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Preface

I first came across the v/—1 in the complex roots of quadratic equations. i, or its
doppelgénger j, popped up in my electrical engineering studies, where it separates
phase differences in voltages and currents. In mathematics, I learned about Euler’s
equation ¢™+1 =0 and how i creates totally new subjects, such as complex
function theory. In industry, I came across quaternions, which are complex num-
bers in four dimensions. More recently, I have discovered octonions and geometric
algebra. This journey of discovery has been long and arduous, but exciting.

During my youth, I questioned the meaning of i, but I no longer worry about
such matters. However, I wish that I had discovered all that I now understand about
imaginary mathematics from one source, which is the reason behind this book.
I remember trying to understand an internal document on quaternions during my
time in flight simulation. I felt that the author had written the document to delib-
erately hide the contents from me. I learned nothing from this communication, apart
from a determination to understand the subject.

Although I am far from being an expert in mathematics, I would like to pass on
what I have discovered about complex numbers in the following chapters. I suppose
I had to include an obligatory introductory chapter tracing the history of i’s rise to
fame. Chapter 2 on Complex Numbers places them in a numerical context and
describes topics such as the complex plane, complex exponentials, logarithms,
hyperbolic functions and simple derivatives. I have included many illustrations and
worked examples to reinforce the mathematical ideas.

Chapter 3 is on Matrix Algebra and describes topics such as complex eigen-
values and eigenvectors, representing complex numbers as matrices, complex
matrix algebra, and the complex inner and outer products. I also include many
worked examples.

Quaternions are the subject of Chap. 4, and take my word, that if you understand
complex numbers, then quaternions are just as easy. The chapter starts with
Hamilton’s struggle to develop a 3D form of complex numbers, describes the
various forms and associated algebra, and concludes with some worked examples.
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viii Preface

Octonions are new to me, and Chap. 5 reveals what I have discovered from my
research. The Cayley—Dickson construction shows that an octonion can be regarded
as an ordered pair of quaternions; a quaternion is an ordered pair of complex
numbers, and a complex number is an ordered pair of reals. Even if you never use
them in your work, at least you know where they belong in imaginary mathematics.

Chapter 6 describes geometric algebra, which was not developed to exploit the
imaginary unit, but turns out to possess imaginary qualities. I have previously
written about the subject and believe that it will play an important role in future
descriptions of science and physics. I describe the various products associated with
different geometric elements and their relationship to quaternions.

The rest of the book deals with applications of the above algebras. Chapter 7
shows how complex numbers simplify the representation of compound angles, and
Chap. 8 describes how complex exponential notation simplifies the combination of
waves. This chapter shows the importance of complex numbers in dealing with
wave phenomena, be they simple water waves or waves in quantum fields.

Chapter 9 covers Circuit Analysis Using Complex Numbers. The objective is not
to turn you into an electrical engineer, but to reinforce the role of complex notation
in representing out-of-phase electrical waves.

Chapter 10 is on Geometry Using Geometric Algebra and may inspire you to
write software using GA’s constructs. Still on a geometric theme, Chap. 11 shows
how quaternions are used to rotate vectors about an arbitrary 3D axis.

I have always been fascinated by prime numbers, especially the Riemann
hypothesis. Entire books have been written on the subject, and in Chap. 12, I have
attempted to condense the explanation to half-a-dozen pages. Chapter 13 describes
the simple algorithm behind the Mandelbrot set, using some beautiful images
provided by Dr. Wolfgang Beyer and Dr. Dominic Ford.

The last chapter concludes the book and reminds the reader how complex
numbers have found their way into quantum physics, by including references to
Pauli matrices, Dirac matrices, the Dirac equation, and the Schrédinger equation.

I have really enjoyed writing and researching this book. During this time, I have
discovered some extremely well-written books and articles on the Internet. As
always, Wikipedia is an amazing resource, and long may it continue as an inde-
pendent agency. I thank Dr. Tony Crilly for reading the final manuscript and
making some important suggestions. Naturally, if I have included any mistakes,
they are of my own doing!

As always, 1 thank Beverley Ford, Editorial Director—Computer Science, and
Helen Desmond, Editor—Computer Science for Springer-Verlag, for the support
and guidance they have provided throughout the book’s development.

Finally, enjoy this fascinating subject.

Breinton, Herefordshire, UK John Vince
August 2018
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Chapter 1
Introduction

1.1 Why i is Necessary

q

Check for
updates

Early civilisations only required to count using positive integers, making arithmetic
relatively easy. However, with the advent of negative numbers new rules had to
be found. The Indian mathematician and astronomer Brahmagupta (598-c.—670),
showed how positive and negative numbers interacted with one-another, and proposed
the rules in Table 1.1. Table 1.2 shows the rules for multiplying and dividing positive

and negative numbers.

Children and adults are often surprised that the product or division of two negative
numbers results in a positive number, but a little algebra proves why this must be.

Consider the expansion of (a + b)?%:

(a+b)Y?=(a+b)a+b)
= a® + 2ab + b*.

When a = 5 and b = 2, then

G+2>=0G+2)(5+2)
=254+2x5x2+4
=49

which is correct.
Now consider the expansion of (a — b)?%:

(a —b)> = (a —b)(a —b)
=a® —2ab + b°.

When a = 5 and b = 2, then
© Springer International Publishing AG, part of Springer Nature 2018
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2 1 Introduction

Table 1.1 Rules for adding and subtracting positive and negative numbers

+ b —-b — b —b
a| a+b a—>b a a—>b a+b
—a|l b—a| —(a+Db) —a| —(a+Db)| b—a

Table 1.2 Rules for multiplying and dividing positive and negative numbers

X b —b / b —b
a ab | —ab a a/b | —a/b
—a| —ab| ab —a| —a/b| a/b

5-2=05-2)(5-2)
=25-2x5x2+4
=9

which is also correct, and assumes: —2 x —2 = +4. The rule we learn as children:
“two negatives make a positive” ensures that algebra is consistent. Consequently,
for any x, (£x)? > 0, which implies that /—x cannot have a numerical solution.

However, this does not prevent us from inventing a symbol that breaks this rule:

i?> = —1; it simply means that i is not an ordinary number.

1.2 The Language of Mathematics

Mathematics is a language for describing problems involving numbers and unknown
quantities. For example, I can express a numerical problem as follows: What number,
when squared and increased by 13 equals 49?7 Using algebra this becomes
2
x“4+13=49
which when manipulated reveals
x2 =36

and provides the result:

x = +6.
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Fig. 1.1 Graph of
y = x2—3x+2

=

I am certain that most readers solved this problem without algebra, but algebra
becomes very handy as the question becomes more elaborate, such as: What number,
when squared and reduced by three times the original number equals —2? Using
algebra this is

x2—3x=-2
and is solved as follows
x> —3x =2
x2—=3x+2=0

x—1Dx—-2)=0

and reveals:

Figure 1.1 illustrates the two roots.
Now let’s modify the question slightly: What number, when squared and reduced
by three times the original number equals —3? Algebraically, this is

x> =3x=-3 (1.1)
and is solved as follows

x?—3x=-3

x2—3x+3=0

and makes us think about a possible solution.
Fortunately, we know that an equation of the form

ax*+bx+c=0



4 1 Introduction

has roots
_ —b*+ b —4dac
= 2a
which when applied to (1.1) reveals
_3£/9-12
T
3+£4/-3
== (1.2)

We could stop at this point as there is no real solution to 4/—3, which means that
there is no real solution to the original question. However, simply by introducing the
subterfuge i = —1 into (1.2) we have

3 +4/3i2
)
3443
- 2
=15++075i

X

which expresses the solution in terms of a new object, i. There is still no real solution
to (1.1), but we have found what are called the complex roots to the original problem,
which may not seem very useful.

Figure 1.2 shows why (1.1) has no real roots: the parabola never touches or
intersects the x-axis.

Just to make sure, let’s substitute these complex roots back into (1.1).

Substituting x = 1.5 4+ +/0.75 i into (1.1)

Fig. 1.2 Graph of y
y=x2-3x+3
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x2—3x=(1.5+~/ﬁi>2—3(1.5+\/ﬁi)

=225+3V0.75i +0.75i> — 4.5 -3/0.75 i
=-225-0.75
=-3

which is correct. Similarly, substituting x = 1.5 — 4/0.75 i into (1.1)

x2—3x=(1.5—¢ﬁi)2—3(1.5—¢ﬁi)

=225-30.75i +0.75i* — 4.5+ 3v0.75 i
=-225-0.75
=-3

which is also correct.

The addition of i to the language of mathematics illustrates how mathematics
evolves over time. i is now recognised as a fundamental feature of mathematics, and
when we ask “but what is i 7’ we can only reply, it is not a number, but i is a symbol
with the property that i> = —1. It is often called the imaginary unit. Soon we will
see that i behaves like a spatial operator, and often reveals amazing hidden patterns
and symmetries.

1.3 A Brief History of i

The Bologna mathematician Scipione del Ferro (1465-1526), was particularly inter-
ested in solving cubic equations. For example, Fig. 1.3 shows the graph of the cubic
function y = x> — 6x2 4+ 11x — 6 which has three distinct, real roots x = 1, 2, 3.
Figure 1.4, on the other hand, shows the graph of y = x> — 5x? + 8x — 4, where the
root x = 2 occurs twice.

Fig. 1.3 Graph of
y=x3—6x2+11x—6

»=<
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Fig. 1.4 Graph of A
y=x>—5x%+8x —4 ,
1
0 1 2 3 %
Fig. 1.5 Graph of A
y=x3—5x>49x -5 5
1
0 1 2 3 %

Figure 1.5 shows the graph of y = x> — 5x% + 9x — 5 with a single real root
x =1, and two complex roots. Although del Ferro could not call upon complex
numbers, he was aware that cubics could have one, two and three real roots.

The Italian polymath Gerolamo Cardano (1501-1576), continued del Ferros’
interest in cubics and acknowledged the existence of terms such as «/—23, but con-
sidered them “sophistic” [1], plausible but fallacious.

The Italian mathematician Rafael Bombelli (1526-1572), developed Cardano’s
techniques for solving cubic equations, and although he showed that expressions
involving the square-root of negative terms obeyed the laws of algebra, he was unable
to find a physical meaning for /—1.

The French philosopher, mathematician and scientist René Descartes (1596—
1650), published La Géométrie in 1637, and in the context of the roots for the
cubic

3.3

3
v —3a’y + 6236 V3=0

he commented:

Neither the true nor the false roots are always real; sometimes they are imaginary; (Mais
quelquefois seulment imaginaires) ........ Thus, while we may conceive of the equation x> —
6x2 4 13x — 10 = 0 as having three roots, yet there is only one real root, 2, while the other
two, however we may increase, diminish, or multiply them in accordance with the rules just

laid down, remain always imaginary [2].
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Fig. 1.6 Graph of
y=x>—6x2+413x — 10

»=

Figure 1.6 shows the graph of the equation referred to by Descartes. Unfortu-
nately, the word imaginary is today associated with ideas or thoughts created by our
imagination, such as ghosts or fairies, whereas the /—1 is far from imaginary. It has
been suggested that in an historical context, imaginary was a derogatory term [3].

The English mathematician John Wallis (1616-1703), was one of the leading
mathematicians of the seventeenth century, and in his treatise Algebra he anticipated
the concept of complex numbers, i.e. a 4+ bi. Wallis is also credited with inventing
the idea of the number line, with positive numbers to the right and negative numbers
to the left.

The French mathematician Abraham de Moivre (1667-1754), is particularly
remembered for a formula published in 1722 — De Moivre’s formula:

(cosf +isin®)" = cos(nh) + i sin(nh).

In 1749 the Swiss mathematician, physicist, astronomer, logician and engineer Leon-
hard Euler (1707-1783), used his own formula

¥ = cosf +isind

o
to prove De Moivre’s formula for any real n. Euler wrote in his Elements of Algebra
of 1770:

All such expressions, as V=1, /=2, /=3, /=4, &c. are consequently impossible, or
imaginary numbers, since they represent roots of negative quantities; and of such numbers
we may truly assert that they are neither nothing, nor greater than nothing, nor less than
nothing; which necessarily constitutes them imaginary, or impossible [4].

Even though Euler regarded terms involving «/—1 as imaginary, he did show that
e'* = cosx + i sinx, and when x = 7 we get ¢’ 4 1 = 0, which has become such
an icon in mathematics.

As the words imaginary and impossible had started to be associated with /—1,
Euler took the first letter of imaginary and adopted the notation i = /—1 [5]. And
in anticipation of Jean-Robert Argand’s use of the complex plane, Euler visualised
complex numbers as points with rectangular coordinates.
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The Norwegian-Danish mathematician Caspar Wessel (1745-1818), used com-
plex numbers to represent vectorial quantities, and published a paper in 1799 describ-
ing complex numbers and the complex plane: Om Directionens analytiske Betegn-
ing, et Forsog, anvendt fornemmelig til plane og sphriske Polygoners Oplosning, but
because it was in Danish it remained undiscovered until 1897 [6]. Today, Wessel is
universally recognised as the inventor of the complex plane for describing complex
numbers. One of the world’s foremost theoretical physicists Roger Penrose, refers
to the complex plane in his book Fashion, Faith and Fantasy in the New Physics of
the Universe as the Wessel Plane [7].

The Swiss amateur mathematician Jean-Robert Argand (1768—1822), was unaware
of Wessel’s paper when he published his own paper in 1806 on a graphical basis
for complex numbers: Essai sur une maniére de représenter des quantités imagi-
naires dans les constructions géométriques [8]. Even though Wessel published before
Argand, Argand’s name is today associated with the complex plane — Argand plane.
Argand also noted that when a complex number of the form a + bi is multiplied by
i, it is rotated 90° about the origin to a new point —b + ai.

The German mathematician Carl Friedrich Gauss (1777-1855), formalised and
disseminated the geometric interpretation of i, and in his 1831 publication Theoria
Residuorum Biquadraticorum, introduced the term complex number. In the second
memoir (Werke 2) he wrote:

If this subject has hitherto been considered from the wrong viewpoint and thus enveloped in
mystery and surrounded by darkness, it is largely an unsuitable terminology which should
be blamed. Had +1, —1 and /=1, instead of being called positive, negative and imaginary
(or worse still, impossible) unity, been given the names say, of direct, inverse and lateral
unity, there would hardly have been any scope for such obscurity [9].

The French mathematician and physicist Baron Augustin-Louis Cauchy (1789—
1857), is remembered for several contributions to mathematics and physics, but in
the context of complex numbers he is recognised for developing complex function
theory.

The brilliant Irish mathematician, physicist and astronomer Sir William Rowan
Hamilton (1805-1865), is particularly known for inventing guaternions, which are
a four-dimensional complex number, and take the form a + ri + sj + tk, where
i> = j> =k®> = ijk = —1. Hamilton published On Quaternions: Or a New System
of Imaginaries in Algebra in 1844 [10].

Hamilton invented quaternions in October 1843, and by December of the same
year, his friend, Irish mathematician John Thomas Graves (1806—1870), had invented
octaves, an eight-dimensional complex number, which would eventually be called
octonions. The British mathematician Arthur Cayley (1821-1895), had also been
intrigued by Hamilton’s quaternions, and independently invented octonions in 1845.
Octonions eventually became known as Cayley numbers rather than octaves, simply
because Graves did not publish his results until 1848 — three years after Cayley!

Hamilton also originated the algebra of ordered pairs of numbers, and showed that
complex numbers could be regarded as a pair of numbers. In addition to complex
numbers, quaternions occupy a central place in mathematical systems, and today
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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 norms.

In 1898 the German mathematician 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 the reals, complex numbers,
quaternions and octonions. This is known as Hurwitz’s Theorem, or the 1, 2, 4, 8
Theorem. No other system is possible, which shows how important quaternions are
within the realm of mathematics. Consequently, Hamilton’s search for a system of
triples was futile, because there is no three-square identity.

1.4 Summary

From the above, one can see how long it has taken for the /—1 to be taken seriously.
Descartes’ use of the word “imaginary” was unfortunate, and Gauss was correct to
comment that the subject was “enveloped in mystery and surrounded by darkness”
due to this label. However, we are where we are, and there is no way we can rewrite
history or change the nomenclature. i will remain an imaginary quantity, and a +
bi will always be a complex number, even though they are neither imaginary, nor
complex.

To help the reader understand the role of complex numbers within the world of
mathematics and science, I will conclude this chapter with a quote by Roger Penrose:

However, the terminology is misleading, for it suggests that there is some greater “reality” to
these so-called real numbers than there is to the so-called imaginary numbers. The impression
comes about, I suppose, because there is the feeling that distance measures and time measures
are, in some sense “really” such real-number quantities. But we do not know this. We
know that these real numbers are indeed very good for describing distances and times, but
we do not know that this description holds good at absolutely all scales of distance or
time. We have no actual understanding of the nature of a physical continuum at a scale of,
say, one googolth of a metre or of a second, for example. The so-called real numbers are
mathematical constructions, which are, nevertheless, immensely valuable for the formulation
of the physical laws of classical physics.

Yet, real numbers may also be regarded as “real” in the Platonic sense — the same Platonic
sense as any other consistent mathematical structure — if we are to adopt the common stand-
point among mathematicians whereby mathematical consistency is the sole criterion for such
Platonic “existence”. However, the so-called imaginary numbers form just as consistent a
mathematical structure as do the so-called real numbers, so, in this Platonic sense, they are
also just as “real”. A separate (and, indeed, open) question is the extent to which either of
these number systems precisely models the actual world [7].
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Chapter 2 ®)
Complex Numbers ez

2.1 Introduction

In this chapter I review the axioms associated with different number systems, and
show how they also cover imaginary and complex numbers. The complex plane is
described as a way of visualising complex numbers and various algebraic opera-
tions, and two functions for isolating the real and imaginary parts of a complex
expression. The section on Complex Algebra examines topics such as the complex
conjugate, powers of i, complex exponentials, logarithms of a complex number, and
the hyperbolic functions. Finally, there are a dozen worked examples.

2.2 Laws of Algebra

Laws or axioms provide a formal basis for mathematics, and in the following descrip-
tions a binary operation is an arithmetic operation such as +, —, x, / which operate
on two operands.

2.2.1 Commutative Law

The commutative law in algebra states that when two numbers are associated with
certain binary operations, the result is independent of the order of the numbers. The
commutative law of addition is

a+b=b+a
eg. 14+2=2+1=3.

The commutative law of multiplication is
© Springer International Publishing AG, part of Springer Nature 2018 11
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axb=>bxa
eg lx2=2x1=2.

Note that subtraction is not generally commutative:

a—b#b—a
eg. 1—-2#2—-1.

2.2.2 Associative Law

The associative law in algebra states that when three or more numbers are associated
with certain binary operations, the result is independent of how each pair of numbers
is grouped. The associative law of addition is

a+b+c)=@+b)+c
eg. 1+2+3)=(04+2)+3=6.

The associative law of multiplication is

ax((bxc)=(axb)xc
eg Il x(2x3)=(1x2)x3=6.

However, note that subtraction is not generally associative:

a—Mb—-c)#@—b)—c
eg. 1—2-3)#(1-2)-3.

It turns out that octonions are neither commutative nor associative.

2.2.3 Distributive Law

The distributive law in algebra describes an operation which when performed on a
combination of numbers is the same as performing the operation on the individual
numbers. The distributive law does not work in all cases of arithmetic. For example,
multiplication over addition holds:

ab+c) =ab+ac
eg.23+4)=64+8=14
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whereas addition over multiplication does not:

a+ (b xc)#(a+b)x(a+c)
eg 34+ @ x5 #A#0B+4) x3B+595).

Although these laws are natural for numbers, they do not necessarily apply to all
mathematical objects. For instance, vectors and matrices do not commute.
2.3 Types of Numbers

Here are the various types of numbers and their set names.

2.3.1 Natural Numbers

The natural numbers {1, 2, 3, 4, ...} are used for counting, ordering and labelling
and represented by the set N. When zero is included, N or N is used:

N’ =N, =1{0,1,2,...}.

Note that negative numbers are not included. Natural numbers are used to subscript
a quantity to distinguish one element from another, e.g. x;, x2, X3, X4, ..., X,.
2.3.2 Integers

Integers include the natural numbers and are represented by the set Z:

Z={.,-2 -1,0,1,2 3,.. 1}

2.3.3 Rational Numbers

Any number that equals the quotient of one integer divided by another non-zero
integer, is a rational number and represented by the set Q. For example: 2, /16, 0.25
are rational numbers because
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2=4/2
V16 =4=8/2
0.25 = 1/4.

2.3.4 Irrational Numbers

An irrational number cannot be expressed as the quotient of two integers. Irrational
numbers never terminate, nor contain repeated sequences of digits; consequently,
they are always subject to a small error when stored within a computer. Examples
are

V2 =141421356...
¢ = 1.618 033 98.. . (golden section)
e=12.718281382...
T =3.14159265...

2.3.5 Real Numbers

Rational and irrational numbers comprise the set of real numbers R. Examples are
1.5, 0.004, 12.999 and 23.0.

2.3.6 Algebraic and Transcendental Numbers

Polynomial equations with rational coefficients have the form:
f) =ax"+bx" T4 ex" 4. 4 C
such as
y=3x"+2x—1

and their roots belong to the set of algebraic numbers A. A consequence of this
definition implies that all rational numbers are algebraic, since if

p
x ==
q
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then
gx —p=0

which is a polynomial. Numbers that are not roots to polynomial equations are
transcendental numbers and include most irrational numbers, but not ~/2, since if

x=+2

then

which is a polynomial.

2.3.7 Imaginary Numbers

Imaginary numbers take the form £bi, and belong to the set I, where

biel, beR, i>=-1.

Although some mathematicians place i before its multiplier: i4, others place it after
the multiplier: 4i, which is the convention I use in this book. However, when i is
associated with trigonometric functions, it is good practice to place it before the
function to avoid any confusion with the function’s angle. For example, sin «i can
imply that the angle is imaginary, which is possible, whereas i sin o implies that the
value of sin« is imaginary, which is also possible. Consequently, parentheses are
used to clarify constructs such as sin(«i).
Imaginary numbers obey all the axioms associated with real numbers.

2.3.8 Complex Numbers

A complex number has a real and an imaginary part a + bi, either of which may be
zero, and belong to the set C, where

(a+bi)eC, abeR, i*=-1.
The following are all complex numbers

35, 3+4i, —4-6i, Ti, 55+6.7.
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A real number is a complex number — it just has no imaginary part. This leads to the
idea that real and imaginary numbers are subsets of complex numbers:

RcCC, TIcC
Therefore, a complex number can be constructed in all sorts of ways

sina +icosf, 2—itana, 23+y2i.

2.4 Representing Complex Numbers

This section explores various ways of representing complex numbers numerically
and graphically.

2.4.1 Real and Imaginary Parts

The real and imaginary parts of a complex number z are isolated by the Re(z) and
Im(z) functions. For example:

z=a+ bi
a = Re(z)
b =Im(z).

These two functions permit one to construct formal algebraic definitions such as
defining one complex number being equal to another. In words, one would say “two
complex numbers are equal iff (if and only if ) they have identical real and imaginary
parts”. e.g. given z; = x; + yi and zp = x5 + y»i, then z; = 2z, iff x; = x, and
y1 = y2. Using Re and Im, we can write:

z1=22 < [Re(z1) =Re(z2) Alm(z)) = Im(z2)].

2.4.2 The Complex Plane

When the real number line is combined with a vertical imaginary axis, it creates
the complex plane, as shown in Fig. 2.1, where any complex number has a unique
position. Figure 2.2 shows the positions of the following four complex numbers

P=443i, 0=-3+2i, R=-3-3i, S=4-5i
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Fig. 2.1 The complex plane

Im
5i
4i
3i
2i
1i
5 4 3 2 -1 .0 1 2 3 4 5 Re
“1i
-2i
-3i
-4i
-5i
Fig. 2.2 Four complex Im
numbers

5i
4i

P

3i o
OQ 2i
1i

5 4 -3 2 -1 0 1 2 3 45 Re

-Ti
R -2
o 3i
4

! N

i ®

2.5 Complex Algebra

This section reviews the axioms associated with complex algebra, the complex con-
jugate, complex division, powers of i, the rotational properties of i, polar notation,
the complex norm, the complex inverse, complex exponentials, the roots and loga-
rithms of a complex number, hyperbolic functions, and the role of the complex plane
in visualising complex functions.

2.5.1 Algebraic Laws

Complex numbers obey the axioms associated with real numbers. But for clarity,
examples are included to show how imaginary terms are resolved.
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Given

Z1 =x1 + yii
22 = X2 + yoi
73 = X3 + y3i.

The commutative law of addition:

Z1+z2=22+z21 =1 +x2) + (y1 + )i
e.g. (24 3i) + (4+5i) = 6+8i.

The commutative law of multiplication:

2122 = 2221
e.g. (24 3i)(4 4 5i) = 8+ 10i + 12i + 154>
= —7 4 22i.

The associative law of addition:

ut+ @t =@ +n)+tu=ua+zu+z
e.g. (24 3i) + (4 +5i) + (6 + 7i) = 12 + 15i.

The associative law of multiplication:

71(2223) = (2122)23 = 212223
e.g. (24 3i)(4 4 51)(6 + 7i) = (8 4 22i + 15i%)(6 + 7i)
= (=7 +22i)(6 + 7i)
= —42 + 132i — 49i + 154>
= —196 + 83i.

The distributive law of multiplication:

2122+ 23) = 2122 + 2123
e.g. 24 30) [(4+50) + (6 +7)] = (24 3i)(10 + 12i)
=20+ 30i + 24i + 36i°
= —16 + 54i.

From the above, one can see that the addition of complex numbers is identical to
the addition of vectors. Figure 2.3 illustrates the addition of z; = —2 4 3i and z; =
341.
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Fig. 2.3 The addition of

Im
z1+22
Si
4i 21 22
-1~ 7T\
21 -3 \
<
\
2i \
\
S o4 -3 2 -1 0 1 2 3 4 5 Re

2.5.2 Complex Conjugate

The complex conjugate is a useful algebraic construct and is denoted by z or z*. To
avoid confusion, I will use z for complex numbers, A for conjugating a matrix, and
A* for the conjugate transpose of a matrix.
Given z = a + bi, then z = a — bi. Also
7 = Re(z) — Im(z)i.

The product zZ is extremely useful, as it is a real quantity. Generally,

=a+ bi

NN

=a — bi
zz = (a + bi)(a — bi)
= a®> — abi + abi — b*i*

— a4 B2

which is real. For example,

+
&

INTEENTIINS
Il
N W W
I
~
=

Figure 2.4 shows z and Z.
Let’s prove that 7,2, = 712». Given
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Fig. 2.4 A complex number Im
and its complex conjugate
5i
4i OZ
3i
2i
1i
5 -4 3 2 -1 of 1 2 3 45 Re
-Ti
-2i
-3i _
z
i o
-5i

21 =a) +bii
22 =ax+ by
Z1z2 = (a1 + bii)(az + bai)
= ai(ay + byi) + bri(az + bai)
= ai(ay — byi) — byi(ay — bi)
= (a1 — bii)(az — byi)

=7Z122.

2.5.3 Complex Division

The complex conjugate is useful in resolving the quotient of two complex numbers;
for if we multiply the numerator and the denominator by the complex conjugate of the
denominator, the denominator becomes a real quantity and simplifies the division.
For example, we evaluate this quotient as follows

_10+5i
R
(10 +50) (1 —2i)
(1 +2i) A-20)
10+ 5)(1 — 2i)

5
=Q2+i)1 —2i)
=2—di+i—2i

=4 - 3i.
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Table 2.1 Increasing powers of i

l'O il i2 l-3 i4 iS l'6

1 i —1 —i 1 i -1

2.5.4 Powers of i

As i? = —1, it must be possible to raise i to other powers. For example,
it =i%%=1
and
5 -4

Table 2.1 shows the sequence up to i°.
This cyclic pattern is quite striking, and reminds one of:

(-x’ Yy, =X, =Y, X, "')

that arises when rotating around the Cartesian axes in a anti-clockwise direction. The
above sequence is summarised as
l-4n+l _

0
e where n € N°.

l-4n+3 —

But what about negative powers? Well they, too, are also possible. Consider i ~',

which is evaluated as follows
.1 1 1 (— i ) —i
i — — —

i i=i) 1
Similarly,
1 1
-2
= —= = — = —1
! 2T
and
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Table 2.2 Decreasing powers of i
;0 i1 2 =3 —4 =5 6

1 —i —1 i 1 —i -1

Table 2.2 shows the sequence down to i .
This time the cyclic pattern is reversed and is similar to

x, =y, —x,y,x,...)

that arises when rotating around the Cartesian axes in a clockwise direction.

2.5.5 Rotational Qualities of i

Now let’s investigate how a real number behaves when it is repeatedly multiplied by
i. Starting with the number 3, we have,

ix3=3i

i x3i=-3
i x(=3)=-3i
i x (=3)i =3.

The cycle is (3, 3i, —3, —3i, 3, 3i, —3, —3i, 3, ...), which has four steps, as shown
in Fig.2.5.

Fig. 2.5 The cycle of points
created by repeatedly
multiplying 3 by i 5i
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Fig. 2.6 Multiplying a
complex number by i

N 2§ ;
o -3
~ . 4] s

=50

If we multiply a complex number by i, it is also rotated 90°. For example, the
complex number P = 4 + 3i in Fig. 2.6 is rotated 90° to Q by multiplying it by i,

i(4+3i) =4i + 3i°
=4i -3
= —3+4i.

The point Q = —3 4 4i is rotated 90° to R by multiplying it by i,

i(=3 4 4i) = —3i +4i°
=-3i—4
= —4-3i.

The point R = —4 — 3i is rotated 90° to S by multiplying it by i,

i(—4 —3i) = —4i — 32
=—4i+3
=3 —4i.

Finally, the point § = 3 — 4i is rotated 90° back to P by multiplying it by i,

i(3—4i) =3i —4i°
=3i+4
=443
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As you can see, complex numbers are intimately related to Cartesian coordinates,
in that the ordered pair (x, y) = (a + bi).

2.5.6 Modulus and Argument

As a complex number has a unique position on the complex plane, and is always
relative to the origin of the real and imaginary axes, it can be visualised as a position
vector and assigned a modulus or magnitude, which is the distance r of the com-
plex point to the origin; consequently, z = a + bi has a modulus r = +/a? + b? and
notated as |z| = +/a% + b2. This can also be expressed as

|z = a® + b = [Re()” + [Im() ] .
Here are some useful relationships:

22 = (a+bi)a—bi)=ad>+b*

27 = |z/?
lz| = |z]
| —z| = |z|

lz122] = |z1l]22]

2 21, 12
lz122]" = |z1|7]22]

Pursuing the similarity between complex numbers and position vectors, the
straight line from the origin to a complex number z = a + bi, subtends with the
real axis an angle 6, called the argument; consequently, & = tan~!(b/a), and is
notated as arg(z) = tan~'(b/a). Figure 2.7 shows the complex number z = 3 + 4i
with a modulus = 4/32 + 42 = 5 and an argument 6 = tan~!(4/3) ~ 53.125°.

From Fig.2.7 we can generalise that a complex number z = a + bi has real and
imaginary components,

a =rcosf

b=rsinf
which permits us to state
z=rcosf 4 irsin6
and whenr =1,

z=-cos6 +isinf.



2.5 Complex Algebra 25

Fig. 2.7 The argument 6 mt
and modulus r of a complex
number 5i

4i z=3+4

3i

2i r |

7rsin 6
1i
q
5 4 3 2 -1 0( 1 2 4 5 Re
| 17cost

-1i

-2i

-3i

-4i

=51

For example, given two complex numbers,

z1=a; + byi
2o = ay + byi

where

a) =r COSQ], b] =Tr sinOl

ay = rp COS 92, bz =17 sin92
then

7122 = (a1 + byi)(ay + byi)
= (a1a; — b1by) + (a1by + biay)i 2.1)
= (ry cos0yr, cos b, — ry sin;r, sin 6,)
+ (r1 cos O1r, sin By + ry sin 61, cos 6,)i
= r1r2(cos 0 cos 6, sin B sin 6,) + irrp(cos 6y sin 6, + sin 6; cos 6)
= rirycos(0) + 0,) + iryrp sin(0; + 65) 2.2)

which shows that to compute the product of two complex numbers, we multiply their
moduli and add their arguments. Let’s illustrate this operation with an example. We’ll
start by computing the product using (2.1).
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Given
Z1=%+\/T§i
Z2=—%+\/T§i
_ 1 1 3J3 143 , /3 1]
ZlZZ—i(_i)__7+[57+7(_§)]’

2122 = c0s(60° + 120°) + i sin(60° + 120°)
=—1

Naturally, the results are the same.

2.5.7 Complex Norm

The term norm causes a lot of confusion, simply because there are so many, and
each one requires a precise definition. For our purposes, norms are associated with
vector spaces, where the norm of a vector is a function that returns some numerical
property of the vector. The Euclidean norm of vector v, is generally written

vl =+v-v

which is the square-root of the inner product of the vector with itself. For example,
if vectorv = [3 4], then ||v|| = +/32 + 42 = 5, and represents the Euclidean length
of the vector.

The absolute value of a signed number £x is written |x|. For example, if x =
423, |x| =23, and if x = —23, |x| = 23. The absolute-value norm |/x||, equals
the absolute value, i.e. ||x|| = |x]|.
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The Euclidean norm of a complex number z = a + bi is given by

lzll = |z| = Va* + b*

which is the modulus of z.

The modulus or Euclidean norm of a complex number measures an abstract dis-
tance corresponding to the length of the complex point to the origin on the complex
plane, and is normally expressed:

lzll = v/zZ = V/(a + bi)(a — bi) = va? + b2.

Let’s prove that the Euclidean norm of the product of two complex numbers, equals
the product of the individual Euclidean norms.

Zi=a;+bii=r,0,

Zo=ay+byi =ry, 6,

lz1z2ll = |z122]
= [z1] - |z2]
= [lz1ll - llz2ll.

2.5.8 Complex Inverse

We have already seen that to divide a complex number x by another z, we multiply
the numerator and denominator by the conjugate of the denominator:

x_a+bi c—di
z c+di ¢c—di

which can be written as

X7 =x—s
|z|?
thus the inverse of a complex number is
1 z
T =—.
|z|?

For example, the inverse of 3 4 4i is

B+4i)" = L3 —4i).
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2.5.9 Complex Exponentials

In order to describe complex exponentials we require three power series. We start
with the power series for ¢?, sin @ and cos 6,

0 __ e 7 ez = 7 o
A T T TR T B R TR TR
_1 0% 0% 0% 08 i6! ig> i9> 67 ie°
T T T TR TR TH TR TS

02 0% 05 o8 o' 0% 05 o7 6°
=I—E-I-I—a-i-g-i-"'-l-l(F—§+§—?+§+...)

=cosf +isinf

which is Euler’s trigonometric formula. If we now reverse the sign of i6 to —if, we
have

e—i0:1____ R _—— = — 4+ — - -
o203 4 50 67 8 9
e et 00 68 o' 6 0> 67 i6°
T TR TR TR R TR TR

e et e e ol e e @ e
~sta—atat il gyt o et

=cosf —isinf
thus we have

e = cosf +isind

e % =cosh —isinf

from which we obtain
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el 1+ o—if
cosf = ————
2
- 0 _ 8759
sinf =
2i
Given ¢'? = cos6 + i sin@, when 6 = 7, we have ¢/ = —1, or¢!™ + 1 = 0, which

is Euler’s famous equation. The American physicist Richard Feynman (1918-1988)
referred to the equation as “our jewel” and “the most remarkable formula in mathe-
matics.” [1]

Another strange formula emerges as follows:

cosd +isinf = ¢

cos (%) +isin (%) = ¢'"/?

l' — em/Z

il = (em/z)i
eizn/Z

— e—n/2

i =0.207 879 576. ..

which reveals that i’ is a real number, even though i is not a number, as we know it!
Geometrically, e'? is a point on the unit circle, on the complex plane. Consequently,
re'f is another point, radius r from the origin, with real and imaginary coordinates
x =rcos B and y = rsin 8, respectively, as shown in Fig. 2.8. This is the polar form
of a complex number.
Let’s return to the product of two complex numbers, and see how the product can
be visualised using polar notation.

Fig. 2.8 The unit circle and
re'

rsin 3

-2
-3
-4i

-5i
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Fig. 2.9 Three complex Im
numbers 3

Qo

Z1

0°

=31

Equation (2.2) shows that

z1 = r1(cos 6y +isin6;)
2o = r2(cos 6, + i sinb,)
2122 = 112 (cos(6) + 62) +isin(6; + 62)) .

Using polar notation:

7 =rie
22 = rpe'®
2122 = r1€rpe'™
— rlrzei(0‘+32).

Re

Now let’s show three ways of computing the product of the following three complex

numbers shown in Fig.2.9:

a=2f +3
= 1++/3i
Z3=—§—\/T§l'.

z: the argument is 30° and a modulus of 3.
7 the argument is 60° and a modulus of 2.
z3: the argument is 225° and a modulus of 1.
Let’s compute the product 712,23
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212223 = (# + %l> (1 + \/51) (—g — gl>
NG

=32 —32i

which confirms that the product z;z,z3 rotates any complex number 315°, and scales
its modulus by 6.
Now let’s compute the product using cosines and sines.

z1 = 3(cos 30° + i sin 30°)
75 = 2(cos 60° + i sin 60°)
73 = €08 225° + i sin 225°
212223 = 3(cos 30° + i sin 30°)2(cos 60° + i sin 60°) (cos 225° + i sin 225°)
= 6(cos315° +isin315°)

=32 —32i

which is much simpler. Finally, let’s define the complex numbers in polar form, with
angles in degrees, for clarity.

i30°

z1 = 3e
= 2ei60°
23 = 22
212223 = 3¢130°0,pi00° ,i225°

— 6315
= 6(cos315° 4+ i sin 315°)
=32 —32i

which is even neater!

2.5.10 de Moivre’s Theorem

Euler’s trigonometric formula can be developed as follows.

cosd +isinf = ¢

(COSG +i sin 0)” = (gig)n
6

— ein

(cos@ +isin0)" = cos(nb) + i sin(nd) (2.3)
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where (2.3) is known as de Moivre’s theorem, after Abraham de Moivre.
Substituting #» = 2 in (2.3) we obtain

cos(20) + i sin(20) = (cos6 + i sin6)>

= cos? 6 — sin’ 0 + 2i cos 6 sin 6.
Therefore,

cos(20) = Re (cos2 0 — sin® @ + 2i cos 6 sin 9)
=cos’f —sin’ 6
sin(260) = Im (cos2 0 — sin® @ + 2i cos 6 sin 9)

=2cosfsind.

de Moivre’s theorem can be used for similar identities by substituting other values
of n. Let’'stryn = 3:

cos(360) +isin(30) = (cos + i sin 9)3
= (cosf +isin 6)(0052 0 — sin® 6 + 2i cos 0 sin 0).

