0

0 —sy ¢ sg 0 cp 0
cp 58S

5y88 (cyca — S$ycpsSa)

cysg  (=Sycq —CpCpsa)

0 1 0]

1 0 0

0 0 -1

0 1 01fo o0 0 0 1 1

1 0 0 001 1 00

00 —1fJ[O0O 1 0 1 01

0 0 1 1 0 0 1 1

0 0 0 0 1 1 1 1

0O -1 0 -1 0 -1 0 -1

S = =
—_
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0 O
Cq Sq

—Sa  Cq

—SpCq

(cySa + sycpca)
(—=58ySq +Ccycpey)

This rotation sequence is illustrated in Fig. B.1 (a)—(d), where the axis of rotation
is[2 2 0] and the angle of rotation 180°.

Fig. B.1 Four views of the frame before and during the three rotations R;OIO

R—l

WX 900,}'

-1
R90°,x
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-1 p-1p-1
B.3 Ry’xR’B’yRa,z

VX By ez

1
RIRIRI=[0 ¢ =,
0

CpCy

= | (—cysa +5y58Ca)

0 0 —17

R:LRLRL =01 o0
907,x" 90",y 90",z _1 0 0_
[0 0 —17]

01 0

|1 0 0]

[0 -1 0

=0 0 1

0 00

(88 + Cyspca)

S == oo Oo

- o O

— o O

Composite Frame Rotation Sequences

0 —sp Ca
1 0 —Su
0 Clg 0

CSqy

(cycq +5y585¢)
(—=sycq +CySpsa)

— O

0
1
1

o

S O =
—_—O =
O = -

—1
0
1

— O

1

sq¢ O
ce O
0 1

—sp
+sycp
CyCp

This rotation sequence is illustrated in Fig. B.2 (a)—(d), where the axis of rotation
is[0 2 0]T and the angle of rotation 90°.

Fig. B.2 Four views of the frame before and during the three rotations R;Olo

-1
,xR90°,y 90°,z

R—l



_ —1p—
B4 R\R;IR.L

B4 R:1LRZIR-D

V.Xx ﬂ,Z o,X

RIRZ'R;! =

VX Bz, X

-1 -1 p-1
R90°,xR90°,zR90°,x

SB
cp
0

SpCa

1 0O O cp
0 Ccy 8y —sg
_0 =Sy Cy 0
_ ¢
—CySp
| Sysp (—CySa — Sycpca)
[0 0 1
0O -1 0
|1 0 0]
0 0 170 0
0O -1 0 00
|1 0 00 1
[0 1 0 0
00 -1 -1 0
0 0 0 0 1

—_ O = O = O
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0 1 0 O

0 0 Ca Sa

1 0 —sq¢ cq
SBSa

(=Sysq +cycpey)  (=Sycq +Cpcpsq)

(cyca — SycpSa)

I 1 11

0 0 1 1

01 01
1
-1
1

This rotation sequence is illustrated in Fig. B.3 (a)—(d), where the axis of rotation
is[2 0 2]T and the angle of rotation 180°.

Fig. B.3 Four views of the frame before and during the three rotations R;Olo xR;O]O 7R;010
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B.5 R:1RZIR-!

V.Xx ,B,Z o,y
1 0O O cg sg O ce 0 —sq4
R;chE’lzR;’lyz 0 ¢ s —sg cg O 0 1 0
10 —sy ¢ 0 0 1 s¢ O Ca
i CpCy sg —CBSy
= | (5yS¢ — CySpCy) cycg (Sycq +Cyspsa)
| (¢ysa +syspca) —sycp  (CyCa — SySpSa)
[0 1 0]
RLURLUR!L =10 o0
90", 907,z 907,
R
[0 1 0][o 0 0 O 1 1 1 1
1 0 0 00 1 1 0011
|00 -1]|0 1 0 1 01 01
0 0 1 1 0 0 1
=0 0 0 0 1 1 1
|0 -1 o -1 0 -1 0 -1

This rotation sequence is illustrated in Fig. B.4 (a)—(d), where the axis of rotation
is[2 2 0]T and the angle of rotation 180°.

