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Preface

This is an introductory book on linear matrix transforms, and should be of interest to
animators and programmers working in computer games and animation. Although I
have covered many of the topics in other books, I have never addressed the subject
of matrices as an individual topic—hence the reason for this book.

The book’s structure is very simple: Chap. 1 provides a short introduction to
the book’s objectives. Chapter 2 gives the reader some historical background and
algebraic evidence for the matrix as a valid mathematical object, and its associated
scalar-valued determinant. Chapter 3 describes how the determinant is computed for
different size matrices. Chapter 4 provides a formal description of matrix algebra,
with plenty of worked examples. Chapters 5 and 6 describe 2D and 3D transforms
respectively, again with plenty of worked examples. Chapter 7 provides an introduc-
tion to quaternions with an emphasis on their matrix formulation. Finally, Chap. 8
concludes the book.

I would like to thank Beverley Ford, Editorial Director for Computer Science,
and Helen Desmond, Associate Editor for Computer Science, Springer UK, for their
continuing professional support.

Ringwood, UK John Vince
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Chapter 1
Introduction

1.1 Matrix Transforms

Ever since the invention of computers there has been an acute interest in using them
for graphical applications. In the first computers, when cathode ray tubes were used
to display messages, it was possible to manipulate patterns of characters and simu-
late simple games such as ‘noughts and crosses’. When vector graphic devices were
invented, lines could be drawn on display screens and used to represent 2D plans
and eventually perspective views of 3D objects. Computer graphics was eventually
born from these humble beginnings, and today it has become a global industry, and
so large that is difficult to estimate its true value. Computer games and animation
are two important areas of computer graphics, and during the past fifty years soft-
ware systems have been developed to model, animate, render 3D scenes and create
life-like characters.

From small graphic icons on mobile phones, to the complex CAD descriptions
for the Large Hadron Collider in Geneva, computer graphics has emerged as a so-
phisticated science that relies upon mathematics to describe its algorithms. Math-
ematics plays a central role in representing geometry, colour, texture, illumination
and motion. Simultaneously, hardware in the form of high-performance graphics
boards, have become so fast and sophisticated that gaming systems costing a few
tens of dollars, can render complex scenes in real time with incredible realism.

No matter whether computer graphics is used in medical imaging, graphing stock
movements, film special effects or computer games, one finds a common set of
mathematical tools in the form of matrices. These mathematical objects provide a
convenient way to control scale, position, shear, reflection and rotation. However,
they are also widely used to generate curved lines and surfaces. But in order to de-
scribe the role of matrices for curved lines and surfaces, one would have to cover the
algebra of quadratic and cubic curves, which is described in detail elsewhere. (Math-
ematics for Computer Graphics by the author.) So, in this book, I have confined the
application of matrices to the above mentioned transforms.

Out of all the transforms used in computer graphics, rotation causes most prob-
lems. The reason for this is two-fold: First, rotations can be difficult to visualise; sec-
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2 1 Introduction

ond, they are frequently combined to rotate about two or three axes. Consequently,
I have described rotation transforms in some detail, and I have also spent some time
describing rotation about an arbitrary axis. I have also included material on quater-
nions from my recent book Quaternions for Computer Graphics, as they have a
useful matrix representation.

1.2 Mathematics

In mathematics one often comes across statements such as: “By definition, the de-
terminant of a matrix is given by....” or “By definition, a quaternion is an ordered
pair....” Personally, I find such statements annoying, as they fail to explain why
such definitions are made. It is unlikely that a mathematician suddenly thinks “I am
going to invent matrices which have a scalar value called a determinant, calculated
as follows.” Or, “I am going to invent quaternions, whose magnitude is computed
by....” No, the reality is that after many months of analysis and trying to under-
stand a subject, a mathematician identifies the salient features of an invention and
formalises various definitions in order to accurately document its characteristics.
In the case of quaternions, Sir William Rowan Hamilton spent many years trying
to generalise 2D complex numbers to a higher dimension, and eventually stumbled
across a four-dimensional object comprising a scalar and a 3D complex number. A
quaternion is not an arbitrary definition by Hamilton, but something that emerged
through years of continuous study and research, until a spark of genius inspired him
to invent the object we know today.

One can understand the need for definitions in mathematics, for without them
there would be anarchy. Furthermore, it would be impractical to explain the history
behind every mathematical invention when introducing a new topic. However, as
this is an introductory book, I have tried to explain why various definitions are made,
which hopefully will improve the reader’s overall understanding of matrices and
their role in transforms.

1.3 The Book’s Structure

Matrix notation is introduced in Chap. 2, where I have shown how the notation
emerges naturally from the algebra associated with solving simultaneous equations.
One of the important expressions found in the algebra of simultaneous equations is
represented by the determinant and is closely associated with a matrix. Chapter 3
shows different ways to compute the determinant. Having shown how matrix no-
tation emerges from everyday algebra, Chap. 4 describes it formally, covering the
zero, negative, diagonal, identity, transposed, symmetric, antisymmetric, orthogonal
and inverse matrix. 2D and 3D transforms are described in Chaps. 5 and 6 respec-
tively. Finally, Chap. 7 introduces quaternions as an object for rotating vectors about
an axis, and develops their matrix form.



Chapter 2
Introduction to Matrix Notation

2.1 Introduction

In this chapter matrix notation is introduced as a tool for solving a pair of linear
equations. This reveals three important features about matrices: The first is the ex-
istence of a scalar value associated with a matrix called the determinant; the second
is matrix multiplication, and the third is matrix inversion. This prepares us for the
next chapter where we investigate the nature of the determinant for larger matrices.

2.2 Solving a Pair of Linear Equations

There are two simple ways to solve a pair of linear equations such as

24 =6x +4y (2.1)
10 =2x +2y. (2.2)

The first technique is graphical and the second is algebraic.

2.2.1 Graphical Technique

The graphical technique represents the equations as two straight lines which may be
coincident, parallel or intersect. The point of intersection could be located anywhere
with respect to the Cartesian axes, and could make it extremely difficult to identify
an accurate x—y position.

Figure 2.1 shows two lines representing (2.1) and (2.2), where the solution is
the point of intersection (2, 3). Although the solution is easy to identify for these
equations, a more reliable and accurate technique is required. So let’s consider an
algebraic approach.

J. Vince, Matrix Transforms for Computer Games and Animation, 3
DOI 10.1007/978-1-4471-4321-5_2, © Springer-Verlag London 2012



4 2 Introduction to Matrix Notation

Fig. 2.1 Graphs of the A
simultaneous linear equations
6 I
5 o™ 24 =06x+4y
4
3
2 ;
= O 10=2x+2y
1 X
—_——
12 3 4 5 6 X

2.2.2 Algebraic Technique

The algebraic strategy is to manipulate (2.1) and (2.2) such that when they are added
or subtracted, the x or y coefficient disappears, which permits one variable to be
identified. The second variable is revealed by substituting the first in one of the
original equations. We begin by multiplying (2.2) by 2 to turn the 2y term into 4y:

2x10=2x2x+2x2y
20 =4x +4y.
The pair of equations now become
24 =6x +4y (2.3)
20=4x +4y. 24
Subtracting (2.4) from (2.3) produces
4 =2x,

which means that x = 2. To discover the corresponding value of y, we substitute
x =21in (2.1) to discover that y = 3.

This algebraic approach always provides an accurate result, so long as the orig-
inal equations are linearly independent. Now let’s find a general solution for any
pair of linear equations in two unknowns, with the proviso that they are linearly
independent. We start with the following pair of equations:

r =ax + by 2.5)
s=cx +dy. (2.6)
To eliminate the y coefficient we multiply (2.5) by d and (2.6) by b:

dr = adx + bdy 2.7
bs =bcx + bdy. (2.8)



2.2 Solving a Pair of Linear Equations
Next, we subtract (2.8) from (2.7):
dr — bs = (ad — bc)x,

and
dr — bs
X = .
ad — bc

To eliminate the x coefficient we multiply (2.5) by ¢ and (2.6) by a:

cr =acx + bcy

as =acx + ady.
Next, we subtract (2.10) from (2.11):
as —cr = (ad — bc)y,

and
as —cr

~ad—be

y

(2.9)

(2.10)
@2.11)

2.12)

Note that (2.9) and (2.12) share the same denominator, ad — bc, where a, b, ¢
and d are the coefficients of x and y in the original simultaneous equations. This
denominator becomes zero if the equations are linearly dependent, and no solution

is possible.

Let’s test this general solution using the original equations (2.1) and (2.2) where:

a=26, b=4, c=2, d=2, r =24,
dr —bs 48 —40
X = = =
ad — bc 12 -8
_as—cr _60—48_
YT ad—be 12-8

s=10

The algebraic solution reveals some interesting patterns which emerge when we
consider a third technique using matrix notation, which is covered next.

2.2.3 Matrix Technique

Given a pair of linearly independent equations such as (2.1) and (2.2):

24 = 6x + 4y
10 =2x + 2y
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their solution must depend on the constants and coefficients 24, 6, 4, 10, 2 and 2.
Matrix notation describes equations such that the coefficients are isolated from the
variables of x and y in a 2 x 2 square matrix:

23
A:[j g]

where A identifies the matrix. The denominator ad — bc in (2.9) and (2.12) is the
difference between the cross-multiplied terms ad and bc. This is called the deter-
minant of the matrix, and is written.

or in the general case:

a b

Al=|. 4

‘:ad—bc.

To keep the notation consistent, the values 24 and 10, or the general values r and s,
are represented as a column matrix or column vector:

o) o [F]

The variables x and y are also represented as a column vector:

Mi

Finally, we bring the above elements together as follows:

o)=12 2]l]
L=l

In either case, the original equations are reconstructed using the following rules:

or for the general case:

1. Select r followed by ‘=" and multiply the elements of the top row of the coeffi-
cient matrix by the elements of the x—y vector respectively:

r=ax + by.