Therefore,

cos(30) = Re [(cos 6 + i sinf)(cos> & — sin> 6 + 2i cos @ sin 6) ]
= cos’ 0 — cos O sin*§ — 2 cos O sin® H
= cos’ 6 — 3 cosf sin’ 0
= cos’ @ — 3cos o — cos’ 0)
=4cos’ 0 —3cosh.
sin(36) = Im [(0056 +isin@)(cos® 6 — sin® @ + 2i cos O sin 9)]
= cos’ 0 sinf — sin® 0 4 2 cos® O sin 0
=3cos’Hsinf —sin’ 0
= 3sinf(1 —sin’H) — sin®

= 3sin6 — 4sin’ 6.
Let’s test these identities with 6 = 30°:

cos(30) = 4cos’0 —3cosh
c0890° = 4 cos® 30° — 3 cos 30°

=4(§)3—3¢7§
=3V3-3V3
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=0.
sin(30) = 3sin6 — 4sin> 0
$in 90° = 3 sin 30° — 4 sin> 30°
3 1\3
=3-4(3)
=1.

Given z = cos 0 + i sin 8, we can define cos # and sin 6 in terms of z as follows.

z=cos6 +isinf 2.4)
— ,?

% — it
=cosf —isinf (2.5)

adding and subtracting (2.4) and (2.5):

z+1=2cos6
z— % = 2isin0
cosf = % (z + %) (2.6)
sinf =5 (z—1). (2.7)

Let’s use de Moivre’s formula to show that

1
7"+ — = 2cos(nh).

o
Proof:

7" = cos(nf) + i sin(nf)
727" = cos(—nb) + i sin(—nb)
= cos(nb) — i sin(n6)
7"+ 77" =2cos(nh).

2.5.11 nth Root of Unity

The real roots of 1 can only be £1, but complex numbers introduce the concept that
unity possesses an infinite number of complex roots. The complex roots of 1 satisfy
the equation z" = 1, where n is a positive integer. Such roots are are employed
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in different branches of mathematics, such as number theory and discrete Fourier
transforms. (See https://en.wikipedia.org/wiki/Root_of _unity)

If the nth root of 1 is z, then z”* = 1. Therefore, using de Moivre’s theorem:

1Vn = e2mkin k=0,1,2,...,n—1

= cos (%) + i sin (Z£).

For example, when n = 3:

[k =0] zo=cos (g)+lsm (g)
[k =1] 21=COS(ZT”)+lsn(%)= % ~/T§
[k =21 21 =cos (&) +isin(¥)=-1—iL

Let’s confirm these results:

d=(-1+i4) (-1 +i4) (-3 +if)
=(-1-ig) (-1 +ig) =1
d=(-1-1f)(-1-i%) (-1 -i%)
)

These roots are located on the unit-radius complex circle, as shown in Fig.2.10.
Connecting the points together creates a regular polygon.

Fig. 2.10 Three roots of Im
unity ‘ A
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2.5.12 nth Roots of a Complex Number

Given

z =r(cos@ +isinf)

then

Jz = fr[cos (HEE) 4 isin (HE2Z)], 0<k<(n—1D).

1/4
For example, let’s find (8 +1i 8\/5)

To begin, we convert it into polar form: z = 16e

z=16[cos (%) +isin(%)]

Yz =16 [cos (”/sz”) + i sin (

[k =0] 10:2[005(1”—2) i sin ( )]
[k =1] z; =2[cos (& + &) +isin
[k=2] z5=2[cos (% + %) +isin
[k =3] z3=2[cos (& + %) +isin

Figure 2.11 shows these roots.

Fig. 2.11 4th roots of
16(cos(/3) + i sin(z/3)

—

%

+ + + &

SRS LIS

in/3

7r/3+k27r )]

~ —0.5184+i1.932
~ —1.932 —
~ 0.518 —i1.932.

S o Sy S
+
<

~— ~— ~—
—_ e

518

35

i0.518

1
\
Zy

Y

e
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2.5.13 Logarithm of a Complex Number

In order to take the natural logarithm of a complex number, we use the exponential
form. Consequently, if we are given a + bi, this must be converted to re’?. Therefore,
given

then
Inz=1Inr+i6
or
Inz =1In|z| + i arg(z).

As exponential functions can have multiple values, the imaginary component is
restricted to the interval —7 < 6 < 7. For example, —1 is represented by e, i
e etc., but to satisfy the agreed interval constraint, —1 = ¢'”.

For example, given z = —2 + 2i, then

2420 =+/(=2)2 422 ¢ /D
— \/§€i0'75”
In(—=2 +2) = In (Jgefo-75”)
= Inv8 +0.757i
~ 1.039721 + 2.356194i.
Similarly, given z = 3 — 4i, then
3—4i =/32 4 (=42 A
— 5640.927295

In(3 — 4i) = In (5¢~"*7*»)
=1In5—0.927295i
~ 1.609438 — 0.927295i.

Logarithms of other complex numbers are shown in Table 2.3.
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Table 2.3 Logarithms of complex numbers

37

b4 e form Inz

1 €0 0

-1 el i

i ein/2 %i

—i e—in/2 —%i

5 5¢'0 1.609438

-5 Se'™ 1.609438 + i

5i 5¢'m/2 1.609438 + Zi

—5i Se~in/2 1.609438 — Zi

5+5i V/50ei7/4 1.956012 + Z.i

5-5i V/50e~im/4 1.956012 — Zi

—5+5i /50!37/4 1.956012 + 37 i

—5—5i V/50e=137/4 1.956012 — 32

0.5 0.5¢/° —0.693147

-0.5 0.5¢'" —0.693147 + i

0.5 0.5¢™/ —0.693147 + %i

—0.5 0.5¢=im/2 —0.693147 — Zi
2.5.14 Raising a Complex Number to a Complex Power

Now that we have seen how to take a logarithm of a complex number, the way is

open to raise a complex number to a complex power. For example, given

then

and substituting (2.9) in (2.8), we obtain

Raising both sides of (2.10) to some power w,

z=¢

y=lInz

i=e€

ZW — (elnz)w —

2.8)

(2.9)

(2.10)

@2.11)

Equation 2.11 applies to both real and complex numbers, so first, let’s begin with

z=2
w=1+4+1i



38 2 Complex Numbers
which requires raising e to the product of 1 + i and the natural logarithm of 2.

In2 ~ 0.693147

(141)0.693147 = 0.693147 4 0.693147i
£(0-093147+0.693147i) _ ,0.693147 ,0.693147i

= 2(c0s 0.693147 + i sin 0.693147)
~ 2(0.769239 + 0.638961)
= 1.538478 + 1.277922i

therefore,
2%~ 1.538478 + 1.277922i.
Now let’s use

7=24+2i
w=1+1i

then
=24+ 2i)1+i — (1) In(2+2i)

which requires raising e to the product of 1 4 i and the natural logarithm of 2 4 2i.
Not very nice, but let’s have a go!

24 2i = /22 4 220/
= /8

In(2 + 2i) = In2.828427 + %

~ 1.039721 + 0.785398i
(141i)(1.039721 4 0.785398i) = 1.039721 + 1.039721i + 0.785398i — 0.785398

= 0.254323 + 1.825119i
£0:254323 ,1.825119i

6(0.254323+1.825119i)

= 1.289588(cos 1.825119 +-i sin 1.825119)
~ 1.289588(—0.25159 + 0.967834i)
~ —0.324447 + 1.248107i

therefore,

(2 + 20 ~ —0.324447 + 1.248107i.
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2.5.15 Visualising Simple Complex Functions

We are aware of how real functions such as f(x) = 2x? 4+ 3x + 5 behave, as it is
possible to draw a graph relating f (x) to x. But when it comes to complex functions,
such as f(z) = (a + bi)?, we require two dimensions to represent the original real
and imaginary terms, and two further dimensions to represent the function, which
is difficult in our three-dimensional world. However, in order to get a feel for what
is happening between a complex variable and function, we can plot how individual
numbers behave when subject to a function. To illustrate this, Fig.2.12 illustrates
how nine complex numbers in the first quadrant, behave when they are subject to a
square function. For example, (1 + 3i )2 moves to —8 + 6i, and (3 + 3i)*> moves to
18i. The dashed lines show the trajectory as the exponent increases from 1 to 2. Note
that the squaring function imposes an anti-clockwise rotation on the trajectories,
with the end complex numbers in the same or second quadrant. The solid blue lines
connect the transformed points together to emphasise the distortion caused by the
squaring transformation.
The functions used to draw the blue lines are

f@ =11+ =)+ (14 3]

f@=[C+i)1—1)+Q+30)]
@) =[G+ —1)+ B+ 3i)]

0<tr<l1
f@ =10+ -1+ B+t
f) =[A+2D)(1 —1)+ 3+ 2]
f@ =11 +3)1 -1+ 3+3i)t]
Fig. 2.12 The trajectories of Im

nine complex numbers in the
first quadrant, when squared
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Fig. 2.13 The trajectories of Im
nine complex numbers in the
second quadrant, when
squared

Re

Fig. 2.14 The trajectories of
nine complex numbers in the
third quadrant, when squared

Re

Figure 2.13 shows the trajectories for nine similar complex numbers in the second
quadrant, where the squaring function imposes an anti-clockwise rotation on the
trajectories, with the end complex numbers in the third or fourth quadrant.

Figure 2.14 shows the trajectories for nine complex numbers in the third quadrant,
where the squaring function imposes a clockwise rotation on the trajectories, with
the end complex numbers in the first or second quadrant.

Figure 2.15 shows the trajectories for nine complex numbers in the fourth quad-
rant, where the squaring function imposes a clockwise rotation on the trajectories,
with the end complex numbers in the third or fourth quadrant.
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Fig. 2.15 The trajectories of Im
nine complex numbers in the
fourth quadrant, when
squared

Y

Re

Fig. 2.16 The trajectories of
eight, squared imaginary
numbers

The only remaining numbers to consider are on the real and imaginary axes. The
real axis is simple, as the square of any real number is another real number. Figure 2.16
shows the anti-clockwise trajectories of four positive imaginary numbers, and the
clockwise trajectories of four negative imaginary numbers.

2.5.16 The Hyperbolic Functions

The trigonometric functions derive from the geometry of the circle x> + y> = 1,
whereas the hyperbolic functions are associated with the geometry of the hyperbola
x? — y? = 1. However, they are all related to e as we will see.

Given

el 4 it
cosf) = ———
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then
i(i0) —i(i0) ) 0
cos(if) = ¢ +2€ =¢ te = coshé.
Similarly, given
619 _ e*ié)
sinf = -
2i
then
o ol _ pii0 =0 _ P ie? —e® .
sin(if) = - = - = = isinhf.
2i 2i 2
By definition:
canh @ sinh 6 e —e?
anh 6 = =
oshd e +e?
Therefore,
0 -6
coshf = % = cos(if)
e —e?
sinhf = — = —i sin(if)
e’ —e™ S
tanh 6 = m = —1 tan(z@)

cosh® + sinh § = ¢°

cosh® — sinh§ = ¢~*

cosh?® — sinh?6 = 1.

Figure 2.17 shows how sinh and cosh relate to the hyperbola.

2.5.17 Derivative of a Complex Number

Basic calculus informs us that

do
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Fig. 2.17 The hyperbolic

cosht

43

functions
5 4
therefore,
d
—e
do
and

d
E(COSO +isinf) = —sin

6 +icosf =i(cosf +isinb).

We also expect the derivative of the exponential form to agree:

d _d i0
= cosQ_deRe(e )
d i i
= g3 +e™)]

_ i

-2

(eie _ e—ie)

= —sin6

d

—sinf = iIm (em)

do T
d 1

1
2

=70 [3 (¢ —e™)]

(eiO + e—i9)

= cos 6.
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2.6 Summary

Hopefully, this chapter has established i = /—1 as an incredible invention. Even
though it does not belong to the traditional number systems, it is a valid math-
ematical object and reveals hidden numerical relationships between various con-
stants and functions. Perhaps the two outstanding examples being e'™ + 1 = 0 and
i' =0.207 879....

The complex plane provides a simple way of visualising complex numbers, and
illustrates their connection with vectors.

Euler’s proof for e’? = cos6 + i sin@ opens the door for associating complex
numbers with wave phenomena, which include acoustic waves, sea waves, electronics
and quantum mechanics. These are covered in later chapters.

2.6.1 Summary of Complex Formulae

For all the following formulae, z = a + bi and i> = —1.
Imaginary Number

bi, biel, bekR.
Complex Number

z=a=xbi, (axbi)eC, a,beR
RcC, IcC

Real and Imaginary Parts
a =Re(z), b =Im(z).

Complex Conjugate

Z=a—bi
Z=a*+ b
2122 = 2122

Powers of i

4n — 1, i4n+l — +4n+2 — _1, i4n+3 — _
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Modulus and Argument

2=(r0), r=+va*+b? 6=tan"'(b/a)

a =rcosf
b=rsinf
z =r(cosfO +isinb)

zi=a;+bii = (r(,0))
22 =ay + byi = (2, 62)
2122 = rira[cos(0; + 6,) + i sin(6; + 6,)].

Complex Norm
Izl = |zl = VzZ = vVa® + b2,

Complex Inverse

Lz
Z = —.
|z|?

Complex Exponential

e = cosf +isind

e =cos® —isinf

el 4 if
cos) = ——
2
- elG _ 6750
Sind =
2i
T +1=0

i =0.207 879 576 ....
de Moivre’s Theorem

(cos@ +isinf)" = cos(nb) + i sin(nh)
cos(26) = cos? 0 — sin® 0
sin(20) = 2 cos 6 sin 6
cos(30) = 4cos’H — 3cosb
sin(30) = 3sinf — 4sin®

1
7"+ — =2cos(nh).
Zﬂ
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nth Root of Unity

7"=1
z = cos (%) +isin ().

nth Root of a Complex Number
ﬁ:%[cos(%)+isin(%)], O0<k<n-—1.

Logarithm of a Complex Number

7 = re?
Inz=1Inr+i6

Inz = In|z| 4 i arg(z).

Raising a Complex Number to a Complex Power

ZW — ewlnz.
The Hyperbolic Functions
0 -0
coshf = % = cos(if)
e _ o?
sinhf = — = —i sin(if)
e’ —e™? .
tanh 6 = m = —1 tan(z@)

cosh§ + sinh § = ¢’
coshd — sinh§ = ¢~

cosh? — sinh? 6 = 1.
Derivative of a Complex Number

d . .
_619 . 10.
do



2.7 Worked Examples 47

2.7 Worked Examples

2.7.1 Complex Addition

Compute (3 + 2i) + (2 4+ 2i) 4+ (5 — 3i).
Solution: Collect up like terms.

BG+2)+Q+2i)+(5—3i)=10+i.

2.7.2 Complex Products

Compute (3 + 2i)(2 4+ 2i)(5 — 3i).
Solution: Expand algebraically and simplify.

(3 +2i)(2 + 2)(5 — 3i) = (3 + 2i)(10 — 6i + 10i + 6)
= (3 +2i)(16 + 4i)
— 484+ 12i +32i — 8
= 40 + 44i.

2.7.3 Complex Division

1

Compute OF3E=5) . ) .
Solution: Expand the denominator, then multiply top and bottom by the denomina-
tor’s conjugate.

1 1
Q2 +30)@d—5) 2342
1 (23-20)
T (23 42i) (23 — 2i)
23— 2i
T 529+4

= (23 — 2i).

2.7.4 Complex Rotation

Rotate the complex point 3 + 2i by +90° and £180°.
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Solution: Multiply by £i and —1.
To rotate +90° (anti-clockwise) multiply by i.

i(3+2i)=3i —2=—2+3i.

To rotate —90° (clockwise) multiply by —i.

—i3+2i)=-3i+2=2-3i.

To rotate +180° (anti-clockwise) multiply by —1.

13 +2i)=-3-2i.

To rotate —180° (clockwise) multiply by —1.

2.7.5 Polar Notation

V2

—1(3 +2i) = -3 — 2i.

J2

2 Complex Numbers

Given z; = % + ¥Ziand zp = —\/% + ¥2i, compute their product using standard
complex number format, and polar notation.
Standard complex number format.

Solution: Expand algebraically.

2122 =

Polar notation.

[S)

N

1
2

1
2
1

s+ %) (5 + )

Solution: Compute the amplitude and argument for z; and z,; multiply the amplitudes,

and add the arguments.
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22 = (1,135%)
2132 = (1, 1800) =—1.

2.7.6 Real and Imaginary Parts

Find the real and imaginary parts of 1/(1 4+ ¢'?%).
Solution: Multiply top and bottom by the conjugate, expand and isolate the real and

imaginary parts.

1 B 1 4 ¢i20
1 + ei20 - (1 ~|—ei20)(1 +e—i29)
1 + cos(26) — i sin(20)
2 4+ 2cos(20)
1 + cos(26) . sin(20)

T 21 2c0s(20) 2+ 2cos(26)

: < 1 )__1( sin(26) )
T TTe” ) = 72T cos20) )

2.7.7 Magnitude of a Complex Number

Find ( 1

Solution: Use z7 = |z|?> and expand.

2

1 1
‘ 1+e2| — (1+e2)1 +ei20)
1
T 1t e 2 4 ei26 4|
1
= 24 2cos(260)
1

= [2 4 2cos(20)]7 /2.

‘1 T ei20



50

2.7.8 Complex Norm

Find the norm of z = 5 + 12i.
Solution: Use ||z|| = va? + b2.

lzll = |zl = V52 + 122 = 13.

2.7.9 Complex Inverse

Find the inverse of 1 +i.

Solution: Multiply top and bottom by the conjugate and expand.

a-1i

D=0 0a+n

=31 —10).

2.7.10 de Moivre’s Theorem

Express cos(56) in terms of cos 6, and sin(56) in terms of sin 6.

2 Complex Numbers

Solution: Use (cos 8 + i sin )" = cos(nb) + i sin(nf) and simplify.

cos(50) + i sin(50) = (cos 6 + i sin 9)5

=cos’ 6 + 5i cos* 0sin 6 + 10i2 cos® 6 sin2 6

+ 10i3 cos? 0 sin’ @ + 5i% cos @ sin* 6 + i9sin> 6

= cos’ 6 — 10cos> 0 sin® 6 + 5 cos 0 sin* 0
+i(5 cos*@sin® — 10 cos? 0 sin’ 6 + sin® 0)
c08(50) = Re[(cos @ + i sin0)’]
= cos” 6 — 10cos> 0 sin? 6 + 5 cos 0 sin* 0
but sin>6 = 1 — cos’ 0

cos® § — 10 cos’ o(1 — cos26) + ScosO(1 —

cos? 0)2

cos> 0 — 10cos > @ + 10cos” 6 + S5cosO(1 — 2cos? 6 + cos? 9)

=11lcos’ 6 — 10cos> 6 + S5cosf — 1000536+5c0356

cos(50) = 16cos® § — 20 cos> 0 + 5cosf.

sin(50) = Im[(cos & + i sin6)°]
= 5cos*0sinf — 10cos? @ sin> @ + sin’ @

but cos20 = 1 —sinZ 0

= 5sin6(1 — sin?0)% — 10sin> @(1 — sin? @) + sin’ &
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Fig. 2.18 cos(56) =
16 cos 6 — 20 cos® 6 +
5cos6

Fig. 2.19 sin(560) =
16sin® 6 — 20sin’ 6 +
5sin6

51

y=-20cos360 v = 16cos50

= 16sin50

= 5sin@ — 10sin> 6 + 5sin” # — 10sin> @ + 10sin> 6 + sin’ 6

sin(50) = 16 sin® & — 20sin> @ + Ssin 6.

Figure 2.18 shows the individual waveforms contributing towards cos(56), and
Fig.2.19, the individual waveforms contributing towards sin(56).

2.7.11 nth Root of Unity

Find the 4th and 6th roots of 1.
Solution: Use

7= k=0,1,2,....n—1

= cos (%2) + i sin (%2).

n n

substituting different values for n and k.
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When n = 4:
[k =0] Zo=COS(2)+iSin(%)=1
[k=1] z;=cos(Z)+isin(E)=i
[k=2] z; =cos (%) +isin(¥£)=-1
[k =3] z;=cos (%) +isin(L)=—i
Whenn = 6:
[k=0] zo=cos(2)+isin(2)=1
k=11 z1 =cos(Z) +isin(Z)=1+iL
[k =2] lecos(%)—i—ls]n(‘%):_%+i%§
[k = 3] z1=cos(%’)+ism(%)=_1
[k=4] Z]:COS(E%I)—i—isn’l(g?ﬂ)2_%_1'\/7g
[k =5] ZlZCOS(mT”)—i-isin(mT”):%—i‘/T?

2.7.12 Roots of a Complex Number

Find /i.
Solution: Convert i to polar form and use

Yz =/r [cos () +isin (BE22)], 0<k<n-—1.
2=0+i=(0)

r=1

0=m/2

Vi = cos (PH21) 4 isin (227) | 0<k <2
=cos (£ + &%) +isin (% 4+ %3F)

o = cos (3) +sin (3) = % + 13

Zl=COS(%+2T”)+isin(%+27”)=—*/7§+l%

2 = cos (5 + ) + sin (£ + %) =
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2.7.13 Logarithm of a Complex Number

Compute the natural logarithm of z =5 — 12i.
Solution: Convert z to polar form and use In z = In |z| + i arg(z).

5—-12i =+/52+ (_12)zeitan“(712/5)
~ 13e—i1176
In(5—12i) = In (13e—i1-176)
~Inl3 —1.176i
~ 2.565 — 1.176i.

2.7.14 Raising a Number to a Complex Power

Compute 3'+.
Solution: Use 7 = e*Inz,

z=3
w=1+1i
szewlnz

In3 ~ 1.0986

(1+i)In3 ~ 1.0986 + 1.0986i
31+i ~ e(l.0986+l.0986i)

~ e 1 '09866 1.0986i

~ 3(cos 1.0986 + i sin 1.0986)
~ 3(0.4548 + 0.8906i)
~ 1.3644 4-2.6718i

Reference

1. Feynman RP (1977) The feynman lectures on physics, vol 1. Addison-Wesley, Boston, p 10-22



Chapter 3 ®)
Matrix Algebra i

3.1 Introduction

This chapter reviews the various types of matrices and their associated algebra
that apply to real and complex numbers. For clarity, they are described in a complex
context. I also describe how a complex number can be represented as a matrix, and
show thata + bi, cos + i sin@, ¢!, i and i ~!, all have a 2 x 2 equivalent matrix. If
matrix notation is new to you, then take a look at my book for a complete description

[1].

3.2 Complex Matrices

3.2.1 Matrix Addition and Subtraction

When adding or subtracting matrices, they must be of the same order:

C=A=xBHB
[cij] = [ais] £ [bi)]
where C has the same order as A and B.

As real and complex number addition is commutative and associative, it follows
that matrix addition is also commutative and associative:

A+B=B+A
(A+B)+C=A+(B+0C).

For example, given

Ao [1+2i 2430 p_[1-2 3+i
“|3+4i 5——6i]" "7 |4-20 2

© Springer International Publishing AG, part of Springer Nature 2018 55
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then

C[r+2i 2430 1—2i 3+i

AtBE=|314 5——6i:|+[4—2i —2}
[ 2 544
T 7+2i 3-6i

A_B— l+21' 2+3l. _ 1—21' 341
|3+4i 5-06i 4-2i =2
[ 4 —1+2i
T l-146i 7T—6i |

3.2.2 Matrix Scaling

Matrix scaling is the action of multiplying each element of a matrix by a scaling
factor, real or complex. For example, matrix A is scaled by A as follows:

AA = Aaij] = [raij]

where each element of A is multiplied by A. If A = 2i then

[+ 2-3

A_|:3—2i 4 }

[+ 2-3i] [-242 6+4i
)‘A—Z’[:s—zl' 4 ]_[4+6i 8i ]

It follows that if the elements of a matrix share a common factor, the factor can be
placed outside the matrix. For example,

10i  20i
32[301' 401'}
_.[10 20
='30 40|

3.2.3 Zero Matrix

By definition, all the elements of a zero matrix equal zero and is represented by 0.

Here are some examples,
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0 0 0 0 O
[0 0], [0 O O], [O] 01, 0 0 0
0 0 0 O

It follows from the rules of matrix addition that A + 0 = A.

3.2.4 Matrix Multiplication

For matrix multiplication to be consistent with its algebraic equivalent, matrix mul-
tiplication must obey certain rules. For instance, given two matrices A and B,

ay  an bt b
A= N B:
|:6121 6122} [1921 bzz}
then

AB — aibir +apby  anbi +anbn
a1bi1 + apby  axbip +anby |-

This can be generalised as follows. Given two matrices A and B, where A is a matrix

of order m x p with elements a;;, and B is a matrix of order p x n with elements
byj, then C = AB is a matrix of order m x n with elements c;;, where

cij = anbij + ainbyj + ainbzj + - - + aipby;,

which can be expressed as

p
Cij = Zaikbkj~ (31)
k=1
For example, two complex matrices of order 2 are multiplied as follows:

A 1+ 2-&] B:[3+z 4—1]

4 5+4i 243 542i
C=AB
C[r+i o 2-2i|[34+i 4-i
T4 5+4i|[2430 542

. :(1 +DC+D)+2-20)24+3i)) A4+D)@—-i)+Q2—-20)(5+2i)
B 4GB +i)+ 5+ 42+ 30) 44 — i)+ 5+ 4i)(5+2i0)
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[ @+4D)+10+2))  (5+3i)+ (14— 6i)
T (124 4i) + (=2 +231) (16 — 4i) + (17 + 30i)

12460 19-3i
T10+27 334260 |

Reversing the product such that C = B A, changes every element of C and is the
reason why, in general, matrix multiplication is non-commutative.

3.2.5 Negative Matrix

By definition, given a matrix A with elements a;;, its negative, —A is defined such
that

—A = [—a;l.
For example, given

14+i —-2-3i 3i

A= —4 542 —-6+4+4i
7i -8 9 —3i
then
—1—-i 2+3i -3
—A = 4 —5-2i 6-—4i
—7i 8 —943i

It follows that A + (—A) = 0, because

A+ (—A) = [a;j]1+ [—a;;1 = [0;].

3.2.6 Determinant of a Matrix

When a2 x 2 matrix is used as a geometric transform, its determinant represents
the scaling action. For instance, the determinant of the identity matrix is 1:

1 0 1 0
det|:0 1]:‘0 l’:1.
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The determinant of a rotation matrix should also equal 1, as no scaling takes place,
|:cos9 —sin9i| cosf —sinf
det =

sin 0 cos sin 0 cos 6

‘:coszé—i—sinz@: 1.

However, given a complex matrix, its determinant is probably complex, but not
necessarily so. Let’s start with the following matrix

o [2+30 342
Tli—i 4-2i

then

Al = 2 +3i)@d — 2i) — (1 — )3 + 2i)
=(14+8i)—(5—1i)
=9 +9i.

whereas, given

g |4+3 342
T 3-2i 4-3i

then

|B] = (44 3i)(4 — 3i) — (3 — 2i)(3 + 2i)
=23 13
= 10.

3.2.7 Diagonal Matrix

A diagonal matrix is an n x n matrix whose elements are zero, apart from its diag-
onal:

ar 0 0
0 ax 0
A = . )
0 0 A

consequently, the determinant of a diagonal matrix must be

|[A] = aiy x axpn X -+ X apy.
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Here is a diagonal matrix with its determinant

24 3i 0 0
A= 0 3—i 0
0 0 4+5i
Al = 2+ 3)(3 — i)(4 + 5i)
= (2 +3i)(17 + 11i)
=1+ 73i.

Now let’s consider the product of two diagonal matrices A and B with the same
order. The general product rule is

¢ij = anbij + ainbsj + aizbzj + - - - + ainbyj,

for all ij pairs. As the rows of A multiply the columns of B, the only time there will
be a non-zero result, is when the row and column share a common diagonal element.
Consequently, the resulting product is also a diagonal matrix. Let’s illustrate this
with a 3 x 3 matrix:

ar 0 0 b]] 0 0
A= 0 ann 0 , B = 0 bzz 0
L 0 0 ass 0 0 b33
_al] 0 0 b1y 0 0
AB = 0 ann 0 0 b22 0
L 0 0 ass i 0 0 b33
[ a11b1 0 0
= 0 anbn 0
| 0 0 assbs;

which is another diagonal matrix.
Here is an example:

[24i 0 0 30 0
A=| 0 4 0|, B=|0 5+i 0
L 0 0 6 0 0 7-i
[6+3i 0 0
AB=| 0 2044 0
Lo 0 6+42i

It should be clear that matrix multiplication of diagonal matrices is commutative. i.e.
AB = BA.
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3.2.8 Identity Matrix

An identity matrix is a diagonal matrix with its elements equal to 1. For example:

en

|
—
O =
- O
| |

o

|
S O =
S = O
- o O

=

I

SO = O

SO O =
(=l =)
- o O O

Thus when we multiply any matrix by I, it leaves the matrix unchanged. It is common
to employ 7 as the identity matrix, as its order is determined by the associated matrix.
Note that /A = Al.

3.2.9 Transpose Matrix

A transpose matrixis denoted by AT and exchanges rows with columns in the original
matrix. Only the diagonal elements remain unchanged. For example:

I+i 242 3+3i
A=|444 545 6+6i
T+7 8+8 9+9i

then

14i 444 7+7i
AT=|242i 545 8+38i
3+43i 64+6i 9409i

3.2.10 Trace

The trace of a square matrix A is defined as the sum of its diagonal elements and
written as Tr(A). For example, given

1+i 4+4 T+7i
A=|24+2i 545 8+8i
3+3i 6+6i 9+9i

Tr(A) = (14i) + (5 +5) + (9 +9i) = 15+ 15i.
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3.2.11 Symmetric Matrix

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

A=AT.
For example, the following matrix is symmetric:
14+2i 344 4+5i
A= |3+4 2+43i 6+4+7
4451 647 344i

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

ay dadip ... dip ay a ... Qap
as ann CIEaR asp T aln ann e apn
A = , A =
Ayl dp2 ... Qpp Ay Aazp A
their sum is
2a1; ap+ay ... ap+ag
T app + ax 2ax oo Gy tap
A+ A = ) . ) ) . (3.2)
ay, +dy dy, +apy ... 2(,1,,,,

By inspection, (3.2) is symmetric, and dividing by 2 we have

1 T
S=3(A+A"),
which is defined as the symmetric part of A.

For example, given

ayp dpz aps ay  dzp a4z

T
A=|ay apn ap |, A =|ap an a3y
asy dasy dass apz dazz ass
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then
1 T
S=3(A+A")
B 4 app +ax ap+as
11
2 2
apy + ax as +as
=| —F an e
2 2
aizt+az  axp+tan
asz
L 2 2
r 53 52
api by by
2 2
853 51
= —_— a —_—
> 2
\Y) 51
— — a
| 5 > 33
where

Sy =ax+an
§2 = a3 + as;

§3 =app +as-

For example, given

0 14+i 444 0 3—i 444
A=|3—i 24i =3i |, AT=| 14+i 24i 2+43i
| 4+4i 2430 6+2i 44+4i -3i 6+2i
s1=2, =848, s3=4
0 2 444
S = 2 2+ 1
| 4+4i 1 642

which equals its own transpose.

3.2.12 Anti-symmetric Matrix

An anti-symmetric matrix is a matrix whose transpose is its own negative:
AT =—A,

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

whenk =i =

3 Matrix Algebra

are related by

ajj = —dji,

Ak = —Akk;

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

symmetric matrix

0
—6—
2
In general, we have
app  an
a; ax
A= .
dpl  Aap2
and their difference is
0
—(an —a
A—AT =
_(aln —dap

645 243i
Si 0 4 +5i
3i —4-15i 0

ain a  azg
o T aip  dax
. ’ A -
Ann Aip  Aop
ajp — azg dly — dpl
1) 0 A — an2
1) —((12,, — anz) PN 0

It is clear that (3.3) is anti-symmetric, and dividing by 2 we have

_ 1 _ 7T
0= 3 (A A )
For example,
ayy  ap  ap ayy a4z
T
A= |ay axn ap |, A =|ap an ax
| @31 axn a3 a;z a3 as
r 0 ap —ay ap—as
2 2
0= ax) — ap 0 a3 — az
2 2
aszp —apz  azp —das 0
L 2 2

Anl
[27%)

Ann

(3.3)
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and if we maintain some symmetry with the subscripts, we have

0 apy —apy _ a3 —aigs
ap —a 2
0=1|- 12 21 0
asy — a3 o3 —am
L 2 2
Ty B @
q3 2 q1
ol Y
@ _a g
L 2 2
where
g1 = dx3 —as
g2 =as —as
g3 = aix — azp.
For example,
0 14+i 4+4i 0 3—1
A=|3—i 2+4i =3 |, AT=| 1+i 2+i
| 4+4 2430 642 4+4 =3i
C]1=—2—6i, qZZO, Q3=—2~|—2i
0 -1+ 0
O=|1—i 0 —-1-3i
0 143i 0
Furthermore, we have already computed
0 2 4+ 4i
S = 2 2+ 1
4 +4i 1 6+ 2i
and
0 141 4+4
S+0=| 3—i 2+4i —3i = A.
44+4i 243 642

4+ 4i
2 +3i
6 +2i

65
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3.2.13 Inverse Matrix

One of the useful features of matrix notation is the concept of the inverse matrix
where a square matrix A, may have an inverse A~ such that the product AA~ =1,
In the world of transforms, a matrix A performs a transformation such as a rotation
about an axis, whilst its inverse A~!, performs the inverse transformation, which
rotates in the opposite direction.

So a useful definition for an inverse matrix is: Let A be a square matrix of order
n, and A~! be another square matrix of order n, such that their product AA~! =
A~'A = I. This definition preempts the possibility of matrices that do not have an
inverse. For example, the following matrix does not have an inverse, as its determinant

I+

is zero:
1+
A_|:1+i 1—I—i]

[Al=04+D)A+i))— A+ +iQ)
=0.
Therefore, from now on, when we talk about an inverse matrix, we assume the
existence of the inverse form.

One way to derive an inverse matrix employs a cofactor matrix, which is based
upon the cofactors associated with any matrix element.

3.2.14 Cofactor Matrix

Let’s start with the following matrix and its cofactor matrix

i 1+i 3-3i
A=|242i 1—-i 444
| 4—4i 2+i 2-2i
(Al A An
cofactor matrix of A = | Ayy Ay An
| As1 An Az
where
_ ann ans _ l—i 4+4i A .
A11_+ asy dssz _+‘2+l 2-2i =4 16i
_laxn axn|  |2+2i 444
A== an| T ‘4—41' 2_2i| =%




3.2 Complex Matrices 67

T I s e
- I
R e
A== | =~ 4 ;: =9-2
et it 152

A== an|=" ) iai ags|=16-4
R IEE PR RS

therefore, the cofactor matrix of A is

—4 —16i 24 2+ 14i
5-3i 24260 9-2i
14§ 16—4i 1-3i

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

Al 0 ... 0

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

and dividing throughout by |A| we have

A(cofactor matrix of A)T _
[A] -

which implies that

1 _ (cofactor matrix of A)"
B [Al

A-

Naturally, this assumes that the inverse actually exists.
Let’s find the inverse of the above matrix
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i 1+i 3-—3i
A=|2+42i 1—i 4+4i
| 4—4i 2+i 2-2i
[ —4 — 16i 24 2+ 14i |
(cofactor matrix of A) = 5—-3i 24260 9-—2i
| 14 16—4i 1-—3i
[—4—16i 5-3i 14i
(cofactor matrix of A)T = 24 24260 16 —4i
| 2+ 14 9—2i 1—3i
|Al = a11 A +anAp +ai3An
=i(—4—-160)+ (1 +i)(24) + 3 —3i)(2 + 14i)
=16 — 4i + 24 + 24i + 48 + 36i

= 88 + 56i

. —4—16i 5-3i  14i

o 24 2+26i 16— 4i
88 + 56i

24 14i 9-2i 1-3i

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

L[ i 33 [—4—16i 5-30 14
AA T = ———— [ 242 1—i 4+4i 24 2+26i 16—4i
B840 | 4_4i 240 2-2i || 2+14 9-2i 1-3i
. [ss+s6 0 0
== | 0 88436 0
R 0 88+56i
100
—l0o 10
00 1

Finally, let’s compute the inverse matrix of the following matrix using cofactors:

[2+i 3-2i
A= | 4—i —l—i—i}
. [ —1+i —4+i
(cofactor matrix of A) = 3420 241 i|
. [—14+i —-3+2i
T _
(cofactor matrix of A)" = 4+ 24 }

[Al=QC+D)(-1+D)+ @B —-2i)(—4+i)=—-13+12i

1 [—l+i —3+2i}

Al ———
—13412i [—4+i 2+
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Let’s test it:

A=A 1 [—H—i —3~|—2i:|[2+i 3—21’]

S T2 | —4+i 240 ||4—i —14i
o 134 12 0
T 134126 0 —13 +12i

|1 0
10 1}
In general, the inverse of a 2 x 2 matrix is given by
A [011 a12i|
a axn

1 a —a
A71 — 22 12 .
ajjar — dppdr | —a2i ap

3.2.15 Conjugate Matrix

By definition, the conjugate of a complex number z = a + bi is 7 = a — bi. Simi-
larly, given an n x m matrix containing complex entries, its conjugate is an n x m
matrix with the sign of the imaginary parts reversed. For example, given A

243 4-si
A—[ —i 1~|—2i]

its conjugate, A is

Z=|:2_3l 4+51]'

i 1—-2i

If A = A then A must be a real matrix.

3.2.16 Normal Matrix

A complex square matrix is normal when

ATA = AAT
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whereas a real square matrix is normal when

ATA = AA".
For example, A is normal:
1 4i 5
A=| —4i 2 343i
| S 3—3i 3
1 —4i 5
AT = | 4i 2 3-3i
| 5 3+3i 3
1 4i 5 ]
AT = | —4i 2 34+ 3i
| S 3—-3i 3
L [ 1 4i 5 1T 1 4i 5 L
ATA = | —4i 2 3+3i —4i 2 3+3i | = AAT.
| S 3—-3i 3 5 3—-3i 3

3.2.17 Conjugate Transpose

Given an n X m matrix A, its conjugate transpose or Hermitian transpose A* is
achieved by transposing A and then, conjugating all the entries:

A* = AT,

In fact, it should be obvious that reversing the transposition and conjugation has no
effect on the result:

A" =74
For example, given
[ 1 4 =2 ]
A=| 4 2 3430
then
- 1t -4 2i ]
A= |4 2 3-3i]
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and
1 4i
A*=| —4i 2
2 3-3i

Here are some observations regarding such matrices:

Reversing the conjugate and transpose operations has no effect on the result.