Y

Fig. B.4 Four views of the frame before and during the three rotations R;Olo ch;(Jlo 7R;010 y



—-IR-IR-!
B6 R;\R;'R

B.x oy

-1 p-1p-1
B.6 Ry’yRﬂ,xRa,y

Ip-lp-1
R, VRg (R, ) =
R— 1 R—l R—l _

90°%,y90°,x 90°y

_c), 0 —s 1
0 1 0 0
| sy O cy 0
_(cyca — Sy CBSa)
SBSq
| (Syca +cpcpsa)
[0 1 0]
1 0 0
|0 0 —1]
[0 1 ollo
1 0 0 0
|00 —1][0
[0 0 1 1
0 0 0 0
0 -1 0 -1

0

cp
—sp
SySg
cp

—CVSﬂ

0
0
1
0
1
0

0
1
0

0
1
-1

—_— O

0

Sp
cp
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e 0 —s4
0 1 0
s¢ O Co

(—cysq — sycpcy)

SgCq

(—=58ySq +Ccycpcy)

O = =

S O =

—_— == = O =
O = =

This rotation sequence is illustrated in Fig. B.5 (a)—(d), where the axis of rotation
is[2 2 0]T and the angle of rotation 180°.

Fig. B.5 Four views of the frame before and during the three rotations R;OIO

-1 -1
R90°,XR90°,y

sy
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B.7 R:1R7IR-L

VY B,x 0,2
_cy 0 -5, 1 0 O ca Sq¢ O
_ 1 y—
RyylyRﬂ’xRa’lzz 0 1 0 0 cg 5B —S¢ Cq O
sy O Ccy 0 —sg cp 0 0 1
_(cyca—syslgsa) (cySa +Syspca)  —s8ycp
= —CpSq CBCq sg
| (Syca tcyspsa)  (SySa — Cyspca) cycp
[—1 0 0]
RLURLURL = 001
907,y 907, 90",
P L o1 o]
[—1 0 0][0O 0 0 O 1 1 1 1
0 0 1 001 10011
| 01 0J|JO 1T O 1 0 1 0 1
[0 000 -1 -1 -1 —
=0 1 0 1 0 1 0
[0 0 1 1 0 0 1 1

This rotation sequence is illustrated in Fig. B.6 (a)—(d), where the axis of rotation
is[0 2 2]T and the angle of rotation 180°.

Fig. B.6 Four views of the frame before and during the three rotations R;Olo y R;OIO XR;()]“ )



—-IR-IR-!
B3 R, \R;'R;!

B.8 R:1R7IR-1

Y,y ﬂ,Z o,X
_cy 0 -5,
“1p-lp-I
RIRIRL=| 0 1 0
| Sy 0 cy
_Cycﬂ
= _Sﬁ
L Sy¢p
0 1 0
RLRLURL =|-1 00
90°,y 90°,z" "90°,
P Lo o0 1]
T 0 1 070
-1 0 O 0
L 00 1]]|0
[0 0 1 1 0
=(0 0 0 0 -1
01 01 0

cp

- o O

—sp

0

(sy 8o +cyspcy)
CBCq
(—CySa +5y5pCq)

_—0 O = O

Sp
cp
0

— o O
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1 0 0
0 Ca Sa
0 —sy¢ cCqo

(=Sycq +cypspsy)

—_—= O

CBSa
(cycq +5y5854)

1 1 11

0 0 1 1

01 01
1
-1
1

This rotation sequence is illustrated in Fig. B.7 (a)—(d), where the axis of rotation

is[2 2 0]T and the angle of rotation 180°.

Fig. B.7 Four views of the frame before and during the three rotations R;OIO vR9_01° "R;OIO
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-1 p-1p-1
B.9 Ry’yRﬂ,zRa’y

R;!RZIR!

v,y By T

R-L R°L R7!