2. Select s followed by ‘=" and multiply the elements of the bottom row of the
coefficient matrix by the elements of the x—y vector respectively:

s=cx +dy.
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For example, the following matrix equation

[0)=[5 5]
20 4 5||y|’
represents the pair of linear equations

30 =2x + 3y

20 =4x + 5y.

The power of matrix notation is that there is no limit to the number of linear equa-
tions and variables one can manipulate. For example, the following matrix equation

10 1 2 3 X

30 7 8 9 b4

represents the three linear equations
10=x+2y+3z
20=4x + 5y + 6z
30="7x + 8y +9z.

Any pair of linear equations can be represented as a matrix equation, and permits
us to write the solution in matrix form. For instance, the solution to the original
equations requires the following matrix equation:

HEN
y g hills]|’
which is another way of writing

x=er+fs

y =gr+hs.

But we have already computed two such equations:

dr — bs
X =

ad — bc
_as—cr
y_ad—bc

which can be expressed in matrix form. But before we do this, let’s substitute D =
ad — bc to simplify the equations:

x= %(dr — bs) (2.13)
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! ( ) (2.14)
= —(as — cr). .
=D
Now let’s express (2.13) and (2.14) as a matrix equation

m%[i _ab] m (2.15)

So we now have a matrix solution for any pair of linear equations with two un-
knowns. Let’s test (2.15).

Example Here are two linearly independent equations:

24 =4x + 3y
11=x+2y
a=4, b=3, c=1, d=2, r =24, s=11, D=5

NEERA

1
x=3@x24-3x1)=3

therefore,

1
y= 5(_1 x24+4x11)=4
which is correct.
Although matrix notation provides the same answers as algebra, so far, it does not

appear to offer any advantages. However, these will become apparent as we discover
more about matrix notation, such as matrix multiplication, which we cover next.

2.3 Matrix Multiplication

So far we have seen how to multiply a vector by a matrix. Now let’s discover how
to multiply one matrix by another. For example, given

o vl

e[ 2 1)

what is
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We can resolve this problem by solving the same problem using algebra. So let’s

start by declaring two linear equations of the form
x"=ax" +by
y// — Cx/ + dy/
where
x' =ex+ fy
y' = gx+hy.

Next, we substitute (2.18) and (2.19) in (2.16) and (2.17):
x" =a(ex + fy) +b(gx +hy)
y'=clex + fy) +d(gx + hy)
x" = (ae +bg)x + (af + bh)y
Y'=(ce+dg)x + (cf +dh)y.

(2.16)
2.17)

(2.18)
(2.19)

(2.20)
2.21)

This algebraic answer must be the same as that given using matrix notation. So let’s

set up the same scenario using matrices. We begin with

Next, we substitute (2.23) in (2.22)

B Al |

The matrix form of (2.20) and (2.21) is
x"| _|ae+bg af +bh||x
' |ce+dg cf +dh ||y |’
which means that

MN:[ch bHe f}:[ae—i—bg af+bh]

dl|lg h ce+dg cf +dh

Equation (2.26) shows how the product MN must be evaluated.

(2.22)

(2.23)

(2.24)

(2.25)

(2.26)

The terms of the top row of the first matrix: a and b, multiply the terms of the

first column of the second matrix e and g, giving the result ae + bg.
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Table 2.1 Subscripts for

matrix multiplication (mn);j = mijj X nij + mjj X njj
(mn)1y = mipy X nij + mi2 X nay
(mn)12 = miy X niy + miy X na
(mn)ay = ma X nij + ma X Ny
(mn)xn = ma1 X 0y + my X n)

The terms of the top row of the first matrix: @ and b, multiply the terms of the
second column of the second matrix f and A, giving the result af + bh.

The terms of the bottom row of the first matrix: ¢ and d, multiply the terms of
the first column of the second matrix e and g, giving the result ce + dg.

Finally, the terms of the bottom row of the first matrix: ¢ and d, multiply the
terms of the second column of the second matrix f and &, giving the result cf + dh.

Observe that the product result is placed in the common matrix element shared
by the row in the first matrix and the column in the second matrix.

To formalise this operation, let’s reference any matrix element using the sub-
scripts (ij) where i is the row, and j the column.

Let m;; be an element in M, n;; an element in N, and (mn);; be an element in
the product MN. For example, m11 = a, nyy = h and (mn)12 = af + bh.

Table 2.1 shows how the four elements of the matrix MN are formed from the
individual elements of M and N, which can be generalised to

(mn),-jzm“xnlj—i-mizxnzj.

1 2 2 3

mefa 2 =3
(1 272 3
=3 33 3]

C[1x2+42x4 1x3+42x5
|3x2+4x4 3x3+4+4x5

For example, given

then

10 13
22 29

Although it may not be immediately obvious, matrix multiplication is non-
commutative. i.e. in general, MN % NM. For example,

=[5 1][¢ 4]

_|ae+cf be+df
" lag+ch bg+dh
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which does not equal MN (2.26). Consequently, one has to be careful whenever two
or more matrices are multiplied together.

Now that we know how to form the product of two matrices, let’s look at a special
matrix, which when used to multiply another matrix results in the same matrix.

2.4 Identity Matrix

Algebra contains two important objects: the additive identity 0 and the multiplicative
identity 1, which obey the following rules:

a+0=04+a=a
axl=1xa=a.

The matrix equivalent of 0 is 0 which contains only Os:

00
=0 o)

whereas the matrix equivalent of 1 is not a matrix of s, but Os and 1s. It is easy to
discover this matrix, simply by declaring the following pair of linear equations:

x=1x 40y
y=0x+1y

[]-[6 0] @z

The matrix in (2.27) is called an identity matrix or a unit matrix I, and it is easy to
see that it has no effect when it pre- or post-multiplies another matrix:

= al=lo 1le a
= al=[e el )

Now that we have an identity matrix, let’s calculate the matrix equivalent of the
multiplicative inverse.

or in matrix form:

2.5 Inverse Matrix

The multiplicative inverse in algebra is an object that obeys the following rule:
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This suggests that for any matrix A, there is an inverse matrix A~! such that
AATT=AT'A=T

where I is the identity matrix. Unfortunately, an inverse matrix is not always possi-
ble, but for the moment let’s assume that this is the case. Thus, if

_|a b —1_1¢€ f_
A_|:C d] and A _|:g n |

then AA™' =T:
—1_|a blle f]_|1 0]
N O A -
We can compute the inverse matrix by expanding (2.28):
ae+bg af+bh| |1 O
[ce—i—dg cf+dh]_|:0 1]' (2.29)
Equating the matrix elements in (2.29) we have
ae+bg =1,
where
_ 1—ae (2.30)
8= b .
Similarly,
ce+dg=0,
where
ce
=——. 2.31
8 7 (2.31)
Therefore equating (2.30) and (2.31) we have
l—ae  ce
b d
d —ade = —bce
d d

ezad—bc=D

where D =ad — bc.
Substituting e in (2.31)
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Equating the remaining matrix elements in (2.29) we have

af +bh =0,
where
af
h=——. 2.32
b (2.32)
Similarly,
cf+dh=1,
where
1 —cf
h= . 2.33
y (2.33)
Therefore, equating (2.32) and (2.33) we have
af l—cf
b d
adf =—-b+bcf
b
f=-%
Substituting f in (2.32)
e af ab a
b bD D’

Substituting e, f, g and  in A~! we have

4 [e f1 1[d -b
S P o

which is the same matrix we computed in (2.15). Therefore, given an invertible

matrix A:
a b
a=led)

its inverse A~! is given by

where D = ad — bc. For example, given

6 4
=53]
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then D =6 and
113 -4
7]__
A _6[—3 6:|’
The product AA~! must equal the identity matrix I:
6 4|1 3 —4
_1_ -
=336
_1[6 0
T 6|0 6
|1 0
10 1|

The inverse matrix is an extremely useful object and plays an important role
in matrix transformations. It can also be used as an algebraic tool for rearranging
matrix equations. For example, given the following matrix equation

HEEIN
o [ B R

then we can write in shorthand

if we let

v =M. (2.34)

Multiplying both sides of (2.34) by M~! we have

MV =M"'Mv

=1Iv

therefore,

x|_1ja —b||r

y|" D|—-c a s
We will employ this strategy later on when we investigate matrix algebra and trans-
formations.
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2.6 Worked Examples

Example 1 Solve the linearly independent equations:

9=3x+42y
1=4x —y.
Using
BRI
y D|—c a s |’
where

Example 2 Solve the linearly independent equations:

T7=3x—y
0=—-2x —4y.
Using
BRI
y D|—c a s |’
where

then D = —14, and
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2]

Example 3 Solve the trivial, linearly independent equations:

l=x
1=y.
Using
B=al L]
y D|—c a s’
where
r=1, s=1, a=1, b=0, c=0, d=1,
then D =1, and

Example 4 Solve the following equations:

4=06x—4y
2 =3x —2y.
Using
BRI
y D|—c a s |’
where

r=4, s =2, a =206, b=—4, c=3, d=-2,

then D = 0, which confirms that the equations are not linearly independent. The
second equation is half the first.

2.7 Summary

Hopefully, this chapter has provided a quick introduction to the ideas behind matrix
notation, which is just another way of representing a collection of linear equations.
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So far, we have only considered two simultaneous linear equations, but there is no
limit—a matrix grows in size as the number of equations increases.

We employ special rules when multiplying matrices to ensure that the result
agrees with that obtained using algebra. These rules apply to all of the matrices
covered in this book.

As we tend to multiply matrices together, rather than add them, we are particu-
larly interested in the identity matrix, which is equivalent to the number 1 in algebra.
We are also interested in the inverse matrix, which when used to multiply the origi-
nal matrix creates the identity matrix.

We have seen that very obvious patterns arise from the coefficients when solv-
ing pairs and triples of linear equations. One reoccurring pattern is given the name
‘determinant’, and is derived from the associated matrix. For a 2 x 2 matrix it is
the difference of the cross products. Other rules are employed for 3 x 3 and 4 x 4
matrices.

Before developing a formal description of matrix algebra, we will explore how
to compute the determinant for any size matrix.