(A + B)* = A* 4+ B*, where A and B are n x n matrices.

(AB)* = B*A*, for any m x n matrix A and any n X p matrix B.

(A*)* = A, for any m x n matrix A.

(zA)* = zA*, for any complex number z and any m X n matrix A.

Other names for the conjugate transpose are Hermitian conjugate or adjoint
matrix.

SnsE P

3.2.18 Hermitian Matrix

A Hermitian matrix is a complex square matrix that is equal to its own conjugate
transpose, and is denoted AP je. A = ZT, or A = AT, It is named after the French
mathematician Charles Hermite (1822—-1901), who made a significant contribution to
mathematics, including a proof for e being a transcendental number. Let’s illustrate
this with an example. Given,

1 4i 5
A=| —4i 2 3+3i
5 3-=-3i 3

then
1 —4i 5
A= 4 2 3-3i
5 3+43i 3

—T . . .
whose transpose A gives the original matrix, A:

1 4i 5
A= | —4i 2 3+4+3i
5 3-3i 3

and makes it a Hermitian matrix.
An important property with Hermitian matrices is that they always have real
eigenvalues. For example, matrix A is Hermitian, and has real eigenvalues A = 1.5 £

V65/2:
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and solving the characteristic equation:
1—Xx 4
—4i 2-A
a1-M»2-2-16=0
A —31—14=0

-

e 3+49+56
N 2
A =1.5++65/2.

Let’s also show that the above 3 x 3 Hermitian matrix has real eigenvalues.

1 4i 5
A=| —4i 2 3+3i
5 3-3i 3

solving the characteristic equation:

1—A 4i 5
—4i 2—i 343i|=0.
5 3-3i 3-—-A

Using Sarrus’s rule:

0=(1—-1)Q2—-1B—1) +4i(3+3i)545(—4i)(3 - 3i)—
(1 —2MG+31)3 —3i) —4i(—4)3 — 1) — 52 — 1)5
=2 -=31+2)3B—=21) — 60+ 60i — 60 — 60i—
(1—1)18 — (48 — 161) — (50 — 251)
= -2 4622 —11r+6—120—
18 + 181 — 48 + 164 — 50 4 251
— 23 4+ 617 4 48) — 230
= 13 — 6)% — 481 + 230.
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Fig. 3.1 Graph of Yy
y = A3 — 642 — 482 + 230 00

200

=100

=200

=300

Figure 3.1 shows the graph of y = A*> — 642 — 48X + 230, with real solutions: A ~
—6.6, 4.1, 8.5.
Hermitian matrices are rather special and possess many properties:

1. The main diagonal entries have to be real, because they must equal their complex
conjugate.

2. Charles Hermite proved in 1855 that matrices, where A = ZT, always have real
eigenvalues. He didn’t use this term, as this was coined by Hilbert, 50 years later.

. Hermitian matrices are normal matrices.

A4 Al = Al

. If A" has an inverse, it is also Hermitian.

. A matrix such that A" = —A is a skew-Hermitian matrix. See www.wikipedia.
org for a complete overview.

AN B~ W

3.2.19 Orthogonal Matrix

The transpose of an orthogonal matrix is also its inverse:
AT — A1

which makes inverting extremely easy. For example, the following 2D rotation trans-
form is orthogonal:

cosf —sinf
sin 6 cos 6

because its transpose is its inverse:

T | cosf sin6 |
A _|:—sin9 COS@:|_A '


www.wikipedia.org
www.wikipedia.org
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One can prove this by evaluating the product AAT to show that it equals the identity

matrix /:
AAT — [cos® —siné cosf  sinf
- | sin6  cos6 —sinf cosé
_ [cos? 6 + sin’ 6 0
L 0 cos? 4 sin® 0
1 0
=lo 1}—1

which confirms that AT = A~
It goes without saying that the identity matrix is orthogonal:

117

1 0 0
0 1 0
0 0 1

SO = O O~ O

Naturally, a complex matrix can also be orthogonal. For example, the following
matrix satisfies the definition for orthogonality:

S
w25 ) 7]
-[5 ‘1)]

3.2.20 Unitary Matrix

A unitary matrix is a complex square matrix whose conjugate transpose is also its
inverse:

ATA = I
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The following matrix is unitary

1
i
4<% 4
0 0 i
because
N
V2 V2
AT=| L i
V2 V2
| O 0 i
-1 i _
o V2 V2
AT = | L i
V2 V2
L 0 0 —i |
L i . R
o V2 V2 V2 V2
TA — | L __i S S
AA=17 7 NG
| O 0 —i | 0 0o i
1 0 0
=10 1 0].
|0 0 1

A unitary matrix is also normal, i.e. ATA = AAT,

3.3 Eigenvectors and Eigenvalues

3.3.1 Real Eigenvectors and Eigenvalues

The German mathematician David Hilbert (1862—-1943), is associated with coining
the terms eigenwert and eigenvektor in 1904. The English translation of eigen is
proper or characteristic, where an eigenvector is a special vector associated with a
matrix. Let’s begin by defining an eigenvector.

When the following transform A acts upon different vectors, generally, it creates
a vector with a new orientation and length.

Az[‘l‘ H
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For example, if v =[2 3]T, then

4 112 11
=1 a][5)-10]
which has a different orientation and length to v.
Similarly, if v =[1 — 3]7, then

e[l

which also has a different orientation and length to v.
However, if v=[2 2]T, then

4 112 10
=1 B[]
which has the same orientation as v, and has been stretched by a factor of 5.
Similarly, if v =[2 —2]T, then

=[5

which also has the same orientation as v, and has been stretched by a factor of 3.
The two vectors, [2 2]Tand [2 — 2]7 are the eigenvectors, and the two stretch-
ing factors, 5 and 3, are the associated eigenvalues.
We identify an eigenvector and its eigenvalue as follows. Given a square matrix
A, then a non-zero vector v is an eigenvector, and a scalar A is the corresponding
eigenvalue if

AV = Av.

The equation that determines the existence of any eigenvectors is called the char-
acteristic equation of a square matrix, and is given by

|A — I =0. (3.4)

Let’s derive the characteristic equation (3.4).
Consider the following matrix A and vector v:

o[t 2] L)
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If v is an eigenvector of A, and X its associated eigenvalue, then

AV = AV
=Alv
(A—XDHv=0

e s]BI=B)

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

a— A b
c d—)»‘_o'
Let’s use this on the matrix A:
4 1
=[]
then
4— A 1
L=
(4-2)>-1=0

A2—8L+16—1=0
A2 —8415=0
(A=5)(r=3)=0.
Thus A = 5 and A = 3, are the two eigenvalues, which make the matrix singular, due

to its zero determinant. Figure 3.2 shows the graph of the quadratic in A, with the two
roots.

Fig. 3.2 Graph of
y=A2—-8r+15

><
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To discover the associated eigenvectors, we substitute the values of A in

e MR
Il

which represents the equation y = x or the vector [1 1]T. Note that the equal and
opposite vector [-1 — 1]T is also a solution.

Next, we substitute A = 3:
1 1 x| |0
I 1{[y]| |0

which represents the equation y = —x or the vector [I — 1]T. Note that the equal
and opposite vector [—1 1]T is also a solution. Thus we have discovered that the
two eigenvectors are [1 11T and [1 — 1]T, with their mirror vectors, and their
respective eigenvalues A = 5 and A = 3, as predicted.

Figure 3.3 shows points on the unit circle, and arrows pointing to their positions
after the matrix operation. The blue arrows align with the eigenvectors, and their
eigenvalues, are the lengths relative to the origin.

The characteristic equation in the above example is a quadratic in A, as it came
from a 2 x 2 matrix. Increasing the order of the matrix, increases the order of the
polynomial, which sometimes makes it necessary to employ software to evaluate the
eigenvalues and eigenvectors. Both eigenvalues are real positive numbers, but they
can take on a wide range of values, including complex.

A2 x 2 matrix A will normally give rise to two eigenvalues and two eigenvectors,
but in the case of A = I, (the identity matrix), we have

Let’s start with A = 5:

Fig. 3.3 How points on the y
unit circle move to their 5
transformed positions

S
=)
=
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AV = Av
Iv=AIv
V=AV

and A = £1. Furthermore, all vectors must be eigenvectors.

3.3.2 Complex Eigenvectors and Eigenvalues

The characteristic equation may have real or complex roots, and if they are complex,
there are no real eigenvectors. For example, let’s examine the following matrix:

a=ls o

The characteristic equation is

6— A —4
’ 3 _2_/\’_(6—A)(—2—A)—(—4)8=0
0=—12— 61421+ A% +32
=A% — 40 +20
which has roots given by
4+ 16 —280
A= f=2:|:4i

and form a complex conjugate pair. The graph of this quadratic is shown in Fig.3.4.
To find the corresponding eigenvectors, we substitute each eigenvalue into Av =
AV:

Fig. 3.4 Graph of
y=2a2—41420

><
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Av = 2+ 4i)v

b 2)l]-esols 0]
[4_84i —(4_f4i)}[)yc]:[8}

which provides two equations:

@4 —4i)x—4y=0
8x —(4+4i)y=0.

However, the determinant of the associated matrix is zero:

4—4i  —4

§ —4—4i| =0

and either equation can be used:

@G—-4i)x—4y=(1—-i)x—y=0
y=0-1i)x. (3.5)

A cunning way to simplify (3.5)is to let k = x:

~[Latal

where k is an arbitrary scalar.
Next, we take the second eigenvalue 2 — 4i, and show that the corresponding

eigenvector is
1
v=k R
|: 1+ :|
‘We have shown that the eigenvalues and eigenvectors are

A =244, v=|: 1.}
1—1

. 1
A=2—4i, V—|:1+l.i|
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now let’s show that Av = Av for both pairs:

Av—]6 4 1] _[2+44i]
VEI8 —2[1—-i] T |6+2i]
_ Tl ] 244 (244
“—(2+4”[1—i} _|:(2+4i)(1—i)]_|:6+2i]
6 —4 [ 1 1 _[2-4i]
AV=lg 2fl1+i]T|6-2]

N 24 24
”2(2_4’)[1“} z[(2—4i)(1+i)] = [6—21‘]‘

In fact, if the square matrix A has real entries and complex eigenvalues, they will
always occur in complex conjugate pairs due to the form of the equation giving the
roots. Furthermore, if

Av = Av
where v is a non-zero eigenvector, then taking complex conjugates:
AV =V

and as A has real entries, A = A, which means

AV =2V

i.e. the eigenvalues and eigenvectors come in complex conjugate pairs.

3.3.3 Eigenvectors of a Rotation Matrix

We would not expect a rotation transform to have any specific eigenvector, 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.

_ [cosﬁ —sin,B]

sin 8 cos

where f is the angle of rotation.
The characteristic equation is

cos(B) — A —sin
sin B cos(B) — A

' =0 (3.6)
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therefore,

(cos(B) — A)* +sin> B =0
22 —2xcos B+ cos’ B +sin’ B =0
A2 —2xcosB+1=0. (3.7)

Equation (3.7) is a quadratic in A and solved using

s —b £ Vb? —4ac
- 2a

wherea = 1,b = —2cos B, c = 1:

s 2cos B+ /4cos? B —4
B 2
=cosB E+/cos?B —1

=cos B +/—sin’ B
Al =cosB+isinf

Ay =cos B —isinp.

A problem with trigonometric functions is that they have multiple zero and non-zero
values. So let’s test for these conditions.

(A=xv=0
cos(B) — A —sin B x| |0
sin B cos(B)—A ||y | O]
When g = 0 or &, then A = 1, and which implies that each non-zero vector v is an
eigenvector.
Now let’s find the eigenvectors for the eigenvalues when B # 0, starting with

Ay =cos B +isinpf.
Using the characteristic equation:

|[A—AIl=0
cos(B) — Ay —sinf —0
sin B cos(B) —Ar|

‘—lSll‘lﬂ —sinp = —sin’B+sin’ =0

sin B —isinB|
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which means that the two associated equations are identical, and either can be used:

—ixsing —ysin=ix—y=0

y=ix.

This is resolved by letting x = k:

=[-[1]( ]

where k is an arbitrary scalar.
The corresponding complex eigenvectors are

l
1
V ) — . .
IO summarise:

When g =0 then A; = A, =1, and when 8 = 7 then A; = A, = —1, and all
non-zero vectors are eigenvectors.

When B #0 then A, =cosp +isinf with the eigenvector [1 i]T, A, =
cos B — i sin B with the eigenvector [1  — i]T.

3.4 Representing a Complex Number as a Matrix

To illustrate how a complex number is represented by a matrix, we exploit the fact
that a complex number can be represented as an ordered pair or a vector. We also
bear in mind that the product of two matrices must generate the same answer as their
algebraic form. Let’s begin by multiplying two complex numbers z; and z; together
to separate their real and imaginary parts.

z1 =ay +bii
22 =ay + by
2122 = (a1 + bii)(ay + byi)
=ayay — biby + (b1ay + a1 by)i.

We now represent the product z;z, and z, as column vectors, and introduce a 2 x 2
matrix with unknown terms to represent z;:
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aya, — biby _ A B az

|:b1a2+a1bz:|_|:C Dill:bz:| (38)

It is clear from (3.8) that Aa, + Bb, must equal aja, — b1b,, which makes A = a

and B = —b,. Similarly, Ca, + Db, must equal bya, + ab,, which makes C = b,
and D = a;. Therefore,

ajay —biby | |ai —bi||a
|:b1612 +a1bzi| - [b1 a i| |:b21|' (39

The 2 x 2 matrix in (3.9) is equivalent to the complex number z;:

.| ar —b1
ar+bi = |:b1 al ] (3.10)

For example, the complex number 2 + 3i is equivalent to the matrix

2 -3

Let’s confirm this further by evaluating the product of two complex numbers alge-
braically and by using matrices.

71 =2+43i
2 =4+4+5i
2122 = (2 +3i)(4 + 5i)
=8 — 15+ 12i + 10i
= -7+ 22i.

Now using vectors and matrices, where

4+4+5i=[4 5"

.2 -3

therefore,

T2 3114
2122 _3 2 5
[ 8 —15
| 12410

-22:| = -7+ 22i.
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Let’s explore (3.10) further. The matrix for 1 is

b

which is the identity matrix and leaves any matrix it multiplies untouched.
The matrix for the imaginary unit i is

iz[? _01] 311

If this is correct, then the square of the matrix must equal another matrix whose effect
is to multiply by —1:

0O —-1|{0 =1} _([-1 O

1 0 1 o| |0 -1

1 0
=1 [0 1}
and confirms that (3.11) is correct.
Having computed the matrix for 7, its inverse is

because

1 (a—bi) 1
a+bi  (a—bi)(a+bi)
a — bi

T a4+ b?

andas x = 0 and y = 1 then
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Multiplying the matrices for i and i ~! must give the identity matrix:
- 0 -1 0 1
. 10 ][-1 0
1 0
0 1]°

Finally, let x = cos#, and y = sin 6, to represent the polar form e = cos6 +

isin0d:
a—l—biz[x —y:|
y X

cosf —sin@]

(3.12)

0 __ .. _
e _cose+zsm9_[sin9 cos 0

The 2 x 2 matrix in (3.12) is known as a rotation matrix, and rotates a position
vector 6 about the origin, which is the effect of multiplying a complex number by
cosf +isinf.
Now let’s compute the determinant of the matrix representing a complex number:
z=a+bi
. _|a -b
a+bi = |: b a i|
det [a _b] =a’+ b’
b a

2
= |z|

which is the modulus, squared.

3.5 Complex Algebra Using Matrices

Now that we have the following matrices:

. _[a -b
a-+bi = _b a i|
[0 -1
Sloo
cosf +isinf = C959 —sm9i|
| sinf cosf

we can undertake complex algebra without using i directly.
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For example, let’s compute the product (2 + 4i)(3 + 5i) using matrices.
: L _[2 —4]7[3 -5

[6—-20 —10—12
[ 12+10 —20+6

_[-14 -2
22 -4
= —14 +22i.

Now let’s compute the product i (3 cos 6§ + 2i sin #) using matrices.

. .. 0 -1 3cosf® —2sinb
i(3cosfH + 2isinh) = |:1 0 i||:25in9 3 cosf ]

_ —2sinf —3cosH
| 3cosf —2sin6

= —2sin 6 + 3i cos 6.

Finally, the product (2 + 3i)(3 cos 6 + 2i sin ) using matrices.

3 2 2sin 6 3cosf

_ 6cosf —6sinfd —4sinf —9cosb
"1 9cosf +4sinf —6sinh + 6cosH

= 6(cosf —sinf) + (9cos 6 + 4sinb)i.

(2 + 3i)(3cosd + 2i sinf) = [2 _3] [3"059 _ZS‘“"}

3.6 Complex Vectors

3.6.1 Cartesian Vector Space

Cartesian vectors are normally used to represent physical quantities possessing a
magnitude and direction. The mathematical construct is a linear combination of the
basis vectors, which for R” are

e =(1,0,0,...,0)
e =(0,1,0,...,0)

e, = (0,0, 0,...,1).
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Any vector v is a linear combination of ey, e, ..., e,:
vVv=rie +re +---+r,e, where {r;,r,...,r,} €R
and
V:[}’l, 1’2,...,7',1].

3.6.2 Complex Vector Space

The complex vector space C" employs the same standard basis, but substitutes com-
plex numbers, instead of real scalars:

v=c1el+cze2+"'+cnen’ {cl$c21"'scn}ec
and
v=[c1,c2,...,¢4l.
For example, v is a complex vector in C*:
2+ 3i
v=|1—-4i
3+5i

Complex vectors in C" can be scaled, added and subtracted, just like real vectors in
R". For example,

[2+3i ] 4+ 4i

u=|1-4i|, v=|1+4
| 3+5i ] 54 3i
[6+7i ]

u+t+v= 2
| 8+38i |
and
24 3i

Q4+iu=Q+i)| 1—4i
345
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[ (2+i)(2+3i)
=| @+ —4i)
| @+ DB +5i)
[ 1+8i
=| 6-7i
| 1+13i

3.6.3 Inner Productin R"

89

I have included the inner product in R", also called the Euclidean inner product and

the dot product, to highlight the similarity between R” and C".

Given two column vectors u and v:

ui U1
Uus U2
u= . s V=
Un Un
their inner product is a scalar:
)
T V2
u-v=uv=/[uy,uy,...,u,]| .
Un

n
= E UjV; = U1V + Uvy + -+ UL,

i=1

where {uy, us, ..., u,, vy, vy, ..

The inner product also reveals the angle between u and v:

u-v
cosf =

luf [v|

where |u| is the length of u, which also equals the Euclidean norm ||u||:

[uf| = vu-u
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If u and v are regarded as position vectors for two points, the distance between the
vectors, or points, is d(u, v):

dua, v) = ju—v|

=yV@—-v)-(u-v)

S — v = V= o)+ w2 — v+ g — )2
i=1

3.6.4 Inner Productin C"

The inner product in C" is similar to the inner product in R”, but requires the complex
conjugate of one of the vectors:

up V1
Uz %)
u= . s V=
Up Un
their inner product is:
vy
T V2
u-v=uv=/[u,uy...,u,]| .
Up
n
= E uil_)i :ull_)1+ M252+"'+unl_)n
i=1
where {uy,us,...,u,, v, vs,...,0,} €C.
For example,
1420 2—1i
u=|2-3i |, v=|3+3i
4+ 3i 1+2i

2+
w-v=u'v=[14+2i 2-3i, 4+3i]| 3—23i
1—2i
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={0+20H)2+i)+2-3)3—-3i)+ 4+ 3i)(1 —2i)
=5 —-3-15+10-5i
=7—15i.

The Euclidean norm of u in C”" is

[ul = Vu-u

= V02 + [ua? + -+ Jun 2.

For example,

u=[1+2i, 2-3i, 4+ 3i]
lull = /|1 4202 + 12 = 3i[? + |4 + 3i|?
= VP2 + (22 +3) + @+ 3
=/5+13+25 =443

The Euclidean distance between u and v is d(u, v):

dua, v) = |u—v|

=vV@—-v)-(u-v)

n
Z|“i—vi|2=\/|ul—U1|2+|M2—U2|2+"'+|un—vnz-
i1

For example,

u=[142i, 2-3i, 44 3i]
v=[2—1i, 3+3i, 1+42i]
d@u, v) = |u—v|
=|(—=1+3i), (-1 -=06i), B+1i)|
:\/12+32+12+62+32+12
=VI+94+1+36+9+1=+/57.

3.6.5 Outer Product in R"

Given two column vectors u and v:



92 3 Matrix Algebra

Ui V1
Uz U2
u= . V=
Mﬂ v}’l
where {uy, us, ..., u,, vy, V2, ..., v,} € R, their outer product is a matrix:
A=u®v=uv'
mu
U
=1 . |l v, wld
_un
[(wvy wva - upvy,
UV Urvy s Uusvy,
| UpV1 UV - Uy,
For example,
2] 5
u=1|31, v=1|6
| 4] 7
e
uv=uv'=|[3|[5 6 7]
_4_
(10 12 14
=115 18 21
| 20 24 28

3.6.6 Outer Product in C"

The only difference between the outer product in R” and C” is that the transposed
vector is also the complex conjugate. Given two column complex vectors u and v:

Ui V]
Uz %)

Un Un
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where {uy, us, ..., u,, vi, 2, ..., v,} € C, their outer product is a matrix:

A=u®v=u(V)T

up
uj o _
=1 . |[nv2 -, 0]
_un
_ulil Lﬂvz ulin
UV1  UVy -+ UV,
_unvl MnEZ et unvn
For example,
[2+3i] 5+ 6i
u=|3+4i |, v=|6+7i
_4+5i_ 7+ 8i
. [2+3i]
u®v:u(V) =344 |[5—-6i 6-Ti 7—8i]
_4+5i_

FQ+30)(5—-6i)) Q+3)6—7) @+3i)(7—8i)
=| B4+4)B—-6i) (B+4i)(6-Ti) B+4i)(T—8i)
| 4+50)(5—6i) (4+5)(6—7Ti) (4+5i)(7—8i)
(28 +3i 33+4i 42+5i
=1|3942i 46+3i 53+4i
| 50+ 5842 68+3i

3.7 Summary

This chapter should provide the reader with a good background in matrix algebra,
especially when involving complex numbers. Hopefully, the above examples, and
the following section on Worked Examples, will contextualise the mathematical
definitions.

3.7.1 Summary of Formulae

Symmetric Matrix
The symmetric part of a matrix A is given by



94 3 Matrix Algebra
1 T
S=3(A+A").

Anti-Symmetric Matrix
The anti-symmetric part of a matrix A is given by

Conjugate Matrix
Given a matrix A, its conjugate matrix A has the signs of its imaginary elements
reversed.

Normal Matrix
A complex square matrix A is normal when ATA = AAT.
Eigenvector and Eigenvalue

Given a complex matrix A and vector v, then v is an eigenvector and X an eigenvalue
when

Av = Av
AV = AV
|[A—AIl =0.

Conjugate Transpose

Given an n X m matrix, its conjugate transpose or Hermitian transpose is A* = AT,
Hermitian Matrix

A Hermitian matrix is a complex, square matrix A where A = AT,

Orthogonal Matrix

The transpose of an orthogonal matrix is also its inverse: AT = A1,

Unitary Matrix

A unitary matrix is a complex square matrix whose conjugate transpose is also its
inverse: ATA = 1.

Complex Number as a Matrix

|10 .
l:[o 1}, l
1 _| 0 1 i0
4 :[_1 ol e

Inner Product in R”

0 -1 - [a -b
ST

cos® —sinf 2P = det a —b
sinf cosf |’ = b a |’

Given two column vectors u and v their scalar inner product is
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T
u-v=uv=/[u,upy,...,u,

Inner Product in C”

n
= E Uu;v;.

i=l

Given two column vectors u and v their complex inner product is

T

u-v=uv=7[uy,u,...,u,l

Distance Between Two Real Vectors

The distance between two vectors u and v is d(u, v):

dug,v)=jlu—-v|=y/@uu—-v)-(u—v) =

Distance Between Two Complex Vectors

The distance between two complex vectors u and v is d(u, v):

du,v)=lu—v|=y/@u—-v)-(u—v) =

Outer Product in R"

Given two real column vectors u and v, their outer product is

A=u®v=uv'

up
us

[vi, v, ...

Uivy
[Z5X%]

Up V2

s Unl

Uiy
Uy

Upp

95



96

Outer Product in C"

Given two complex column vectors u and v, their outer product is

A:u(X)v:u(V)T

uj
us

=| . |[V1,v2,...,0,]
| Uy
Uivy Uiy - U0,
Upvy ULy - ULV,
anl MnEZ e unvn

3.8 Worked Examples

3.8.1 Matrix Scaling
Scale matrix A by —10i.
—9i 100{
A= |:1 +i 4i i| ’

Solution: Multiply all the elements of A by —10i.

_10iA = |: -90 1000:|.

10—-10i 40

3.8.2 Common Factor

Identify the common factor of matrix A.
4 —12i
A= [32 40i ] ’
Solution: 4i is the common factor of the elements of A.

T1 -3
AZ‘“[—&' 10}'

3 Matrix Algebra
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3.8.3 Matrix Multiplication

Compute the product AB.
A= 241 2—1.  B= 3—1—1. 4—1. .
5 4 4 5i 243i 542

Solution: Expand the product A B according to the rules of matrix algebra.

[2+i 2—i |[3+i 4-i

AB=|"5 4+5i][2+3i 5—|—2i]
C[Q+DG+N+Q—DQR+3D) Q+DE—i)+@— )5 +20)
| SGH)+F@HSHQ ) SEA—i)+ @+ 505 +20)
[ GHSHET44) O+ 20)+(12—0)
=L (54 50) + (=7+220) 20— 5i) + (10 +33i)
C[12490 20+
=|8+27 30+28i |°

3.8.4 Determinant of a Matrix

Find the determinant of A.

i 242 3430
A= |14+2i 243 3+4
1+3i 244 3450

Solution: Use Sarrus’s rule.

detfA] = i (2 +30)(3 + 5i) + Q4 20) 3+ 4i)(1 + 3i) + B + 3) (1 4 20) (2 + 4i)
— (I +D)B+4)Q2+4i) — 24201 +20)3B +5i) — B+ 302+ 3)(1 + 3i)
=i(=9 + 19i) 4+ (2 4 2i)(=9 + 13i) + (3 + 3i)(—6 + 8i)
— (=10 420i) — 2+ 2)) (=7 + 11i) — 3 + 3i) (=7 + %)
= (=19 — 9i) + (—44 + 8i) + (—42 + 6i) — (—20 — 10i) — (=36 + 8i) — (—48 + 6i)
=—1+i.

3.8.5 Transpose Matrix

State the transpose of matrix A.
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i 242 3430
A=|142i 243i 3+4i
1+3i 2+4i 3+5i

Solution: Exchange A’s rows and columns.
i 1+2i 1+3i

AT=|242i 243 244
34+3i 3+4i 3+5i

3.8.6 Symmetric Matrix

Compute the symmetric part of A.

i 242 3430
A=|14+2i 243i 3+4
1+3i 244 3+5i

Solution: Use S to compute the symmetric part of A.

a 53 §2
s 202
S=| = an —
& om 2

2 2

where

st=apn+tap=34+4i+2+4i=5+8i

so=apt+a3 =34+3i+14+3i=4+6i

ss=aptay=24+2i+14+2i=3+4i
i 1.5+2i 2+3i

S=|154+2i 2+3i 25+4
2+3i 2544 3450

3.8.7 Anti-symmetric Matrix

3 Matrix Algebra

Compute the anti-symmetric part of A and show that together with the symmetric

part, creates A.
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i 2+2i
1+2i 2+43i
1+3i 2+4i

A=

34 3i
3+4i
3+5i

Solution: Use Q to compute the anti-symmetric part of A.

o & _®
2 2
_|_ & a
0= 2 2
@4
2 2
where
qgr=an—ap=0B+4)—2+4i) =1
@ =a3y —a3=(1+3))—CB+3i)=-2
G =an—a;=Q2+2i)—(14+2i)=1
0 0.5 1
0=|-05 0 0.5
| -1 =05 0
[ 1.542i 2+3i
S+Q0=|15+2 243 2544 |+
| 2430 25+4 3450
i 2+2i 3430
A=|1+2i 243 344
| 1+3i 2+4 3450
3.8.8 Cofactor Matrix
Determine the cofactor matrix for A.
i 242 3+43i
A=|1+2i 2+3i 3+4i
14+3i 244 3+5i

Solution: Use the following cofactor template.

0
-0.5
-1

0.5
0
-0.5

0.5
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An A Ap
cofactor matrix of A = | Ay; Az A
Az An Az
where
R e LS PR R
Ap=— | = |15 | =22
T [P I
T A e e
A R T e
An == Z;: ZZ - 1+3§ giii =0
e R
e P PR S SRR
A=+ o=+ 1+2§ iigi =l

therefore, the cofactor matrix of A is
1—1i —242i 1—1i

—24+2i 1-9i 6i
1—i 1+6i —1—-4i

3.8.9 Inverse Matrix

Find the inverse of matrix A using the determinant and cofactor matrix from above.

i 242 3430
A=|14+2i 243i 3+4
1+3i 2+4i 3+5i
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Solution: Invert matrix A using the cofactor matrix algorithm.

1—1i —242i 1—1i
(cofactor matrix of A) = [ —24+2i 1 —9i 6i
1—i L+6i —1—4i]

1—i —24+2i 1—i

(cofactor matrix of A)T = | —2+2i 1-9i 1+ 6i
| 1—i 6i —1—4i |
Al = =1+

| 1—i  —2+2 1-i
= ——|-2+t2 1-9 1+ei
I - 6i  —1—4i|

1—i —2+2i 1—i

—1—i
- 2’ 242 1-9 146
|1 6i  —1—4i

-1 2 ~1

=2 =544 25-35i
-1 3-3i —-15425i

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

i 242 3+3i —1 2 —1
AA =142 243 3+4i 2 —544i 25-3.5i
14+3i 244 3+5i -1 3-3 —15+25i

an=—-1+22+2i)—GB+3i)=1

ap = 2i + Q4 20)(—=5+4i) + G +3)3 —3i) =0

a3 = —i + (2420)(2.5 —3.5) + 3+ 3i)(=1.5+2.5)) = 0

ay =—(14+2)4+2Q2+3i)—3+4i)=0

ap =2(1+2i)+2+3)(-5+4)+CB+4)3-3i) =1

drs = —(1 4 20) + (2 + 3i)(2.5 — 3.5i) + 3 + 4i)(— 1.5+ 2.5i) = 0
az1 = —(143i) + 22 +4i) — G +5i) = 0

ax =2(1+3))+Q2+4)(-5+4)+ G +5)3-3i)=0

azs = —(1 4 30) + (2 + 4i)(2.5 — 3.5) + B+ 51)(—1.5+2.5() = 1

1 0
=10 1
0 0

—_ o O
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3.8.10 Conjugate Matrix

State the conjugate matrix of A.
1—-2i 2 342
A= | =3i i 2—-4
3 —2i 442
Solution: Conjugate the individual elements of A.
142 2 3-2

A= 3i —i 244
3 2i 4-72i

3.8.11 Complex Eigenvectors and Eigenvalues
Find the eigenvectors and eigenvalues for matrix A.
6 -1
)

Solution: Solve the characteristic equation to determine the eigenvectors and eigen-
values. The characteristic equation is

6—A —1
‘ 17 —2—A%:®_AX_Z_M_OJH7ZO
0=—12—61+2% +A*+ 17
=22 —4r+5
which has roots given by
4+ .16 —-20
A= 3 =24

and form a complex conjugate pair.
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Av=(2+i)v

5 [ ]=erofo V][]
i M

which provides two equations:

@G—-ix—y=0
17x — (4 +i)y =0.

However, the determinant of the associated matrix is zero:

'4-;’ -1 | _y

17 —4—-i

and either equation can be used:
y=(4—1i)x. (3.13)

To simplify (3.13) let k = x:

where k is an arbitrary scalar.
The second eigenvalue 2 — i, has a corresponding eigenvector:

1
V:k|:4+ij|'

The eigenvalues and eigenvectors are

. 1
A=2+1, v_|:4_l.]

. 1
A=2—1, V_|:4+i]

now let’s show that Av = Av for both pairs:
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av—] 6 L[V [ 6-4+i ] _[2+4i]
17 =2 l4-i|T[17-842] T|9+2i]
PN I _ 2+i C[2+i ]
“—Q+”L—J —[@+om—0}‘ﬁ+m;
av—| & L[ v ]_[e-4-i] _[2-i]
VI 2 4+i| T 17-8-2i] T|9-2i
1 2—i [2—i ]
AV_Q_”[LH] —[Q—nm+o]__9—y;

3.8.12 Conjugate Transpose Matrix

Find the conjugate transpose of A.

2-3i i 4

Ao |42 e 0
2+5i 242 3+3i

1 3 9+09i

Solution: Conjugate the individual elements of A and transpose the rows and columns.

(2430 i 4
T_|4-20 -6 0
Tl2-5 2-2i 3-3i
1 -3 9-0
L 243 4-2i 2-5i 1
A= —6i 22 3
4 0 3-3i 9-9i

3.8.13 Hermitian Matrix

Show that A is a Hermitian matrix and B is not.

1 1+4i 5i 1 1+4i 5i
A=|1—-4i 2 8+3i |, B=|1—-4i 2 8+ 3i
—=5i 8—-3i 0 —=5i 8-3i 2i

Solution: Show that A' = Aand B' # B.
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Find A
1 1—4i —5i

A=|1+4i 2 8 — 3i
5i 8 +3i 0

—T .
whose transpose A is

. 1 1+ 4i 5i
A =|1-4 2 8+3i | = A=Al
-5/ 8-—3i 0

Find B
1 1—-4i —5i

B=1|1+4i 2 8 —3i
5i 8+3i —2i

—T .
whose transpose B is

1 1+4i 5i
1 —4i 2 8+3i | # B # B™.
-5 8-3i —2i

3.8.14 Orthogonal Matrix

Show that A is orthogonal.

i V2 0 i V2 0
AAT=| -2 i o0 V2o 0
0 0 i 0 0 —i
1 0 0
=(0 1 0f|=1I
(0 0 1

Therefore, A is orthogonal.
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3.8.15 Unitary Matrix

Show that A is a unitary matrix.

1 1
7 a0
A= —\/Li \/Li 0
0 0o —i
Solution: Show that ATA = AAT = I.
L _i
V2 V2
T 1 i
| 0 0 —i
o1 i
i a0
AT — | L _ i
AT = 7 7 0
| O 0 i
QL i o]+ L o7
NG V2 NG V2
ATA = | L _ i i i —
ATA = 7 7 0 NN 0 | =
| O 0 —i|] O 0 —i]
ro1 1 9 i .
s oun %la a0
AT — | i i 1 i -
AV =1-% 5 Y ||n &= 0=
| 0 0 —i|LO 0 —i |
therefore, A is a unitary matrix.
3.8.16 Complex Vector Addition
Given u, v and w, compute u + v, u + w and v + w.
2 —3i 4 —4
| 1+4 v— 6+ 4i W
Y34 | 543 | =
i 3

Solution: Add the respective elements.

S O =

(el

3 Matrix Algebra

o

S = O O = O
—_

- o O

6 —4i
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6—7i 4-3i 6 — 4i
|7+ |7 | o
UEVSlgggi [0 "TYE oq0 |0 YEYE o
34i 0 3—i

3.8.17 Complex Inner Product

Find the inner product of u and v.

242§ 3—1
u=|3-3i |, v=|44+3i
5+3i 142§

Solution: Multiply u and v using u'v.

3414
u-v=u'v=[242i, 3-3i, 5+3i]| 4-3i
1-2i

=Q24+2))B+i)+B-3)@4 —-3i)+ S +3i)(1 —2i)
=448 +3-21i+11-T7i
= 18 — 20i.

3.8.18 Complex Norm

Find the complex norms of u and v.

242§ 3—1
u=|3-3i |, v=|4+3i
5+3i 142§

Solution: For each vector, take the square-root of the sum of the squares of the norms.

lull = 24+ 20 + 3 = 3iF + 15 + 3i?
= \/(22 +22) + (32 +32) + (52 +32)
= 8+ 18 4 34 = V60.
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VIl = /13— i+ 4+ 30 + |1 420
= \/(32+ 12) + (42 4+ 32) + (12 + 2?)
= V10 425+ 5 = V40.

3.8.19 Distance Between Complex Vectors

Find the distance between u and v.

242§ 3—1
u=|3-3i |, v=|4+4+3i
5+3i 142§

Solution: Use d(u, v) = [u —v]|.

d@ua, v) = |u—v|
= [(=143i), (-1 —=6i), B+i)|
=VI2 432412462324 12

=V1+9+1+36+9+1=+/57.

3.8.20 Complex Outer Product

Compute u @ v.

1+ 1—i
u=|242i |, v=|2-2i
3+3i 3-3i

Solution: Useu ® v = u(V)T.

3 Matrix Algebra
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[ 1+

u@v=u(¥) =242 [[1-i 2-2 3-3i]

| 3+3i

[A+D0-1) (+D2-2) (1+DG-30)
= @+20(0—i) Q@+2)2-2) +2)3-30)
L G+3)(1—i) (B+3)2—-2) B+3)3—3)

(2 4 6
=4 8 12
6 12 18

Reference

1. Vince JA (2017) Mathematics for computer graphics, 5th edn. Springer, Berlin



Chapter 4 ®)
Quaternions Gouck ko

4.1 Introduction

In this chapter I describe the invention of quaternions by Sir William Rowan Hamil-
ton, and their associated complex algebra. However, as so often happens in mathe-
matics, someone-else had already touched upon the subject before Hamilton, as we
shall see. If you are interested in the historical development of quaternions, vectors
and geometric algebra, then you must read Michael Crowe’s book A History of Vector
Analysis [1].

Quaternions are a natural extension to complex numbers and have a variety
of forms and operations such as pure, unit, binary, inverse, etc., all of which are
described. The chapter contains many worked examples, and leads the reader towards
the point where they can be used to rotate vectors in R>.

4.1.1 History of Quaternions

In Chap.1 we saw how Wessel and Argand both invented the complex plane, and
used it to visualise complex numbers. It was unfortunate for both men that they
didn’t have access to today’s ubiquitous publishing network, and the world-wide
web. Nevertheless, priority was — and still is — decided by who gets to the printing
presses first. But as we saw with Wessel, even being first into print didn’t guarantee
fame.