90°,y790%z 90°%y

B Composite Frame Rotation Sequences

¢, 0 —s cg sg
0 1 0 —Sﬁ Cﬁ
sy O cy 0 O
_(—s,,sa +cycpea)  cypSp
—SBCq cp
(cysa +sycpca) 5y
[—1 0 0]
0 0 1
| 0 1 0]
=1 0 07]J[0 0 0 O
0 0 1 0 0 1 1
. 01 0][0 1 0 1
[0 0 0 0 —1 -1
01 0 1 0 1
[0 0 1 1 0 0

0 ce 0 —sq4
0 0 1 0
1 s¢ O Ca

(=Sycq — CycpsSa)
58S
(cyCa — $yCpSa)

I 1 1 1
0 01 1
01 01
-1 -
0
1 1

This rotation sequence is illustrated in Fig. B.8 (a)—(d), where the axis of rotation
is[0 2 2]T and the angle of rotation 180°.

Fig. B.8 Four views of the frame before and during the three rotations R;Olo y R;OIO 7R;010

2y
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B.x Ty

~1p-1p-1
B.10 Ry’zRﬂ’xRa,y

B cy s, 0 1 0o O ce 0 —sq4
R;,IzRE,{rRuZly: —sy ¢, 0|0 cg sp 0 1 0
| 0 0 1 0 —sg cp s¢ O Ca
(cyca +5yS5a)  Sycg  (—CySq +5y5Cq)
=| (=sycq +cyspse) cpcp (Sy S +cyspca)
L CBSa —SB CpCq
1 0 07
RLURLRL =0 01
907,z 90, 90°,
S o —1 0]
[1 0 0[O O O O 1 1 1 1
0 0 1 001 10011
|0 -1 0|0 1T O 1 0 1 0 1
[0 0 0 0 1 1 1
=10 1 0 1 0 1
|00 -1 -1 00 -1 -1

This rotation sequence is illustrated in Fig. B.9 (a)—(d), where the axis of rotation
is[2 0 0]T and the angle of rotation 90°.

Fig. B.9 Four views of the frame before and during the three rotations R;Olo ,R;OIO XR;()I" y
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B.11 R;IRZ71R-1

Vs2 ﬂ,x o,z

—1lp-1p-1
R,!R;'R;!

V.2 B,x

R R7L R7L
9

0°,z790°,x " 90° 2

¢y 85, 0 1
—sy, ¢, O 0
0O 0 1 0

(cyca — 85yCpSa)
(—=8ycq — Cycpsy)

5SSy
0 0 17
0 -1 0
10 0]
0 1770
0 -1 0|0
1 0]lo
01 0 1
00 —1 —1
00 0 0

B Composite Frame Rotation Sequences

o O

0
0
1

0 0 Co
cg S —Sa
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This rotation sequence is illustrated in Fig. B.10 (a)—(d), where the axis of rota-
tionis [2 0 2]T and the angle of rotation 180°.

Fig. B.10 Four views of the frame before and during the three rotations R;OIO 7R;OLO xR;OIO i
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This rotation sequence is illustrated in Fig. B.11 (a)-(d), where the axis of rota-
tionis [2 0 2]T and the angle of rotation 180°.

Fig. B.11 Four views of the frame before and during the three rotations R;OIO 7R;0£, vR;OIO .
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This rotation sequence is illustrated in Fig. B.12 (a)-(d), where the axis of rota-
tionis [0 2 2] and the angle of rotation 180°.

axis of rotation (a)

Fig. B.12 Four views of the frame before and during the three rotations R;OIO ZR;()]" VR;OIO )



Appendix C
The Four n-Square Algebras

C.1 Introduction

The magnitude of a real quantity is its positive value. However, when dealing with
objects such as complex numbers, quaternions and octonions, their magnitude is
expressed using the Pythagorean formula which takes the square root of the sums of
the terms squared.

For example, the magnitude of a complex number z; = a + bi is

|21l =Va?+b?

and the magnitude of a quaternion q = s + xi + yj + zK is

Iq|=\/s2+x2—|—y2+z2

and something similar for an octonion, which has 8 terms.

In their book On Quaternions and Octonions [9], John Conway and Derek Smith
use the Euclidean norm N to represent the sums of the squares, although other au-
thors define the Euclidean norm as +/N . However, for the purpose of this description
I will employ Conway and Smith’s definition. Thus

N(a + bi)=a®> +b*
and
N(q) =52 +x2+y2+z2.
We know from the algebra of complex numbers that
lztllz2] = |z122]
or
N(z1)N(z2) = N(z122)

and from the algebra of quaternions that

lq1llq2] = |q192]
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or

N@)N(q2) = N(qiq2).