Chapter 3
Determinants

3.1 Introduction

In this chapter we investigate how the determinant evolved as a mathematical object
and how its scalar value is computed for matrices of different sizes. Once again, the
context is simultaneous linear equations, but this time we employ three equations in
three unknowns.

The Babylonians were aware of problems involving three unknowns and knew
that three scenarios are required to solve such problems. For example, given three
types of corn A, B and C, bundled up such that their individual weight is unknown:

1 bag of A, plus 2 bags of B, plus 3 bags of C equals 20 measures
3 bags of A, plus 1 bag of B, plus 2 bags of C equals 17 measures
2 bags of A, plus 1 bag of B, plus 1 bag of C equals 11 measures

the object is to discover the weights of the three corn types.

The Babylonians were aware that this is a linear problem and the three scenar-
ios can be scaled up and down, added or subtracted. To resolve the problem, the
coefficients of A, B and C are represented as a table as shown in Table 3.1.

The objective is to change the coefficients such that one scenario contains two
zeros. Table 3.2 shows the coefficients when we subtract scenario 2 from 3 x 1.

Table 3.3 shows the coefficients when we subtract scenario 3 x 3 from 2 x 2.

Table 3.4 shows the coefficients when we add 5x scenario 2 to 1.

Scenario 1 in Table 3.4 shows that 12 x C = 48, which makes C = 4. Substituting
this value in scenario 1 in Table 3.3, makes B = 3. Finally, substituting values of B
and C in scenario 1 of Table 3.1, makes A = 2.

The solution to the problemis A =2, B=3, C =4.

This technique is still used to solve simple linear problems in several unknowns.
However, it does require a deal of numerical pattern recognition, and accurate cal-
culations. Nevertheless, it demonstrates that the Babylonians knew that the matrix
of coefficients held the secret to the problem’s solution.

Let us continue and show how the determinant of a matrix helps us understand
how to develop a general-purpose solution.

J. Vince, Matrix Transforms for Computer Games and Animation, 19
DOI 10.1007/978-1-4471-4321-5_3, © Springer-Verlag London 2012
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Table 3.1 Coefficients for

the three scenarios Corn Scenarios
1 2 3
A 1 3 2
B 2 1
C 3 2 1
measures 20 17 11
Table 3.2 Subtracting :
scenario 2 from 3 x 1 Corn Scenarios
1 2 3
A 0 3 2
B 5 1 1
C 7 2 1
measures 43 17 11
Table 3.3 Subtracting :
scenario 3 x 3 from 2 x 2 Corn Scenarios
1 2 3
A 0 0 2
B 5 -1 1
C 7 1 1
measures 43 1 11
Table 3.4 Adding 5x )
scenario 2 to 1 Corn Scenarios
1 2 3
A 0 0 2
B 0 -1 1
c 12 1 1
measures 48 1 7

3.2 Linear Equations in Three Unknowns

So far, we know that given the following matrix equation

il

a
C

b
d

1L

I
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its solution involves the scalar ad — bc, which is the determinant of the matrix. What
we will now investigate is the determinant of a 3 x 3 matrix. We begin by declaring
three linear equations in three unknowns:

r=ax+by-+cz 3.1
s=dx+ey+ fz (3.2)
t=gx+hy+iz. (3.3)

The objective is to rearrange the equations such that y and z terms are eliminated,
leaving x. The procedure is as follows: Multiply (3.1) by e and (3.2) by b to create
identical y coefficients:

er =aex + bey + cez (3.4)
bs =bdx +bey +bfz. (3.5)

Subtract (3.5) from (3.4) to eliminate the y term:
er —bs = (ae — bd)x + (ce — bf)z. (3.6)

Equation (3.6) only contains an x and z term. Next, we create another equation
containing an x and z term by combining (3.1) and (3.3).
Multiply (3.1) by % and (3.3) by e to create identical y coefficients:

hs =dhx +ehy + fhz 3.7
et =egx + ehy + eiz. 3.8)

Subtract (3.8) from (3.7) to eliminate the y term:
hs —et = (dh —eg)x + (fh — ei)z. 3.9

Equation (3.9) only contains an x and z term, and can be combined with (3.6) to
eliminate the z term.
Multiply (3.6) by (fh — ei) and (3.9) by (ce — bf):

(er — bs)(fh — ei) = (ae — bd)(fh — ei)x + (ce — cf)(fh—ei)z  (3.10)
(hs — et)(ce — bf) = (dh — eg)(ce — bf)x + (ce — bf)(fh —ei)z.  (3.11)
Subtract (3.11) from (3.10) to eliminate the z term:
(er —bs)(fh —ei) — (hs — et)(ce — bf)

= [(ae —bd)(fh —ei)— (dh —eg)(ce —bf)]x
eir — fhr — bis + chs — cet + bft
= (aei +bfg+cdh —afh — bdi — ceg)x
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eir — fhr — bis + chs —cet + bft = Dx
therefore,
r(ei — fh) —s(bi —ch) +t(bf — ce)
X = ,
D
where

D =aei +bfg+cdh—afh — bdi — ceg.
Using a similar technique of elimination, we can show that

_ —r(di — fg)+s(ai —cg) —t(af —cd)

B D
r(dh —eg) — s(ah — bg) + t(ae — bd)
z= D .

3 Determinants

(3.12)

(3.13)

(3.14)

(3.15)

The first observation to make is that (3.12), (3.14) and (3.15) share a common de-
nominator D, which is the determinant of the matrix of coefficients and written:

D=

R X
S &

¢
fl=aei+bfg+cdh—afh —bdi — ceg.
i

The triples aei, bfg, cdh, afh, etc., become apparent if we temporarily extend the

determinant as follows:

a b ¢ a b
d e f d e,
g h i g h
where
a b ¢ a b a b ¢
aei=|d e f d e, bfg=1|d e f
g h 1 g h g h i
a b ¢ a b
cdh=|d e f d e
g h i g h
and the negative terms are
a b ¢ a b a b c
—ceg=\|d e f d e, —afh=|d e f
g h i g h g h i
a b ¢ a b
—bdi=|d e f d e].
h i h

R X

o U

S &

BN
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This expansion is known as Sarrus’s Rule, after the French mathematician, J.P. Sar-
rus (1789-1861), and only works for a 3 x 3 matrix. For example, this determinant
is expanded as follows:

2 0 4

310

4 2 2
=2Xx1%x240x0x44+4%x3%x2—-4x1x4—-2x0x2—-0x3x%x2
=4+24-16

=12.

The second observation concerns the three numerators of (3.12), (3.14) and (3.15):

_ r(ei — fh) —s(bi —ch) +t(bf — ce)

x_ - (3.16)
y= AT mile) — e @)
__ ridh—eg) - s(ahD— bg) +t(ae —bd) (3.18)

which can be arranged as

rei +bft+csh —cet —rfh — bsi
X =

D
asi +rfg+cdt —csg —aft —rdi
y:
D
aet +bsg +rdh —reg —ash — bdt
z= D .

The numerators are the Sarrus expansion of the following determinants:

r b c
s e f‘
t h i
= 3.19
x D (3.19)
a r c
d s f‘
g t i
= 3.20
y D (3.20)
a b r
d e s’
g ht
= . 3.21
e=" (3.21)

Note that the vector [r s #]T replaces the first column for the x value, the second
column for the y value, the third column for the z value. We now have a compact
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way for solving three simultaneous linear equations in three unknowns. For exam-
ple, let’s create three such equations given x =1, y =3 and z =5:

20=2x+y+3z
I5=4x+2y+z
26=3x+y+4z.

The determinant D is given by

2 1 3
D=4 2 1
31 4
=2%x2%x44+1x1x34+3x4x1—-3%x2x3-2x1x1—-1x4x%x4
=164+3+12—-18—-2-16
=-5
and
20 1 3
15 2 1
2% 1 4] =35
x:—:—:l
-5 -5
2 20 3
4 15 1
y= 132 4 :—1523
-5 -5
2 1 20
4 2 15
131 26| 25
=———=——=5
-5 -5

which confirm the original values. Sarrus’s rule only applies for a 2 x 2 and 3 x 3
matrix, and another solution is required for larger matrices.

3.2.1 The Laplace Expansion

The French mathematician, Pierre Simon Laplace (1749-1827), invented a general
method for computing the determinant of any size matrix. To understand this solu-
tion, let’s return to the three equations (3.16), (3.17), (3.18) for x, y and z:

‘e r(ei — fh) —s(bi —ch) +t(bf — ce)
B D
. —r(di — fg)+s(ai —cg) —t(af —cd)
B D
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r(dh —eg) — s(ah — bg) + t(ae — bd)
=
D

which can be rearranged as

‘e r(ei — fh) —b(si — ft) 4+ c(sh — et)

- (3.22)
y_ ali=fn - r(di; fg) +c(dt — gs) (3.23)
__alet —hs) —b(dtl;gs)+r(dh —8e) (3.24)

We need only examine (3.22) to see what’s going on. The three numerator terms can
be expressed as follows:

r(ei— fh)y=r h

e f
i

—b(si — ft) = —b'j f

i

e

s
c(sh—et)=c A

The multipliers r, b and ¢ form the top row of the determinant in (3.22), but the
middle term b has switched signs. The three determinants are constructed from the
second and third rows leaving out the column containing the multiplier:

r b ¢
Z{:sef
t h i
r b ¢
if:sef
L
s e r b c
h:sef.
t h i

It should be no surprise that the determinant using Sarrus’s technique is identical
to the Laplace expansion, and is confirmed by recomputing the above determinant
using the expansion:

2 13

2 1 4 1 4 2
o i R I A
314 1 4 3 4 301

=2x7—-1x13+3x(=2)
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Laplace described his expansion in terms of a determinat’s minor determinants,
which with the associated change of sign, are called cofactors. The cofactor c;;
of an element g;; is the minor determinant that remains after removing from the
original determinant the row i and the column j.