A similar story surrounds the invention of quaternions. Sir William Rowan Hamil-
ton is recognised as the inventor of quaternion algebra, which became the first non-
commutative algebra to be discovered. One can imagine the elation he felt when
finding a solution to a problem he had been thinking about for over a decade!

The invention provided the first mathematical framework for manipulating vecto-
rial quantities, although this was to be refined by the American theoretical physicist,
chemist, and mathematician, Josiah Willard Gibbs (1839—-1903). Although Hamil-
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ton had arrived at his invention through an algebraic route, it was obvious to him
that quaternions had significant geometric potential, and he immediately started to
explore their vectorial and rotational properties.

Unbeknown to Hamilton — and virtually everyone else at the time — the French
social reformer, and brilliant recreational mathematician Benjamin Olinde Rodrigues
(1795-1851), had already published a paper in 1840 describing how to represent two
successive rotations about different axes, by a single rotation about a third axis [2].
What is more, Rodrigues expressed his solution using a scalar and a 3D axis, which
pre-empted Hamilton’s own approach using a scalar and a vector, by three years!
Simon Altmann has probably done more than any other person to set this record
straight, and has published his views widely [3—6]. However, for the moment, let’s
continue with Hamilton’s imaginary algebra.

The very existence of complex numbers presented a tantalising question for math-
ematicians of the 18 and 19th centuries. Could there be a 3D equivalent? The answer
to this question was not obvious, and many gifted mathematicians, including Gauss,
Mobius, Grassmann, and Hamilton had been searching for the answer.

Hamilton’s research is well documented and covers a period from the early 1830s
to 1843, when he invented quaternions. And for a further 22 years, until his death
in 1865, he was preoccupied with the subject. By 1833 he had shown that complex
numbers form an algebra of couples, i.e. ordered pairs [7].

As a 2D complex number is represented by a + bi, Hamilton conjectured that a
3D complex number could be represented by the triple, a + bi + cj, where i and
j* are imaginary units that equal — 1. However, the product of two such triples raises
a problem with their algebraic expansion:

z1=ai+bii+cij
2 =ay+byi +crj
z1z2 = (a1 + b1i + c1j)(az + bai + c2j)
=ajay +arbyi +ajcaj
+biazi + bibai® + bicaij + crazj + cibaji + cicaj*
= (a1a2 — biby — c1c2) + (a1b2 + biap)i + (aic2 + cra2)j + bicaij + c1baji

the operation almost closes — apart from the terms involving ij and ji. Even if we
assume that ji = —ij, we are still left with

(bicy — c1by)ij.

This presented a real problem for Hamilton and he toiled for over a decade trying to
resolve it. Then, on 16 October, 1843, whilst walking with his wife, Lady Hamilton,
along the Royal Canal in Ireland to preside at a meeting of the Royal Irish Academy
[8], a flash of inspiration came to him where he saw the solution as a quadruple,
rather than a triple. Instead of using two imaginary terms, three terms provided the
extra permutations necessary to resolve products like ij.
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The solution was z = a + bi + ¢j + dk where i> = j> = k? = —1. And because
of the four terms, Hamilton gave the name quaternion. Hamilton took the opportunity
to record the event in stone, by carving the rules into the wall of Broome bridge, which
he was passing at the time. Although his original inscription has not withstood years
of Irish weather, a more permanent plaque now replaces it.

When Hamilton invented quaternions, he also created all sorts of names such
as tensor, versor and vector to describe their attributes. As the inventor, it was
Hamilton’s prerogative to choose whatever names he wanted, and at the time, such
names were associated with the notation of the period. For example, he called the
quaternion’s real part a scalar, and the imaginary part a vector. However today, a
vector does not have any imaginary associations, which has slightly confused how
quaternions are interpreted.

Let’s examine the algebra of quaternions which form the set H in recognition of
Hamilton’s achievement.

4.2 Some Algebraic History

Hamilton defined a quaternion ¢, and its associated rules as
qg=s+ia+ jb+kc, {s,a,b,c}eR
and
iP=j?=k*=ijk=—1

ij=k  jk=i, ki=j
ji=—k, kj=—i, ik=—j

References [9-11]; but today, we tend to write a quaternion as
qg=s-+ai+bj+ck.

Observe from Hamilton’s rules, Table 4.1, how the occurrence of ij is replaced
by k, and ji = —k. The extra imaginary k term is key to the cyclic patterns ij = k,
jk =i,and ki = j, which are very similar to the cross product of two unit Cartesian
vectors:

ixj=k, jxk=i kxi=j.

In fact, this similarity is no coincidence, as Hamilton also invented the scalar and
vector products. However, although quaternions provide an algebraic framework to
describe vectors, one must acknowledge that vectorial quantities had been studied
for many years prior to Hamilton.



114 4 Quaternions

Table 4.1 Multiplication table for quaternion imaginaries

i Jj k
i —1 k —j
j —k -1 i
k j —i -1

Hamilton also saw thatthe i, j, k terms could represent three Cartesian unit vectors
i, j and k, which had to possess imaginary qualities. i.e. i> = —1, etc., which didn’t
go down well with some mathematicians and scientists who were suspicious of the
need to involve so many imaginary terms.

Hamilton’s motivation to search for a 3D equivalent of complex numbers was
part algebraic, and part geometric. For as a complex number can be represented by a
couple (an ordered pair), and is capable of rotating points on the complex plane, then
perhaps a triple could rotate points in space? In the end, a triple had to be replaced
by a a quadruple — a quaternion.

One can regard Hamilton’s rules from two perspectives. The first, is that they
are an algebraic consequence of combining three imaginary terms. The second, is
that they reflect an underlying geometric structure of space. The latter interpretation
was adopted by P. G. Tait, and outlined in his book An Elementary Treatise on
Quaternions. Tait’s approach assumes three unit vectors i, j, k aligned with the x-,
y-, Z-axis respectively:

The result of the multiplication of i into j or ij is defined to be the turning of j through a right
angle in the plane perpendicular to i in the positive direction, in other words, the operation
of i on j turns it round so as to make it coincide with k; and therefore briefly ij = k.

To be consistent it is requisite to admit that if i instead of operating on j had operated on
any other unit vector perpendicular to i in the plane yz, it would have turned it through a
right-angle in the same direction, so that ik can be nothing else than —j.

Extending to other unit vectors the definition which we have illustrated by referring to i, it
is evident that j operating on k must bring it round to i, or jk =i [12].

Tait’s explanation is illustrated in Fig.4.1a—d. Figure 4.1a shows the original align-
ment of i, j, k. Figure4.1b shows the effect of turning j into k. Figure 4.1c shows the
turning of Kk into i, and Fig.4.1d shows the turning of i in to j.

So far, there is no mention of imaginary quantities — we just have

ij=k jk=i ki=j
ji = —k, kj = —i, ik = —j.

If we assume that these vectors obey the distributive and associative axioms of
algebra, their imaginary qualities are exposed. For example:

ij=k
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(a)

};

Fig. 4.1 Interpreting the products ij, jk, ki

and multiplying throughout by i:

iijj =ik = —j
therefore,
ii=i=-1.
Similarly, we can show that j*> = k*> = —1.
Next:

ijk = i(jk) =ii =i = —1.

Thus, simply by declaring the action of the cross-product, Hamilton’s rules
emerge, with all of their imaginary features. Tait also made the following obser-
vation:

A very curious speculation, due to Servois, and published in 1813 in Gergonne’s Annales
is the only one, so far has been discovered, in which the slightest trace of an anticipation
of Quaternions is contained. Endeavouring to extend to space the form a + by/—1 for the
plane, he is guided by analogy to write a directed unit-line in space the form

pcosa +qcospB +rcosy,
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where «, B, y are its inclinations to the three axes. He perceives easily that p, g, r must
be non-reals : but, he asks, ‘seraient-elles imaginaires réductibles a la forme générale
A 4+ BA/—=17 This could not be the answer. In fact they are the i, j, k of the Quaternion
Calculus [12].

So the French mathematician Francois-Joseph Servois (1768—1847), was another
person who came very close to discovering quaternions. Furthermore, both Tait and
Hamilton were apparently unaware of the paper published by Rodrigues.

Anditdoesn’t stop there. Gauss was extremely cautious, and nervous of publishing
anything too revolutionary, just in case he was ridiculed by fellow mathematicians.
His diaries reveal that he had anticipated non-Euclidean geometry ahead of Nikolai
Ivanovich Lobachevsky. And in a short note from his diary in 1819 [13] he reveals
that he had identified a method of finding the product of two quadruples (a, b, ¢, d)
and (o, B, y, 8) as:

(A,B,C,D)=(a,b,c,d)(e, B, y,0)
= (ae —bB —cy —déb, aB +ba —cd +dy,
ay +bd+ca —dB, ad —by +cf +da).

At first glance, this result does not look like a quaternion product, but transposing
the second and third coordinates of the quadruples, and treating them as quaternions,
we have

(A,B,C,D) =(a+ci+bj+dk)(a+ yi+ Bj + k)
=aa —cy —bB —ds+a(yi + Bj + 6k)
T alci +bj +dk), (b8 —dB)i + (dy — c8)j + (cB — by)k

which s identical to Hamilton’s quaternion product! Furthermore, Gauss also realised
that the product was non-commutative. However, he did not publish his findings, and
it was left to Hamilton to invent quaternions for himself, publish his results and take
the credit.

In 1881 and 1884, Josiah Willard Gibbs, at Yale University, printed his lecture
notes on vector analysis for his students. Gibbs had cut the “umbilical cord” between
the real and vector parts of a quaternion and raised the 3D vector as an independent
object without any imaginary connotations. Gibbs also took on board the ideas of the
German mathematician Hermann Giinter Grassmann (1809-1877), who had been
developing his own ideas for a vectorial system since 1832. Gibbs also defined the
scalar and vector products using the relevant parts of the quaternion product. Finally,
in 1901, a student of Gibbs, Edwin Bidwell Wilson, published Gibbs’ notes in book
form: Vector Analysis [14], which contains the notation in use today.

Quaternion algebra is definitely imaginary, yet simply by isolating the vector
part and ignoring the imaginary rules, Gibbs was able to reveal a new branch of
mathematics that exploded into vector analysis.
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Hamilton and his supporters were unable to persuade their peers that quaternions
could represent vectorial quantities, and eventually, Gibbs’ notation won the day, and
quaternions faded from the scene.

In recent years, quaternions have been used in quantum mechanics, flight sim-
ulation, and by the computer graphics community, where they are used to rotate
vectors about an arbitrary axis. In the intervening years, various people have had
the opportunity to investigate the algebra, and propose new ways of harnessing its
qualities.

So let’s look at three ways of annotating a quaternion g:

g=s+xi+yj+zk 4.1)
g=s+vVv “4.2)
q=1Is, v] 4.3)

where {s,x,y,z} e R, veR’

and i’ = j> = k* = —1.

The difference is rather subtle: In (4.1) we have Hamilton’s original definition
with its imaginary terms and associated rules. In (4.2) a “+” sign is used to add a
scalar to a vector, which seems strange, yet works. In (4.3) we have an ordered pair
comprising a scalar and a vector.

Now you may be thinking: How is it possible to have three different definitions for
the same object? Well, I would argue that you can call an object whatever you like,
so long as they are algebraically identical. For example, matrix notation is used to
represent a set of linear equations, and leads to the same results as every-day algebra.
Therefore, both systems of notation are equally valid.

Although I have employed the notation in (4.1) and (4.2) in other publications,
in this book I have used ordered pairs. So what we need to show is that Hamilton’s
original definition of a quaternion (4.1), with its scalar and three imaginary terms,
can be replaced by an ordered pair (4.3) comprising a scalar and a “modern” vector.

4.3 Defining a Quaternion

Let’s start with two quaternions g, and g, a la Hamilton:

qa = Sa +xai +yaj +Zak
qy = Sp + xpi + Yo j + 20k

and the obligatory rules:
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ij=k  jk=i, ki=j
ji=—k, kj=—i, ik=—j.

Our objective is to show that g, and g, can also be represented by the ordered pairs

qcl = [s(u a]

{sa» 0} €R, {a,b} e R’
qp = sy, b]

I have employed square brackets as part of the definition as parentheses are often
used to delimit expressions within a quaternion.
The quaternion product g,g;, expands to

Gaqp = [Sas allsp, bl = (sa + Xal + Yaj + 2ak) (sp + Xpi + ypj + 25k)
= (SaSp — XaXp — YaYb — ZaZb)
+ (SaXp + SpXa + YaZb — YbZa)i
+ (SaYb + SbYa + ZaXp — ZbXa) ]
+ (SaZp + SpZa + XaYp — XpYa)k. (4.4)

Equation (4.4) takes the form of another quaternion, and confirms that the quaternion
product is closed.

At this stage, Hamilton turned the imaginary terms i, j, k into unit Cartesian vec-
tors i, j, k and transformed (4.4) into a vector form. The problem with this approach
is that the vectors retain their imaginary roots. Simon Altmann’s suggestion is to
replace the imaginaries by the ordered pairs:

i=1[0,1], j=I0,jl, k=[O0, k]

which are themselves quaternions, and called quaternion units.

The idea of defining a quaternion in terms of quaternion units is exactly the same
as defining a vector in terms of its unit Cartesian vectors. Furthermore, it permits
vectors to exist without any imaginary associations.

Let’s substitute these quaternion units in (4.4) together with [1, 0] = 1:

[Sa, allsp, bl = (saS6 — XaXp — YaYb — Za2p)[1, 0]
+ (SaXp + SpXa + YaZb — Y5210, i]
+ (Sa¥p + SpYa + ZaXp — 2X4)[0, j]
+ (Sa2p + Sp2a + Xa b — X5Y4)[0, K]. 4.5)
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Next, we expand (4.5) using previously defined rules:

[sa, allsp, bl = [sasp — XaXp — YoV — Za2p, O]
+ 10, (saXp + SpXa + YaZb — YpZa)il
+ 10, (SaYp + SpYa + ZaXp — Z6Xa)j]
+ 10, (Sazp + Spza + XaYp — XpYa)KI.

A vertical scan of (4.6) reveals some hidden vectors:

[5q, allsy, Bl = [SaSp — XaXp — YaYb — ZaZp, 0]
+ 10, 54(xpi + ypj + 2pK) + 5p(X01 + yaj + 24K)

+ (Yazb — Yp2a)i + (ZaXp — 2pXa)j + (XaYp — XpYa)KI.

Equation (4.7) contains two ordered pairs which can now be combined:

[sa, allsp, bl = [sasp — XaXp — YaYb — ZaZb,
Sa (xhi + yhj + th) + Sh(xai + Yaj + Zak)

+ (Yqu - )’qu)i + (Zaxb - bea)j + (anb - beu)k]‘

If we make

a = x,i+ y.j + z.K
b = xpi + ypj + 25k

and substitute them in (4.8) we get:
[sq, allsp, Bl = [su55 —a-b, s,b+ s,a+a xb]

which defines the quaternion product.

119

(4.6)

4.7)

(4.8)

4.9)

From now on, we don’t have to worry about Hamilton’s rules as they are embedded

within (4.9). Furthermore, our vectors have no imaginary associations.

Although Rodrigues did not have access to Gibbs’ vector notation used in (4.9), he
managed to calculate the equivalent algebraic expression, which was some achieve-

ment.

4.3.1 The Quaternion Units

Using (4.9) we can check to see if the quaternion units are imaginary by squaring

them:
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i =10, i]

i2 =10, i][0, i]
=T[i-i, ixi]
=[-1, 0]

which is a real quaternion and equivalent to —1, confirming that [0, i] is imaginary.
Using a similar expansion we can shown that [0, j]land [0, k]have the same property.
Now let’s compute the products ij, jk and ki:

ij =10, i][0, jl
= [0, k]

which is the quaternion unit k.

Jk =10, jI[0, K]
=[-Jj -k, jxKk]
= [0, i]

which is the quaternion unit i.

ki = [0, K][0, i]
—[-k-i, k xi]
= [0, j]

which is the quaternion unit j.
Next, let’s confirm that i jk = —1:

ijk =10, il{0, jl[0, k]
= [0, k][0, K]
=[-k -k, k xK]
=[-1, 0]

which is a real quaternion equivalent to —1, confirming that i jk = —1.

Thus the notation of ordered pairs upholds all of Hamilton’s rules. However, the
last double product assumes that quaternions are associative. So let’s double check
to show that (ij)k = i(jk):
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i(jk) =10, ][0, jI[0, k]
= [0, i][0, i
=[—i-i, ixi]

which is correct.
Although we have yet to discover how quaternions are used to rotate vectors, let’s
concentrate on their algebraic traits by evaluating an example.

ga = [1, 2i+ 3j + 4K]
qp = [2, 3i+4j + 5k]

their product is

qaqp = [1, 2i+3j+4Kk][2, 3i+4j+ 5k]
=[1x2-2x34+3x4+4x5),
1(3i + 4j + 5k) + 2(2i + 3j + 4k)
+Bx5—4x4)i—2x5—-4x%x3)j+2x4—-3x3)k]
=[-36, 7i+ 10j + 13k —i + 2j — K]
= [—36, 6i + 12j + 12Kk]
which is another ordered pair representing a quaternion.
Having shown that Hamilton’s imaginary notation has a vector equivalent, and
can be represented as an ordered pair, we continue with this notation and describe
other features of quaternions. Note that we can abandon Hamilton’s rules as they

are embedded within the definition of the quaternion product, and will surface in the
following definitions.

4.4 Algebraic Definition

A quaternion is the ordered pair:
g=1I[s, vl, seR, veR:
If we express v in terms of its components, we have

qg=1[s, xi+yj+2zKk], {s,x,y,z} eR, {i,j, Kk} e R,
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4.5 Adding and Subtracting Quaternions

Addition and subtraction employ the following rule:

Ga = [4, a]
q» = [sp, b]
qo £ qp, = [s, £ 55, aLb].

For example,

Ga = [0.5, 2i + 3j — 4k]
g = [0.1, 4i + 5j + 6K]

o + q» = [0.6, 6i + 8j + 2K]

Ga — q» = [0.4, —2i — 2j — 10KI.

4.6 Real Quaternion

A real quaternion has a zero vector term:
q =Is, 0].

The product of two real quaternions is

Ga = [$a, 0]
qp = [sp, 0]
qaqp = [Sa, 0]lsp, 0]
= [s45p, O]

which is another real quaternion, and shows that they behave just like real numbers:
[s, 0] =s.

We have already come across this with complex numbers containing a zero imaginary
term:

a+bi =a, whenb=0.
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4.7 Scaling a Quaternion

Intuition suggests that multiplying a quaternion by a scalar should obey the rule:

q=1Is, vl
Ag =Als, v], A €eR
= [As, AV].

We can confirm our intuition by multiplying a quaternion by a scalar in the form of
areal quaternion:

which is excellent confirmation.

4.8 Pure Quaternion

Hamilton defined a pure quaternion as one having a zero scalar term:
qg=xi+yj+zk

and was just a vector, with all its imaginary qualities. However, Simon Altmann and
others, believe that this was a serious mistake on Hamilton’s part to call a quaternion
with a zero real term, a vector.

The main issue is that there are two types of vectors: polar and axial, also called
a pseudovector. Richard Feynman describes polar vectors as “honest” vectors [15]
and represent the every-day vectors of directed lines. Whereas, axial vectors are
computed from polar vectors, such as in a vector product. However, these two types
of vector do not behave in the same way when transformed. For example, given two
“honest”, polar vectors a and b, we can compute the axial vector: ¢ = a x b. Next, if
we subject a and b to an inversion transform through the origin, such that a becomes
—a, and b becomes —b, and compute their cross product (—a) x (—b), we still get
¢! Which implies that the axial vector ¢ must not be transformed along with a and
b. It could be argued that the inversion transform is not a “proper” transform as it
turns a right-handed set of axes into a left-handed set. Unfortunately, Hamilton was
not aware of this distinction, as he had only just invented vectors. However, in the
intervening years, it has become evident that Hamilton’s quaternion vector is an axial
vector, and not a polar vector.
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As we will see, in 3D rotations quaternions take the form

g =[eos(2). sin(2)v]

where 6 is the angle of rotation and v is the axis of rotation, and when we set6 = 180°,
we get

q = [0, v]

which remains a quaternion, even though it only contains a vector part.
Consequently, we define a pure quaternion as

g =10, v].

The product of two pure quaternions is

4. = [0, a]
qs = [0, b]
qaqp = [0, a][0, b]
=[—a-b, axDb]

which is no longer “pure”, as some of the original vector information has “tunnelled”
across into the real part via the dot product.

4.9 Unit Quaternion

Let’s pursue this analysis further by introducing some familiar vector notation.
Given vector v, then

v=vV, where v=|v[, [V|=1.
Combining this with the definition of a pure quaternion we get:

q =10, v]
= [0, v¥]
=v[0, V]

and reveals the object [0, V] which is called the unit quaternion and comprises a
zero scalar and a unit vector. It is usual to identify this unit quaternion as g:
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So now we have a notation similar to that of vectors where a vector v is described in
terms of its unit form:

A

V=1V
and a quaternion q is also described in terms of its unit form:
q=1q.
Note that g is imaginary:
§* =10, 910, 9]
=[-V-V, ¥ xV]
=[-1, 0]

= -1

which is not too surprising, bearing in mind Hamilton’s original invention!

4.10 Additive Form of a Quaternion

We now come to the idea of splitting a quaternion into its constituent parts: a real
quaternion and a pure quaternion. Again, intuition suggests that we can write a
quaternion as

q=I[s, v]
=[s, 0]+ [0, v]

and we can test this by forming the algebraic product of two quaternions represented
in this way:

qa = [sa, 0]+ [0, a]
gy = [sp, 01+ [0, b]
qaqs = ([sa. 01+ 1[0, al)([sp, 0]+ [0, b])
= [s4, O][sp, O] + [sq, O][0, b] + [0, a][sp, 0]+ [0, a][0, b]
= [susp, 0]+ [0, s,b]+ [0, spa]l+[—a-b, a xb]
= [s,5, —a-b, s;b+s,a+a xDb]

which is correct, and confirms that the additive form works.
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4.11 Binary Form of a Quaternion

Having shown that the additive form of a quaternion works, and discovered the unit
quaternion, we can join the two objects together as follows:

q=1[s, vl]
=[s, 0]+ [0, V]
=[s, 0] +v[0, V]
=s5+vq.

Justtorecap, s is a scalar, v is the length of the vector term, and g is the unit quaternion
[0, V].
Look how similar this notation is to a complex number:

z=a+bi

~ fla,bys,vieR, iel
qg=s+vq

and ¢ is the unit quaternion.

4.12 Quaternion Conjugate

We have already discovered that the conjugate of a complex number z = a + bi is
given by

Z=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]

the quaternion conjugate is defined as

q: [S, _V]
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If we compute the product gg we obtain

qq =[s, vlls, —Vv]
= [ 2—V~(—V), —SV+SV+V X (—v)]
=[s*+v-v, 0]
= [s*++7, 0].

Let’s show that gg = gq:

qq = [s, —Vvls, v]

= [52 —(=V) -V, sV—1sV+ (—V) X V]

=[s*+v-v, 0]
= [s*+17, 0]
=4qq.

Now let’s show that g,q, = §,9,:

9o = [Sa, 2]
gy = [sp, b]
Gaqp = [Sa, allsp, b]
= [sqsp —a-b, s,b+s,a+axb]
Gaqy = [Sasp —a-b, —s,b —sa—a x b].

Next, we compute q,g,:

q, = [$a, —a]
qp = [sp, —b]
9594 = [sp, —blls., —al
= [s,5p —a-b, —s,b—s,a—a xb].

And as (4.10) equals (4.11), g.q;, = 4,9,-

4.13 Norm of a Quaternion

The norm of a complex number z = a + bi is defined as

Izl = va* + b?
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(4.10)

@.11)
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which allows us to write

2z = |zlI*.
Similarly, the norm of a quaternion g = [s, v]is defined as

lgll = s>+

which allows us to write
q9q = lql*.
For example,
q =1, 4i+4j — 4Kk]
lgll = V12 + 42 + 42 4 (—4)2

= /49

=17.

4.14 Normalised Quaternion

A quaternion with a unit norm is called a normalised quaternion. For example, the
quaternion g = [s, v]is normalised by dividing it by ||g||:

/ q

We must be careful not to confuse the unit quaternion with a unit-norm quaternion.
The unit quaternion is [0, ¥] with a unit-vector part, whereas a unit-norm quaternion
is normalised such that s + % = 1.

I will be careful to distinguish between these two terms as many authors — includ-
ing myself — use the term unit quaternion to describe a quaternion with a unit norm.
For example

q =11, 4i+4j— 4Kk]
has a norm of 7, and ¢ is normalised by dividing by 7:

q' =11, 4i+4j—4Kk].
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The type of unit-norm quaternion we will be using takes the form:

g = [cos (5) sin (5) ]

because cos® (§) +sin® (§) = 1.

4.15 Quaternion Products
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Having shown that ordered pairs can represent a quaternion and its various manifes-
tations, let’s summarise the products we will eventually encounter. To start, we have

the product of two normal quaternions:

qaqp = [sa, allsp, b]
=[s,sp —a-b, s;,b+s,a+axDb].

4.15.1 Pure Quaternion Product

Given two pure quaternions:

g0 = [0, a]
g» = [0, b]
q49» = [0, a][0, b]
=[—a-b, axb].

4.15.2 Unit-Norm Quaternion Product

Given two unit-norm quaternions:

Ga = [$q, a]
q» = [sp, b]
a = |a|
b = |b|

where |q,| = |g»| = 1, their product is another unit-norm quaternion, which is proved

as follows.
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Fig. 4.2 The geometry for ¢ |a x b| = absinf

spaa

We assume g, = [s., ¢] and show that |g.| = s> + ¢* = 1, where ¢ = |¢| and

[Sca c] = [Saa a][Sb, b]
= [s,5p —a-b, s,b+s,a+axb].

Let’s assume the angle between a and b is 6, which permits us to write

Se = 848, — abcosf

¢ = s,bb + spad + absin @ (ﬁ X f)) .
Therefore,

5% = (5455 — ab cos6) (s,s, — abcos 6)

= szs,f — 2s,8pab cos 6 + a’b?

2
. cos“ 0.

Figure 4.2 shows the geometry representing c.

4% = sl%az + sgb2 — 2s45pab cos(m — 60)

= s§a2 + sgb2 + 2sq4spab cos
¢ =d* +a’h?sin’ 0

= sga2 + sgb2 + 2s45pab cos O + a*b? sin? 6
A
= sgsg +ad’b* + sgaz + sgb2
=2 (s,% + bz) +a? (sg + bz)
= sg +a?
=1

sf +ct=s s,% — 2s,8pab cos 6 + a’b? cos? 6 + sl%az + sgb2 + 2s48pab cos 6 + a’b?sin 6
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Therefore, the product of two unit-norm quaternions is another unit-norm quaternion.
Consequently, multiplying a quaternion by a unit-norm quaternion, does not change
its norm:

qa = [54, a]
lgall =1
q» = [sp, b]
92951l = lignll-

4.15.3 Square of a Quaternion

The square of a quaternion is given by

qg=1s, vl

> =1Is, vlls, vl
=[s*—v-v, 25v+ v x V|
=[s* —v-v, 25v]

= [s2 —x?—y? =22 2s(xi+ yj+ zk)] .
For example:

g =1[7, 2i+3j+4k]
q* =[7"—2° =3 — 4%, 14Q2i + 3j + 4K)]
= [20, 28i + 42j + 56K] .

The square of a pure quaternion is

g =10, v]
g* =10, V1[0, v]
=[0—v-v, VvXV]
=[0—-v-v, 0]
=[-(x*+y*+2%), 0]
which makes the square of a pure, unit-norm quaternion equal to —1, and was one
of the results, to which some 19th-century mathematicians objected.
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4.15.4 Norm of the Quaternion Product

In proving that the product of two unit-norm quaternions is another unit-norm quater-
nion we saw that

qa = [S[lv a]
q» = [sp, b]
qc = 4aqp

lgell* = s (s +b%) +a* (s +b)
= (sz + az) (sg + b2)

which, if we ignore the constraint of unit-norm quaternions, shows that the norm of
a quaternion product equals the product of the individual norms:

19295 1> = gall*llgsI?
19251l = lIgall lIgsll-

4.16 Inverse Quaternion

An important feature of quaternion algebra is the ability to divide two quaternions
q»/qaq, as long as g, does not vanish.
By definition, the inverse ¢ ~! of ¢ satisfies

qqg ' =11, 0]=1. (4.12)

1

To isolate g ~', we multiply (4.12) by ¢

q997' =7
lgl*q~" =7q (4.13)
and from (4.13) we can write

=L
llgl?

If g is a unit-norm quaternion, then
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which is useful in the context of rotations. Furthermore, as

9a9p = 994

then

(quqp) ™ =q;'q; "

1

Note that gg~' = g 'g:

-1 99 _
gl
149

g q=-5=
llq11?

Thus, we represent the quotient g, /q, as

_»
9a

_ —1

=dq»4,

_ qbaa
llga I

qc

For completeness let’s evaluate the inverse of ¢ where

N P PR PR
q_[l, ﬁ1+ﬁ.1+ﬁk]
S P IR PR
7=1. —Ji— i 5K]
lgl? =1+ 3+35+3=2
—l_i_l[l _Li_L°_Lk]
E PTEREY SERRNEE R
It should be clear that g ~'g = 1:

¢ 'q=

o=

[ R [ i i ]
[1+4+5+5 0]

—_
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4.17 Quaternion Matrix

Matrices provide another way to express a quaternion product. For convenience, let’s
repeat (4.8) again and show it in matrix form:

[Sav a][S},, b] = [Sash — XaXb — YaYb — ZaZb,
Sa(Xpi + Yo + 26K) + 55 (xad + Yol + 2K+
(yaZb - ybza)i + (Zaxb - bea)j + (anb - -xbya)k]

Sa —Xa —Ya —Za Sh

— Xa Sa —Za Ya Xb ) (414)
Ya Za Sa —Xa Vb
Za —Ya Xa Sa b

Let’s recompute the product g,g; using the above matrix:

ga = [1, 20+ 3j+ 4K]
q» = [2, 3i+4j + 5K]

(1 —2 -3 —477[2

12 1 -4 3|3
dalp =13 4 1 —2||4

4 3 2 1|5

[ —36

] 6

= 12

|12

=[-36, 6i+ 12j+ 12Kk].

4.17.1 Orthogonal Quaternion Matrix

We can demonstrate that the unit-norm quaternion matrix is orthogonal by showing
that the product with its transpose equals the identity matrix. As we are dealing with
matrices, Q will represent the matrix for g:
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g =I[s, xi+ yj+zK]
where 1=sz—|—xz—i-y2—i—z2

s —x -y -z
| x s -z y
0= y s —x
lz =y x s
R , .
T_ | =X s z -y
0 = -y -z s X
L =2 ¥y =X S
(s —x -y —zZ|[ s «x y z
T_ | x s -z y —x s z =y
0" = y z s —x -y -z s x
lz =y x s|l-z »y —x s
1 0 0 0
1o 10 0
{0 0 1 0
0 0 0 1

For this to occur, QT = Q1.

4.18 Quaternion Algebra

Ordered pairs provide a simple notation for representing quaternions, and allow us
to represent the real unit 1 as [1, 0], and the imaginary units i, j, k as [0, i], [0, jI,
[0, K] respectively. A quaternion then becomes a linear combination of these ele-
ments with associated real coefficients. Under such conditions, the elements form
the basis for an algebra over the field of reals.

Furthermore, because quaternion algebra supports division, and obeys the normal
axioms of algebra, except that multiplication is non-commutative, it is called a divi-
sion algebra. Ferdinand Georg Frobenius proved in 1878 that only three such real
associative division algebras exist: real numbers, complex numbers and quaternions
[3].

The Cayley numbers O, constitute a real division algebra, but the Cayley numbers
are 8-dimensional and are not associative, i.e. a(bc) # (ab)c for all {a, b, ¢} € O.
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4.19 Summary

Quaternions are very similar to complex numbers, apart from the fact that they
have three imaginary units, rather than one. Consequently, they inherit some of the
properties associated with complex numbers, such as norm, conjugate, unit norm
and inverse. They can also be added, subtracted, multiplied and divided. However,
unlike complex numbers, they anti-commute when multiplied.

4.19.1 Summary of Operations

Quaternion

qa = [5qa, a] = [s4, Xqi+ yaj + z4K]
qy = [sp, b] = [sp, xpi + ypj + zK].

Adding and subtracting

Ga £ qp = [sq £ 55, a£D].

Product
CIaQb == [Saa a][Sh, b]
= [s,5p —a-b, s;b+s,a+axb]
Sa —Xa —Ya —Za Sb
| Xa Sqa  —Za Ya Xb
- Ya Za Sa —Xa Yb
Za " Ya Xa Sa Zb
Square
2 __
q” = [s, vl[s, v]
=[s* —x?—y* — 2%, 2s(xi+yj+2K)].
Pure
q*> = [0, V][0, v]
=[-(*+y* +2, 0].
Norm

lgll = /s> +7.



4.19 Summary 137

Norm of the Product
I9ags1* = llgall*llgs11?
gagsll = llgall ligsll-
Unit norm
lgll = Vs +12 = 1.
Conjugate
q=1Is, —v]
(9aq9p) = 4194
Inverse
-1 q
EPTE

(Guqp) ™ =q;'q; "

4.20 Worked Examples

Here are some further worked examples that employ the ideas described above. In
some cases, a test is included to confirm the result.

4.20.1 Adding and Subtracting Quaternions

Add and subtract g, and gj.
q. = [2, —2i+ 3j —4k], qp = [1, —2i+ 5j — 6k].
Solution: Add and subtract the real and vector elements.

4a +qp = [3, —4i+ 8j — 10K]
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4.20.2 Norm of a Quaternion

Find the norm of ¢, and gj.
qq. = [2, —2i+ 3j —4k], qr =[1, —2i+5j — 6K].

Solution: Compute the square-root of the sum of the squares.

lgall = V22 + (=2 + 32 + (=47 = V33
lgsll = V12 + (—=2)2 + 52 + (=6)% = /66.

4.20.3 Unit-Norm Form of a Quaternion

Convert g, and g, to their unit-norm form.
qa =12, —2i+3j—4k], q»=1[1, —2i+5j— 6K].
Solution: Divide each quaternion by their norms calculated above.

lgall = /33
llgsll = V66
9= 752
a0 = 7 L.

—2i + 3j — 4K]
—2i + 5j — 6k].

4.20.4 Quaternion Product

Compute the product and reverse product of g, and g;.
qo =12, —2i+3j—4k], q»,=1[1, —2i+5j— 6K].

Solution: Compute q,q, using [s,s, —a - b, s,b 4+ spa + a x b]. For the product
q»4qa, the cross-product vector is reversed.



4.20 Worked Examples 139

Gaqp = [2, —2i + 3j — 4K][1, —2i + 5j — 6k]
=[2x1=((=2) x (=2) +3 x 5+ (—4) x (=6)),
2(—2i 4 5j — 6k) + 1(—2i + 3j — 4K)
+ B % (=6) = (=4) x )i — ((=2) x (=6) = (=4) x (=2))j + ((=2) x 5 =3 x (=2))K]
= [—41, —6i + 13j — 16k + 2i — 4j — 4K]
= [—41, —4i+ 9j — 20k]
abga = [1, —2i + 5j — 6K] [2 — 2i + 3j — 4k]
=[1x2—((=2) x (=2) +5 x 3+ (=6) x (—4)),
1(=2i + 3j — 4k) + 2(=2i + 5j — 6k)
+ G X (=4) = (=6) x i — ((=2) x (—4) — (=6) X (=2))j + ((=2) x 3 =5 x (=2))K]
= [—41, —6i + 13j — 16k — 2i + 4j + 4K]
= [—41, —8i+ 17j — 12Kk].

Note: The only thing that has changed in this computation is the sign of the cross-
product axial vector.

4.20.5 Square of a Quaternion

Compute the square of g.
q =12, =2i+3j—4k].
Solution: Compute ¢? using [s? — x* — y* — 2%, 2s(xi + yj + zK)].

g* = [2, —2i+3j—4k][2, —2i+ 3j— 4k]
=[2x2—-((-2) x (=2) +3 x 3+ (—4) x (—4)), +2 x 2(—2i + 3j — 4k)]
= [-25, —8i+ 12j — 16K].

4.20.6 Inverse of a Quaternion

Compute the inverse of ¢g.
q =12, —2i+3j—4Kk].

Solution: Compute the inverse using ¢~' = g/||q|/*.
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7 =2, +2i — 3j + 4K]

gl = 2%+ (=2)> + 3% + (—4)> =33
-1 1 . .

g7 = 2, 21— 3+ 4K].
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Chapter 5 )
Octonions %f:je;aliefgr

5.1 Introduction

Starting with a complex number z = a + bi, and extending this to a quaternion g =
[s 4+ ai + bj + ck], it seems only natural to seek the existence of something similar
with higher dimensions, which turns out to be an octonion, with eight elements.
In this chapter I describe octonions, their algebraic properties and some worked
examples. It is in no way a definitive exposition, but a gentle introduction to this
obscure mathematical construct.

5.2 Background

A division algebra A possesses a multiplicative inverse a~! € A for every non-zero
element a € A such that

The multiplicative inverses are for a

real number x, x = 1/x, R

complex number z = a + bi, z ' =7/@® +b*), C

quaternion ¢ = [s, v¥], ¢ ' =g/(s* +v?). Q
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The Euclidean norm of an element is a measure of its magnitude or length. Such
norms are for a

real number x, ||x|| = vx2, R
complex number z = a + bi, ||z|| =+Va?+b%:, C
quaternion ¢ = [s, v¥], |lg|| =+VsZ2+v2. Q

A normed division algebra is one where

llabll = llall - |].
For
real numbers: ||ab|| = |a]| - |b], R
complex numbers:  [[z122|| = [lz1l] - [|z2]l, €
quaternions:  ||g.qs|l = l1qall - llgsll. Q

When Hamilton’s friend John Graves invented “octaves” in 1843, he wrote to Hamil-
ton about his invention, showing that they were a normed division algebra requiring
eight dimensions. Graves continued his research to look for a 16-dimensional ver-
sion, which resulted in failure — this is because there are only four normed division
algebras, as proved by Adolf Hurwitz in 1898 [1]. However, a 16-dimension algebra
does exist: sedenions S, but does not possess the properties of a normed division
algebra.