The algebra of octonions also includes this composition law.
In the algebra of reals R, we have

xiyi = (yn?
In the algebra of complex numbers C, we have
21 = X1 + x2i
22=Yy1+ y2i
(x12 + x%)(y% + y%) = (x1y1 — x22)% + (x1y2 + x231)*.

In the algebra of quaternions H, we have

q1 = x1 + x2i +x3j + x4k
Q@ = y1 + i+ y3j+ ysk

(F x5 + x5 +x7) (yf + ¥3 + 3 +y3) = (X131 — X22 — x3y3 — x4y4)°
+ (r1y2 + X2yt + X374 — x4y3)°
+ (X1y3 — X2)4 + X3)1 + X42)*
+ (14 + X233 — x3y2 + x4

And in the algebra of octonions O, we have something similar, but with many more
terms.

The above algebras are called composition algebras because of their inherent
composition law, and Adolf Hurwitz proved that such algebras can only exist in 1,
2, 4 and 8 dimensions.
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B Euler rotations, 116
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Cartesian vector, 21 G

Cayley, Arthur, 33, 155
Characteristic equation, 52, 123
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Cofactors of a matrix, 41

Geometric product, 69, 71
Gibbs, Josiah, 25, 59
Gimbal lock, 130

Column vector, 17 Grades, 75

Commutative, 20 H

Complex addition, 7 Hamilton, William Rowan, 17, 24, 59, 155
Complex argument, 12 Hamilton’s rules, 25, 59, 81

Complex conjugate, 8 Hestenes, David, 67

Complex division, 8 Homogeneous coordinates, 85
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Inner product, 69
Interpolating quaternions, 173
Interpolating vectors, 28
Inverse matrix, 37

Inverse of a vector, 77

Inverse quaternion, 64
Inverse transforms, 92

L
Laplace, Pierre Simon, 41
Laplace expansion, 42

M

Magnitude of a quaternion, 62
Magnitude of a vector, 18
Matrices, 33

Matrix addition, 35

Matrix inverse, 42

Matrix notation, 33

Matrix product, 36

Matrix transforms, 86

Matrix transpose, 35

Minor determinant, 40
Modulus of a complex number, 6
Multiplying quaternions, 61
Multivector axioms, 74
Multivector rotor, 97
Multivector transforms, 93
Multivectors, 67, 75

N
Non-commutative, 37, 60

(0]

Octonions, 155

Orthogonal matrix, 45

Outer product, 69

Outer product of three vectors, 73

P

Pitch, 132

Polar representation, 11
Position vector, 20
Pseudoscalars, 75

Pure quaternion, 62

Q

Quaternion addition, 60
Quaternion axioms, 60
Quaternion conjugate, 63
Quaternion matrix, 162
Quaternion multiplication, 61
Quaternions, 59, 81, 155

R
Reflecting a vector, 182

Reverse of a multivector, 82
Right-hand rule, 27

Rodrigues, Olinde, 139

Roll, 132

Rotate a point, 116

Rotated frames, 106

Rotating about an axis, 117, 134
Rotation in the plane, 85
Rotation transform, 45

Rotation transforms in space, 115
Rotor matrices, 188

Row vector, 17

S

Sarrus, J.P., 39

Scalar product, 22

Skew symmetric matrix, 48
Spherical interpolant, 176
Square matrix, 39, 46
Subtracting quaternions, 60
Symmetric functions, 67
Symmetric matrix, 47

T

Three reflections theorem, 181
Trace of a matrix, 46
Translate a point, 115
Translated frames, 104
Translation transform, 87
Trivector, 74, 75, 93

U

Unit bivector, 94

Unit normal vector, 27
Unit quaternion, 62
Unit vector, 21

\%

Vector addition, 20
Vector interpolation, 28
Vector inverse, 77
Vector magnitude, 18
Vector notation, 17
Vector product, 24, 55
Vector subtraction, 20

w
Wedge product, 73

Y
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