For example, in (3.25) the minor of a; is identified by removing the first row
and the first column; the minor of a; is identified by removing the first row and the
second column; and the minor of a;3 is identified by removing the first row and
the third column.

ailr ap  ais
[Al=|ax1 axn ax3]|. (3.25)
az| az ass

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

azy  azz
asy  asz

azy  azs
asyp  asz

azr  ax
asy  as

A= , A= , A=

whereas, the three cofactors are

c11 =+apAn
cl2=—anAn

c13 =+aizAgs.

In general, the minor of a;; is denoted A;;.
Laplace proposed the following formulae for selecting the cofactor sign:

(=D,
which generates the pattern for any size matrix

+ - +

Although we have chosen the first row to expand the above determinants, any row,
or column may be used. For example, computing the above determinant using the
third column we get:

2 1 3

4 2 2 1 2 1
4 2 1=3‘ ‘—1‘ ‘4—4‘ ‘
31 4 3 1 3 1 4 2
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=3x(=2)—1x(=1)+4x0

=—6+1+0
=-5
or using the second row we get
2 1 3
1 3 2 3 2 1
v 2 1|==aly 3125 3=
301 4 1 4 3 4 3 1

= Ax142x (=) =1x(=1)
= —4-2+1
=-5.

3.3 Linear Equations in Four Unknowns

The largest matrix we encounter in this book is a 4 x 4, and Laplace’s expansion
is also used to compute its determinant. Let’s begin with four simultaneous linear
equations in four unknowns:

r=ax+by+cz+dw
s=ex+ fy+gz+hw
t=ix+jy+kz+1lw

U=mx +ny-—+oz+ pw

which in matrix notation is

(3.26)

S -~
Q X0 o
N~ S
S < =

a
e
i

m

S~ 1 N

Using the same technique for solving three equations, we can write the solution as

r b ¢ d a r ¢ d

s f g h e s g h

t j ok 1 it kI

x_unop’ yzmuop
D D

a b r d a b ¢ r

e s h e g s

i jot 1 i j ok ot

Zz’”"“l” w=tmn o u
D D
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where
a b ¢ d
e h
p=|¢ [ & M
i j k1
m n o p
Using the Laplace expansion we can write:
f g h s g h s f h s f g
r|lj k 1|=blt k I|4+c|t j 1|—d j ok
n o p u o p u n p u n o
X =
s g h e g h e s h e s g
alt k I|—rli k I|+cl|i ¢t I|—=dl|i t k
y_uap m o p m u p m u o
D
f s h e s h e f h e f s
alj t 1|—=>bli I l4r|i j 1|—=d|i j ¢
Z_nup m u p m n p m n u
D
foe e g s e [ s e f g
alj k —b|i k t|dcl|i j t|—r|i j k
n o u m o u m n u m n o
w =
D
where
f g h e g h e f h e f g
D=alj k 1l|=b|i k Il|+4c|i j 1l|=d|i j k.
n o p m o p m n p m n o

The 3 x 3 determinants can either be expanded using Sarrus’s rule or using the

Laplace expansion.

3.4 Worked Examples

Example 1

14=x+2y+3z
12=2x+2y+27
4=2x —2y+2z.
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The determinant D is given by

1 2 3
D=2 2 2
2 =2 2

=1x2x242x2x24+3x2x(=2)
—1Ix2x(=2)—2x2x2-3x2x2
=4+8—-124+4-8-12

=—-16
and
4 2 3
2 2 2
4 -2 2 —16
X = = — =
—16 —16
1 14 3
12 2
24 2 _—32_2
YT 6 T 16
1 2 14
2 2 12
o122 e _ —48
-16  —16

which is correct.

Example 2 Solve the four equations in four unknowns, where we know the answer
in advance. We begin with x = 1, y =2, z =3 and w = 4 and four equations:

20=x4+2y+z+3w
4=2x+y+2z4+w
l4=x4+3y+z4+w

2=3x+y+z+w.

Therefore,
20 1 21 3 x
41 121 21 y
41 |1 3 1 1 z |’
12 31 1 1 w
and for x:
20 2 1 3‘
41 2 1
14 3 1 1
p— 2 111
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where
1 2 1 3
21 2 1
D=1y 3 1
31 1 1

Computing D using the Laplace expansion, we have

1 2 1 2 2 1 2 1 1 21 2
D=3 1 1|{-2/1 1 1|+(f1 3 1{=-3|1 3 1
1 11 311 31 1 31 1

—(1+243-1-1-6)—22+6+1-3-2-2)
+6+34+1-9-2-1)—36+3+2—-18—-2—1)

=-2-4-2430
=22
therefore,
1 21 4 21 14 1 1 14 1 2
2003 1 1| —2{14 1 1|+ |14 3 1|—3|14 3 1
111 12 11 12 1 1 12 11
X =
22
_20(6 — 8) —2(52 — 54) + (68 — 64) — 3(82 — 100)
- 22
_ —40+4+4+4+54
- 22

=1

which is correct. Using a similar technique it can be shown that y =2, z =3 and
w=4.

3.5 Summary

In this chapter we have seen that a matrix possesses a special scalar value called the
determinant. This value is also found when solving groups of simultaneous equa-
tions algebraically. The determinant of a 2 x 2 matrix is the difference between the
diagonal coefficients, whereas we must employ the rules invented by Sarrus and
Laplace for a 3 x 3 matrix, and that of Laplace for larger matrices.



Chapter 4
Matrices

4.1 Introduction

In Chap. 2 we introduced the basic ideas behind matrices, and in Chap. 3 we saw
that there is scalar value, called the determinant, associated with a matrix. In this
chapter we return to matrix notation and explore matrix algebra. As matrix algebra
is a relatively large subject and includes matrices of complex numbers, this chapter
is confined to topics relevant to computer graphics transforms.

Matrix notation was researched by the British mathematician Arthur Cayley
(1821-1895) around 1858. Cayley formalised matrix algebra, along with the Amer-
ican mathematicians Benjamin and Charles Pierce. At the start of the 19th cen-
tury, the German mathematician Carl Gauss (1777-1855) had shown that transforms
were not commutative, i.e. AB # BA, and Cayley’s matrix notation would help for-
malise such observations.

4.2 Rectangular and Square Matrices

Now that we know the background to matrices, we can define a matrix as a collection
of elements organised in rows and columns in the form of a rectangle or a square.
Here are two examples:

2 46 3057
2 3] 2 4 6
1 2 3

Any element is identified by two indices describing its location in terms of its row
and column. For an element a;;, i is the row index and j the column index:

ar a2 - din
azr ax -+ a4
Aml dm2 - Qmn
J. Vince, Matrix Transforms for Computer Games and Animation, 31

DOI 10.1007/978-1-4471-4321-5_4, © Springer-Verlag London 2012
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The number of rows and columns determines the order of a matrix. For example,
the above matrix has m rows and n columns and is called a matrix of order m by
n. A square matrix with n columns and n rows is called a matrix of order n. Given
two matrices A and B with elements a;; and b;; respectively, they are equal if, and
only if, they are of the same order, and a;; = b;; for all pairs (ij). For example, in
the following matrices, A = B, but A #£ C:

R R el

4.3 Matrix Shorthand

In Chap. 2 we noted that matrix multiplication is non-commutative. We now investi-
gate how matrices behave generally, and we begin by declaring a shorthand notation
as

A =la;)],

where i and j are natural numbers. This notation reminds us that A is a collection
of elements a;; arranged as a rectangular or square array.

4.4 Matrix Addition and Subtraction

Matrix addition or subtraction is rarely performed in computer graphics transforms,
however if it is required, the matrices must be of the same order. Therefore, if A and
B are of the same order:

C=A+B
[cij]=[a;;j] £ [bi;]

where C has the same order as A and B.
As real number addition is commutative:

cij =aij £ bijj =bjj L aj,
for all pairs of ij, it follows that matrix addition is also commutative:
A+B=B+A.
It also follows that as real number addition is associative:
(aij +bij) +cij = aij + (bij + cij),
for all pairs of ij, so too is matrix addition:

A+B)+C=A+B+0).
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o[ w5

Example Given

then
1 2 3 4
Avn=|] 4]+[5 6]
4 6
18 10
1 2 3 4
A_B:} 4_[56}
[-2 -2
=12 5

4.5 Matrix Scaling

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

M = k[aij]
= [Aaij]

where each element of A is multiplied by A. If A =2 then
1 2
a=s 3]
2 4
ws[2 1]

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

10 20
Bz[m m}

1 2
_uf! 2]

Example 1 Scale matrix M by —10:

-9 10
MZ[—% 4}



34 4 Matrices

90 —100
_MM:[mo —m}

Example 2 Identify the common factor of matrix N:

4 12
N=[32 mJ

13
:4[8 10]'

4.6 Matrix Multiplication

In Chap. 2 we saw that for matrix multiplication to be consistent with its algebraic
equivalent, matrix multiplication must obey certain rules. For instance, given two

matrices A and B:
ayp al b]] b]2
A= . B:
|:1121 022:| |:b21 bzz}

ainbiy +anzbyr  anbip + a121922}
ax1bi1 +anby  axbiz +axnbn

then
AB = [

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

cij =aitb1j +ainbyj +aizbzj + -+ -+ ainbyj,

which can be expressed as

P
cij = Za,’kbkj. 4.1
k=1
For example, two matrices of order 3 are multiplied as follows:
1 2 3 11 12 13
A=1|4 5 6|, B=|14 15 16
7 8 9 17 18 19
C=AB
1 2 3 11 12 13
=14 5 6 14 15 16
7 8 9 17 18 19
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(1 x1142x144+3x17 1x1242x154+3%x18 1x13+2x164+3x19
=|4x114+5x14+6x17 4x124+5%x15+6x18 4x13+5%x16+6x19
_7x11+8x14+9x17 Tx124+8x15+9x18 7x13+8x16+9 x19

[ 90 144 102
=216 231 246
| 342 366 390

Reversing the product such that C = BA gives
cij =bita1j +binazj + bizazj + -+ - + binanj,

which, in general, changes every element of C and is the reason why matrix multi-
plication is non-commutative.