The history of mathematics is littered with examples where two, or more, math-
ematicians come across the same idea simultaneously, and octonions are a good
example. In 1845, the 24-year-old English mathematician Arthur Cayley published
a paper on Jacobi’s elliptic functions [2], which also included an appendix describ-
ing his discovery of an 8-dimensional normed division algebra. Unfortunately, for
Graves, Cayley’s paper was published first, and his discovery became known as “Cay-
ley numbers”. Today, they are known as octonions. Thus the four normed division
algebras comprise: R, C, Q and Q.

John Baez describes the four normed division algebras as follows:

There are exactly four normed division algebras: the real numbers (R), complex numbers
(C), quaternions (H) and octonions (Q). The real numbers are the dependable breadwinner
of the family, the complete ordered field we all rely on. The complex numbers are a slightly
flashier but still respectable younger brother: not ordered, but algebraically complete. The
quaternions, being noncommutative, are the eccentric cousin who is shunned at important
family gatherings. But the octonions are the crazy old uncle nobody lets out of the attic: they
are nonassociative [3].

So let’s look closer at “the crazy old uncle in the attic”!
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5.3 The Octonions

5.3.1 Notation

With complex numbers and quaternions defined respectively as

z=a+bi
q=s+ai+bj+ck

it follows that an octonion should be expressed as

x=s+ai+bj+ck+dl+el+ fJ+gK
where {s,a,b,c,d,e, f,g} € R and {i,j, k,[,I,J,K}el.

However, the following notation is also used, which is employed in geometric
algebra:

X = Xpeg + x1€1 + xpep + x3e3 + xqe4 + X565 + X666 + X707
whereey =1, x;€R, {0<i<7} e el, {1<i<T}L

Although octonions obey the axioms of R for addition and subtraction, multiplication
is non-commutative, like quaternions; but curiously they are non-associative.
Table 5.1 shows the multiplication table for the octonion imaginary units i, j, k, [,
I, J, K, and Table 5.2 shows an alternative multiplication table for the octonion
imaginary units ey, e, . .., eg, e7. Thus we still have

ij=k Jjk=i, ki=]

Table 5.1 Multiplication table for the octonion imaginary units i, j, k, [, I, J, K

i J k [ I J K
il -1 &k | =j| 1| =t]|-K]|J
jl k|-t | i | J ]| K| -1]-I
k| j| -i| 1|k |-7]1]-=
[ -1 | -J | -K | -1 i Jj k
1 l -K J =i 1 —k Jj
J K [ -1 | —j k -1 —i
K | -J Il l —k | —j i -1
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Table 5.2 Multiplication table for the octonion imaginary units ey, ea, . .

¢j

eiej ey e e3 ey es e6 e7

el -1 e3 —en es —eq4 | —eq e6

e —e3 -1 el e6 e7 —ey | —es

e; e3 [} —e] -1 e7 —€q es —ey
ey —e5 | —eq | —e7 -1 el e e3

es ey —e7 €6 —e -1 —e3 12

€6 e7 ey —e5 | —ep e3 -1 —ey

e7 —e6 es ey —e3 | —ep el -1

together with

.5 €6, €7

5 Octonions

To illustrate the non-associativity, consider the expression /(JI). We evaluate (J 1)
first, which gives k, then premultiply by /, which results in — K . Changing the expres-
sion to (/J)1, where evaluating (/J) gives j, which post-multiplied by 7, results in
K. Thus great care must be taken when evaluating multiple products.

5.3.2 Cayley-Dickson Construction

The Cayley—Dickson construction, named after Arthur Cayley and the American
mathematician Leonard Dickson (1874-1954), generalises Hamilton’s substitution
of an ordered pair of real numbers for a complex number, to quaternions and octo-
nions. The construction describes one algebra as a pair of elements from an algebra
of a lower dimension. Thus, an octonion is an ordered pair of quaternions, which are
ordered pairs of complex numbers, which, in turn, are ordered pairs of real numbers.

For example, a complex number z is defined by a pair of real numbers as follows:

and the product of two complex numbers is defined by:

ordered pair notation

71 = (a, b)

22 =(c, d)

(a, b)(c, d) = (ac — bd, ad + bc)

z=1(a,b)=a+bi

complex notation
z1 =a + bi
2 =c+di

2122 =ac — bd + (ad + bco)i.
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The conjugate of z: 7 = a — bi, becomes the ordered pair (a, —b), which makes
Z = (a, b)(a, —b) = (a* +b*, 0)
and is used as the basis for the Euclidean norm of z:
lzll = Izl = Vzz.
Next, a quaternion g is defined by a pair of complex numbers as follows:

a=a +a

b = by + byi

q=(a, by=a+bj
=a) +ai + (by + byi)j
=a+ayi +b1j+ bk

which is a quaternion. Note that in the above, ij = k.
The product of two quaternions is defined by two pairs of complex numbers

a=a +ai, b=0>b+ b
c=c1+ci, d=d +dy
(a,b)(c,d) = (a1 +axi +b1j + brk)(c1 + c2i +dyj + dak)
= (aic; — axcy — bidy — bady)
+ (ajca + bidy 4 azey — bady)i
+ (a1d) — aads + bicy + baca) j
+ (a1dy + axd) — b1y + bac)k
= (aic; — axc2) + (@102 + axcy)i
— [(b1d1 + bady) + (—=b1dy + bady)i]
+ [(a1d1 — axds) + (a1ds + azdy)ilj
+ [(bic1 + baca) + (=bica + bacr)ilj
= (ac — bd) + (ad + b?) j
= (ac — bd, ad + b?).

Thus the product of two quaternions represented by two ordered pairs of complex
numbers is:

(a, b)(c, d) = (ac — bd, ad + b?).
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The only difference between this and the expression for the product of two complex
numbers, is the introduction of the conjugate operation, which has no effect on real
numbers.

The Cayley—Dickson construction shows that this relationship holds for octonions,
such that defining an octonion from two pairs of quaternions (a, b) and (¢, d), their
product is

(a, b)(c, d) = (ac — bd, ad + b?).

5.4 Octonion Algebra
Starting with the definition for an octonion x as

7
x = (xpe9, Xxi€1,...,x7€7) = Xp€0 + E xie;
im1

whereeg =1, x; €eR {0<i <7}, e el {1 <i<T7}.

. . 7
An octonion comprises a real scalar part xo and a vector part ) ;_, x;e;.

5.4.1 Octonion Addition and Subtraction

Two octonions are added or subtracted like complex numbers and quaternions, simply
by resolving pairs of terms. For example, two octonions are added and subtracted as
follows:

7 7
X = E Xiéi, Y= E Yi€i
i=0 i=0

;
xEy=Y (x+ye.
i=0
a=3+2i+4j—5k+6]+2K
b=2+2i+2j—-3k+2l4+3K
a+b=5+4i +6j —8k+20+6I +5K
a—b=142j—2%k—2+6]—K.
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5.4.2 Octonion Multiplication

In order to simplify the algebra, I will employ two octonions with only three terms:

a=2+3j+4I

b=2i+k+3K

ab= 2 +3j+41)Q2i + k + 3K)
=2Qi +k+3K)+3/Q2i +k+3K)+4IQ2i +k+3K)
=4i + 2k + 6K — 6k +3i — 91 + 81 + 4] + 12
=7i4+12j — 4k — 91 +4J + 6K.

Let’s reverse the product sequence:

a=2+43j+41

b=2i+k+3K

ba = (2i +k +3K)(2 +3j +4I)
=2i(243j+41) +kQ2 +3j +41) +3KQ2+3j +4I)
=4i 4 6k — 81 + 2k — 3i —4J + 6K +9I — 12
=i—12j + 8k —81+9I —4J +6K.

Which confirms that octonions do not commute.

5.4.3 Octonion Conjugate

As with complex numbers and quaternions, the conjugate operation reverses the sign
of the imaginary part:

7
X = Xx9— E x;e;.
i=1
For example,

x=—12+3j+6] —4K
¥=-12-3j — 6] +4K.
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The real and imaginary parts of an octonion are isolated algebraically using:
7
xo:%(x +X), Zx,-ei = %(x—)_c).
i=1

Conjugating the product of two octonions is defined as
xy) =yx.

The product xX or Xxx always results in a nonnegative real value:

7
XX = E xiz.
i=0
For example,

Xx=2+43j+4J
X=2-3j—4J
XX = Q43 +40)Q2—3j —4))
=202 -3 —4J))+3j(2—-3j—4J)+4J2 —3j —4J)
=4-6j—8J+6j+9+121+8J — 121+ 16
= 29.

5.4.4 Norm of an Octonion

The norm of an octonion, which is also the Euclidean norm on R8, is defined as
x|l = V/X.
For example,
x=342j+314+4K
x)?:ixiz =32422 4324+ 4% =38

i=0

Ix] = /38 ~ 6.16.
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5.4.5 Inverse of an Octonion

The inverse of a non-zero octonion is given by

X
llc 12

For example,

x=2+43j4+4J —2K
X=2-3j—4J +2K

x> =xx =22 +3>+4> 422 =33

-1 X 1 .
One can see that the product xx~' = 1.

5.5 Summary of Operations

Octonion

x=s+ai+bj+ck+dl+el+ fJ+gK
where {s,a,b,c,d,e, f,g} € R and {i,j, k,I,1,J, K} el

or
X = xpeg + x1€1 + x2e2 + x363 + x4€4 + x5€5 4+ X666 + X7€7
whereeg =1, x;, e R {0<i <7},
Adding and Subtracting
7 7
x = inei, y= Zyz'ei
i=0 i=0
7
xEy=) (x*ye.
i=0
Conjugate

)_CZ)C()— E Xi€;.

i=1

e el {1 <i<T}

149
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Norm
x|l = V/X.
Inverse
L X
= W

5.6 Worked Examples

5.6.1 Adding and Subtracting Octonions

Given two octonions x and y, calculate x 4+ y and x — y.
Solution: Add and subtract the respective elements.

Xx=2+43i+4j +5k+6l — 71 +8J — 9K

y=1+2i +2j — 4k + 41 +7K
X+y=34+5i+6j+k+6—31+8J—2K
x—y=1+i+2j+9%+6l—111 +8J — 16K.

5.6.2 Multiplying Two Octonions

Given two octonions x and y, calculate their product xy.
Solution: Expand algebraically the product terms using Table 5.1.

X=2+3i+4J +2K
y=3+42j+2+2K
xy =203 42j +20+2K) +3i(3+2j + 21 + 2K)
+4J(342j 421 +2K) +2K3 +2j + 20 + 2K)
=644 +4l +4K +9i + 6k + 61 + 6J
+127 +81 —8j — 8i + 6K + 4] — 4k — 4
=2+4i—4j+2k+ 16/ + 61 + 187 + 10K.

5 Octonions
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5.6.3 Conjugate of an Octonion

State the conjugate of octonion x = 124 3i — 6 + 7k + 2] — 61 +4J + 3K.
Solution: Reverse the signs of the imaginary elements.

x=12-3i4+6j — Tk -2l 4+ 6] —4J — 3K.

5.6.4 Norm of an Octonion

Calculate the Euclidean norm of x = 2 + 3i + 3J 4+ 4K.
Solution: Compute the square-root of the sum of the squares of the scalar terms.

Ixll = v/22 + 32 + 32 + 42 = /38 ~ 6.16.

5.6.5 Inverse of an Octonion

Calculate the inverse of octonion x = 2 4 3i + 3J +4K.
Solution: Divide the conjugate of x by its norm squared, calculated above.

X=2-3i-3J—4K
Ilx]* = 38
xTl =42 -3 —3J —4K).
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Chapter 6 ®)
Geometric Algebra ez

6.1 Introduction

This can only be a brief introduction to geometric algebra as the subject really
demands an entire book. Those readers who wish to pursue the subject further should
consult the author’s books [1, 2].

Complex numbers, quaternions and octonions, explicitly define objects such as
,j* and k? that equal — 1, from which a complex algebra is constructed. Geometric
algebra, on the other hand, reverses the sequence by developing an algebra for geo-
metric analysis, and reveals that the underlying algebraic constructs are imaginary.
This chapter begins by examining some trigonometric foundations associated with
line segments, defines two geometric products, and then reveals the hidden imaginary
properties.

A challenge for computer science is to develop software that undertakes the sym-
bolic manipulation that is revealed in this chapter.

l'2

6.2 Background

Before Hamilton discovered quaternions, Hermann Grassmann had developed his
own theory of vectors, but was unable to influence the tide of opinion, even though
the first application of his notation was employed in a 200-page essay on the theory
of tides Theorie der Ebbe und Flut [3].

By the early 20th century, vector analysis had been determined by Josiah Willard
Gibbs, who was not an admirer of Hamilton’s quaternions. Gibbs recognised that a
pure quaternion could be interpreted as a vector without any imaginary connotation,
and could form the basis of a vectorial system. Two products for vectors emerged:
the dot (scalar) product and the cross (vector) product, which could be combined to
form the scalar triple product and the vector triple product. At last, vector analysis
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had been defined and was understood. But mathematicians were unaware that they
had walked up a mathematical cul de sac!

Every student of mathematics knows that the cross product has no meaning in
2D, behaves immaculately in 3D, but is ambiguous in higher dimensional spaces. So
because of its inherent fussiness, it is not an important mathematical product after
all, in spite of its usefulness in resolving 3D geometric problems.

Geometric algebra proposes an alternative vectorial framework where lines, areas,
volumes and hyper-volumes are recognised as structures with magnitude and orien-
tation. Oriented lines are represented by vectors, oriented areas by bivectors and
oriented volumes by trivectors. Higher dimensional objects are also permitted. At
the heart of geometric algebra is the geometric product, which is defined as the sum
of the inner and outer products. The inner product is related to the scalar product,
and the outer product is related to the cross product. What is so flexible about this
approach is that all sorts of products are permitted such as (line x line), (line x
area), (area x area), (line x volume), (area x volume), (volume x volume), etc.
Furthermore, the cross product has its alias within the algebra as do quaternions; and
on top of these powerful features one can add, subtract and even divide such oriented
objects.

You are probably wondering how it is possible that such a useful algebra has
lain dormant for so many years? Well, through the endeavours of the English math-
ematician William Kingdon Clifford (1845-1879), and the American theoretical
physicist David Orlin Hestenes (1933—), we now have a geometric calculus that is
being embraced by the physics community through the work of Anthony Lasenby,
Joan Lasenby and Chris Doran. In spite of geometric algebra’s struggle to surface,
today it does exist and is relatively easy to understand, and I will reveal its axioms
and structures in the following chapter.

6.3 Symmetric and Anti-symmetric Functions

It is useful to classify functions into two categories: symmetric (even) and anti-
symmetric (odd) functions. For example, given two symmetric functions f (x) and

f @, y):
f=0)=f)
and
fO.x) =7 y)

an example being cos x where cos(—x) = cos x. Figure 6.1 illustrates how the cosine
function is reflected about the origin. However, if the functions are anti-symmetric:
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Fig. 6.1 The graph of the COS X 5
symmetric cosine function
05
0 0. n X
0.5
-1
Fig. 6.2 The graph of the sinx
anti-symmetric sine function i
05
-0.5m 0.51 T X
=05
=1
f(=x) =—f(x)
and
f(ys x) = _f(xa Y)
an example being sin x where sin(—x) = — sin x. Figure 6.2 illustrates how the sine

function is reflected about the origin.

6.4 Trigonometric Foundations

Figure 6.3 shows two line segments a and b with coordinates (a;, az), (by, by)
respectively. The lines are separated by an angle 8, and I will compute the expressions
ab cos 0 and ab sin 6, as these play an important role in geometric algebra.

Using the trigonometric identities

sin(@ + ¢) = sinf cos ¢ + cos O sin ¢ (6.1)
cos(0 + ¢) = cosB cos ¢ — sin O sin ¢ (6.2)

and the following observations
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Fig. 6.3 Two line segments y
a and b separated by +6

6 Geometric Algebra

ai . a bl . b2
cos¢p = —, singg = —, cos(f +¢)=3, sin(6 + ¢) = —
a a

I can rewrite (6.1) and (6.2) as

b

2 ﬂsin@—i-%cose
b a a

b

2 ﬂcosG — a—zsine.
b a a

To isolate cos 6, multiply (6.3) by a, and (6.4) by a;:

2

a2b2 ayay . a
== = Zsinf + -2 cosb

a a

b
a1 by a% ayay
—— = —cosf — —=sinf.
b a a

Adding (6.5) and (6.6):

a\by + axb, af + a%
b

therefore,
abcosO = a1b; + axb,.

To isolate sin 6, multiply (6.3) by a; and (6.4) by a,

2

albz a . ajay

== = ZLsinh + —=cosb
b a a

@by aa 3

a; .
—_— = cosf — —=sinf
b a a

= cosf = acosb
a

b

(6.3)

(6.4)

(6.5)

(6.6)

(6.7)

(6.8)
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Fig. 6.4 Two line segments y
a and b separated by —6

Subtracting (6.8) from (6.7):

aby — axb _ Cl]2 + a%
b a

sin@ = asinf

therefore,
absinf = albz — agbl.

If we form the product of b’s projection on a with a, we get ab cos 6 which we have
shown equals a,b; + a,b,. Similarly, if we form the product ab sin 6 we compute the
area of the parallelogram formed by sweeping a along b, which equals a;b, — axb;.
What is noteworthy, is that the product ab cos 6 is independent of the sign of the
angle 6, whereas the product ab sin 6 is sensitive to the sign of 8. Consequently, if we
construct the lines a and b such that b is rotated —6 relative to a as shown in Fig. 6.4,
abcos = ajby + arby, but absin 0 = —(a1by — a,b;). The anti-symmetric nature
of the sine function reverses the sign of the area.

Having shown that area is a signed quantity just by using trigonometric identities,
let’s explore how vector algebra responds to this idea.

6.5 Vectorial Foundations

The algebraic product of two 2D vectors a and b is

a=ai+ aj
b=>bi+ sz
ab = a,bii2 + abrj* + a\bij + arb)ji (6.9)
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and it is clear that a;b;i> 4+ a,b,j? has something to do with ab cos 8, and a;b»ij +
a,b,ji has something to do with absin . The product ab creates the terms i, j2, ij

and ji, which are resolved as follows.

6.6 Inner and Outer Products

Let’s begin with the products ij and ji in (6.9) and assume that they anti-commute:
ji = —ij. Therefore,

ab = a1bii’ + abaf’ + (a1b2 — axby)ij (6.10)
and if we reverse the product to ba we obtain
ba = a1b1i’ + arbrj* — (a1br — axby)ij. (6.11)

From (6.10) and (6.11) we see that the product of two vectors contains a symmetric
component

arbii* + axb§
and an anti-symmetric component
(a1by — azb1)jij.

It is interesting to observe that the symmetric component has 0° between its vector
pairs (i? and j?), whereas the anti-symmetric component has 90° between its vector
pairs (i and j). Therefore, the sine and cosine functions play a natural role in our rules.
What we are looking for are two functions that, when given our vectors a and b, one
function returns the symmetric component and the other returns the anti-symmetric
component. We call these the inner and outer functions respectively.

It should be clear that if the inner function includes the cosine of the angle between
the two vectors it will reject the anti-symmetric component and return the symmet-
ric element. Similarly, if the outer function includes the sine of the angle between
the vectors, the symmetric component is rejected, and returns the anti-symmetric
element.

Let’s declare the inner function as the inner product

a-b = |al|b| cos @ (6.12)
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then

a-b = (q1i + ayj) - (b1i+ byj)
=a1bii-i+ a1b)i j +(12b1j -i+azb2j j
=a1b| + axb,

which is perfect!
Next, let’s declare the outer function as the outer product using the wedge “A”
symbol; which is why it is also called the wedge product:

aAb=al|b|sinfiAj. (6.13)

Note that product includes a strange i A j term. This is included as we just can’t
ignore the ij term in the anti-symmetric component:

anb = (a1l + azj) A (bii + byj)
=abiini+aibi Aj+ abij AL+ arboj A
= (a1hy — azb)i A j

which permits us to write

ab=a-b+aAb (6.14)
ab = |a||b|cos 6 + |a||b|sinf i A j. (6.15)

6.7 The Geometric Product in 2D

Clifford named the sum of the two products the geometric product, which means that
(6.14) reads: The geometric product ab is the sum of the inner product “a dot b’ and
the outer product “a wedge b”. Remember that all this assumes that ji = —ij which
seems a reasonable assumption.
Given the definition of the geometric product, let’s evaluate i
fi=i-i+iAl
Using the definition for the inner product (6.12) we have

i-i=1x1xcos0°=1

whereas, using the definition of the outer product (6.13) we have
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ini=1x1xsin0°iAi=0.
Thus i = 1 and j> = 1, and aa = |a|*:

aa=a-ataAa
= |a||a] cos 0° + |a]|a] sin 0°i A j
aa = |a|2.
Now let’s evaluate ij:
ij=1-J+inj.
Using the definition for the inner product (6.12) we have
i-j=1x1xc0s90°=0

whereas using the definition of the outer product (6.13) we have

iNj=1x1xsin90°iAnj=iAj.
Thus ij =i A j. But what is i A 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-it+jai
=0+4+1x1xsin(=90°)iAj
ji=—inAj.
Thus the bivector i A j defines the orientation of a surface as anti-clockwise,

whilst the bivector j A i defines the orientation as clockwise. These ideas are shown
in Fig. 6.5.

Fig. 6.5 An anti-clockwise 4 'S
and clockwise bivector J J

Y
A 4
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The inner product (6.12) is our old friend the dot product, and does not need
explaining. However, the outer product (6.13) does require some further explanation.
The equation

ab =9+ 12iAj

simply 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 ij-plane.
For example, given

a=3i
b =3i+4j

then

ab = 3i- (3i +4j) + 3i A (i +4j)
=94+0%iAi+12iA]
ab=9+12iAj.

The 9 represents |a||b| cos 6, whereas the 12 represents an area |a||b|sin 6 on the
ij-plane. The angle between the two vectors 0 is given by

6 = cos™'(3/5).
However, reversing the product, we obtain

ba = 3i+4j)-3i+ Bi+4j) A3i
=9+9%Ai+ 12jAi
ab=9—12i Aj.

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 bivectors.

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 product
is the anti-symmetric component. Now let’s see how these products behave in 3D.

6.8 The Geometric Product in 3D

Before we consider the geometric product in 3D we need to introduce some new
notation, which will simplify future algebraic expressions. Rather than use i, j and k
to represent the unit basis vectors let’s employ e, e, and e3 respectively. This means
that (6.15) can be written
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ab = |a||b|cos O + |a||b|sin6 e; A e;.
We begin with two 3D vectors:

a =aje; +axe; + azes
b =bie| + bre; + bies

therefore, their inner product is

a-b=(ae| +are, + aze3) - (b1e; + bre, + bzes)
= a1by + aby + azbs

and their outer product is

anb = (ae| + aze; + ase;) A (bie; + brey + bzes)
=aibre; Aey + ajbse; Aez+ arbiey Aep + arbze, Aes
+ azbiez A e + azbrez A ey

anb=(aib, — arby)e; A e+ (arbs — azby)ex A e3 + (azby — a1bz)es A ey.
(6.16)

This time we have three unit-basis bivectors: e; A e,, e, A €3, €3 A e}, and three asso-
ciated scalar multipliers: (a1by — axb1), (a2b3 — aszb,), (azby — a1 b3) respectively.
Thus the geometric product of two 3D vectors remainsab =a-b+a A b:

ab = (a1b) + axby + azbs)
+ (a1by — azbr)e; A ey + (arbs — azbr)es A e; + (azby — ajbz)e; Aey.

Continuing with the idea described in the previous section, the three bivectors
represent the three planes containing the respective vectors as shown in Fig. 6.6, and
the scalar multipliers are projections of the area of the vector parallelogram onto the
three bivectors as shown in Fig. 6.7. The orientation of the vectors a and b determine
whether the projected areas are positive or negative.

You may think that (6.16) looks familiar. In fact, it looks very similar to the cross
product a x b:

axb=(aby — ayby)e; + (axbz — azby)e;| + (azb; — a1b3)e;. (6.17)

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. 6.6 The 3D bivectors e

Fig. 6.7 The projections on e
the three bivectors

ex N\ es : e; Neg

€3

became the cross product! Later in this chapter we discover that quaternions are
really bivectors in disguise.
We can see that a simple relationship exists between (6.16) and (6.17):

e;Ae; and e;
e /Nes and €

e;Ae; and e;

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.
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6.9 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 explore the outer product of three 3D
vectors.

Given
a =aje; +axe; + azes
b =bie; + bre; + bies
Cc=ci€| + €y + c3€3
then

anbAc=(aje] +arer +azes) A (bre] + byey + bze3) A (cre1 + crer + c3e3)
= [(a1by — azxby)e; A ey + (axb3 — azbr)ex Ae3 + (azby — ajbz)es A eq]
A (c1e1 + crep + c3e3).

At this stage we introduce another axiom: the outer product is associative. This means
thata A (b A ¢) = (a A b) A c. Therefore, knowing thata A a = O:

aAbAc=c3(a1by —arb)e; Aey Aes+ ci(abs —azbr)e, Aes A e

+ cr(azby — a1bz)es A e Aes.

But we are left with the products e; A e; A e3, e, Aes Aejand e; A e; A ep. Not to

worry, because we know that a A b = —b A a. Therefore,

ey Ne3Ne = —e ANe Ne3=e NeyANe3
and

e Ne; ANe = —e;  ANe3 ANey =€ Ney Aes.

Therefore, we can write a A b A ¢ as

aAnbAc=c3(a1by —arbi)e; Aey Aes+ ci(abs —azbr)e; Aey Aes

+ co(azby —arbz)e; Aey Aes
or

aAnbAc= [C3(Cl1b2 — azbl) +c (a2b3 — a3b2) + C2(613b1 — a1b3)] e Ney ANe3
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or using a determinant:
ay by ¢
aAbAac=|a bycr|e ANey Ae;

az bz c3

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

The term e; A e, A €3 is a trivector and reminds us 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 possess an orientation opposing that of the three basis vectors.

6.10 Axioms

One of the features of geometric algebra is that it behaves very similar to the every-
day algebra of scalars:
Axiom 1: The associative rule:

a(bc) = (ab)c.

Axiom 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 3:

(»a)b = A(ab) = Aab.
Axiom 4:

A(ga) = (Ap)a.
Axiom 5:

A(a+b) =ra+ Ab.
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Axiom 6:
(A + ¢)a = Aa + ¢a.

The next axiom that is adopted is
Axiom 7:

a’ = |a|’
which has already emerged as a consequence of the algebra. However, for non-

Euclidean geometries, this can be set to a’ = —|a|?, which does not concern us
here.

6.11 Notation

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

€i€i€; =€
€1 = —€12
€312 = €123
€2 =€
€21 = —€.

6.12 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 e, and in 3D the pseudoscalar is ej3.

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; + 3e; + 4e3) + (Sepn + 6e3 + Tes;) + 8ejns
B =2+ (2e; + 2e; + 3e3) + (4de + Sex3 + 6esp) + 7eqo3
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and we can form their sum:
A+B=5+ (461 + 592 + 763) + (9812 + 11823 + 13631) + 156123
or their difference:
A—B =1+ (e;+e3)+ (e;2 + ey +e3) + eps.
We can even form their product AB, but at the moment we have not explored the
products between all these elements.
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
multivector:

2 4 3e; + 2e; — Seqp + 6€123
we extract the scalar term using:
(24 3e; + 2e; — S5e1p + 6e3)g = 2
the vector term using
(2 + 3e; + 2e, — Seqp + 6e123)1 = 3e; + 2e;

the bivector term using:

(24 3e1 +2e; — Seqx + 6e123)2 = —Seqpn
and the trivector term using:

(2 +3e; + 2e; — 5e1x + 6e123)3 = 6€23.
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 » into a
grade n — 1 element.
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6.13 Redefining the Inner and Outer 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 (6.18)
ba=a-b—aAb. (6.19)

Adding and subtracting (6.18) and (6.19) we have

a-b = 1(ab + ba) (6.20)
aAb=1(ab —ba). (6.21)

Equations (6.20) and (6.21) and used frequently to define the products between
different grade elements.

6.14 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=—
|al
and using the geometric product
A2 a’ -1
a2
therefore,
_a’b
~ laP?

and exploiting the associative nature of the geometric product we have

_ a(ab)

el (6.22)
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Equation (6.22) is effectively stating that, given the geometric product ab we can

recover the vector b by pre-multiplying by a=!:

al = a
EIE

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

_ (ab)b
R
For example, given two vectors
a=e; + 282
b = 3e;| + 2e,
their geometric product is
ab=7— 4612.

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

2
b= e‘+5—92(7 —dep)

= 1(7e; — dej1p + 14e; — 8exp)
= 1(7e; — 4e; + 14e; + 8ey)
b = 3e; + 2e,.

Similarly, give ab and b, a is recovered as follows:

3e; + 2e;
13
= 5(21e; + 14e; — 12e15; — 8eyn)

= L (21e; + 14e; + 12e; — 8e)
a=e; + 2e;.

a—= (7 — 4(—!12)

Note that the inverse of a unit vector is the original vector:

1 a
a =-— =a.
|a?
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6.15 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

aAb=2Xrepn+ Arer + 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 efzz

2
€, = €12
but as
€] = —€2
then
€122 = —€1312)2
_ 2.2
= —€1¢;
e, = —1.

Consequently, the geometric product effectively creates a complex number! Thus in
a 2D scenario, given two vectors

a=ae +ae
b= blel + bzez

their geometric product is
ab = (a1b1 + axby) + (a1b2 — axby)ers
and knowing that e;, = i, then we can write ab as
ab = (ai1b) + azby) + (a1by — azby)i. (6.23)

However, this notation is not generally adopted by the geometric community. The
reason being that i is normally only associated with a scalar, with which it commutes.
Whereasin 2D, e, is associated with scalars and vectors, and although scalars present
no problem, under some conditions, it anti-commutes with vectors. Consequently,
an upper-case [ is used so that there is no confusion between the two elements. Thus
(6.23) is written as
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Fig. 6.8 The effect of
pre-multiplying a vector by a

bivector
€192
as \\ \
/ \\
€3 % €1
Y
ab = (a1b| + az2b3) + (a1by — axby)I

where

I?=—1.

It goes without saying that the 3D unit basis bivectors are also imaginary quantities,
SO is €123.

Multiplying a complex number by i rotates it 90° on the complex plane. Therefore,
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 ej; rotates a vector clockwise and post-multiplying rotates
a vector anti-clockwise.

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

a=ae| + me, + azes

and the unit basis bivector e, as shown in Fig. 6.8. Next we construct their geometric
product by pre-multiplying a by ej;:

€pa = ajepe| + arepe; + azepe;

which becomes

epa = a1eq2] + axein + asen;
= —aje; +are; + azens

= are| — a1 + azeyn;

and contains two parts: a vector (a,e; — a;e;) and a volume azey3.
Figure 6.8 shows how the projection of vector a is rotated clockwise on the bivector
eq2. A volume is also created perpendicular to the bivector. This enables us to predict
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that if the vector is coplanar with the bivector, the entire vector is rotated —90° and
the volume component will be zero.
By post-multiplying a by e;, creates

ae;; = —ae| + aje; + ases

which shows that while the volumetric element has remained the same, the projected
vector is rotated anti-clockwise.
You may wish to show that the same happens with the other two bivectors.

6.16 Duality

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

A*=1TA

where [ is the local pseudoscalar. For 2D this is e, and for 3D it is ej,3. Therefore,
given a 2D vector

a=ae +ame,
its dual is

*
a* =ep(aie + aer)
= a1e21 + az€12

=€ —aey

which is another vector rotated 90° anti-clockwise.

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

€123€1 = €1231 = €23

which is the perpendicular bivector. Similarly, the dual of e; is e3; and the dual of e3
is €.
For a general vector a;e; + aye, + aze; its dual is
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eps(aie; + axer + azes) = ajein3; + azenn + asens;

= azeqp + aje3 + azes;.

The duals of the 3D basis bivectors are:

€123€12 = €12312 = —€3
€123€23 = €12323 = —€)
€123€31 = €12331 = —€2.

6.17 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 just to recap: Given two vectors

a=ae; +ae, + ases
b =bie| + bye, + bzes

then
a x b= (a2b; — azby)e| + (azby — arbz)ex + (a1by — azby)es (6.24)
and
anb = (a3 — azbr)ey A €3 + (a3by — arb3)e; A ey + (a1by — azxbr)e A ey
or
aAb = (axbs — asbr)ex + (asby — a1bz)es) + (a1by — axby)eys. (6.25)
If we multiply (6.25) by 1123 we obtain

Iin3(a Ab) = (a2b3 — azby)exzers + (azby — arbz)enzes) + (a1by — arbi)ejzern

—(axbs — asby)e; — (asby — aib3)ex — (a1by — axby)e;

which is identical to the cross product (6.24) apart from its sign. Therefore, we can
state:

axb=-I@@ADb).
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Table 6.1 Hamilton’s quaternion product rules

i j k
i —1 k —j
J —k -1 i
k j —i -1
Table 6.2 3D bivector product rules
€3 €3] €12
€3 -1 —en e3]
€3] e —1 —e3
e —e3] €23 —1
Table 6.3 Left-handed 3D bivector product rules
€32 €13 €21
€3 -1 €] —ei3
€3 —ey] -1 e3
€] €13 —e3) -1

6.18 The Relationship between Quaternions and Bivectors

Hamilton’s rules for the imaginaries i, j and k are shown in Table 6.1, whilst Table 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 ez, €13, € 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<—>e32 j<—>e13 k<—>621

there is a true correspondence between quaternions and a left-handed set of bivectors.

6.19 Reflections and Rotations

One of geometric algebra’s strengths is the elegance it brings to calculating reflections
and rotations. Unfortunately, there is insufficient space to examine the derivations of
the formulae, but if you are interested, these can be found in the author’s books [1,
2]. Let’s start with 2D reflections.
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Fig. 6.9 The reflection of a e
2D vector a’

a e

6.19.1 2D Reflections

Given a line, whose perpendicular unit vector is m and a vector a its reflection a’ is
given by

a’ = mam

which is rather elegant! For example, Fig. 6.9 shows a scenario where

= (e +e)

a

Il
o

1

therefore,

a' = (e +ex)(er) 75 (€1 + €2)
= %(1 —ep)(e; +e)

1
s +e+e —ep)
a =e,.

Note thatin this scenario a reflection means a mirror image about the perpendicular
vector.

6.19.2 3D Reflections

Let’s explore the 3D scenario shown in Fig. 6.10 where
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Fig. 6.10 The reflection of a
3D vector

€3 €1

a=e t+e —e;

A

m=e;

therefore,

/
a'=ex(e; +e —e3)e;
=e€z12 + €2 — €3
= —e; + e, t+e;3.

As one might expect, it is also possible to reflect bivectors, trivectors and higher-
dimensional objects, and for reasons of brevity, they are summarised as follows:
Reflecting about a line:

scalars invariant
vectors Vv = mvm
bivectors B’ = mBm

trivectors T’ = mTm.
Reflecting about a mirror:

scalars invariant
vectors vV = —mvm
bivectors B’ = mBm

trivectors T = —mTn.

6.19.3 2D Rotations

Figure 6.11 shows a plan view of two mirrors M and N separated by an angle 6. The
point P is in front of mirror M and subtends an angle «, and its reflection P exists in
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Fig. 6.11 Rotating a point
by a double reflection

Fig. 6.12 Rotating a point N .
by a double reflection
Pr
M

m

the virtual space behind M and also subtends an angle o with the mirror. The angle
between Pr and N must be & — «, and its reflection P’ must also lie & — « behind
N. By inspection, the angle between P and the double reflection P’ is 26.

If we apply this double reflection transform to a collection of points, they are
effectively all rotated 26 about the origin where the mirrors intersect. The only slight
drawback with this technique is that the angle of rotation is twice the angle between
the mirrors.

Instead of using points, let’s employ position vectors and substitute normal unit
vectors for the mirrors’ orientation. For example, Fig. 6.12 shows the same mirrors
with unit normal vectors m and n. After two successive reflections, P becomes P/,
and using the relationship:

v = —mvim

we compute the reflections as follows:

=
Il

I
=
=
=
=

which is also rather elegant and compact. However, we must remember that P is
rotated twice the angle separating the mirrors, and the rotation is relative to the
origin. Let’s demonstrate this technique with an example.
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Fig. 6.13 Rotating a point eo
by 180° I

Figure 6.13 shows two mirrors M and N with unit normal vectors m, i and
position vector p:

m=e,
n=—e;
P=(,-1
p=e —ep.

As the mirrors are separated by 90° the point P is rotated 180°:

p’ = hmpmh
= —ejex(e; —ey)ex(—ep)
= €12121 — €12221
= —e| + e

P =(-1,1).

6.20 Rotors

Quaternions are the natural choice for rotating vectors about an arbitrary axis, and
although it may not be immediately obvious, we have already started to discover
geometric algebra’s equivalent.

We begin with

p’ = nmpmn

and substitute R for firh and R for m#, therefore,
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p = RpR

where R and R are called rotors which perform the same function as a quaternion.

Because geometric algebra is non-commutative, the sequence of elements, be they
vectors, bivectors, trivectors, etc., is very important. Consequently, it is very useful
to include a command that reverses a sequence of elements. The notation generally
employed is the tilde “~” symbol:

=
Il

=>
=

=
I
=>

mi.
Let’s unpack a rotor in terms of its angle and bivector as follows:
The bivector defining the plane is A 1 and 6 is the angle between the vectors.
Let

R = nm
R = mn
where
nm=n-m—mAn
mn=n-m-+mAn
n-m=cosé
mAn=>Bsinb
Therefore,

R = cosf — Bsiné
ﬁ:cos@—i—ﬁsin@.

We now have an equation that rotates a vector p through an angle 26 about an axis
defined by B:

p = RpR
or
p = [cos@ - ﬁsin@)] p [cos@ + ﬁsin@] )
We can also express this such that it identifies the real angle of rotation o:

p = [cos(a/Z) -B sin(a/2)] P [cos(a/Z) +B sin(a/Z)] . (6.26)
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Fig. 6.14 Rotating a vector
by 90°

Equation (6.26) references a bivector, which may make you feel uncomfortable! But
remember, it simply identifies the axis perpendicular to its plane. Let’s demonstrate
how (6.26) works with two examples.

Figure 6.14 shows a scenario where vector p is rotated 90° about e, which is
perpendicular to B, where

o =90°

a—=ep

p=e +e

ﬁ = €31.

Therefore,
= (cos45° — e3; sin45°) (e; + €;) (cos45° + e3; sin45°)
= (JTE - _931> (e; +e) (\/TE + \/75631)
=j(e1+e—e3—es) (1+e3)
=1(e;+e—e3—e3n—e3— €3 — € — e3231)
= %(e] +e, —2e3 —e; +€)
p =e —e;.

Observe what happens when the bivector’s sign is reversed to —es;:

= (cos45° + e3; sin45°)(e; + €>)(cos 45° — e3; sin45°)
= (f £e31> (e; +e2) (i - £e3 )

=1(ei+er+es+eyn)(l—ey)
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Fig. 6.15 Rotating a vector
by 120°

1
= 5(e; + € +e3+e32 + €3 — €3 — € — e31231)
= %(el +er+2e; —e; +€)
p =e +e;.
the rotation is clockwise about e,.

Figure 6.15 shows another scenario where vector p is rotated 120° about the
bivector B, where

m=e¢; —e3
n=e¢; —¢€3
a = 120°

p=e;+te;3
B=mAn

= (e; —e3) A (ex —e3)
B =e; +e3 +ex.

Next, we normalise B to B:
B= \/%(012 + € +e31)
therefore,
p’ = (cos 60° — Bsin 60°)p(cos 60° + B sin 60°)
= (% - %(912 +ex+ e31)‘/75) (e2 +e3) (% + \/%(612 +ex+ 631)\/;)

1 e e3 e3 1 en  e3 e
(2 2 T2 )ty T
=1 tes—e —em+es—e—eyn+e)(l+en+es+es)

= j(e3 —e3)(1 +epn + €3+ €31)
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1
= 5(63 +e30 — €+ € — €3 — €312 — €12323 — €12331)
1
=3s(e3—e+e +e+e +e)
p =e +e;.

These examples show that rotors behave just like quaternions. Rotors not only rotate
vectors, but they can be used to rotate bivectors, and even trivectors.
6.21 Summary

This chapter has provided a brief introduction to geometric algebra, which turns
out to possess imaginary foundations. The algebra provides some elegant ways to
compute reflections and rotations, which are extended in Chap. 10.

6.21.1 Summary of Formulae

2D Inner Product
a=ae +me,
b= blel + b292
a-b= |a||b| cosf = alb] + azbz.
2D Outer Product

a=aqae; +ae;
b= b191 + bzez
anb= |a||b| sin0e1 N ey = (a1b2 — azbl)el AR

2D Geometric Product

a=ae +ae
b= blel + b2e2
ab = |a||b| cosO + |a||b|sinOe; A e, = (aiby + axbs) + (a1by — arb)e; A es.

3D Inner Product

a=ae| + are; + azes
b = bie; + bye; + bse;
a-b = |a||b|cosO = a1b| + arb, + azbs.
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3D Outer Product

a =aje; +axe; + azes
b = bie; + byey + bies
anb = (a1by —abr)e; A ey + (a2bs — azbr)e; N es + (azby — arbz)es Aey.

3D Geometric Product

a =aje; +axe; + azes
b =be| + bye, + bses
ab=a-b+aAb=(a1b) +ab, +a3bz)+
(a1by — azb1)ey A ey + (axbs — azbr)ex A €3 + (azby — arbs)e; Aey.

Outer Product of Three 3D Vectors

a=ae; + are, + aszes
b =be; + bye; + bse;
C =cie + ey + c3€3
aAbAc=][c3(aiby — arby) + ci(arb; — azby) + c2(azby — aib3)] e A ey Aes

ay by ¢
aAbAc=|aybycr|le Aey Aes.
a3b303

Generalised Inner and Outer Products

ab=a-b+aAb
ba=a-b—anab
a-b=j(ab+ba)
aAb= %(ab—ba).

Inverse of a Vector

-1 _ a
 Jaf?’

Imaginary Properties of the Quter Product

aAb=2Aien+ Aexs + Azes

2 2 2
e, =e3 =e5 =—L
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Reflections
About a line:

vectors Vv = mvm
bivectors B’ = mBm

trivectors T’ = mTm.
In a mirror:

vectors vV = —mvm
bivectors B’ = mBm

trivectors T = —mTm.

6.22 Worked Examples

6.22.1 2D Inner Product

Calculate the inner product of a = le; and b = le; + 2e;.
Solution: The inner product is given by

a-b=a b +ab,
=1x14+0x2=1.

6.22.2 2D Outer Product

Calculate the outer product of a = le; and b = le; + 2e;.
Solution: The outer product is given by

anb=(ab, —ab))e; Ne,

=(1x2—-0x1)e; Ae, =2e; Aejp.

6.22.3 2D Geometric Product

Calculate the geometric product of a = e; and b = e; + e;.
Solution: The geometric product is given by

6 Geometric Algebra
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ab=a-b+anb
a-b=1
anb=2e ANe

ab =1+ 2e; Aep.

6.22.4 3D Inner Product

Calculate the inner product of a = e; + 2e, — 3e3 and b = 2e; — 3e, + 4e;.
Solution: The inner product is given by

a-b=ab +ab, + azbs
=1x242x(-3)—3x4
= —16.

6.22.5 3D Outer Product

Calculate the outer product of a = e; + 2e; + 3e3 and b = 2e; + 3e, + Se;.
Solution: The outer product is given by

aAb = (aiby —azby)e; A ey + (a2b3 — azba)ex A e3 + (azby — ayb3)e; A ey
=(1x3-2x2e1ANe2+(2x5—3x3)e2ne3+B3x2—1x5)eAes
=—le;Aey+1ley Ae3;+ lex Aes.

6.22.6 3D Geometric Product

Calculate the geometric product of a = e + 2e; + 3e3 and b = 2e; + 3e, + Ses.

Solution: The geometric product is given by

ab=a-b+aAb
=—16—1e; Aney+ lep Aes+ ley Aes.



186 6 Geometric Algebra

6.22.7 OQuter Product of Three Vectors

Calculate the outer product of

a=1le + le; + les
b = 2e; + 4e; + 3e;3
c = —5e; + 6e; + 7es.

Solution: The outer product of three vectors is given by

ay by c
ap by
az b3 c3
111
243
567
=[@dxTH+Bx-5+2x6)—3B3x6)—2x7)—@Ax—-5]e; AeyAe3
= (28— 15+12— 18 — 14 +20)e; A e A e3
= 13e; Aex A e3.

aAbAc= ej ANeyAe3

e| NeyNe3

6.22.8 Inverse of a Vector

Find the inverse of a = le; + 2e, + 3e3.

Solution: The inverse of a vector is given by

a”' =a/lal’
la] = 12 4-22 4 32
la]* = 14

al = 1—14(1e1 + 2e, + 3e3).
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6.22.9 Recovering a Vector from a Geometric Product

Find b, given ab = 3 + ej; and a = 2e; + e;.

Solution: Premultiply ab by a=!.

ja]> =5
a!l = %(Zel + e))
b=1(2e; + )3 +ep)
= %(6e1 + 2e112 + 3ex +e212)
= %(601 +2e, 4+ 3e; —ey)
=e; + €.

6.22.10 Reflecting a 2D Vector about a Line

Calculate the reflection of v = e; + e, about the normal m = e,.

Solution: The reflected vector is given by

v = mvim
=ex(e; +er)e;
= (e21 + De
=epnt+e

= —e| 1+ €3.

6.22.11 Reflecting a 3D Vector about a Line

Calculate the reflection of v = e + e, + e3 about the normal m = e,.

Solution: The reflected vector is given by
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v = mvm
=ey(e; + e, +e3)er
= (e + 1 +exn)ey
=eyn t+ext+ e

= —e| + e, —e3.

6.22.12 Rotating a 3D Vector

Rotate vector p = 2e; + e; by « = 90° about e; which is perpendicular to B= €3.

Solution: The rotated vector is given by

p = [cos(oe/Z) — Bsin(a /2)] p [cos(ot/Z) +B sin(a/Z)]
= [cos45° — e35in45°] (2e; + €;) [cos 45° + €3 sin 457
= 1[2e; + €, — 2e31 — €231 [1 + €x3]
3 [2e1 + e+ e3 — 2e13] [1 + ex3]
112e; + e +e3 — 2e123 + 2103 + €23 + €33 — 2€1233]
= 1 [2e; + 2e3 + 2e]
[2e; + e3].
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Chapter 7

Trigonometric Identities Using Complex

Numbers

7.1 Introduction

q

Check for
updates

Proving trigonometric identities is normally approached geometrically, where one
constructs a diagram containing useful ratios, to reveal the required answer using
logic. In this chapter I show how complex numbers provide an algebraic way of

proving trigonometric identities.

7.2 Compound Angle Identities

Compound angle identities such as sin(« + ) are normally taught using Euclidean
geometry. For example, Fig. 7.1 does not seem to be a natural answer to the problem,

nevertheless, is used to tackle the problem as follows.

FD BC+ED
AD  AD

BC AC N EDCD
AD AC  ADCD
BC AC N EDCD
AC AD CD AD

sin(e + B) =

sin(a + B) = sina cos B + cos « sin .

Now let’s expand cos(« + 8) with reference to Fig.7.1:

g o AE _ AB-EC
COS ==
* AD AD

_ABAC ECCD

“ ADAC ADCD
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A

Fig. 7.1 The geometry to expand sin(« + )

_ABAC ECCD
" ACAD CDAD
cos(a + B) = cosa cos B — sin« sin S. (7.2)
However, we can derive (7.1) and (7.2) by employing complex numbers as follows.
cos(0 4 B) +isin(@ + B) = ! OHP) = (0P

= (cosf +isinf)(cos B + i sin B)
= (cosf cos B —sin6 sin B) + i(sin 6 cos B + cos 6 sin B)

equating real and imaginary parts, we have

cos(6 + B) = cos 6 cos B — sinf sin 8
sin(6 4+ B) = sin 6 cos 8 + cos O sin B

and if we make § negative, we obtain

cos(@ — B) = cosf cos B + sin B sin B
sin(f — B) = sin6 cos B — cos 6 sin B.

This is much more intuitive, and just relies on the relationship
i ..
e’ =cosa +1ismno

furthermore, no diagram is required!
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7.3 de Moivre’s Theorem

de Moivre’s theorem states

(cos@ +isin®)" = cos(nh) + i sin(nh).

which we have seen is useful to deduce various trigonometric identities. However,
we can isolate cos” 0 and sin” 9 as follows:

i0 —iO\"
cos" 0 — <+_)
2

i0 —ig\ "
o el —e
sin" = (| ———
2i

which, using the binomial expansion, can be used to deduce identities of the form
cos™ 0 and sin” 6. Let’s evaluate cos” @ and sin” 9, 2 <n < 5.

i0 —io 2

2 e’ te
cos’f = ——
(=)

el20 40 4 g2
—

B l(2+ei29 +e—i29>
A G —
1 4+ cos(20)
—

. . 2

= 619_619

sin“ = [ ————
2i

¢i2 D 4 oi20

cos? 0 =

—4
1 2 _ (eiZO +€7i20)
=5 3

1 — cos(26)

sin?6 =
2

i0 —ig\ 3
C053 9 — (&)
2

ei30 +3ei0 _'_367[9 +gfi39

8
| 3(61'0 +g—i9) _I_ei30 _I_e—30
4 2




192 7 Trigonometric Identities Using Complex Numbers

3cos 6 + cos(36)
7 .

3 619_616
sin" f = [ ————
2i

¢i30 _ 3i0 4 3p—if _ o=i30
—8i
. (ei30 _ e—30) _ 3(ei9 _ e—i@)
N Z( —2i >
3sinf — sin(36)
4

i0 —io\ 4
cost 9 — <+_)
2

Y0 4 46120 4 6 4 4o—i20 4 o—id0
16
B 1<6+4(ei29 1 emi20) 4 (% +e—i49))
=3 3
3+ 4cos(26) + cos(40)
8

. a4

4 etG_elG

sin"f = [ ————
2i

¢4 _ 4612 4 6 _ fo—i20 | o=id0

cos’ 0 =

sin’ 9 =

cos*o =

16
_ l<6 4 4 e7i20) 4 (1% 4 e—i48)>
8 2
3 — 4 cos(20) + cos(40)

sin 0 =

8

i0 —ig\
cos* 0 — (+_)
2

ei50 +Sei30 + loeiO + ]Oe—iO +5e—i30 +ei50
32
. (10(ei9 + e—i0) + S(eiSG + e—i39) + (ei59 + e—iSO))
1 2
10cos @ + 5cos(30) + cos(59)
16 '

. . 35

s 619_619

sif @ = [ ———
2i

e — 50130 4 106 — 10e~i0 + 5¢—i30 — i5?
32i

cos’ f =
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. lo(eie _ e—i('?) _ S(ei39 _ e—i39) + (ei59 _ e—iS@)
16 2i
10sin 6 — 5sin(360) + sin(50)

.5
0
sin T

7.4 Summary

Although e'? does not appear to be a natural mathematical object for proving trigono-
metric identities, it does provide some elegant proofs for compound angles and identi-
ties of the form cos” 6 and sin” 8. Unfortunately, we often discover complex numbers
just when we have mastered geometric solutions to these problems!



Chapter 8 ®)
Combining Waves Using Complex st
Numbers

8.1 Introduction

Waves play an important role in transferring energy and information from one place
to another, whether they are waves of air pressure, water, magnetism, electricity
or gravity. When waves are combined, they cancel and reinforce one another; and
as waves possess velocity, wavelength, frequency, amplitude and phase, computing
the resultant waveform can be difficult using conventional trigonometric functions.
Fortunately, complex numbers greatly simplify the analysis, and this chapter explains
how.

8.2 Wave Equation

Before we begin, let’s agree the notation used to describe sinusoidal waves. The
following terms are often used to describe a sinusoidal waveform:

k = the angular wavenumber [rad/metre]

w = the angular frequency [rad/sec]
A=2m/k

v = w/2n = the frequency [cycles/sec].

the wavelength [metre]

A sinusoidal wave is written
Y (x) = acos(kx)

where ¥ is the Greek letter psi, a is the amplitude, k is the angular wavenumber, and
X is a position along the wave.

© Springer International Publishing AG, part of Springer Nature 2018 195
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Fig. 8.1 A cosine wave Y(x)

A= 2n/k

Figure 8.1 shows a cosine wave with amplitude a, wavelength A = 2/ k, and the
distance x in metres. If £k = 1 [rad/metre], then A = 27 [metre].

If the wave changes with time, the parameter  must be multiplied by w to create
units of radians:

Y(x,t) =acostkx — wt).

To determine the phase speed cp,, we increment t =t + 1, and x = x + w/k:

Y(x,t) =acos (k(x + %) —w(t + 1))

=acostkx + w — wt — w)

= acos(kx — wt).

Therefore, the wave’s phase speed is the ratio of the increments:

Next, we need to introduce a phase angle term ¢, in order to delay or advance the
wave:
v(x,t,¢$) =acos(kx — wt + ¢). (8.1)

8.3 Combining Waves

We can now use trigonometric identities or complex numbers to resolve various
waveform combinations with different frequency, phase and amplitude. However,
this entails many combinations:
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asinx + bsinx
asinx 4+ bcosx
asinx + b cos(x + ¢)
acosx + bsin(x + ¢)
asin(x + ¢) + bcos(x + @)
etc.

So rather than develop a solution for every combination, I will illustrate a strategy,

that will permit the reader to undertake other waveform combinations. Let’s begin
with trigonometric identities.

8.3.1 Using Trigonometric ldentities

In the following description, either the cosine or sine function could be used, but I
have chosen the cosine function. Consequently, the following identities will be useful

cos(a + 8) = cosa cos B — sina sin B

cosa + cos B = 2cos <a—;'3)cos (a _'B>.

2

To simplify the following waveforms, 8 is substituted for kx — wt. The simplest
combination is two waves with the same frequency and amplitude, but no phase
difference:
Y1 =acosf
Y, =acosp
Y1 + Y = 2acos B.

Next, two waves with the same frequency and no phase difference, but different
amplitudes:

Y1 = ajcos f
Y2 = aycos B
Y1+ ¥ = (a; + az) cos B.

Next, two waves with the same frequency and amplitude, but one includes a phase
change:

Y1 =acos(f + ¢)

Y, = acosf.
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The aim is to create a wave equation of the form A cos @, where A is the amplitude,
and references the original amplitude a and phase angle ¢, and @ references the
original frequency and phase angle:

Y1+ Yy =acos(B+ @) +acosf

- (50 ()
= 2a cos cos | =
2 2
_ ¢ ¢
= 2a cos <5> cos (,B + 5)

The amplitude is 2a cos(¢/2), and the cosine wave is cos(8 + ¢/2).
Finally, a general solution for two waves with the same frequency, but different
amplitudes and phase angles:

Y1 = aj cos(B + ¢1)
Yo = ap cos(B + ¢y).

The aim is to create a wave equation of the form A cos @, where A is the amplitude,
and references the original amplitudes a; & a, and phase angles ¢; & ¢, and @
references the original frequency and phase angles:

V1 + Y2 = ai cos(B + ¢1) + az cos(B + ¢2)
= aj cos B cos ¢ — aj sin B sin @y + ap cos B cos ¢, — ap sin B sin ¢,
= ay cos B cos ¢ + ap cos B cos ¢, — a; sin B sin ¢p; — a, sin B sin ¢,
= cos B(aj cos ¢ + a; cos ¢p) — sin B(a; sin ¢y + a; sin ). (8.2)

At this point, (8.2) is of the form
Y1+ Y, =XcosB —Ysinp
where

X = a; cos ¢y + a cos ¢, (8.3)
Y = a; sin ¢ + a, sin ¢, (8.4)

and we have managed to separate the frequency terms from those containing the
amplitudes and phase angles.

One can see that (8.3) and (8.4) possess a symmetry where X is the sum of two
terms projected onto the x-axis, whilst Y is the sum of two terms projected onto the
y-axis. Therefore, we can express X and Y in polar form as
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X =rcosf
Y =rsinf

where 2 = X2 4 Y? and @ is the angle associated with r:

r?= (ay cos ¢; + a cos ¢2)2 + (a; sin ¢ + a; sin ¢2)2
= al2 cos? é1 + a% cos? ¢2 + 2a,a; cos ¢ cos ¢o
+ a12 sin® ¢, + a% sin? ¢§ + 2a;a; sin ¢ sin ¢,
= a; (cos® ¢; + sin® ¢;) + a3 (cos® ¢, + sin® ¢,)
+ 2aya;(cos ¢y cos ¢, + sin ¢ sin ¢y)
= aj + a3 + 2a1a; cos(¢p) — ¢2)

r=,/ai + a3 + 2aa; cos(¢; — ¢).

Next, tan 6 = Y/ X, therefore,

0 — tan-! <a1 sin ¢ + a, sin ¢» )

aj cos ¢y + a cos ¢,

We now have

aj; cos ¢y + ar cos ¢y = r cosf

apsing; + a, sin¢g, = rsinf
which when substituted in (8.2) give:

Y1 + Yy = cos B(acos ¢y + bcos¢y) — sin B(a sin ¢y + b sin ¢p,)
= cos B(r cos @) — sin B(r sin 9)
=rcos(f +6)

and can be written

aj sin @ + ap sin ¢ )
ajcos¢y +azcosgp ) |
(8.5)

Y1+ = a% + a% + 2ajap cos(¢p) — ¢2) - cos [/3 +tan~! [

Solving the above equations using trigonometric identities is not always easy, and
one can waste vast amounts of time trying to simplify expressions. So now let’s see
how complex exponentials help resolve the situation.



200 8 Combining Waves Using Complex Numbers

8.4 Using Complex Exponentials

The complex exponential notation re’ offers a very effective mathematical object
for manipulating waves. As re!’ = r cos@ + ir sin 6, we can select the real part for
cosine waves, or the imaginary part for sine waves.

Let’s continue using 8 = kx — wt, and ¢ for the phase angle. Therefore, a wave
equation is expressed

¥ = qel PP, (8.6)

Equation (8.6) contains all the properties of a wave, either explicitly or implicitly:
amplitude, wavelength, frequency, phase angle and phase speed.
Given two such waves

W, = ayei B9V

v, = azei(ﬂ+¢z)

then a general solution is given by

U+ W = aeel? + ayetfei??
=P (aleid" +azei¢2)
= ¢ (a1 cos ¢y + iaj sin ¢y + ar cos ¢ + iap sin¢y)
= ¢’ [(a1 cos g1 + az cos ¢2) +i(ay sin ) + az sin ¢2)]

mmi]( ajy sin gy + ap sin ¢y )
= ¢"\/(a cos 1 + ar cos ¢2)2 + (ay sin 1 + az sinz)? - e aj cos ¢ + az cos ¢y
i|:B+tan’l< aj sing + ap sin ¢y )}
Wi+ = V/(ai cos g1 + az cos $2) + (a1 sin g1 +az sing)? - e a1 cos gy +az cos é
(8.7)

Equation (8.7) is a general wave equation for different amplitudes and phase angles.
The radical term can be simplified as before, which produces

aj sing|+ay sin gy ):|

U+ 9, = \/alz + a% + 2aja; cos(¢p; — @) - ei[ﬁﬂfmil(“1”“”1*“”“”’2 (8.8)

We can either select the real or imaginary parts of (8.8), where the real part combines
two cosine waves:

aj sing + ap sin ¢ ):|
ay cos ¢1 + ap cos ¢
(8.9)

Y1+ 2 = /a} + a3 + 2ajay cos(¢1 — ¢2) - cos [ﬁ +tan~! (
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or the imaginary part, which combines two sine waves:

. _ ay sin gy + as sin
Y1+ Yp = a% +a% + 2ajap cos(¢py — ¢7) - sin [ﬂ +tan~! <M>i|

aj cos ¢ + ap cos ¢

(8.10)

Let’s use (8.9) and (8.10) to provide expressions for various wave combinations. For
the moment, we will assume that the waves are either both sine or cosine waves, and
provide equations for both functions. I will illustrate each wave combination with
graphs based on the cosine or the sine wave equation.

8.4.1 Same Frequency and Amplitude, but no Phase Angle

Combining two cosine waves with the same frequency and amplitude, but no phase
angle:

Y1 =acosp
Y, =acosp
Y1 + Yo = 2a cos B.

If Y, and v, are sine waves, then

Y1 + Yo = 2asin B.
Figure 8.2 shows graphs of the following cosine waveforms:

0<rt=<720°
Y =4cost [blue]
Yo =4cost [green]
Y1+ Y = 8cost [red].

8.4.2 Same Frequency, Different Amplitudes, but no Phase
Angle

Combining two cosine waves with the same frequency, different amplitudes, but no
phase angle:
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Fig. 8.2 Combining two 1o
cosine waves | = 4 cost 8 Y14,
and ¥p = 4cost 6
4
2 ¥,
O2 kg 2n 3n 4n !
-4 4
6
-8
=10
Fig. 8.3 Combining two 10 Y
sine waves ¥; = 3sint and 1 P+,
Yo = Ssint 8
6
4
2 Py
>t
0 s 3 T
-2
4
-6
-8
-10
Y1 = ajcosp
Y2 = aycos B
V1 + Y2 = (a1 + az) cos B.

If v, and 1, are sine waves, then

V1 + Y2 = (a1 + az) sin B.
Figure 8.3 shows graphs of the following sine waveforms:

0=<tr=<1720°
Y1 = 3sint [blue]
Y, = Ssint [green]
Yy 4+ Y, = 8sinr  [red].
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Fig. 8.4 Combining two y
cosine waves 10 Y+,
Y1 = 4cos(t + 60°) and 8
4 cos(t + 60°) 6
4
; W
0 T on 3 ar!
=2 lpl
-4
-6
-8
=10

8.4.3 Same Frequency, Amplitude and Phase Angle

Combining two cosine waves with the same frequency, amplitude and phase angle:

Y1 = acos(B + ¢)
Y2 = acos(B + ¢)
Y1+ Y, = 2acos(B + ¢).

If | and 1, are sine waves, then

Y1+ Y2 =2asin(f + ¢).
Figure 8.4 shows graphs of the following cosine waveforms:

0<r=<720°
Yy = 4cos(t + 60°) [blue]
Yy = 4 cos(t + 60°) [green]
Y1 + ¥ = 8cos(t +60°) [red].

8.4.4 Same Frequency and Amplitude, but Different Phase
Angles

Combining two cosine waves with the same frequency and amplitude, but different
phase angles:
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Fig. 8.5 Combining two y
sine waves 10 Y+,
Y1 = 4sin(t + 60°) and 8
Yo = 4sin(t + 30°) 6
4
2
0
=2
-4
-6
-8
-10

Y1 =acos(f + ¢1)
Yo = acos(B + ¢2)

V1 + ¥ = ay/2(1 + cos(¢) — ¢,)) - cos |:,3 + tan~! (%)] .

If +r; and 1, are sine waves, then

V1 + V2 = ay/2(1 + cos(g1 — §)) - sin [ﬁ + tan™! (%)} .

Figure 8.5 shows graphs of the following sine waveforms:

0<t=<720°
Y1 = 4sin(t + 60°) [blue]
Y, = 4sin(t + 30°) [green]
Yy + Y & 7.727 sin(t + 45°) [red].

8.4.5 Same Frequency and Amplitude, but One has a Phase
Angle

Combining two cosine waves with the same frequency and amplitude, but one
includes a phase angle:
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Fig. 8.6 Combining two y
cosine waves 10 )
Y1 = 4cos(t + 60°) and 8 2
Yo = 4cost 6
; 2 Z
0 T 2n 3 4r t
2
4
-6
-8
=10
Y1 =acos(B + ¢)
Yy =acosp
asin
Y+ Y = \/a2 +a? +2a%cos¢ - cos | B + tan”! —¢
acos¢g +a

= ay/2+ 2039 - cos [5 T an~! (2 sin(@/2) cos<¢/2>)}

2 — 2sin’(¢/2)

. _; {sin(¢/2) cos(¢p/2)
=a\/2+2—4s1n2(¢/2)~cos |:ﬂ +tan™! ( 0 @)2) >]

Y1+ Yo = 2acos(p/2) cos(B + ¢/2).
If v, and v, are sine waves, then
Y+ Yo = 2acos(¢/2) sin(B 4 ¢/2).
Figure 8.6 shows graphs of the following cosine waveforms:

0<t=<720°
Y1 = 4cos(t + 60°) [blue]
Y =4cost [green]
Y1 + Y, = 8cos30° cos(t + 30°) [red].

8.4.6 Same Frequency, Different Amplitudes, and One
has a Phase Angle

Combining two cosine waves with the same frequency, different amplitudes, and one
includes a phase angle:
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Fig. 8.7 Combining two
cosine waves
Y1 = 3cos(t 4+ 60°) and
Yo = 5cost

l/)1+l[12

8
6
N I Y
5 1 2
0

2n 3 ar t

Y1 = aj cos(B + @)

Yo = axcos B

- sin i
Y+ Y = \/a% —|—a§ + 2ajap cos ¢ - cos | B +tan”! (m(i;s—(jj(JZ)_ .

If ¢, and vy, are sine waves, then

Y+ = \/a]z+a§+2a1a2cos¢~sin B +tan~! (

a; sing )_

ajcos¢ + ap
Figure 8.7 shows graphs of the following cosine waveforms:
0=<r=<720°

Y1 = 3cos(t + 60°) [blue]
Yo =Scost [green]

3 sin 60°
= /32 + 52 +30cos 60° - t+tan ' [ ——
Y1+ Y2 = /32 4+ 52 + 30 cos cos[—l—an <3cos60°+5)]

~ Tcos(t + 18.875°) [red].

8.4.7 Same Frequency and Phase Angle, but Different
Amplitudes

Combining two cosine waves with the same frequency and phase angle, but different
amplitudes:
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Fig. 8.8 Combining two y
sine waves 10 Y1+,
Y1 = 3sin(t + 60°) and 8
Yp = 5sin(t + 60°) 6
4
2 1!}1
0 T 2n 3n 47:‘ !
-2
-4
-6
-8
-10

Y1 = ajcos(B + ¢)
Y = az cos(B + ¢)
Y1+ Yo = (a; + ax) cos(B + ¢).

If | and 1, are sine waves, then

Vi + Y2 = (a1 + az) sin(B + ¢).
Figure 8.8 shows graphs of the following sine waveforms:

0<t<720°
Y = 3sin(t + 60°) [blue]
Yy = S5sin(t + 60°) [green]
Y1 + Y, = 8sin(r + 60°) [red].

8.4.8 Same Frequency, but Different Amplitudes and Phase
Angles

Combining two cosine waves with the same frequency, but different amplitudes and
phase angles:

Y1 = ajcos(B + ¢1)
Y2 = az cos(B + ¢2)

Y1+ = \/af + a3 + 2aja; cos(d1 — ¢2) - cos [/3 +tan™! (

aj cos @1 + az cos ¢,

ai sin ¢1 + ap sin ¢, )]
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Fig. 8.9 Combining two y
cosine waves
Y1 = 3cos(t + 60°) and Yr+tby

8
Yy = 4cos(t + 30°) 6
4
2
0
=2
-6

If 4, and 1, are sine waves, then

. _ aj sin ¢ + as sin
¢1+¢2=\/a12+a%+2a1a2cos(¢1—¢2)~s1n[ﬂ+tan 1( 15in 1 2 ¢2>].

aj cos ¢ + as cos ¢n

Figure 8.9 shows graphs of the following cosine waveforms:

0 <t <720°
Y1 = 3cos(t + 60°)
Yy = 4cos(t + 30°)
V1 + Y2 = rcos(r + 6)
r=+/32+42 42 x 3 x 4cos(60° — 30°)

25+ 124/3
~ 6.766
0 — tan-"! < 3sin 60° + 4 sin 30° )
3co0s60° + 4 cos 30°

g (4598
4.9641

~ 42.8°
V1 + ¥ & 6.766 cos(r + 42.8°).

8.4.9 Combining Sine and Cosine Functions

The above wave combinations assume that both waves have a sine or cosine basis.
So let’s derive similar equations for a mixture of sine and cosine waves of the form
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Y1 = ajcos(B + ¢1)
Yo = axsin(B + ¢2)

which can be written as

Y1 =ajcos(B + ¢1)
Yo = axcos(B + ¢ — m/2)

and means that the general wave equation (8.7) can be used where ¢, is replaced by

¢)2 —7T/22

U+ = \/(01 cos @1 + az cos(¢n — 7/2))* + (a1 sin gy + aa sin(¢y — 7/2))%

. _y { a1 8ing; + as sin(¢ — 7/2)
exp {1 |:,3 + tan (al c05 by + 113 COS(a — n/2)>j| } (8.11)

But

cos(¢py — w/2) = sin¢,
sin(¢p — w/2) = —cos ¢,

which when substituted into (8.11) gives

W) + ¥ = /(a1 cos §; + az sin )2 + (a; sin ¢y — as cos ¢y)?-
sin ¢, — a; cos
exp li | g+ tan~! aysing; — a ; &2
aj cos ¢; + ap sin ¢,

whose real part gives

aj cos ¢ + ap sing;

(8.12)

Vi + v = \/“f + a3 — 2ayay sin(¢) — 1) - cos [/3 +tan™! (al Sing — a2 COS¢2)]-

Let’s test (8.12) with some examples.

8.4.10 Same Frequency and Amplitude, but no Phase Angle

Combining a sine and cosine wave with the same frequency and amplitude, but no
phase angle:
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Fig. 8.10 Combining two y
waves ¥ = 5cost and
Yo = Ssint

ll)l+1,02

12} G

Y =acosp
Yy, =asinf
Y1+ Y =av2cos(f —m/4).

Figure 8.10 shows graphs of the following cosine and sine waveforms:

0<t=<720°
Y1 = 5cost [blue]
Y, = 5sint [green]

V1 + Y = 5v2cos(t — /4) [red].

8.4.11 Same Frequency, Different Amplitudes, but no Phase
Angle

Combining a sine and cosine wave with the same frequency, different amplitudes,
but no phase angle:

Y =ajcos B

Yo =apsin
V1 + Yo = \/a} + a3 - cos |:,B —tan”! <Z—j>] .

Figure 8.11 shows graphs of the following cosine and sine waveforms:
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Fig. 8.11 Combining two y
waves ¥ = 4cost and
Yo = Ssint

¢1+1l)2

12} G

0<t<720°
Y =4cost [blue]
Y, =5sint [green]
= V41 cos[t — tan"'(5/4)]
Y1+ ¥ ~ VA cos(t — 51.35°)  [red].

8.4.12 Same Frequency, Amplitude and Phase Angle

Combining a sine and cosine wave with the same frequency, amplitude and phase
angle:

Y1 =acos(B + ¢)
Yo =asin(f + ¢)

_ _1 (sin¢ — cos ¢
Yi+Yr=a 2c0s|:ﬂ+tan (—cos¢+sin¢)i|'

Figure 8.12 shows graphs of the following cosine and sine waveforms:

0<t=<720°
Y1 = S5cos(t + 60°) [blue]
Yo = Ssin(t 4+ 60°) [green]
Yy + Y & 7.071 cos(t + 15°) [red].
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Fig. 8.12 Combining two y
waves ¥ = 5cos(t + 60°)

and 5 sin(z + 60°) Y1+h,

¥ L2

>

8.4.13 Same Frequency and Amplitude, but Different Phase
Angles

Combining a sine and cosine wave with the same frequency and amplitude, but
different phase angles:

Y1 =acos(f + ¢1)
V2 = asin(B + ¢,)

Y1+ ¥ = ay/2(1 = sin(¢y — ¢2)) - cos [ﬂ +tan”! (M)}

cos ¢y + sin ¢,

Figure 8.13 shows graphs of the following cosine and sine waveforms:

0<t<720°
Y1 = Scos(t + 60°) [blue]
Yo = 5sin(t + 30°) [green]
Y1 + ¥ =Scost. [red]

8.4.14 Same Frequency and Amplitude, but One has a Phase
Angle

Combining a sine and cosine wave with the same frequency and amplitude, but one
includes a phase angle:
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Fig. 8.13 Combining two 10 y
waves ¥ = 5cos(t + 60°) 1
and ¥, = Ssin(t + 30°) 8 .
6 +
A Y, A 2
0 T 2n 47c‘t
2
4
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-8
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Fig. 8.14 Combining two 10 y
waves ¥ = 5cos(t + 30°)
and Y, = Ssint 8 s
6 -+
V1~ V2
4
0 m 3 n’t
2
4
6
-8
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Y1 =acos(B + ¢)
Yo =asinf
- 1 (1 —sing
Ui+ Y = a? +a? —2a’sing -cos | B —tan”! [ ————
cos ¢
- _1(1—sing
=a+/2(1 —sin¢) - cos | B — tan — .
cos ¢

Figure 8.14 shows graphs of the following cosine and sine waveforms:

0<t=<720°
Y1 = Scos(t +30°) [blue]
Y, =5sint [green]
Y1 + Y, = Scos(t — 30°) [red].
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Fig. 8.15 Combining two y

waves ¥ = 4cos(t + 30°)
and = 6sint
1//2 l,l) 1+¢2

¥,

8
6
4
by
2
0

8.4.15 Same Frequency, Different Amplitudes, and One
has a Phase Angle

Combining a sine and cosine wave with the same frequency, different amplitudes,
and one includes a phase angle:

Y1 = aycos(B + ¢)

Y2 = aysin B

402 = 43— 2aiazsing oo |+ ! (22D 2|

aj cos ¢
Figure 8.15 shows graphs of the following cosine and sine waveforms:
0=<r=<720°

Y1 = 4cos(t + 30°) [blue]
Y, = 6sint [green]

45in(30°) — 6
Y1+ Y2 = /42 + 62 — 485in30° - cos | £ + tan™! 4sin(30°) — 6
4 cos 30°

A 5.292 cos(t —49.1°) [red].

8.4.16 Same Frequency, but Different Amplitudes and Phase
Angles

Combining a sine and cosine wave with the same frequency, but different amplitudes
and phase angles:
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Fig. 8.16 Combining two
waves ¥ = 5cos(t + 60°)
and ¥ = 6sin(z 4 30°)

l/)1+l/)2

8
6
) Y, ¥,
2
0

>

Y1 =aycos(B + ¢1)
Y2 = az sin(B + ¢2)

i _1 {@1sing; —az cos
Vit v = a12+a%_2al¢12Sln(¢l_¢2)'COS|:l3+taIl l<l o1 — @ ¢2)}.

aj cos ¢ + ap singy
Figure 8.16 shows graphs of the following cosine and sine waveforms:
0<rt=<T720°

Y1 = Scos(t + 60°)
Y, = 65sin(z + 30°)

5sin 60° — 6 30°
Y1+ Y = \/52 + 62 — 60sin 30° - cos |:t +tan”! ( S cos >i|

5 cos 60° + 6 sin 30°
Y + Yy & 5.568 cos(t — 8.914°).

8.4.17 Adding Several Cosine Waves

Now let’s consider the problem of adding several, similar cosine waves together. For
this exercise, let’s assume that the waves share a common amplitude a, but have a
constant phase difference §:

Y =acos(B) +acos(B +6) +acos(B + 25) + acos(B + 36). (8.13)

Equation (8.13) has a complex equivalent:
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W = ae' 4 ael B 4 qel B2 4 gi(B+3)
— qe'b (1 4l 4 o2 +ei38)
=aeP Ae'?

where
Aei¢ =1 +ei8 +ei2(3 +ei35

The problem to resolve is the value of A and ¢. Boas and Arfken [1] provide an
excellent solution in the form of the sum of a geometric series:

2 i L=V
Il+r+r+---+r = -
1—r
therefore,
' ' _ | _ i%
14 i 1 o2 4 i3 _ e
1 —e
ei48 -1
T e — 1
028 (ei28 _ e—i26)
= Li8/2 (ei5/2 _ efis/z)
Ael® — s'in(28) 013/2
sin(6/2)
therefore,
in(28
o S
sin(§/2)
and
¢ =38/2
W — geif sin(28) i38)2
sin(8/2)
sin(28) .
—q- (2%) ol (B+38/2)
sin(6/2)

consequently,
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Fig. 8.17 Combining four
cosine waves

Fig. 8.18 Combining four
sine waves

¥ =Re (a —sin(28) ei(ﬁ+35/2))
sin(8/2)

sin(26)
@ S5in(s/2)

cos(B + 36/2).

Figure 8.17 shows the combination of the following cosine waves
Y =2cost 4+ 2cos(t + 20°) + 2 cos(t + 40°) + 2cos(r + 60°), 0 <t < 720°.

If the waves are sine waves, then

Y =Im a—sin(28) ei(ﬁ+35/2)>
sin(3/2)

sin(248)
@ 5in(s/2)

sin(B + 38/2).