In order to form the product AB of two matrices A and B, the number of columns
in A must equal the number of rows in B. For example, given

2 4
A=|3 1], B:[;%;;‘]
4 2
Then
(2 4
PRI
_42

[2x144x3 2x24+44x1 2x344x2 2x4+4+4x3
=[3x14+1x3 3x24+1x1 3x3+1x2 3x44+1x3
_4x1+2x3 4x242x1 4x34+2x2 4x44+2x%x3

(14 8 14 20
=6 7 11 15
10 10 16 22

However, the product BA is not possible, because B has 4 columns, whereas A has
only 3 rows. Consequently, even though one matrix can premultiply another, it does
not hold that the reverse is possible. When two matrices satisfy this rule, they are
said to be conformable.

4.6.1 Vector Scalar Product

Vectors are normally represented by a column matrix, which permits them to be
premultiplied by some transforming matrix. However, they may also be represented
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by a row matrix. For example, a is a column vector, and b a row vector:
X
a=|y|, b=[x y zl
z

Either type of vector can be transposed into the other by using the following nota-
tion:

b=al or a=b'.

More will be said about transposing matrices later in this chapter.
In general, given two vectors:

Ay by
a=|ay |, b= by
az b,

then
aeb=a.b; +ayby+a;b;.
We can express this product using matrices as follows:

by
asz[ax ay ag]| by
b,

= [axby +ayby + a;b;].

i.e. a matrix with 1 row and 1 column, which is just a scalar quantity.
It is also possible to premultiply a row vector by a column vector, e.g. ¢ =ab:

Ay
c=|ay |[bx by bl

az

This product is evaluated as follows:

o
c=|ay |[bx by b]
_az

axby axby axb;
=| ayby ayby ayb,
azby azby ab,

For example, given
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Then

1
abl=|2|[5 6 7]
3

[1x5 1x6 1x7
=[2x5 2x6 2x7
|3x5 3x6 3x7

s 6 7
=10 12 14
| 15 18 21
4.6.2 The Vector Product
Given a pair of vectors
ay by
a=|ay |, b= by
az b,

their cross product can be encoded as follows:

i j Kk
axb=\|a, ay, a;|,
by by b,

which when expanded is
axb=ayb;i+abij+abyk —a;byi—a,bj—aybk
= (ayb; — a;by)i+ (a;by — ayb;)j + (axby —ayby)k
= (ayb; — a;by)i — (axb; — a;by)j + (ayby — ayby)k.

4.7 The Zero Matrix

By definition, all the elements of a zero matrix equal zero and is represented by 0.
Here are some examples:

0 0 0 00
[0 0], [0 0 0], [0], 0], 0 00
0 0 00

It follows from the rules of matrix addition that A + (0 = A.
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4.8 The Negative Matrix

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

—A =[-ajj].
For example, if
1 -2 3
A=|-4 5 -6/,
7 -8 9
then
-1 2 -3
-A=| 4 -5 6
-7 8 -9

It follows that A + (—A) = 0, because

A+ (=A) =[a;j] + [—ai;j] = [0;].

4.9 Diagonal Matrix

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

apl 0 0

0 am 0
A= . )

0 0 -

consequently, the determinant of a diagonal matrix must be
[Al=a11 x ax X --- X an,.

Here is a diagonal matrix with its determinant
2 00
A=]0 3 0
0 0 4
[A|=2x3x4=24.

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

cij =ai1bij +aipbyj +aizb3j + - + ainbyj,
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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
using a 2 x 2 and a 3 x 3 matrix:

_ _6111 0 _ bll 0
A__O azz]’ B_|:0 bzz]
_ _(111 0 b11 0
AB__ 0 a22][ 0 sz
_[anbn 0 }
0 axbn

which is a diagonal matrix. And for a 3 x 3 matrix:

aipr 0 0 b;1 0 0
A=| 0 axp»n 0 |, B=| 0 b O
0 0 ass 0 0 b33

AB=| 0 ap» O 0 by O

aibn 0 0

= 0 axnby) 0
0 0 azzbsz

which is another diagonal matrix.

Example
[2 0 0 300
|0 0 6 0 0 7
6 0 0
AB=|0 20 O
|0 0 42

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

4.10 The Identity Matrix

We have already come across the idea of the identity matrix, which corresponds to
the number 1 in algebra. Now that we have a definition of a diagonal matrix, we can



40

4 Matrices

define an identity matrix as a diagonal matrix with its diagonal elements equal to 1.

For example:

1 0
=[]

Il
c o~

(=]

[>NeNene
S o = O

—_ o O

(e

- o O O

Thus when we multiply any matrix by I, it leaves the matrix unchanged. We can
observe its action using a 4th-order matrix:

ar

a
A= 21

LA =

(=Nl e}

arn
ann
asz
ap

(= e}

ap
axn
as
as

ars
ans
ass
a3

— o O O

as
ans
ass
as3

a4
a4
as4
asq

aii
as|
asy
asy

a4
a4
as4
a4

a2
an
asn
apn

ais
azs
ass
aqs

ais
a4
as4
a4

It is common to employ I as the identity matrix, as its order is determined by the
associated matrix. Note that IA = Al

4.11 The Transposed Matrix

Once a matrix has been defined, its symmetry permits one to perform various geo-
metric operations. For example, we could rotate the matrix elements about a central
horizontal or vertical axis. However, one useful operation is to interchange rows and
columns. Such a matrix is called a transposed matrix and is denoted by AT. Thus,

given a matrix A:

AT

ap
azl
asy
asy

[ai
an
ais
ais

ap
axn
as
as

az]
azn
ass
azq

a3
ass
ass
ass

as]
asz
ass
asq

a4
ax
as4
a4

asq)
an
a3

ass |
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Only the diagonal elements remain unchanged. For example:

1 2 3 4
5 6 7 8
A=ly 10 11 12
(13 14 15 16
15 9 13
2 6 10 14
T _
A=139711 1s
4 8 12 16

Any order matrix can be transposed. For instance, the transpose of an n x m matrix
is an m X n matrix:

1 2
A=|3 4], AT=B i 2]
56
Furthermore, (AT)T = A and (A + B)T = AT + BT. However, it is not true that

(AB)T = ATBT. We can see why by evaluating the transpose of the product of two
order 2 matrices. Given

A (a1 an ] ’ B— b1 b2
| a21  ax | by b2
then
AT = (a1 ax ] ’ BT — b1 by
L 412 a | b1y bxn
and
AB— |:1111b11 +anby  anbi+ a12b22:|
anbii +anby  axbiz +anbn |
However,
(AB)T — |:t111b11 +anba  anbn +azzb21:|
anbiz+anby  axbiy+anbn |’
and
BTAT — bir by || an an
biy by ||lain ax

_ |:1111b11 +anba

azibi + azzb211|
aitbia +abn

az1b12 + axnbxn

= AB)T.
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Therefore, (AB)T = BTAT, whereas

ATRT = | @11 a2 bn
app axn || bz
_|:6111b11+a21b12
anbi1 + anbin

# (AB)T.

We can generalise the above as follows:

b
ba
aiiba1 +az1bxn
aby +axnbxn

)

4 Matrices

Suppose A is a matrix of order m x p with elements a;;, and B is of order p x n
with elements b;;. Then, if C = AB, it is of order m x n with elements c;;, where

p
Cij = Z a,-kbkj.
k=1

Consequently,

=

therefore,

ikbi

kak]

CT=BTAT.

Using a similar technique, one can show that (ABC ---N)T =

Example 1f

2 3
23]

then

15 3]

2 3771 2
AB=1, 2][5 3]

17 13
14 14

[17 14

T
(AB)" = 13 14

=BTAT

)
}

NT

-CTBTAT,
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I
| —
N =
W W
| |
| —
W N
[N
| |

I
1
—_—
[SSEREN|
—_ =
>~ B~
| I |

4.12 Trace

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

1 2 3 4
2 3 45
A=13 4 5 6
45 6 17

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

In Chap. 6 we use the trace of a square matrix to reveal the angle of rotation
associated with a rotation matrix. And as we will be using the product of two or
more rotation transforms we require to establish that

Tr(AB) = Tr(BA),

to reassure ourselves that the trace operation is not sensitive to transform order, and
is readily proved as follows.
Given two square matrices A and B:

all DECEEY ... aln bll DEERY ... bln
Coa “.oa : b “.0b
A= 22 2n , B= 22 2n
(273 Adnn by bun
then
Cayy - - a [biy - -+ b
Coa “.oa © by .b
AB = 22 2n 22 2n
L an o o g | B o o b
_allbll e e aln
_ apby - any
L dnl cee “r Qunban

and Tr(AB) = ay1b11 +axnbx + -+ appbpn.
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Hopefully, it is obvious that reversing the matrix sequence to BA only reverses
the a and b scalar elements on the diagonal, and therefore does not affect the trace
operation.

4.13 Symmetric Matrix

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

A=AT,

For example, the following matrix is symmetric:

A=

AW o=
AN W
(OSSN

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

ay ap ... da aipz az ... anl
ay axp» ... Qaxp - ap ax» ... ap2
A=| | . ], AT =
apl ap2 ... Qup Aln A2 ... dpp
their sum is
2ay) app+ax ... aip+an
T ap +ax 2a2 oo aptap
A+A =
ayp +ayl axy, +apy ... 2aun

By inspection, A + AT is symmetric, and dividing by 2 we have
1
S=(A+A%),

which is defined as the symmetric part of A. For example, given

ayy ap a . ayl az  asi
A=|ay axn a3 |, A'=lapn an ax
a3 azx  as; aiz ax  as;z

then
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ai alz-gazl d1342ra31
+ +
= % an %
+ +
_“132‘131 a232a32 as3
=3 o %
where
s1=ax3 +az
s> =ai3 +azi
s3=aj +azi.
Using a real example:
[0 1 47 0 3 4
A=|3 1 4], AT=]1 1 2
4 2 6 4 4 6
[0 2 47
S=(2 1 3
|4 3 6]

which equals its own transpose.