Figure 8.18 shows the combination of the following sine waves

Y = 2sint + 2sin(t + 20°) 4+ 2 sin(z + 40°) + 2sin(t + 60°), 0 <1t < 720°.
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Adding more waves is not a problem. For example, let’s increase the number to

five:

1— ei55

1 —eid

eS8 1

e’ —1

1258 (ei2.58 _ e—i2.56)

= eid)2 (ei5/2 _ e—i8/2)

; in(2.58) .
ip __ SIn( )etZB

1+ei8 +ei28 +ei38 +ei48 —

"~ sin(8/2)
v — ipSIN(2.58) ;o5
sin(§/2)
_asin(2.58) 1(B+26)
7 sin(8/2)

consequently,

b = e (312 )
sin(6/2)

sin(2.58)

=a Sin/2) cos(B + 29).

Figure 8.19 shows the combination of the following cosine waves

Y = 2cost +2cos(t +20°) + 2 cos(t + 40°) + 2 cos(t + 60°) + 2 cos(t + 80°), 0 <1 < 720°.

One can now write a general equation for n cosines:

Fig. 8.19 Combining five
cosine waves
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f =23 i+ 352)
our waves Y = asin(8/2) cos(B /
_ sin(2.58)
five waves Y = a—sin((S/z) cos(B + 26)
sin(nd/2)

nwaves ¥ =a cos(B + (n — 1)8/2).

sin(8/2)

8.5 Summary

Hopefully, the above comparison between trigonometric identities and complex
exponentials have convinced the reader the clarity imaginary mathematics brings
to the area of wave combinations. The illustrations are included to bring a degree of
reality to the whole subject.

Reference
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Chapter 9 ®)
Circuit Analysis Using Complex oo
Numbers

9.1 Introduction

In this chapter I show how complex numbers are used to resolve multi-phase currents
in electrical circuits. I describe how a resistor, inductor and capacitor behave when
subjected to an alternating voltage, and derive complex equations to express the
instantaneous current, reactance and impedance.

9.2 Electronics

When studying electronics as a student, I came across the j operator, which is used to
solve alternating currents in circuits containing resistors, capacitors and inductors.
J is an imaginary unit: j2 = —1, and is often used instead of i, which is used to
represent current in electrical circuits. If you are not familiar with electrical circuits,
here are some basic ideas.

9.2.1 Alternating Current and Voltages

Direct current (DC) is a stream of electrons moving in one direction, whilst with
alternating current (AC), electrons move backwards and forwards, sinusoidally. A
battery provides a constant voltage or potential difference for direct current, and a
generator or electronic circuit produces an alternating voltage, to create an alternating
current.

The SI unit for electrical potential difference is the volt [V], named after the
Italian pioneer of electricity Alessandro Volta (1745-1827). The unit for current is

© Springer International Publishing AG, part of Springer Nature 2018 221
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O

Fig. 9.1 A purely resistive circuit

the ampere [A], named after the French physicist and mathematician André-Marie
Ampere (1775-1836).

9.2.2 Resistor

A resistor is an electrical component that impedes the flow of electrons, either DC or
AC. The SI unit of resistance R, is the ohm [2], named after the German physicist
Georg Simon Ohm (1789-1854). Figure9.1 shows a pure resistive circuit, where
resistance R is connected to the alternating voltage V.

For example, if R = 1002, and V = 12V, the resulting current / is

Vv 12
I=—=—=0.12A = 120mA.
R 100
This relationship is known as Ohm’s law.
Figure 9.2 shows the voltage and current waveforms for a resistive circuit, which
are always in phase.

'
(35

Fig. 9.2 Voltage and current waveforms in a pure resistive circuit
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9.2.3 Inductor

Aninductor is an electrical component in the form of a coil that opposes an alternating
current. The SI unit of inductance L, is the henry [H], named after the American
scientist Joseph Henry (1797-1878). Figure 9.3 shows a pure inductive circuit, where
inductor L is connected to the alternating voltage V.

The inductance L of a circuit is the ratio of the induced voltage and the rate of
change of the current, or

d .
v(t) = Lal(l‘)

where v(?) is a time-varying voltage, and i (¢) a time-varying current. A coil with an
inductance of 1 H generates a voltage 1V across the coil when the current changes
at 1 A/sec. Figure 9.4 shows the voltage waveform leading the current waveform by
a phase angle of 90° for a perfect inductor.

An inductor’s opposition to alternating current is called its reactance X [$2],
and is proportional to the current’s frequency f, and inductance L; and because the
voltage leads the current by 90°, is represented by the complex number jwL, where
w=2rf.

Fig. 9.3 A pure inductive circuit

Fig. 9.4 Voltage and current waveforms in a perfect inductor
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For example, if the alternating voltage has an amplitude of 10V, and frequency
60Hz, and the inductance L = 40mH, then

LV _ v
X,  joL
10
j2m60 x 40 x 103
10
= j15.08

~ —j0.663 A.

The —j implies that the current of 0.663 A lags the voltage by 90°.

9.2.4 Capacitor

A capacitor is an electrical component that stores energy in an electric field across
two plates separated by an insulating dielectric. The SI unit of capacitance C is the
farad [F], named after the English scientist Michael Faraday (1791-1867). Figure 9.5
shows a pure capacitive circuit, where capacitor C is connected to the alternating
voltage V.

The capacitance C of a circuit is the ratio of the induced current and the rate of
change of voltage, or

'(t)—Cd t
i(t) = Ev()

where v(¢) is a time-varying voltage, and i(¢) a time-varying current. Figure 9.6
shows the voltage waveform trailing the current waveform by a phase angle of 90°
for a pure capacitor.

A capacitor’s opposition to alternating voltage is called its reactance Xc[$2],
and is inversely proportional to the current’s frequency f, and capacitance C; and

Fig. 9.5 A pure capacitive circuit
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V(1)

i(f)

'
N}

Fig. 9.6 Voltage and current waveforms in a perfect capacitor

because the voltage lags the current by 90°, it is represented by the complex number
1/joC.

For example, if the alternating voltage has an amplitude of 10V, and frequency
60Hz, and the capacitance C = 60 pF, then

14 ;
I=—=jVoC
Xc

= j10 x 2760 x 60 x 107°
~ j0.226A.

The j implies that the current of 0.226 A leads the voltage by 90°.

9.2.5 Resistance, Reactance and Impedance

Resistance [R] is the fixed opposition a circuit offers to the flow of electrons, irre-
spective of the voltage frequency. Reactance [X] is the varying opposition a circuit
offers to the flow of electrons, and depends on the voltage frequency. Impedance [Z]
is the combined opposition a resistive and reactive circuit offers to the flow of elec-
trons, and depends on the voltage frequency. All three forms of electrical opposition
are measured in units of ohms [2]. Consequently,

Z=R+ X+ Xc

1
=R+ joL+ ——.
Jw
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Fig. 9.7 A resistor and inductor circuit

Figure 9.7 shows a simple series circuit containing a resistor and an inductor. Let’s
calculate the current 7, given V = 10V, f = 50Hz, R = 502, L = 40mH.

Z =R+ joL
=50+ 2750 x 40 x 1073
~ 50 + 12.56
~ 51.55€i0'2461

[=—
Z

N 10
™ 51.55¢i02461
~ 0.194¢ /024!

where 0.194 A is the amplitude, and e~"%24%! is the frequency and phase of the
complex current. The current waveform is the real part of /:

1(6) = Re(0.194¢7702")

= 0.194 cos(wt — 0.2461)
= 0.194 cos(2750¢ — 0.2461)
= 0.194 cos(314¢ — 0.2461)

Approximately, the current is 194 mA, and lags the voltage by 0.2461rad, (14.1°).

Figure 9.8 shows a circuit with a resistor, inductor and capacitor in series with an
alternating voltage source. Let’s compute the current /, given V. = 10V, f = 50Hz,
R=50Q, L=40mH, C =50pF
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IOEREL

1
C

Fig. 9.8 A resistor, inductor and capacitor circuit

Z=R+ joL+1/(jwC)
J

=50+42750 x 40 x 1073 —
T+ 0 X A0 0 S S0 % 50 x 10

~ 50 + 12.566 — 63.662
~ 50 — 51.096
~ 71.496—1'0.7964

\%

I=—
Z

10
= 71.49¢-i0.7964
=0. 14ei0.7964

where 0.14 A is the amplitude, and ¢'*7°% is the frequency and phase of the complex

current. The current waveform is the real part of I:

1) = Re(0.14e"0-7%4)

= 0.14 cos(wt + 0.7964)
= 0.14 cos(2w 50t + 0.7964)
= 0.14 cos(314¢ + 0.7964).

Approximately, the current is 140 mA, and leads the voltage by 0.7964 rad, (45.63°).

9.3 Summary

This chapter has shown how useful the imaginary operator j is in representing phase
differences between current and voltage in simple electronic circuits. More elaborate
circuits require larger systems of equations, and those of you who wish to study the
subject further will discover many books and web sites.
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Geometry Using Geometric Algebra oo

10.1 Introduction

Traditionally, problems in geometry are solved by constructing “scaffolding” lines
and some suitable vectors. Then, with the aid of the dot and cross product, we
devise some parametric equations that hopefully reveal an answer. In this chapter I
describe how geometric algebra concepts are used to solve some familiar problems in
geometry. This approach relies upon the wedge product and pre- and post-multiplying
by imaginary bivectors.

10.1.1 The Sine Rule

The sine rule states that for any triangle A A BC with angles «, 8 and 6, and respective
opposite sides a, b and c, then

a b c

sine  sinB  sinf’

This rule can be proved using the outer product of two vectors, which we know
incorporates the sine of the angle between two vectors:

|a A b| = |a]|b] sin c.
With reference to Fig. 10.1 the area of AABC can be expressed as

area of AABC = %| —cAnal= %|c||a|sin,3
area of ABCA = 1| —a A b| = |a|b|sin6

area of ACAB = %| —bAcl= %|b||c|sinoz
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Fig. 10.1 The sine rule

which means that
|c||a] sin B = |a||b| sin6® = |b]|c| sin «
therefore,

la| sin 8 = |b|sin«
|c| sin B = |b| sin @
jal _ bl _ el
sin  sinf  sinf’

10.1.2 The Cosine Rule

The cosine rule states that for any triangle AA BC with sides a, b and c, then
a’* = b* + c* — 2bccosa

where « is the angle between b and c.

Although this is an easy rule to prove using simple trigonometry, the geometric
algebra solution is even easier.

Figure 10.2 shows a triangle AABC constructed from vectors a, b and ¢. From
Fig.10.2

a=b—c. (10.1)

Squaring (10.1) we obtain

a’ = b’ +c*> — (bc + cb).
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Fig. 10.2 The cosine rule

Fig. 10.3 A point P

. . €2 P
perpendicular to a point 7 on °
aline \
L0 .
) v
p
T
— t
€]

But

bc 4+ ¢b =2b - ¢ = 2|bl|c|cos

therefore,

la]*> = [b|> + |c|*> = 2|b||c| cos a.

10.1.3 A Point Perpendicular to a Line

Figure 10.3 shows a scenario where a line with direction vector v passes through a
point 7. The objective is to locate another point P perpendicular to ¥ and a distance

8 from T'. The solution is found by post-multiplying v by the imaginary pseudoscalar
€12, which rotates v through an angle of 90°.
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Fig. 10.4.1 A point P . e
perpendicular to a point 7 on
aline
P
p

\e
<\§& -

As ¥ is a unit vector

H ~
TP = 8V€12
therefore,
—
p=t+TP
and
p =t+ 8ve,.

For example, Fig. 10.4 shows a 2D scenario where

V= \/Lj(el +ey)

T=(@4,D1)
t= 481 + e
5§ =+/32.
Using (10.2)
P= t+ 36612

=4e; + e + \/52%5(61 + ez)eqn
=4e; + e, +4e, — 4de
= 562

€]

(10.2)
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and
P =(0,5).
If p is required on the other side of the line, we pre-multiply ¥ by ej,:
p=t-+depv

which is the same as reversing the sign of §.

10.1.4 Reflecting a Vector about a Vector

Reflecting a vector about another vector happens to be a rather easy problem for
geometric algebra. Figure 10.5 shows the scenario where we see a vector a reflected
about the normal to a line with direction vector V.

We begin by calculating m:

h = Ve, (10.3)
then reflecting a about m:
a’ = marm
substituting m we have
a’ = vepave;. (10.4)
Fig. 10.5 Reflecting a e

vector about a vector

>
>

€1
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Fig. 10.6 Reflecting a

€9
vector about a vector

<>

/

m%a

€1

As an illustration, consider the scenario shown in Fig. 10.6 where

V= \/Li(el +ey)

a—=—¢

therefore, using (10.3)

and using (10.4)

a'= (e —e)(—e) (e —er)
=1(enn+ e —e)

s +e+e—ep)

a =e,.

10.1.5 A Point Above or Below a Plane

In 3D geometry it is often required to test whether a point is above, below or on
a planar surface. If we already have the plane equation for the surface it is just a
question of substituting the test point in the equation and investigating its signed
value. But here is another way using geometric algebra. For example, if a bivector
is used to represent the orientation of a plane, the outer product of the test point’s
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Fig. 10.7 Point relative to a P
bivector
P
b
aAb
a

Fig. 10.8 Three points ey
relative to a bivector ip
p
b
IR
al anb
€3 €1
q
Q

position vector with the bivector computes an oriented volume. Figure 10.7 shows a
bivector a A b and a test point P with position vector p relative to the bivector.
Let

aAbApis+ve, then P is “above” the bivector
aAbApis—ve,then P is “below” the bivector
a A b A pis zero, then P is coplanar with the bivector.

The terms “above” and “below” mean in the bivector’s positive and negative
half-space respectively.

As an example, consider the scenario shown in Fig. 10.8 where the plane’s orien-
tation is represented by the bivector a A b, and three test points P, Q and R.

IfP=(@,1,0, 9=, -1, 0), R=(1, 0, 0),

a=e; +e3
b:el

then
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and

aAbAp=(e;+e3)Ae Ae

= €123
arbAq= (e +e3) Ae A(—ep)

= —€123
aAbAr=(e+e3) Ae Ae

= 0.

We can see that the signs of the first two volumes show that P is in the positive
half-space, Q is in the negative half-space, and R is on the plane.
10.2 Summary

Hopefully, the above examples illustrate how useful geometric algebra is in resolving
different types of geometric problems. And if you intend to discover more about
the subject, then Chris Doran and Anthony Lasenby’s book Geometric Algebra for
Physicists is highly commended [1].

Reference

1. Doran C (2005) Geometric algebra for physicists. Cambridge University Press, Cambridge
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Rotating Vectors Using Quaternions e

11.1 Introduction

In this chapter I show how quaternions are used to rotate vectors about an arbitrary
axis. I begin by reviewing some of the history associated with quaternions, in partic-
ular, the role of Rodrigues, who discovered the importance of half-angles in rotation
transforms.

For a particular quaternion product, when a quaternion is expressed as

q = [cos 6, sin OV]

a vector is rotated about the axis v by an angle 6. But, as we will discover, using a
triple quaternion product, when a quaternion is expressed as

q = [cos (%) sin (%)V]

a vector is rotated about the axis v by an angle 6. This half-angle representation was
discovered by Rodrigues.

We examine various quaternion products to discover their rotational properties.
This begins with two orthogonal quaternions, and moves towards the general case of
using the triple gpg ', where g is a unit-norm quaternion, and p is a pure quaternion.

Two techniques are covered to express a quaternion product as a matrix, which
in turn encode the eigenvector and eigenvalue. Finally, we examine how quaternions
can be interpolated.

We continue to represent a quaternion as an ordered pair, with italic, lower-case
letters to represent quaternions, and bold, lower-case letters to represent vectors.
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11.2 Some History

Rodrigues studied in Paris, and in 1816 was awarded his doctorate at the age of
21. The subject of his thesis was solving Legendre polynomials, and he proposed a
solution which is still known as the Rodrigues Formula.

Although he pursued a career in politics and banking, his doctoral research con-
firms that he was more than just a “recreational” mathematician, for in 1840 he pub-
lished a mathematical paper in the Annales de Mathématiques Pures et Appliquées
on transformation groups [1]. The paper contains a formula describing a geometric
construction equating two successive rotations about different axes, with a third rota-
tion about another axis. Today, we know this correspondence as the Euler—Rodrigues
Parameterisation. Euler had already shown in 1775 that a single rotation could rep-
resent two successive rotations about different axes, but did not provide an algebraic
solution.

If we represent arotation 6 about an axial vector v as Ry y, then Rodrigues provided
the solution

Ry,n = Ra,lRﬂ,m

in the form of

cos (%) = cos (%) cos <§) — sin (%) sin (g) l1-m (11.1)
sin (%) n = sin (%) cos (%) 1+ cos (%) sin (%) m + sin (%) sin (g) 1 x m.
(11.2)

Rodrigues did not use the vector notation employed in (11.1) and (11.2), as this
was yet to be defined by Hamilton, but he did employ the algebraic equivalent of
these vector products. Figure 11.1 shows the spherical triangle formed by the axes
and angles of rotation used by Rodrigues.

Fig. 11.1 Rodrigues’
spherical triangle showing 1,
m and n
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Equations (11.1) and (11.2) contain some features familiar to the quaternion prod-
uct, which become obvious with the following analysis. We start by defining the

w=[os (), (1)
e =[os (8. n () ]
= o (5) s (5)

[ STk
N IR

IR
SN

—_

and form the product

cos (%) = cos ( ) — sin (%) sin (é) 1-m (11.3)
sin (%) n = sin (%) cos (%) 1+ cos (%) sin (%) m + sin (%) sin (g) I xm
(11.4)

where (11.3) and (11.4) are identical to (11.1) and (11.2) respectively. Although
Rodrigues had not invented quaternions in the form of

q=s-+ai+bj+ck,

he had discovered the coefficients of a quaternion product before Hamilton. C’est la
vie!

11.3 Quaternion Products

A quaternion q is the union of a scalar s and a vector v:
g=1I[s,vl, seR, veR.
If we express v in terms of its components, we have

qg=1Is, xi+yj+zk], {s,x,y,z2} eR.
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Hamilton had hoped that a quaternion could be used like a complex rotor, where
Ry =cosf +isinf

rotates a complex number by 6. Could a unit-norm quaternion g be used to rotate

a vector stored as a pure quaternion p? Well yes, but only in a restricted sense. To

understand this, let’s construct the product of a unit-norm quaternion ¢ and a pure

quaternion p. The unit-norm quaternion ¢ is defined as

g=1[s, \W¥], {s,A}eR, VveR’
V] =1

s2HA2=1
and the pure quaternion p stores the vector p to be rotated:
p=10, pl, peR.

Let’s compute the product p’ = gp and examine the vector part of p’ to see if p is
rotated:

p'=aqp
= [s, AV][0, p]
=[—AV-p, sp+ AV x pl. (11.5)

We can see from (11.5) that the result is a general quaternion with a scalar and a
vector component.

11.3.1 Special Case

The “restricted sense” referred to above is that v must be perpendicular to p, which
makes the dot product term —AV - p in (11.5) vanish, and we are left with the pure
quaternion

p =10, sp+ AV x pl. (11.6)

Figure 11.2 illustrates this scenario, where p is perpendicular to v, and Vv X p
is perpendicular to the plane containing p and ¥v. Now because V is a unit vector,
|p| = |V x p|, which means that we have two orthogonal vectors: p and v x p, with
the same length. Therefore, to rotate p about v, all that we have to do is make
s =cos6f and A = sin6 in (11.6):
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Fig. 11.2 Three orthogonal
vectors p, Vand V X p

vVXp
Fig. 11.3 The vector p = 2i Y,
is rotated 45° by the ’
quaternion ¢ = [@ g@]
p’ = V2i+V2j

p' =10, p
= [0, cosOp + sin 6V x p].

For example, to rotate a vector about the z-axis, ¢’s vector v must be aligned with
the z-axis as shown in Fig. 11.3. If we make the angle of rotation 6 = 45° then

q =[s, AV]
= [cos 6, sinOKk]
_[+2 2
-[¢. 9

and if the vector to be rotated is p = 2i, then

p =10, p]
= [0, 2i].
There are now four product combinations worth exploring: gp, pq,q~'p and pg~".
It’s not worth considering gp~' and p~'q as p~! simply reverses the direction of p.
Let’s start with gp:
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q
[ﬁ, ﬁk] [0, 2il
[0 2f1+2kan]
=

0, «/_1+x/_,]]

and p has been rotated 45° to p’ = v/2i + v/2j.
Next, pg:
p'=pq
= [0, 2i1[ £,
= [0, 2% — 28k x ]

- [0, V2i— ﬁj]

ad

and p has been rotated —45° to p’ = v/2i — +/2j.
Next, ¢! p, and as ¢ is a unit-norm quaternion, g~ = g*:

“p

V2 2
2 2k]o 2i]

g
[ 2ka1]
= o i V2]

and p has been rotated —45° to p’ = v/2i — +/2j.

Finally, pg~':

p'=rqg"
— [0, 2i] [% —41(]
= [0, 2 + 24Kk ]
- [o, ﬁi+ﬁj]

and p has been rotated 45° to p’ = +/2i + +/2j. Thus, for orthogonal quaternions, 0

is the angle of rotation, then
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Fig. 11.4 Rotating the
vector p = 2i by the
quaternion

q= [cos 4, sin 9\7]

1

qp = pq
Pa=q"'p.

Before moving on, let’s see what happens to the product gp when 6 = 180°:

P =qp
= [—1, 0][0, 2i]
= [0, —2i]

and p has been rotated 180° to p’ = —2i.

Note that in all the above products, the vector has not been scaled during the
rotation. This is because ¢ is a unit-norm quaternion. Now let’s see what happens if
we change the angle between v and p. Let’s reduce the angle to 45° and retain ¢’s
unit vector, as shown in Fig. 11.4. Therefore,

o= Lip L

V= ﬁl+ ﬁk
qg= [cos@, sin@fl]
p =10, pl.

This time we must include the dot product term — sin 6V - p, as it is no longer
zero:

p'=aqp
= [cos @, sinOV][0, p]
= [—sinOV-p, cosOp +sinHv x p]. (11.7)

Substituting v, p and 6 = 45° in (11.7), we have
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’:[—I<[1+—k> (2i), [214-[([1—{—[ )XZi]
=[-1. V2i+j] (11.8)

which, unfortunately, is no longer a pure quaternion. It has not been rotated 45°,
and the vector’s norm is reduced to /3! Multiplying the vector by a non-orthogonal
quaternion has converted some of the vector information into the quaternion’s scalar
component.

11.3.2 General Case

Not to worry. Could it be that an inverse quaternion reverses the operation? Let’s see
what happens if we post-multiply gp by ¢~!.
Given

qg= [0059, sin 0 (%i+ % )]

then

Therefore, post-multiplying (11.8) by ¢! we have

arq [ 1, fnﬂ] [fz —i—k]
[ ﬁ—(flﬂ) —k),i+k+ﬁ(fzi+j)—i+ﬁj+k]
[ V2+42, 1+k+21+ﬁJ—1+fJ+k]

2
=[0. i+v2j+k] (11.9)

D=

which is a pure quaternion. Furthermore, there’s no scaling as its norm is still 2, but
the vector has been rotated 90° rather than 45°, twice the desired angle, as shown in
Fig. 11.5.

If this “sandwiching” of the vector in the form of a pure quaternion by ¢ and g~
is correct, it suggests that increasing 6 to 90° should rotate p = 2i by 180° to 2k.
Let’s try this.

1
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Fig. 11.5 The vector p = 2i

is rotated 90° to Y
P =i+2j+k p=i+V2i+k

Let & = 90°, therefore,

next, we post-multiply gp by g~ !:

g™ =[5 [0~ ]
=[0, i+k—i+Kk]
= [0, 2K]

which confirms our prediction and suggests that gpg ' works. Now let’s show how

this double angle arises. We begin by defining a unit-norm quaternion g:
g =I[s, AV]

where 52 + 1% = 1.
The vector p to be rotated is encoded as a pure quaternion:

p =10, p]

and the inverse quaternion ¢! is

g ' =1[s, —AV].

Therefore, the product gpg ! is
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qpq~" =Is, AV1[0, plls, —A]
=[-AV-p, sp+ AV x p][s, —AV]
=[-AsV-p+asp-V+22@ x p) - ¥,
APV +57p+As¥ x p—Asp x ¥ — A2(¥ x p) x V]
=[A@F xp) -V, AP -p)¥+5"p+24sV x p— A7V x p) x V].

Note that
Vxp-v=0
and
xp)xV=F-V)p—(p-V)V
—(p-V)V.
Therefore,

gpq~ ' =[0, > (V-p)V+5’p+2is¥ x p—A2p+ 2% (p- V) V]
= [0, 227 (V- p) V + (s> — A%)p + 24s¥ x p]. (11.10)

Obviously, this is a pure quaternion as the scalar component is zero. However, it is
not obvious where the angle doubling comes from. But look what happens when we
make s = cosf and A = sin6:

gpq ' =10, 251n29( ) (c0529 — sin® 9)p+ZSin9 cos OV x p]
= [0, (1 —cos(20)) (V- p) ¥ + cos(20)p + sin(26)¥ x p].

The double-angle trigonometric terms emerge! Now, if we want this product to
actually rotate the vector by 6, then we must build this in from the outset by halving
fing:

g =[cos (§). sin (%) V] (11.11)

which makes

gpq~' =[0, (1 —cos®) (V-p) ¥+ cosfp +sinV x p]. (11.12)

The product gpg~' was discovered by Hamilton who failed to publish the result.
Cayley, also discovered the product and published the result in 1845 [2]. However,
Altmann notes that “in Cayley’s collected papers he concedes priority to Hamil-
ton.” [3], which was a nice gesture. However, the person who had recognised the
importance of the half-angle parameters in (11.11) before Hamilton and Cayley was
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Rodrigues — who published a solution that was not seen by Hamilton, but apparently,
was seen by Cayley.

Let’s test (11.12) using the previous example where we rotated a vector p = 2i,
6 = 90° about the quaternion’s vector ¥ = %i + Jiik.

[0, (1 —cosO)(V-p)V+ cosOp + sinOv x p]
[0, V-pV+Vx p]

=[0. % (i+ 55x) + v
:[o,i+ﬁj+k]

which agrees with (11.9). Thus, when a unit-norm quaternion takes the form

g = [cos (5). sin(5) ]

and a pure quaternion storing a vector to be rotated takes the form

p =10, p]

the pure quaternion

’ -1
P =4qpq

stores the rotated vector p’. Let’s show why this product preserves the magnitude of
the rotated vector.

-1
|

|P'l = lapllq
= lqllpllg™"|
= lq|p|
and if ¢ is a unit-norm quaternion, |g| = 1, then |p’| = |p|.

You may be wondering what happens if the product is reversed to ¢ ~' pg? A guess
would suggest that the rotation sequence is reversed, but let’s see what an algebraic
analysis confirms.

g 'pg = [s, —MA’][O, p][s, MA']
= [AV-p, sp— AV x p][s, AV]
=[AsV-p—Asp-¥,
AVXP-V+A%0-pY+s7p—AsV x p+Asp x ¥ — A%¥ x p x V]
=[M@ xp) -V, M@ p)V+5°p—24sV x p— A*(F x p) x V).
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Once again
Vxp)-v=0
and
(Vxp)xV=p—(p-VV.
Therefore,

g 'pg=[0, 22 -p)V+5’p—21sV x p—A°p+ A*(p - V)V]
= [0, 227 - p)V + (s* — A%)p — 245V x p].
Again, let’s make s = cosf and A = sin6:
g 'pg =0, (1 —cos(20))(¥ - p)¥ + cos(26)p — sin(26)¥ x p]
and the only thing that has changed from gpg ! 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:

g 'pg =0, (1 —cos®)(¥ - p)¥ + cosOp — sin6V x p]. (11.13)
Let’s see what happens when we employ (11.13) to rotate p = 2i, 90° about the
quaternion’s vector v = %i + %k:
q 'pg = [O, % (J%l + %k) — ﬁj]
=10, i —+2j+K]

which has rotated p clockwise 90° about the quaternion’s vector. Therefore, the rotor
qpq~" rotates a vector counter-clockwise, and ¢! pg rotates a vector clockwise:

gpq~' = [0, (1 —cos@)(¥ - p)¥ + cosOp + sin 69 x p|
g 'pg = [0, (1 —cosO)(V-p)V+ cosOp — sin OV x p].
Let’s compute another example. Consider the point P(0, 1, 1) in Fig. 11.6 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 its position vector p in the pure quaternion

p =10, pl.

The axis of rotation is Vv = j, and the vector to be rotated is p = j + k. Therefore,
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Fig. 11.6 The point
P(0, 1, 1) is rotated 90° to
P’(1, 1, 0) about the y-axis

qpq~' = [0, (1 —cos@)(¥ - p)¥ + cosOp + sin 69 x p|
=00,j-G+Rj+ix(+k]
= [0, i+]]

and confirms that P is indeed rotated to (1, 1, 0).
Now let’s explore how this product is represented in matrix form.

11.4 Quaternions in Matrix Form

Having discovered a vector equation to represent the triple gpg !, let’s continue and
convert it into a matrix. We will explore two methods: the first is a simple vectorial
method which translates the vector equation representing gpg~" directly into matrix
form. The second method uses matrix algebra to develop a rather cunning solution.

11.4.1 Vector Method

For the vector method it is convenient to describe the unit-norm quaternion as

q =[s, V]
=[s, xi+ yj+ zKk]

where

sSSH+vP=1
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and the pure quaternion as
p =10, p]

= [0, xpi+ y,j+ z,k].

A simple way to compute gpg ! is to use (11.10) and substitute |v| for A:
gpq ' = [0, 222 (V-p)V+ (s2 — Az)p + 2isV x p]
= [0, 2Iv* (V- p) ¥ + (s* — [VI*)p + 2IvIs¥ x p].
Next, we substitute v for |v|V:
qpq” ' =[0, 2(v-p)v+ (s> — [v]*)p+2sv x p].
Finally, as we are working with unit-norm quaternions to prevent scaling
sS2+vPr=1

and

st—vrP=2s—1
therefore,

apg~" = [0. 2(v-p)v + (25 — 1)p + 2sv x p].

1

If we let p’ = gpg ", which is a pure quaternion, we have

p =qpq”

=10, p'l
= [0, 2(v-p)v+ (25> — 1)p + 2sv x p|
P =2(v-p)v+ (25° — 1)p+ 2sv x p.

We are only interested in the rotated vector p’ comprising the three terms 2(v - p)v,
(25> — 1)p and 2sv x p, which can be represented by three individual matrices and
summed together.

2(v-p)v = 2(xx, + yyp + 22,) (xi + yj + zK)
2x% 2xy 2xz Xp
= | 2xy 2y% 2yz Vp
2x7 2yz 272 Zp

(25 = 1)p = (25> = D)x,i+ (257 — ) y,j + (25° — 1)z,k
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2s2—1 0 0 Xp
= 0 2s2—1 0 Vp
0 0 252111z,
2sVxp= 25((37117 —2yp)i+ (2xp — x2p)i + (xy, — yxl’)k>

0 —2sz 2sy Xp
=| 2sz 0 —2sx yp |-
—2sy 2sx 0 Zp

Adding these matrices together:

2(s2 + xz) —1 2(xy - sz) 2(xz + sy) Xp
|: j| (11.14)

p = 2(xy +sz) 2(s2+y*) =1 2(yz—sx) Vp
2(xz—sy)  2(vz+sx) 2(s+2%)—1] L%
or
1-2(y2+2%) 2(xy—sz) 2(xz+sy) X,
P = 2xy+sz) 1-2(x*+z%) 2(yz—sx) |:yp:| (11.15)
Z(xz — sy) 2(yz + sx) 11— Z(x2 + y2) Zp
where

[0, p1=qpg~".

Now let’s reverse the product. To compute the vector part of g ~! pg all that we have
to do is reverse the sign of 2sv x p:

p=| 2xy-—sz) 2(s*+y*) -1 2(yz+sx) Vp

2(52 + xz) -1 Z(xy + sz) 2(xz — sy) Xp
{ } (11.16)
2xz+sy)  2(yz—sx) 2(s*+2Y) -1 Zp

or

p = 2(xy —sz) 1-2(x*+2%) 2(yz+sx) Vp

1-2(y*+2%) 2(xy+sz)  2(xz—sy) X,
[ } (11.17)
2(xz+sy)  2(yz—sx) 1-=2(x*+y?) 2p
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where
[0, Pl=q""pg.

Observe that (11.16) is the transpose of (11.14), and (11.17) is the transpose of
(11.15).

11.4.2 Matrix Method

The second method to derive (11.12) employs the matrix representing a quaternion
product:

qa = [Sa, Xqi + yaj + z4K]
qy = [sp, xpi + ypj + 25K]

and their product is

Gaqs = [Sar Xai + yaj + 2aK][s6, xpi + yuj + 20K]
= [$aSb — XaXp — YaYb — ZaZb»
Sa (X1 + YpJ + 26K) + (el + Vol + 24K)
+ (Yazo — Yb2a)i + (X620 — Xa20)i + (Xa¥p — XpYa)K]
= [Sasb — XaXp — YaYb — ZaZlb
(SaXp + SvXa + YaZb — YbZa)i
+ (SaYb + SbYa + XpZa — XaZb)j
+ (Sazb + Sb2a + XaYb — XpYa)K]

Sa —Xa —Ya —Za Sh
Xa Sa —Za Ya Xb
= = Agp.
Ya Za Sa —Xa Yb
Za —Ya Xa Sa Zb

At this stage we have quaternion g, represented by matrix A, and quaternion g,
represented as a column vector. Now let’s reverse the scenario without altering the
result by making g; the matrix and g, the column vector:

Sp—Xp —Yb —23b Sa
Xpb Sp b —Yb Xa

qaqdp = = Bqa~
Yo —=2p Sb  Xp Ya

b Yb —Xpb  Sp Za
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So now we have two ways of computing ¢,g, and we need a way of distinguish-
ing between the two matrices. Let L be the matrix that preserves the left-to-right
quaternion sequence, and R be the matrix that reverses the sequence to right-to-left:

Sa —Xa —Ya —Za Sp
Xa Sa —Za Ya Xb
909 = L(qa)qp =
Ya Za Sa —Xa Yb
| Za =Ya Xa Sa_| | Zb |
Sp —Xp —Yb —2b Sa
Xpb  Sb b —Yb Xa
qaqr = R(gp)qa =
Yo —Zb  Sp Xp Ya
L2 Yo —Xp  Sb_| | Za_]

Remember that L(g,)q, = R(gp)qa, as this is central to understanding the next stage.
Furthermore, don’t be surprised if you can’t follow the argument in the first reading.
It took the author many hours of anguish trying to decipher the original algorithm,
and this 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 product
qaqcqp 10 qaqpqc. i.e. move g. from the middle to the right-hand-side. We start with
the quaternion product ¢,q.q, and divide it into two parts, g,g. and g,. We can do
this because quaternion algebra is associative:

qaqcqr = (Gaqc)qp-

We have already demonstrated above that the product g,g. can be replaced by
L(ga)q.:

qaqcqp = L(qa)qcqp.

We now have another two parts: L(q,)g. and g, which can be reversed using R
without disturbing the result:

9aq:9p = L(q4)gcqr = R(gp)L(qa)q.

which has achieved our objective to move ¢, to the right-hand-side. But the most
important result is that the matrices R(g,) and L(gq,) can be multiplied together to
form a single matrix, which operates on ¢..

Now let’s repeat the same process to rearrange the product ¢pg~"'. The objective
is to move p from the middle of g and ¢~', to the right-hand-side. The reason for
doing this is to bring together ¢ and ¢~! in the form of two matrices, which can be
multiplied together into a single matrix.
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We start with the quaternion product gpg ' and divide it into two parts, gp and g~

1 1

qrq~ = (gp)q~ .

The product gp can be replaced by L(q) p:

qpg~' =L(@)pg".

We now have another two parts: L(g)p and ¢!

without disturbing the result:

which can be reversed using R

qpqg~' =L(@)pg~' =R(g HL(g)p

which has achieved our objective to move p to the right-hand-side.
The next step is to compute L(g) and R(g~") using g = [s, xi + yj + zk].
L(q) is easy as it is the same as L(q,):

s —x —y —2
X §-z Yy
y z §—x
zZ—=y x S

L(g) =

R(g~") is also easy, but requires converting ¢, in the original definition into ¢!

which is effected by reversing the signs of the vector components:

s Xy z
| —x s—z y
Rl = -y z §—x
—Zz-=y X s
So now we can write
qpq~" =R(g""HL(g)p
[ s x y 2 s —X —y —2 0
| =x s =z vy X s—-z y Xp
-y zos—x y 7z §—x Vp
| —z2—y x s zZ—y X s Zp
1 0 0 0 0
01— 2(y2 + zz) 2(xy — s2) 2(xz +sy) X,
T 10 2(xy+s2) 1—2(x2+z2) 2(yz — sx) Yp
|0 2(xz—sy)  2(yz+sx) 1-2(x2+y?) Zp
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If we ignore the first row and column, the matrix computes p’:

1-2(y*+2%) 2(xy—s2)  2(xz+sy) Xp
P =| 20xy+s2) 1-2(x2+2%) 2(yz—sx) Yp
20z —sy)  2(vz+sx) 1-=2(x*+)?) p

which is identical to (11.15)!

11.4.3 Geometric Verification

Let’s illustrate the action of (11.14) by rotating the point P (0, 1, 1), 90° about the
y-axis, as shown in Fig. 11.6. The quaternion takes the form

g =[cos (). sin (3) ]

which means that = 90° and v = j, therefore,
q= [cos 45°, sin 45°j] .
Consequently,

S =

“/75, x=0, y=

Substituting these values in (11.14) gives

_2(s2 +x2) —1 2(xy — sz) 2(xz + sy) X,
p = 2(xy +s2) 2(s2+y*)—1 2(yz—sx) Yp
| 2(xz—sy)  2(vzHsx) 2(s°+27) -1 [ L2

[0 01 0

=1 010 1

o] [-1oo0]|1

where P(0, 1, 1) is rotated to P’(1, 1, 0), which is correct.

So now we have a transform that rotates a point about an arbitrary axis intersecting
the origin, and can easily be implemented in software.

Before moving on, let’s evaluate one more example. Let’s perform a 180° rotation
abouta vector v = i + k. To begin with, I will deliberately forget to convert the vector
into a unit vector, just to see what happens to the final matrix. The quaternion takes
the form

g =[cos (). sin (4) ]
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but we will use v as specified. Therefore, with 6 = 180°

Substituting these values in (11.14) gives

_2(s2 + x2) —1 2(xy — sz) 2(xz + sy) X,

P = 2(xy+sz) 2(>+y)—1 2(yz—sx) vy

| 2(xz—sy)  2(yz+sx) 2(s2+22) -1 L%
102 1
=]0-10 0
12 01 0

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
V= Li+ Lk

the vector to v = N + ﬁk.

s =0, x:\/LE, y=0, z=

o

Substituting these values in (11.14) gives

00171
pP=|0-10
100]|o

which not only looks like a rotation matrix, but has a determinant of 1 and rotates
the point P(1, 0, 0) to P’(0, 0, 1) as shown in Fig. 11.7.