4.14 Antisymmetric Matrix
An antisymmetric matrix is a matrix whose transpose is its own negative:
AT = A,

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

ajj = —daji.
Whenk =i =j:

Akk = —Akk,

which implies that the diagonal elements must be zero. For example, this is an anti-
symmetric matrix
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46
In general, we have
ayp anp ain app  azl anl
az; a azn T aip dazp -+ ap2
A=| | . s A= )
dpl anp2 Apn dip  Aap ann
and their difference is
0 apy — azy ce o alp — anl
T —(a12 —azy) 0 azy — ap2
A-AT= . . ,
—(ain —an1) —(am —ap2) - 0

It is clear that A — AT is antisymmetric, and dividing by 2 we have

1
Q=-(A-A").
2
For example:
ajy ap a3 . ajl a1 as
A=|axy axn ax|, Al=|apn axn ax
| a31 a3 a3 a|3 ax  ass
B ap—a aj3—asy
0 2
— az|—ajp a3 —daszp
Q= 2 0 2
as|—aj3 032;(123 O

and if we maintain some symmetry with the subscripts, we have

B ajp—ay _az1—as
0 2 2
Q= _ap—ay 0 ap—azxn
2 2
az1—ais __axp—azp
L 2 2 0
B a3 _22
0 2 2
— | a3 q1
- 2 0 2
Q2 _q
L 2 2 0

where
g1 =a3 —as

q2 =dasz1 — a3

g3 =dai2 —azi.
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Using a real example:

01 4 0 3 4
A=|3 1 4], AT=11 1 2
(4 2 6 4 4 6
[0 -1 0
Q=1 0 1
[0 -1 0

Furthermore, we have already computed

0 2 4
S={2 1 3],
4 3 6_
and
0 1 47
4 6_

4.15 Inverse Matrix

We have already come across the idea of the inverse matrix in Chap. 2, where we
saw that it is possible for a square matrix A to have an inverse form A~! such that
the product AA~! = I. When we come onto matrix transforms, we will discover
that 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 =1 This definition preempts the possibility of matrices that do not have an
inverse. For example, the matrix A

11
A:[l 1}’

does not have an inverse as its determinant is zero. 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. This was introduced in
Chap. 3.



48 4 Matrices
4.15.1 Cofactor Matrix
Although the idea of cofactors has been described in the context of determinants,

they can also be applied to matrices. For example, let’s start with the following
matrix and its cofactor matrix

Al Ap A
cofactor matrix of A= | Ay Ayp Ax
| A31 A3z Ass
where
ay axy;| 1 4 _
An=-+ an am| |2 6|7 2
ax axy|_ |2 4| _
A= an| T4 6T
. az; axz| 2 1 _
A=+ a3 s =+l4 5 =0
__|axn ax|_ 1 3|
An = app a| |2 6 =0
_lan aiz|_ |0 3| _
Ap =+ a1 ass =+l 6= 12
_ _|an anz|_ |0 1} _
An= az1 axn| |4 2 =4
_ . |an az|_ |1 3| _
Az =+ 4y s =+, 4 =1
__|au aiz|_ _ |0 3| _
Az = a1 ax| |2 4 =6
_ o lan az| _ |0 1)
A=+ ay ax =ty 1|=72
therefore, the cofactor matrix of A is
-2 0
0 -—-12 4
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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 _1
Al -

which implies that

1 (cofactor matrix of A)T
- Al '

Naturally, this assumes that the inverse actually exists.
Let’s find the inverse of the above matrix

A-

01 3
A=|[2 1 4
|4 2 6
[—2 4 0]
(cofactor matrix of A)=| 0 —12 4
| 1 6 2|
[—2 0 1]
(cofactor matrix of A)T=| 4 —12 6
| O 4 -2

(-2 o 1
Al=-] 4 -12 6
1o 4 22

>

g

|
DN = =
AN B W
rproo Lb—1
| —
|
A[\)

|

p—

[\
O\ —
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—_ o O

I 0
=0 1
0 0

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

[2 3
A= (4 —1 }
. [—1 —4
(cofactor matrix of A) =
3 2
(cofactor matrix of A)T = :i _23]

A|=2x (=1)—3x4=—14

_ 11 3
1—_
A _14[4 —2]'

In general, the inverse of a 2 x 2 matrix is given by
a a
A= 11 12
azr a2
Al ! an —an
ajjazy —apapy | —azi arl

which, for the above matrix is
Al = —_1 -1 -3 _ i 1 3
141—-4 2 1414 2|

4.16 Orthogonal Matrix

Many of the matrices used in computer graphics are orthogonal, which means that
their inverse equals their transpose: A~! = AT, and makes inversion extremely easy.
For example, a 2D rotation matrix is

cosf —sinf
A_|:sin9 cosO:|’

and its transpose is

T | cosf  siné
A _|:—sin0 cos@i|’
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and their product is

—siné
cosf

[ cosO

T _
AA" = | sin®

I

[cos?6 + sin? 6

_]0

[1
1 0

0
1

which confirms that AT = AL,

4.17 Worked Examples

cosd
—sinf

0052

51

sinf
cosf

)
}

0
0 + sin 0

Example 1 Compute the sum, difference and product of the following matrices:

N
R
e[

- 3¢ 3

Example 2 Transpose the following matrices.

6 1
A_[3 2], B=[1 2 3],
6 3 !
AT = , BT=|2],
1 2 3

Example 3 Compute ab”, given

1
a=|2], b=
_3_
.
abl=|2|[3 4 5]
3

16 13
36 29

|

oo

C

[\

cT=8 4].

N
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[1x3 1x4 1x5
=[2x3 2x4 2x5
_3x3 3x4 3x5

[3 4 5
=16 8 10
(9 12 15

Example 4 Find the trace of the following matrices.
) 7 2 73 0 4 3
A= [ | _2} , B=|(6 1 2], C=(9 1 5
1 0 5 8 3 0

Tr(A) =0, Tr(B) =8, Tr(C) =1.

Example 5 Compute the symmetric and anti-symmetric parts of A, and their sum.

2 5 6
A=|1 1 4
6 2 6

Given
1
S=Em+AU,
then
2 1 6
AT=|5 1 2],
6 4 6

therefore, the symmetric part is

1
S=-(A+A")
2
1 2 5 6 2 1 6
=— 1 1 4]14+|5 1 2
2\l6 2 6 6 4 6
2 3 6
=13 1 3
6 3 6
The anti-symmetric part is
1 T
Q:E(A—A)
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Their sum is

(cofactor matrix of A) =

(cofactor matrix of A)T =

Al =

N — W W = W

S = O o~

|
N L

B o= =

()3 \S o)}

=L
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I
S O =
S = O
- o O

4.18 Summary

In this chapter we have extended and formalised matrix notation as described in
Chap. 2. Although a matrix can be rectangular or square, computer graphics matrix
transforms are square, which simplifies the associated algebra.

‘We have noted that matrices can be negated, scaled, added, subtracted, multiplied
and inverted. However, we will discover in the following chapters that only matrix
products and inversions are employed on a regular basis.

We have also seen that two special matrices exist: the zero matrix and the identity
matrix, that are equivalent to 0 and 1 used in real number algebra.

By swapping row elements with column elements a matrix is transposed, which
in the case of orthogonal matrices, inverts the matrix. This is extremely useful in
computer graphics transformations.

In the next chapter we investigate 2D and 3D transforms and discover their matrix
form.



Chapter 5
2D Matrix Transforms

5.1 Introduction

Cartesian coordinates provide a one-to-one relationship between number and shape,
such that when we change a shape’s coordinates, we transform its geometry. In
computer games and animation, the most widely used transforms include scaling,
translation, rotation, shearing and reflection.

Transformations are frequently described using vectors, however, in this intro-
ductory chapter, I have focussed on points belonging to a 2D shape. The difference
is not that important, as the point (x, y) can be regarded as the point a position
vector [x y]T is locating.

5.2 Transforms

A point P(x, y) is transformed into P’(x’, y’) by the following general transform:
x'=ax + by
y =cx +dy.

By using different values for a, b, ¢ and d we can scale, shear, reflect or rotate a
point about the origin, and is represented by the following matrix transform:

= Al o

The determinant of a matrix transform controls the change of area that occurs to a
shape when its coordinates are transformed. For example, in (5.1) the determinant is
ad — bc, and if we subject the vertices of a unit-square to this transform, we create
the scenario shown in Fig. 5.1.

The vertices of the unit-square are transformed as follows:

(0,0)=(0,0)

J. Vince, Matrix Transforms for Computer Games and Animation, 55
DOI 10.1007/978-1-4471-4321-5_5, © Springer-Verlag London 2012
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Fig. 5.1 The inner b b—>€4——a——» (at+h, ct+d)
parallelogram is the i
transformed unit square

<« Pt

R‘(

e—a—S e

(1,0) = (a,c)
1, D= (@+b,c+d)
0,1)=(b,d).

From Fig. 5.1 it can be seen that the area of the transformed unit-square A’ is given
by

area=(@a+b)(c+d)—B—-C—-—D—-—E—-F—-G
=ac+ad+bc—l—bd—lbd—bc—lac—lbd—bc—lac
2 2 2 2
=ad — bc

which is the determinant of the matrix transform. But as the area of the original
unit-square is 1, the determinant of the matrix controls the scaling factor applied to
the transformed shape.

Returning to (5.1), it may have occurred to you that it cannot effect a translation,
as we need to increment both x and y by two offsets d, and dy:

x'=ax+by+d, (5.2)
Y =cx+dy+d, (5.3)

R HEH

and involves a matrix product and an addition. Whereas, all the other transforms
can be represented by a single matrix product. Fortunately, there is a cunning way
around this problem, which entails rewriting (5.2) and (5.3) as

which in matrix form is

X' =ax +by+d,z (5.4)
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y =cx +dy+dyz (5.5)

with z = 1. The next problem is how to represent (5.4) and (5.5) in matrix form,
because the 2D point has effectively been turned into a 3D point with its z coordinate
equal to 1?7 Well, if that is what has happened, let’s place the equations in a 3D space
by adding a z coordinate with a value of 1:

x'=ax +by+d,
Y =cx+dy+d,

7 =0x+0y+1
which has this matrix form:
x’ a b d, X
y|=|c d d y
7 0 0 1 1

Placing the coordinate system into a space with an extra dimension is known as
homogeneous coordinates, and is widely employed within computer graphics soft-
ware. As you will see from the following section, the extra coordinate serves a
valuable service, and because its value is normally 1, it can be ignored.