Fig. 11.7 The point
P(1,0,0) is rotated 180°
about the vector V to
P’'(0,0,1)
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11.5 Multiple Rotations

Say a vector, or frame of reference, is subjected to two rotations specified by g
followed by g5. 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 pure quaternion p subjected to the first quaternion

qi:
147"
followed by a second quaternion ¢,
@ (aipar') a;'!
which can be expressed as

(9291) p (2q) "

Extra quaternions can be added accordingly. Let’s illustrate this with two examples.
To keep things simple, the first quaternion g, rotates 30° about the y-axis:

g1 = [cos 15°, sin15°].
The second quaternion ¢, rotates 60° also about the y-axis:
g = [cos 30°, sin 30°j] .

Together, the two quaternions rotate 90° about the y-axis. To accumulate these rota-
tions, we multiply them together:

q19> = [cos 15°, sin 15°j] [cos 30°, sin 30°j]
= [cos 15° cos 30° — sin 15° sin 30°, cos 15° sin 30°%j + cos 30° sin 15°j]
_ [«/2 \/_5]
22

— 2

which is a quaternion that rotates 90° about the y-axis. Using the matrix (11.14) we
have

S =

%5, x =0, y=‘/7§, z=0,
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_2(s2 + xz) —1 2(xy — sz) 2(xz + sy) X,
p = 2(xy +sz) 2(s2+y*) =1 2(yz—sx) Vp
2(xz—sy)  2(yz+sx) 2(s*4+2%)—1]| Lz

001 Xp

= 010 Yp

| —100 Zp

which rotates points about the y-axis by 90°.
For a second example, let’s just evaluate the quaternions. The first quaternion g
rotates 90° about the x-axis, and g, rotates 90° about the y-axis:

g1 = |2 2]
¢ =2 4i]

= [0, i+j]

therefore,

, —1+2J—— k][0, i+ j]
5 3 +J) + 51— 5]

(q2q1) p =

(@291) p(q2q) " = [—1, ][% —3i—1j+ iK]
e

=[0, i — Kk].

[
[
[
(g =
[
[-
[—
[—
[-

Thus the point (1, 1, 0) is rotated to (1, 0, —1), which is correct.

11.6 Eigenvalue and Eigenvector

Although there is no doubt that (11.14) is a rotation matrix, we can secure further
evidence by calculating its eigenvalue and eigenvector. The eigenvalue should be 6
where

Tr(qpq_l) =14 2cosé.
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and Tr is the trace function, which is the sum of the diagonal elements of a matrix.
The trace of (11.14) is

Trapa™) =207 +) = 1427+ ) — 1 +2(57 +2) -1
=45 +2(s + 27+ +27) =3
=45 — 1
=4cos*(§) — 1
=4cosf +4sin’ (§) — 1
=4cosf+2—2cosf —1
=142cosb

and
cosh = %(Tr(qpq_l) — 1).

To compute the eigenvector of (11.14) we use three equations derived as follows.

11.7 Analysis

We begin with 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) ap ai | | x 0
az (an —1) ap || w|=1]0 (11.18)
asy az (az — 1) Zy 0

Expanding (11.18) we have

(a11 — V)xy +any, + a3z, =0
anx, + (a2 — 1)y, + anz, =0
azi1x, + asny, + (a3 — 1)z, = 0.
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There exists a trivial solution where x, = y, = z, = 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 x, = O:

anyy +apzy = —(an — 1) (11.19)
(a2 — 1)yy + axzy = —an (11.20)
any, + (a3 — 1)zy = —a. (11.21)

We are now faced with choosing a pair of equations to isolate y, and z,. In fact, we
have to consider all three pairings because it is possible that a future rotation matrix
will contain a column with two zero elements, which could conflict with any pairing
we make at this stage.

Let’s begin by choosing (11.19) and (11.20). The solution employs the following
strategy: Given the following matrix equation

BANEN

then
X y 1
c by N a ¢y B ay by
¢ by as ¢ ar by |’

Therefore, using the 1st and 2nd Eqs. (11.19) and (11.20) we have

Y _ v _ 1
—(an —1) a3 ap —(an—1
—ax  axp (ap—1) —ay

ap  an
(axn — 1) ax

Xy = anay — az(an — 1)
Yo = apay — ax(a; — 1)

Zp = (a1 — D(an — 1) —apaz;.
Similarly, using the 1st and 3rd Eqgs. (11.19) and (11.21) we have

Xy = ap(ayz — 1) —apasn
Yo = apaz — (a; — Dazz — 1)

v = ax(a;; — 1) —apaz;
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and using the 2nd and 3rd Eqgs. (11.20) and (11.21) we have

Xy = (an — D(azz — 1) — axaz
Yo = axaz — ax(az — 1)
Zy = aziaz — azi(an — 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:

Xy = (axp — D(asz — 1) — axazn (11.22)
Yo = (az3 — D(ayn — 1) —azjanz (11.23)
Zy = (a11 — D(axn — 1) — appaz;. (11.24)

Therefore, the solution for the eigenvector is [x, y, z,]T. Note that the sign of y,
has been reversed to maintain symmetry.

X, = (a22 — 1)(a33 — 1) — axaz
yo = (az3 — 1) (a1 — 1) — azia13

2o = (an — 1) (a2 — 1) — apaz.
Therefore,

v (757 - 2) (2067 + ) ~2) 20— sx)2(0 +55)
=4(s>+y* 1) (s*+ 22— 1) =4 (> — 5°x?)
— 4 (P + D) (P + y2) — 2+ 574)
— 4(x4 +x2y2 +x2Z2 4 Z2y2 _ y2z2 +S2x2)
=4 (s> + x>+ y* +2°)

= 4x2.

Similarly, y, = 4y? and z, = 4z2, which confirm that the eigenvector has compo-
nents associated with the quaternion’s vector. The square terms should be no surprise,
as the triple gpg ' includes the product of three quaternions.

Let’s test these formulae with the matrix associated with Fig. 11.7, which rotates
a point 180° about the vector v = —-i + sz:

At A
ap ap a3 001
M= ajz) djz a3 = 0-10

asy azp asj 100
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therefore,

Xy =—2x—-1-0=2
w=—1lx-1-1x1=0
Zy=—1x-2-0=2

which confirms that the eigenvector is 2i + 2k.
Next, Tr(M) = —1, therefore

cosf = %(Tr(qpq’l) - l)

=4(=n-1)
=1
0 = +180°

which agrees with the previous results.

11.8 Interpolating Quaternions

Like vectors, quaternions can be interpolated to compute an in-between quaternion.
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.

The spherical interpolant for vectors is

sin[(1 — 1)6] sin(t6)
; Vi + — \p)
sin O sin 6

where 6 is the angle between the vectors, and requires no modification for quater-

nions:
_ sin[(1 — 1)0] n sin(z0)

sin 0 @ sin

(11.25)

So, given

q1 = [s1, xii 4+ yi1j + z1K]
q> = [52, x21+ y2j + z22K]
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Fig. 11.8 The point
P(0, 1, 1) is rotated 90°
about the vector v; to
P'(1,1,0)

6 is obtained by taking the 4D dot product of ¢, and g5:

q1 - q2

"~ lgillgal
_ Si1Sa X1 X2+ yi1y2 + 2122

lg1llg2|

and if we are working with unit-norm quaternions, then
cosO = 518 + x1x3 + Y1 V2 + 2122- (11.26)
Let’s use (11.25) in a scenario with two simple unit-norm quaternions.
Figure 11.8 shows one such scenario where the point P (0, 1, 1) is rotated 90°

about vy, the axis of ¢;. Figure 11.9 shows another scenario where the same point
P(0, 1, 1) is rotated 90° about v,, the axis of g,. The quaternions are

q1 = [cos45°, sin45°%)] = [4, %J]
70 2

g = [cos45°, sindsti] = [22, Li].

Therefore, using (11.26)

cosf = %Eg =0.5
6 = 60°.

Before proceeding, let’s compute the matrices for the two quaternion products.
For g,:

s Z:Oe XP:O, yp=1, szl
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Fig. 11.9 The point
P(0, 1, 1) is rotated 90°
about the vector v, to
P’(0,-1,1)

which when substituted in (11.14) gives

_2(s2 + xz) —1 2(xy - sz) 2(xz + sy) X,
pi=| 2(xy+sz) 2(s2+y}) -1 2(yz—sx) Vp
2(xz—sy)  2(vz+sx) 2(s>+2%)—1] L%

001 0

= 010 1]. (11.27)
0 | —100 1
which is correct.
For g5:
s=§, x:g, y=0, z=0, x,=0, y,=1, z,=1,

which when substituted in (11.14) gives

[2(s2+x%) =1 2(xy—s2)  2(xz+sy) X,
p, = 2(xy +sz) 2(s*+y*) =1 2(yz—sx) Vp
2(xz — sy) 2(yz + sx) 2(s2 + zz) -1 p
0 10 0 0
—1]=]100-1 1]. (11.28)
1| Lo o]

which is also correct.

Using (11.25) with t = 0.5, computes a mid-way position for an interpolated
quaternion, with its vector at 45° between the x- and y-axes, as shown in Fig. 11.10.
We already know that 6 = 60°, therefore sin6 = V3 /2:
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Fig. 11.10 The point Y
P(0, 1, 1) is rotated about
the vector v to P’(1,0, 1)

P'(1,0,1)
sin[(1 — 1)6] sin(70)
q= : q1 + — q»
sin @ sin 6
- (60° - (60°
_ sin (T) [ﬁ ﬁj:l n sin (T) I:\/_i ﬁi:l
sin60° L2 2 sin60° L2’

_ 1 [v2 2 L [v2 /2
- 5[4 ] 5[4 4

where

=¥ x=d y=2, =0, x,=0, y,=1, z,=1,

which when substituted in (11.14) gives
_2(52 + xz) -1 2(xy — sz) 2(xz + sy) X,

p=| 2xy+sz) 2(s*+y*) -1 2(yz—sx) Vp
2(xz—sy)  2(yz+sx) 2(s*+2) -1 Zp

o] 11
(1) = zz—i 1 (11.29)
33 3

which gives the point P'(1, 0, 1).

One of the reasons for using a spherical interpolant is that it linearly interpolates
the angle between the two unit-norm quaternions, which creates a constant-angular
velocity between them. 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
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Fig. 11.11 Spherical
interpolation between ¢ and
q2

Fig. 11.12 Sketch showing
the actions of the
interpolated quaternions

equal to the quaternion’s norm. With our 3D brains, this is difficult to visualise.
Nevertheless, we can convince ourselves into thinking we see what is going on with
a simple sketch, as shown in Fig. 11.11, where we see part of the hyper-sphere and
two quaternions ¢; and ¢,. In this example, the angle ¢ is a constant angle between
two values of the interpolant z. The spherical interpolant also ensures that the norm
of the interpolated quaternion remains constant at unity, preventing any unwanted
scaling.

Figure 11.12 provides another sketch to help visualise what is going on. For exam-
ple, when ¢ = 0, the interpolated quaternion is g; which rotates the point (0, 1, 1) to
(1, 1,0), and when ¢ = 1, the interpolated quaternion is g, which rotates the point
0,1,1) to (0, —1, I). When ¢ = 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 r = 0.75.

A natural consequence of the interpolant is that the angle of rotation is 90° for
t =0andt = 1, but for + = 0.5 the angle of rotation (eigenvalue) is approximately
70.5°. Corresponding angles arise for other values of ¢.
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11.9 Converting a Rotation Matrix to a Quaternion

The matrix transform equivalent to gpg ! is

_2(52 + x2) —1 2(xy — s2) 2(xz + sy) X
gpq~' = 2(xy +s2) 2(s2 + y2) -1 2(yz — sx) Vp
| 2(xz—sy) 2(yz +sx) 2(s? +2%) — 1 Zp

[anap aiz | [ x,

= | az) ax a Yp

| a31 azx asz Zp

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 a;; + ax + a3
we obtain

apn +axn+az;z = [2(S2 —|—x2) - 1] + [2(52 + )’2) - 1] + [2(32 +Zz) - 1]
=6s2+2(x2+y2+z2)—3
=45* 1

therefore,

s = i%\/l + a1 + ayxp + ass.

To isolate x, y and z we employ

1

x = E(azz — ar3)
1

y = Z(aw —6131)
1

2= - (a2 —an).

We can test their correctness using the matrix (11.29):

21 2
ay apz ags 33 3
12 2
az) dzp a3 | = 3373
a1 azy ass —% % %

SIS

s=+iJ/T+an+an+as =+51/1+2+2+1

x = z-(as — an) =

S
FOTNS
+
w
[l
-
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y = %(6113 - 031)

= %(QZI - 6112)

which agree with the original values.
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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:

1
x::l:z\/1+a11—a22—a33

1

y= —(alz + 6121)

4x
1

A\l

4x
1

2}

4x

= —(an + a31)

= —(032 - 6123)-

y==+3/1—an +an —as

=

4y

1
7= —(azs + asz)

4y
1

=)

4y

1
= —(alz + 6121)

= — (a3 —az).

N

1

X = —(a13 +a31)

4z
1

<

4z
1

2}

4z

11.10 Euler Angles to Quaternion

= —(a23 + a32)

= —(6121 - (112)-

= i%\/l —aj —axn +as;

Euler angles are rotation transforms about the Cartesian axes: Ry, Rg, and R, .,
and can be combined to create twelve triple combinations to represent a composite
rotation. Let’s see how such a transform is represented by a quaternion.

To demonstrate the technique we must choose one of the twelve combinations,
then the same technique can be used to convert other combinations. For example,
let’s choose the sequence R, ;Rg R, , where the equivalent quaternions are
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(11.30)

)k

) cos (g) sin (

j+cos(

)sin(

) cos (

q = q:9y9x-

4
2

11.10 Euler Angles to Quaternion
Expanding (11.30):
) cos (g) sin (%) i+ cos (

and

e

(11.31)

[s, xgi+ ygi + z4K].

= sin (%) cos (%) cos (%) — cos (%) sin (g) sin (%)
q

Xq
Let’s test (11.31). We start with the three rotation transforms

Now let’s place the angles in a consistent sequence:

where
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1 0 0]
Ry, =0 cosa —sina
| 0 sina  cosa |
cosfB 0 sing]
Rg,y = 0 1 0
| —sing 0 cosp |
[cosy —siny 0]
R,.=| siny cosy O][.
L 0 0 1]

Then

R, :Rg R, , =

cosy cosf —siny cosa + cosy sin Bsine  siny sino + cos y sin 8 cos o
siny cosf8 cosycosa + siny sin 8sina — cos y sina + sin y sin 8 cos «
—sin B cos Bsina cos Bcosa

Let’s make @« = 8 = y = 90°, then

001
R90°,ZR90°,yR9()°,x = O l 0
—100
which rotates points 90° about the y-axis:
1 001 0
1| = 010 1
0 —-100 1
Now let’s evaluate (11.31):
s = cos (%) cos (%) cos (%) + sin (%) sin (g) sin (%)
_ B I
2722 272 2
2
)
xq = cos (%) cos (g) sin (%) — sin (%) sin (g) cos (%)
_ 222
272 2
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i (8) cos(5) + sin (5) cos (£ sin 4)

<
)
(@]
]
@
—~
IR
N—
%]

zg = sin (%) cos (g) cos (%) — cos (%) sin (g) sin (%)
— 222 212
=222 27272
=0

and
o-[5 ]

which is a quaternion that also rotates points 90° about the y-axis.

11.11 Summary

In this chapter I have shown how unit-norm quaternions can be used to rotate a vector
about a quaternion’s vector. It would have been useful if this could have been achieved
by the simple product gp, like complex numbers. But as we saw, this only works
when the quaternion is orthogonal to the vector. The product gpg ' — discovered by
Hamilton and Cayley — works for all orientations between a quaternion and a vector.
We also saw that the product can be represented as a matrix, which can be integrated
with other matrices, and implemented in software.

Perhaps one of the most interesting features of quaternions that has emerged in
this chapter, is that their imaginary qualities are not required in any calculations,
because they are embedded within the algebra.

The spherical interpolant provides a clever way to dynamically change a quater-
nion’s axis and angle of rotation, but can be difficult to visualise as an animated
sequence without access to a real-time display system.

The reverse product ¢~! pg reverses the angle of rotation, and is equivalent to
changing the sign of the rotation angle in gpg~"'. Consequently, it can be used to

rotate a frame of reference in the same direction as gpg~".

11.11.1 Summary of Operations

Rotating a Point About a Vector

q =1[s, vl

P vi=1
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p =10, pl
qpg~' =10, 2(v-p)v+ (25 — 1)p + 2sv x p]

= [cos (5) . sin (5) V]
[

Matrix for Rotating a Point about a Vector
1-— Z(y2 + zz) 2(xy — s2) 2(xz + sy) Xp

p = 2y +52) 1 =2(x*+2%)  20vz—sx) | | ¥p
2(xz — sy) 2(yz+sx) 1 — 2()62 + y2) Zp

Matrix for a Quaternion Product

ST —X1 —Y1 —Z1 52

X1 851 —41 )1 X2
q192 = L(q1)q> =

yr 21 S1 —X1 »

21 —=y1 X1 S 22

§3 —X2 —Y2 —22 S

X2 S22 22— X1
9192 = R(q2)q1 =

Y2 =22 82 X2 N

22 Y2 —X2 52 21

Interpolating Two Quaternions

sin[(1 — 1)6] sin(t6)
= - 1+ —
sin 6 sin 6

where

q1 - 92

lg1llg2l
_ s XX+ yiy2 + 2122

lg1lg2]
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Quaternion from a Rotation Matrix

1
s::l:z\/l—i-an + axn + as;

1

x = E(azz — ar3)
1

y = E(GB - 6131)
1

= 45 (6121 — alz).

1
x=i§\/1+a11 —ay —as
1

y= E(Clu +a21)
1

7= E(an + azn)
1

§ = E(a.%z - 023)-

1
y=:l:§\/l—a11+a22—a33

1

X = E(Clu +6121)
1

z= 5(423 + az)
1

s = E(CIB — Cl31).

1
Z=:|:§\/1—a11—6122+c133

1
X = E(GIS + 031)
1

y= E(azs + 6132)

1
s = E(agl — 6112).

Eigenvector and Eigenvalue

cosf =

= (ax — 1)(azs — 1) — anaz
= (as3 — 1)(any — 1) — azia3
= (a1 — 1)(an — 1) —apaz

5(Tr(gpg™") -1

273
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Euler Angles to Quaternion
Using the transform R, Rg \R,, ,:

s = cos (§) cos (£) cos (%) +sin (%) sin (4 ) sin (%)
x, = cos (5) cos (£) sin (%) —sin (%) sin () cos ()
v = cos () sin (£) cos (5) +sin (3) cos (4 ) sin ()

(%) )sin ()

|
(@]
o
72
—~
W=
N—
w
=
=
/N
[S13sY

where

q= [s, Xgi 4y, + zqk] .

11.12 Worked Examples

11.12.1 Rotate a Vector Using qp

Use the product gp to rotate p = [0, j], 90° about the x-axis.
Solution: For this to work, g must be orthogonal to p:

q = [cos 0, sin#bi]
= [0, i]

and
/
P =4qp

= [0, ][0, j]
= [0, K.

11.12.2 Rotate a Vector Using qpq_1

Use the product gpg~" to rotate p = [0, j], 90° about the x-axis.
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Solution: For this to work:

and

which is correct.

11.12.3 Rotate a Vector 360° Using qpq ™!

Evaluate the product gpg~"' for p = [0, p] and g = [cos (%), sin (%) v], where
6 = 360°.

Solution:
q=1[-1, 0]
gpq~' =[—1, 0][0, p][—1, 0]
= [0, —p][-1, 0]
= [0. p]

which confirms that the vector remains unmoved, as expected.

11.12.4 Quaternion as a Matrix

Compute the matrix (11.14) for ¢ = [%,

value.

‘/;k], and find its eigenvector and eigen-
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Solution: From ¢:

2(s2 + x2) -1 2(xy — SZ) 2(xz + sy) X,
P = 2(xy+sz) 2(2+y)—1 2(yz—sx) {yl,}
2(xz = sy) 2(yz+sx) 2(s*+2%) -1 Zp

M1 _ 3

237 0|[x,
= B3 _1

T 2 0

0

If we plug in the point (1, 0, 0) it is rotated about the z-axis by 120°:

N
1= 4 o|[o]
1 0 0 1
Using
cosf = %(Tr(qpq_l) - 1)
:%(0—1)
0 = 120°.
Using
xv=(02 — )(a33—1)—azsa32

1
)(0) -0

[S][SSI V]

(_
0

yo = (az3 — 1)(a11 — 1) — az1a13
—0()-0
=0
2 = (an — 1)(an — 1) — apay
(=3) (=3) + 92
3

which makes the eigenvector 3k and the eigenvalue 120°.
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11.12.5 Interpolating a Quaternion

Find the half-way quaternion between ¢ = [cos(%), sin(%)k] and
¢ = [cos (%), sin(%)i] when o = 90°. Show that it is a unit-norm quaternion,
and find its angle of rotation.

Solution: The angle between ¢, and ¢, is 6 where

S182 +x1x2 + yi1y2 + 2122
lq111g2]

cosf =

Using

_sin((1 —1)0) . sin(z6)
1= sin 6 @ sin 6

sin 30° sin 30
sin 60° in 60°

4[4 a+ 5[4 4

:[§ iy Lk

]
|

The norm of ¢q is

o

[cos 45°, sin 45°k] + [cos 45°, sin 45°i]

’f‘+f]

S 5

lg1

I
Wi N

Therefore, cos (%) = % and sin (%) = \/%, and o ~ 70.5°.

11.12.6 Convert a Rotation Matrix as a Quaternion

Convert the matrix M into a quaternion and identify its function.
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Solution:
001
M= 010
—-100
therefore,

s = %\/1+a11+a22+a33

I /TT0F1F0 =2
=V1+0+140 =%
1

X = E(asz - 6123)
_ V2 _
=0+0) =0
1
y = 5(1113 - 031)
=241 =L
1
7= 5(021 - alz)
=22(0+0) =0
which is the quaternion [4, g j], and is a rotation of 90° about the y-axis.
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Chapter 12

Complex Numbers and the Riemann

Hypothesis

12.1 Introduction

q

Check for
updates

Prime numbers are very easy to define: a number whose factors are 1 and itself;
the first nine primes being 2, 3, 5, 7, 11, 13, 17, 19, 23. However, in spite of this
simple definition, it has been impossible to find a formula that predicts primes, or
even count the exact number of primes up to some limit. Many mathematicians
have taken up the challenge, but all have failed. Nevertheless, their endeavours have
been astounding and created some incredible results, formulae and conjectures. This
chapter outlines the work of Leonhard Euler, and the brilliant German mathematician

Bernhard Riemann (1826-1866), and his famous hypothesis.

12.2 Euler’s Work

12.2.1 Euler’s Zeta Function

Euler was aware that

X X

. X
SiINX = —— —+ — — — +---

and therefore,
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Factorising (12.1) using the Weierstrass factorisation theorem [1], we obtain

= (-2)(2)0- 2 )0 )05
e

The x? coefficient of (12.1) is —%, which must equal the x? coeffiicent of (12.2):

1 1+1+1+1+

6  \x2 o2 1672
11 1 1 1

=——=lgtxs +32+ +.

therefore,

”2—1+1+1+1+ —il (12.3)
6 12 22 32 42 o ’ ’

Equations (12.3) and (12.4) show Euler’s zeta function, which was the starting point
for Riemann. It is defined for any real number s greater than 1 by the infinite sum:

0L [ SLARLEL S S (12.4)
§) = s 3s 45 55 :

2

When s = 1 we get the harmonic series:

1 1 1 1
D=14+ -4+ -4+ -4 _-4...
(M =1+s+z+ 45+
which diverges to infinity.
Euler’s extraordinary algebraic skills revealed how his zeta function is linked to
the primes. For example, he found individual sums for the odd and even terms in
(12.3) as follows:

LA R SR S B (12.5)
6 1222 32 4 ‘
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multiplying both sides by 2'—2:

11 n 1 n 11 n 11 n
22 6 2212 22 0 2232 2242

1 1 1 1
“rEtetetet

N

subtracting (12.6) from (12.5):

I\z> 1 1 1 1
- )e=mtatatat

and subtracting (12.7) from (12.5):

n2_1+1+1+1+
242246 82

Employing the same algebraic strategy with the zeta function, we have

1 1 1 1
g(s) = —+—+§+ +5g+
<1—i>§()—i+ Ll + o : -+ — .
3 5 9s
1

1 11
()C()——Jr +6‘+8Y+10S+m

281

(12.6)

(12.7)

(12.8)

(12.9)

Euler then used (12.8) and (12.9) to develop his famous prime product formula by

multiplying (12.8) by 3::
L1 ) 11+11+11+11+
J— —_— S) = —— —_— —_— —_—
3S 2S g‘ 3S 1S 3A‘ 3S 3S SS 3A‘ 7S

1 1 1 1 1
4+

=3 o T T ton

Subtracting (12.10) from (12.8) we have
1

YA 111
< _§)< _E)m) 5 I

(12.10)

(12.11)
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By repeating this process for the remaining terms on the RHS of (12.11), in the limit,

we have
(20 3)6- )2
B 75 5 3 2 )i =
and
1
{(s) =
(1=4)(-#)(-4)(-4)
But
=1
> — =1t
n w
and
l—[ 1 _ 1
SR CRI
25 3 55 7
therefore,

1 =1
[Ti—r=25

4 p’ n

which is Euler’s prime product formula, and was the starting point for Riemann’s
seminal 1859 paper Ueber die Anzahl der Primzahlen unter einer gegebenen Grisse,
which translated is About the Number of Prime Numbers Under a Given Number [2].

12.3 The Prime Number Theorem

An approximate formula for counting primes up to a value x, is given by

X
T(x) ~ —.

Inx

Table 12.1 shows the percentage error for increasing values of x.



12.3 The Prime Number Theorem

Table 12.1 7 (x) and x//nx for different values of x

283

X (x) x/Inx % error
102 25 22 —-12
10° 168 145 —13.7
10° 78,498 72,382 -7.8
10° 50,847,534 48,254,942 —5.1

Table 12.2 7 (x) and Li(x) — 7 (x) for different values of x

X (x) Li(x) — m(x) % error
108 5,761,455 754 0.013
10° 50,847,534 1,701 0.0033
100 455,052,511 3,104 0.00068
104 53,204,941,750,802 314,890 0.0000006

Riemann’s paper introduced an improved prime number theorem:

w(x) ~ Li(x)

where

. T
Li(x) —‘/2\ mdl‘

Table 12.2 shows the accuracy of the prime number theorem at counting primes.
Thus 7 (x) lies between an upper value of Li(x), and a lower value of x/1n x.

12.4 The Riemann Zeta Function

Euler’s zeta function ¢ (s) assumes that s > 1, where s € R, and is convergent. The
breakthrough made by Riemann was to make s complex: s € C. Riemann was partic-
ularly interested in when ¢ (s) = 0, and showed that Euler’s prime product formula
converges for complex s, with Re(s) > 1, and therefore has no zeros in the region
marked yellow in Fig. 12.1.

The infinite sum form of the zeta function is not very useful when one is looking
for particular values of s that make ¢(s) = 0, which is why Riemann proposed a
functional form (12.12) in his paper:

¢(s) = 2°7*'sin (§>F(l — )¢ —s) (12.12)
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Fig. 12.1 The complex Im

plane for the zeta function .
30i|
9
| o

gur i non-trivial zeros
Q
10if
trivial zeros :

5 5 W B L 0 1 3 4 5 Re

-10i
o
-20i o
Q
30i [

where the gamma function I"'(n) = (n — 1)!

Equation (12.12) applies to the entire complex plane, and one can see in the green
zone of Fig. 12.1 values of s that make ¢(s) = 0; these are called “trivial zeros”,
and arise when sin(rs/2) = 0 in (12.12). i.e. when s = —2n. Thus there exists an
infinite number of points along the negative real axis, where s makes ¢ (s) = 0.

Riemann also showed that other values of s exist on a critical line Re(s) = 1/2,
where (s) = 0; these are called “non-trivial zeros”. Furthermore, these occur in
conjugate pairs. i.e. 1/2 & bi. In the critical red strip of Fig. 12.1, the first such non-
trivial zero is 1/2 + 14.134725...i. Others include 1/2 +21.022040...i,1/2 +
25.010856...i,1/2 +30.425 and 1/2 4 32.935...i.

The other point marked on Fig. 12.1 is s = 1, which makes ¢(1) = oco.

12.4.1 The Riemann Hypothesis

Having gone through the above explanation, the Riemann hypothesis is extremely
simple to state, and is the conjecture that “the zeta function is zero only at the negative
even integers (trivial zeros), and complex numbers s with Re(s) = 1/2, (non-trivial
zeros)”.

Some mathematicians regard the Riemann conjecture as a major unsolved prob-
lem, and that its proof will influence other branches of mathematics, especially the
distribution of prime numbers. Others believe that it is false. So far, no one has been
able to prove or disprove the conjecture. Hopefully, the prize of prize of $10°, offered
by the Clay Mathematics Institute, will keep mathematicians trying.
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Chapter 13 ®)
The Mandelbrot Set Geda

13.1 Introduction

The Mandelbrot set is a simple application of complex numbers that reveals an
amazing degree of complexity that would have remained hidden without the digital
computer. I remember discovering the set in the mid-1980s, and tried running the
program on my BBC micro. It took forever, and was not worth the wait. Today, things
are completely different, and many beautiful images are possible in a fraction of a
second.

13.2 The Mandelbrot Set

The Polish born, mathematician Benoit Mandelbrot (1924-2010), is recognised for
inventing the term fractal in 1975, which describe structures possessing self-similar
properties. During his time at IBM as an IBM Fellow, Mandelbrot researched the
subject of fractal geometry, and a particular image known as the Mandelbrot Set,
Fig. 13.1 is named after him.

The Mandelbrot set M is a set of complex numbers that pass a specific test, that
determines whether a complex number is inside or outside M. As the Mandelbrot
set possesses an infinite level of detail and complexity, the test is subject to two
conditions: the first, normally constrains the test to aradius of 2 on the complex plane;
the second, controls the number of iterations made by the algorithm to conduct the
test. The points on the complex plane are assigned colours according to the number
of iterations, and the result reveals amazing images that reflect the hidden beauty of
fractals.

As we are interested in creating an image, the complex plane is effectively the
display device, and is divided into pixels defined by the required image resolution.
Each pixel has an associated complex number ¢ = x + iy, which is input to the
algorithm and iterated. The result determines the pixel’s colour.

The algorithm is extremely simple:

Zntl = 1121 +c¢, where {z,c} € C, and zy=0.

© Springer International Publishing AG, part of Springer Nature 2018 287
J. Vince, Imaginary Mathematics for Computer Science,
https://doi.org/10.1007/978-3-319-94637-5_13


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-94637-5_13&domain=pdf

288 13 The Mandelbrot Set

Fig. 13.1 The Mandelbrot set created by the program Ultra Fractal 3. Reproduced by kind per-
mission of Dr. Wolfgang Beyer

By iterating this algorithm, subject to the two test criteria, the point c is classified
as in M or not. The sequence of zg, z1, z» etc., is called the orbit of c. Some points
only require a few iterations to show that they are unbounded, and the orbit moves
off towards infinity. Some may oscillate between two small values and confirm that
they are bounded. Others may take many iterations before the orbit reveals whether
c is bounded or otherwise.

To start the algorithm, zp = 0, and ¢ is any chosen complex pixel. For example,
when ¢ = 0, the value of z remains unmoved at 0, therefore 0 € IM. However, when
¢ = 1, the value of z,, grows rapidly: 0, 1, 2, 5,26, 677, ..., 0o, is unbounded, and
1 ¢ M. When ¢ = —1, the value of z,, oscillates between —1 and 0, and is bounded
by the set. This process is repeated for all values of ¢ and the calculation repeated
untilc € M, ¢ ¢ M, |z,| = 2 or a specified number of iterations is exceeded.

Table 13.1 shows part of the orbit of z, for ¢ =i: z, =i, (—1+1i), —I,
(—=1+41i), —i and is clearly bounded. Similarly, Table 13.2 shows part of the orbit
of z, forc = —i: z, = —i, (—1 —i),i, (—1 — i), i and is also bounded. Finally, the
point ¢ = —2, produces —2,2,2,2, ... and is also inside M.

Figure 13.2 shows how M evolves from 10 to 80 iterations, and Fig. 13.3 shows
the set after zooming in to the black circle on top of the main cardioid. There were
5000 iterations, which creates the fine detail.
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Table 13.1 Mandelbrot algorithm for ¢ = i

n Zn Zn+1

0 0 i

1 i —14i
2 —14i —i

3 —i —141i
4 -1+ —i

Table 13.2 Mandelbrot algorithm for ¢ = —i

Zn Zn+1
0 0 —i
1 —i —1—i
2 —14i i
3 i —1—i
4 —1—i i

10 iterations 20 iterations

40 iterations 80 iterations

Fig.13.2 The Mandelbrot set with increasing number of iterations. Reproduced by kind permission
of Dr. Dominic Ford
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Fig. 13.4 Part of the Mandelbrot set. Reproduced by kind permission of Dr. Wolfgang Beyer
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My thanks to Dr. Dominic Ford (www.sciencedemos.org.uk). and Dr. Wolfgang
Beyer for permission to use their images. Last, but not least, I include an image
by Dr. Beyer showing the endpoint of the “seahorse tail” downloaded from www.

wikipedia.org (Fig. 13.4).


www.sciencedemos.org.uk
www.wikipedia.org
www.wikipedia.org

Chapter 14 )
Conclusion ot

14.1 Imaginary Mathematics for Computer Science

Studying computer science prepares you for a wide range of careers. You could
start running a website design company, offering consultancy in cyber security or
working as a technical director for a special-effects company — to name but three.
Consequently, it is impossible to address every aspect of computer science relevant
to these career opportunities. But what is possible, is to design a teaching programme
containing the essential foundations that give breadth to new knowledge, and can be
extended if necessary with higher education.

While writing this book, I tried to keep this an introductory text for complex
numbers, with topics I hope are relevant to computer science. This has made cer-
tain subjects, such as quaternions, octonions, matrix algebra and geometric algebra
essential subjects. Complementing these, I included circuit analysis, geometry, com-
bining waves and 3D rotations, that show real applications for complex numbers.
The two chapters on the Riemann Hypothesis and the Mandelbrot set, reveal how
mathematicians have employed complex numbers to resolve challenging problems
in prime numbers and fractals, both of which, are relevant to computer science.

If you are still interested in learning more about complex numbers, there is the
subject of complex analysis, hypercomplex numbers in n dimensions, geometric
algebra for physicists, etc. Finally, I include some famous complex equations that
have created the new subject of quantum field theory. They may tempt you to delve
deeper into this exciting subject!

14.1.1 Pauli Matrices

These matrices are named after the Austrian-born Swiss and American theoretical
physicist Wolfgang Pauli (1900-1958), who used them in quantum mechanics in
relation to the spin of atomic particles in an electromagnetic field.
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o 1 To —i T1 o0
=11 ool 2T o0 BT o -1

These matrices are Hermitian and unitary and

ofoj0; = —ioj003 = I

,_[o 170 1 107
T o1 o “lo 1]
[0 —=i][o —i _[1 o]
2= ofli o —lo 1]
1 o[t o _[1 o]
“3To —1]lo -1 “lo 1]

. o 17[0 —i][1 o

TH293 =0 o0l 0 |0 —1

14.1.2 Dirac Matrices

These matrices are named after the English theoretical physicist Paul Dirac
(1902-1984):

10 0 0 0 0 0 1
o 01 0 0 Lo 0 10
V=100 -1 oY= o0 =1 0 0}
00 0 -1 -1 0 0 0
0 0 0 —i 0 0 1 0
o o o i o s 0o 00 -1
V=10 i 0 oY =|=1 00 o0
i 0 0 0 L0 1.0 0
00 1 0
. 00 0 1
Y3 =iylyly?yd = Lo 0o
01 0 0



14.1 Imaginary Mathematics for Computer Science 295

y? is Hermitian, and because

() =

(=N e}
—_ O O O
[N el
(=R -]
(=N e}
- o O O
[N eNel
(=R -]
(=Nl
(=N}
(=N e}
- o O O

its eigenvalues are 1. The matrices also anti-commute.

14.1.3 The Dirac Equation

The above gamma matrices were used by Dirac in this equation, which predicts the
existence of antimatter:

|:y" (18)% - eAM(x)> ~|—m:| Y(x) =0, where 0<pu <3.

y* references one of the four gamma matrices, y°, y!, y2, y3,

¥ (x) is a wave function with four components ¥ (x), Vo) (x), ¥pp(x), V¥py(x)
e 1 and e | stands for an electron with spin up and spin down, respectively,

p 1 and p | stands for a positron with spin up and spin down, respectively,
d/dx* measures the rate at which the wave function is changing in time and space,
A, (x) represents the electromagnetic field potentials,

—e is the electron’s electric charge,

m is the electron’s mass.

In Dirac’s original equation:
: awx )
(ﬁmc2 +e (Zanpn)) Y. 1) =ih————
n=1

Prof. Hestenes identified the term i & as a bivector, which describes an oriented plane
in geometric algebra.

14.1.4 The Schrodinger Wave Equation

The Austrian theoretical physicist Erwin Schrodinger (1887-1961), is famous for
many things, but most notably his wave equation, and his imaginary cat experiment.
Here is his equation:
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0 K2 )
ith—=y(r,t) = ——=V"Y@r, 1) + V(O 1)
ot 2m

h = h/2n is called the Dirac constant, where /4 is Planck’s constant,
¥ (r, t) is the wave function in space and time,

%I/f(r, t) is the rate of change of the wave function,

m is the mass of a particle,

V2 (r, t) is the Laplacian of the wave function, where

v 8'+ a'+ 8k
= —1 —_— —_—
ax By‘] 0z
and s s 5
ad 0 0
V21//=_w+ W+_'(ﬂ

oxz  9yr 9z
V(r, t) is the potential energy of the system.

Quantum field theory computes the probability of finding a particle in a place and
time, which is derived from the square of the Euclidean norm of the wave function.

14.2 The Imaginary Unit

All the above equations contain the imaginary unit i = /—1, which initially resolved
solutions to quadratic equations, and today is being used in quantum field equations.
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