5.2.1 Homogeneous Coordinates

Homogeneous coordinates surfaced in the early 19th century where they were in-
dependently proposed by the German mathematician August Ferdinand Mobius
(1790-1868) (who also invented a one-sided curled band, the Mobius strip), Feuer-
bach, Bobillier, and Pliicker. Mobius named them barycentric coordinates, and they
have also been called areal coordinates because of their area-calculating properties.

Homogeneous coordinates define a point in a plane using three coordinates in-
stead of two. Initially, Pliicker located a homogeneous point relative to the sides
of a triangle, but later revised his notation to the one employed in contemporary
mathematics and computer graphics. This states that for a point (x, y) there exists
a homogeneous point (xz, yt, ) where ¢ is an arbitrary number. For example, the
point (3, 4) has homogeneous coordinates (6, 8,2), because 3 = 6/2 and 4 = §/2.
But the homogeneous point (6, 8, 2) is not unique to (3, 4); (12, 16, 4), (15,20, 5)
and (300, 400, 100) are all possible homogeneous coordinates for (3, 4).

The reason why this coordinate system is called homogeneous’ is because it is
possible to transform functions such as f(x, y) into the form f(x/t, y/t) without
disturbing the degree of the curve. To the non-mathematician this may not seem
anything to get excited about, but in the field of projective geometry it is a very
powerful concept.

For our purposes we can imagine that a collection of homogeneous points of the
form (xt, yt,t) exist on an xy plane where 7 is the z coordinate as illustrated in
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Fig. 5.2 2D homogeneous A
coordinates can be visualised “ 1
as a plane in 3D space where :
t = 1, for convenience i

Fig. 5.2. The figure shows a triangle on the ¢ = 1 plane, and a similar triangle, much
larger, on a more distant plane. Thus instead of working in two dimensions, we can
work on an arbitrary xy plane in three dimensions. The ¢ or z coordinate of the plane
is immaterial because the x and y coordinates are eventually scaled by . However,
to keep things simple it seems a good idea to choose ¢ = 1. This means that the point
(x, ¥) has homogeneous coordinates (x, y, 1) making scaling superfluous.

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

5.3 Translation

A translation is represented algebraically by
x'=x+d,
y'=y+dy

or as a homogeneous matrix transform by

x’ d, X

1 0
vy =01 d y
1 0 0 1

—_2

For example, to translate a shape by (3, 1), as shown in Fig. 5.3, d, =3 and d, = 1:

x’ X

1 0 3
Yi|i=[0 1 1|y
1 0 0 1 1

As the transform is applied to every vertex of a shape, there can be no change in
the shape’s geometry. It is neither rotated nor scaled, and consequently, the shape’s
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Fig. 5.3 The shape has been VA
translated by (3, 1) 4

[F%]

translated

[§%]

original

6

[E ]
fad
IS
Lh

=

area is unchanged. Furthermore, because the transform’s determinant is a measure
of the area change that occurs during the transform, the determinant of a translation
matrix must equal 1:

10 dy
0 1 d|=1.
00 1

In Chap. 4 we discovered that for orthogonal matrices, the inverse matrix is its trans-
pose. So, is a translation matrix orthogonal? Well the answer is no, and we can
demonstrate this by forming the product of the translation matrix with its transpose
to see if it equals the identity matrix:

1 0 4|1 0 0 1+d? didy dy
0 1 dy||0 1 0|=]| ddy 1+4d; d,]|,
00 1 [|d dy 1 dy dy 1

which is nothing like the identity matrix, therefore a translation matrix is not or-
thogonal.
We also discovered in Chap. 4 that the inverse matrix is given by

1 (cofactor matrix of T)T
- IT|

T

3

and as the determinant equals 1, the inverse translation matrix is

C 1 o o]"
T !'=| 0 1 0
| —dy —dy 1
1 0 —d,
=0 1 —d
0 0 1
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which should be no surprise. One last test confirms that

10 -, [1 0 4 1 0 0
01 —d,[|0 1 4 |=[010
00 1 |[[0o0 1 00 1

5.4 Scaling

Scaling is represented algebraically by
/
x' =sx

/

y =S5y

MM

The scaling action is relative to the origin, i.e. the point (0, 0) remains unchanged.
All other points move away from the origin when s > 1, or move towards the origin
when s < 1. It is also useful to employ independent scaling factors as follows:

RN

The determinant of a general scaling matrix is given by

or as a matrix transform by

sy O
0 sy

= 5xSy,

and when s, =2 and s, = 1.5, the determinant equals 3, which is the area increase
observed in Fig. 5.4.

To scale relative to another point (py, py), we first subtract (py, py) from (x, y)
respectively, which effectively makes the reference point (py, py) the new origin.
Second, we perform the scaling operation relative to the new origin, and third, add
(px, py) back to the new (x, y) respectively, to compensate for the original subtrac-
tion. Algebraically this is

x :sx(x - px) + px
Yy =sy(y — py) + py

which simplifies to

x’ =5 X + px (1 —5x)
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Fig. 5.4 The scaled shape VA
results by multiplying the x 4
coordinates by 2 and the y
coordinates by 1.5
3
scaled
2
original
1
I 2 3 4 5 B o
y'= syy+ py(l —sy)
or as a homogeneous matrix
x’ sy 0 py(l—sy) X
Y |=10 s py(l—sy) y|. (5.6)
1 0 0 1 1

For example, to scale a shape by 2 relative to the point (1, 1) the matrix is

x’ 2 0 -1 x
y i =[0 2 —1]]|y
1 0 0 1 1

Let’s compute the determinant of (5.6) to ensure that the area change equals sy sy:

sxo 00 pe(1—sy)
0 sy py(I—sy)|=sxsy.
0 0 1

Now let’s explore the inverse scaling matrix. To begin with, the basic scaling matrix
is not orthogonal. i.e. the inverse is not its transpose:

s O
S__O sy |
T__sx 0_
S L0 sy
SSTZ-SX 01[sx O
L sy JLO sy
[s2 0]
__0 s/%_
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which is not the identity matrix. Intuition, suggests that this is the inverse matrix:

because

1
—1 __ | Sx 0 ; 0 -
ss1=[ HO %}_L

We could have derived this using

1 (cofactor matrix of ST

-
IS|

Now let’s invert the matrix transform that scales relative to some point, (5.6):

sx 0 pr(1—sx)
Sp=|0 s, py(1—sy)

0 O 1
|SP|=sxsy

. 5y 0 01"
S, = 0 S 0

SV sy pe(l—50) —sipy(1=sy)  susy
v 0 pl=)
=10 & pnl-9)
0 0 1

which can be confirmed by forming the product S pSI_,l:

1 1
C[se 0 s 0 pe(l=75)
SpSp = 0 sy py(l—sy) % Py(l—é)
0 0 1 0 0 1 :

©“
=

=L

o ¢
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5.5 Reflection

We will investigate three ways of reflecting a point: The first is a reflection about
the x or y axis; the second is a reflection about any horizontal or vertical axis; and
the third is a reflection about an axis passing through the origin.

5.5.1 Reflection About the x and y Axis

When a point is reflected about the x axis, the sign of its y coordinate is reversed:

which in matrix form is

b=l S0

Similarly, to reflect a point about the y axis, the sign of its x coordinate is reversed:

which in matrix form is

RN

Note that the determinant of the reflection matrix is —1, which draws our attention
to the reversal of the shape’s spatial orientation. If the original vertex sequence is
clockwise, the reflected vertex sequence is counter-clockwise.

The reflection matrix is orthogonal because its transpose is its inverse:

1 0
R, = O
Lo
RI:O -1
r [t 071 o0
RR=1o _1llo -1
Tr o
=10 1]
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5.5.2 Reflection About a Horizontal or Vertical Axis

To make a reflection about a horizontal or vertical axis we need to introduce some
more algebraic deception. For example, to make a reflection about the horizontal
axis y = ay, we first subtract (0, ay) from the point (x, y) respectively. This effec-
tively translates the point (x, y) to the x axis. Next we perform the reflection by
reversing the sign of the modified point’s y coordinate. And finally, we add (0, ay)
to the reflected (x, y) respectively, to compensate for the original subtraction. Alge-
braically, the steps are:

x'=x
Yi=Y—ay
y2==N
y/=—y1+ay
=—-y+ay+ay
=—y+2a,
or in matrix form

x' 1 0 O X

Y |=10 —1 2a, ||y

1 0 0 1 1

Similarly, to reflect a shape about a vertical y axis, x = a, the following transform
is required:

x'=—x+2a,
/
y =Yy
or in matrix form
x’ -1 0 2a, x
y|=|0 1 0 y
1 0O 0 1 1

Figure 5.5 shows a shape reflected about the x = 1 axis. Now let’s compute the
inverse matrix transform:

1o 0
R,=|0 —1 2a
0 0 1

R, | =1

0
(cofactor matrix of Ray)T =0 1 —2a
0
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Fig. 5.5 The shape on the v A
right is reflected about the 4
x =1 axis
3
2
1
2 I | 2 3 i

_,  (cofactor matrix of Rg,)"

R =
@ IRa, |
1 0 0
=0 —1 2a, | =Ry
0 O 1

5.5.3 Reflection in a Line Intersecting the Origin

So far we have considered reflections about horizontal and vertical axes, now let’s
consider a reflection about a line intersecting the origin, as shown in Fig. 5.6. The
line of reflection is specified by a unit vector u, and an associated perpendicular
vector n. The point to be reflected is P with position vector p, and the reflected
point is P’ with position vector p’. We define vector p as

p = au + bn,

where
b=p-n

‘We declare u and n as unit column vectors:
u —U~
u=| ", n= 7, w2 +ul=1.
Uy Uy Y

p =p—2bn

Therefore,

=p—2(p-mn
=p—2n(p-n).
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Fig. 5.6 Reflecting the point YA
P about the vector u to P’

O~

bn

<Y

p - n is written in matrix form as n"p. Therefore,
p =p—2nnp.

We now have two references to p and require a mechanism to isolate it. This is
achieved by premultiplying p by the identity matrix I:

p =Ip—2nn'p
=(I-2nn")p
where I — 2nn7 is the transform R:
1 0 —u
R= 0 1]—2[ Mxyi|[—uy uy ]
:_1 0]_2[ u/zv —uxuyi|
o 17y 2

_ 1 —2u§ 2uyuy ]

L 2uxuy 1—2u)2(

- 2 2
| 2uxuy uy —uy

r,2 2
_ uy —uy 2uxuyi|

Therefore, we have:

X' ui- u? 2ucuy |[x
v 2uxuy ui —u ||y
Let’s compute the determinant of R to show that it equals —1:

u? —u? Uy
2 2
2uyuy uy — uy

R =

= (u}% — uy)(u?v — uﬁ) — Quyuy)Quyuy)
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4 4 2.2
—uy—ux+uxuy—4u

= —(ui + 2u§u§, + u‘;)

2u2

_ 2
=u,u xly

= N

= —(u} +u3)”
=1

Now let’s test R by making u intersect the origin at 45°, where the point P (1, 0) is
reflected to P/(0, 1):

5.6 Shearing

We can shear a shape along the x or y axis by an angle «. Figure 5.7 shows the
scenario for a shear along the x axis, where we see that the y coordinates remain
unchanged but the x coordinates are a function of y and tana.

X' =x+ytana

/

y =y

V=l ]G]

The determinant equals 1, which confirms that there is no change in area after the
shear transform.

As tan(—«) = —tanc, the direction of shear is determined by the sign of the
angle, which makes the inverse transform equal to:

1 —tana
0 1 ’

which is confirmed by the transposed cofactor matrix technique.

or in matrix form
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Fig. 5.7 The shape is sheared v A
along the x axis by angle o .
ytan o
.‘_ — -
y
original sheared
o

=Y

Similarly, the transform for shearing along the y axis is given by

X =X

y =y+xtana

Lane 113)

or in matrix form

]

5.7 Rotation

In 2D there are two rotation transforms: the first is about the origin, and the second
is about some arbitrary point. We will begin with the former.

Figure 5.8 shows a point P(x, y) which is rotated an angle 8 about the origin to
P’(x’,y"), and as we are dealing with a pure rotation, both P’ and P are distance R
from the origin.

From Fig. 5.8 it can be seen that

cosd =x/R
sinf =y/R
x' = Rcos(® + B)
y' = Rsin(0 + B)
and substituting the identities for cos(f + f) and sin(6 + B) we have
x" = R(cosf cos B — sin@ sin B)

y' = R(sinf cos B + cos O sin B)
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Fig. 5.8 The point P(x, y) is YA
rotated through an angle 8 to y’ P'(x",y")
P'(x',y") f
P(x,y)
Yy
B
6 H
x’ X “x

x'=R icosﬂ—lsinﬂ
R R

y' =R Xcosﬂ—i—isinﬁ
R R

x'=xcosB — ysinB

y =xsinB + ycos

x| _[cosp —sinp||x
y' | |sinB cospB vy’

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

x| {0 —1]]|x
YLt o ly]
Thus the point (1, 0) becomes (0, 1).
Rotating a point 360° about the origin the transform becomes the identity matrix:

x| (1 0]f«x
Lo iyl
The following observations can be made about the rotation matrix Rg:

[cosﬂ —sinﬂ:|

sinf  cosf

or in matrix form

Its determinant equals 1:
IRg| = cos® B +sin’ B =1,

which confirms that there is no change in area when a shape is rotated.
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Its transpose is

T | cosB sinp
Rﬁ_l:—sinﬂ cos,B:|'

The product Rg Rg =I

R.RT — | o8 B —sing cosf  sinf _ 1 0
A8 sinB  cospB || —sinB cosp 0 1}
and because Rg RE equals the identity matrix, REI = RE:

—1_| cosB sinp
Ry _[—sinﬂ cosﬂ]’

means that Rg is orthogonal.

5.7.1 Rotation About an Arbitrary Point

Now let’s see how to rotate a point (x, y) about an arbitrary point (dy, dy). The
strategy involves making the point of rotation a temporary origin, which is achieved
by subtracting (dy, dy) from the coordinates (x, y) respectively. Next, we perform a
rotation about the temporary origin, and finally, we add (d, dy) back to the rotated
point to compensate for the original subtraction. Here are the steps:

1. Subtract (dy, dy) to create a new temporary origin:
x1=(x —dy)
n=(Q- dy)-
2. Rotate (x1, y1) about the temporary origin by 8:
x2=(x —dy)cosB — (y —dy)sinp
2= (x —dy)sinf + (y — dy) cos .
3. Add (dy, dy) to the rotated point (x2, y2) to return to the original origin:
x'=xp +d,
y/ =y + dy
x'=(x —dy)cos B — (y — dy)sin B + d,
Yy =(x —dy)sinB+ (y —dy)cos B+ d,.
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Simplifying, we obtain

x'=xcosp — ysinB+dy(1 —cosp) +dysinB
y' =xsinB+ ycos B +dy(1 —cos B) — dy sin B

and in matrix form we have

x' cosfp —sinf  di(1 —cosp)+dysing | [ x
y |=|sinp cosp dy(1—cospB)—dysinf y|. 5.7
1 0 0 1 1

For example, if we rotate the point (2, 1), 90° about the point (1, 1), (5.7) becomes

—1

i ® B
o

0 2
=11 0
0 1

—_—— DN

0

which is confirmed.

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

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

cosf —sin 0
Rg=|sinf cosp O],
0 0 1

and a transform for translating a point (dy, dy) relative to the origin is given by

X

d
1

o = O
<

1
de,dy =0
0

We can use Rg and Ty, 4, to develop a composite transform for rotating a point
about an arbitrary point (dy, dy) as follows:

x’ X

Y | =[Ta .a, IR T, —a,1| ¥ |, (5.8)
1 1
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where

[T,db,d},] creates a temporary origin
[Rg] rotates 8 about the temporary origin
[de,dy] returns to the original position.

Note that the transform sequence starts on the right next to the original coordinates,
working leftwards. Equation (5.8) expands to

x' 1 0 d, cosB —sinB 0 1 0 —d, X
y|=10 1 4, sinf cosp 0|0 1 —d, y
1 0 0 1 0 0 1 0 0 1 1

Next, we multiply these matrices together to form a single matrix. Let’s begin by
multiplying the Rg and T_4, —g4, matrices, which produces

x' 1 0 dy cosp —sinf  —d,cosf +d,sinf X
y|=10 1 4, sinB cosp  —dsinp —dycosp v,
1 0 0 1 0 0 1 1
and finally we obtain
x’ cosp  —sinf dy(1—cosB)+dysing | [ x
y |=|sing cosp dy(l—cosp)—d,sinp v,
1 0 0 1 1

which is the same as the previous transform (5.7).

5.7.2 Rotation and Translation

There are two ways we can combine the rotate and translate transforms into a single
transform. The first way starts by translating a point P(x, y) using Ty, 4, to an
intermediate point P”(x +dy, y +d,) and then rotating this using Rg. The problem
with this strategy is that the radius of rotation becomes large and subjects the point
to a large circular motion. The normal way is to first subject the point to a rotation
about the origin and then translate it:

P’ =[Tq, 4,][Rg]P

x’ (1 0 d.]|[cosp —sinp 07 [x
y|=[0 1 4, sin  cosp O y
1] Joo 1]l o o 1|1
[x’] [cosp —sinB d, x
Y |=|sinp cosB d, y
1] | o o i1
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For example, consider rotating the point P (1, 0), 90° and then translating it by
(1, 0). The rotation moves P to (0, 1) and the translation moves it to (1, 1). This is
confirmed by the above transform:

o
—
—

5.7.3 Composite Rotations

It is worth confirming that if we rotate a point 8 about the origin, and follow this by
a rotation of @, this is equivalent to a single rotation of the point through an angle
0 + B. Let’s start with the transforms Rg and Ry:

_—cos,B —sinf
Rﬂ__sinﬂ cosﬂi|

[cos® —sinf
Rg__sin@ cos@]'

We can represent the double rotation by the product RgRg:

R.R __0059 —sinf | [cosp —sing
0% | sin@  cos® ||sinf  cospB

__cosecosﬁ—sinesinf} —cosfsin B — siné cos B
| sinfcos B +4cosfsinp  —sinfsin B + cosb cos B

_[cos@+pB) —sin@® +p)
~ [ sin(@+B)  cos(@ +B)

which confirms that the composite rotation is equivalent to a single rotation of 6 + 3.

5.8 Change of Axes

Points in one coordinate system often have to be referenced in another one. For ex-
ample, to view a 3D scene from an arbitrary position, a virtual camera is positioned
in the world space using a series of transforms. An object’s coordinates, which are
relative to the world frame of reference, are computed relative to the camera’s axial
system, and then used to develop a perspective projection. Let’s examine how one
changes axial systems in two dimensions.

Figure 5.9 shows a point P (x, y) relative to the xy axes, but we require to know
the coordinates relative to the x’y’ axes. To do this, we need to know the relation-
ship between the two coordinate systems, and ideally we want to apply a technique
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Fig. 5.9 The x’y’ axial v A y' A
system is translated (dy, dy)
v P(x,y)=P’'(x,y")
y
ty 7 >
* x
Iy X §
Fig. 5.10 The x’y’ axial A
system is rotated S N
P{x,y)=P'(x",y)
¥ (%) €
>
X
."I’
x’
I{j -
¢ %

that works in 2D and 3D. If the second coordinate system is a simple translation
(dx, dy) relative to the reference system, as shown in Fig. 5.9, the point P (x, y) has
coordinates relative to the translated system (x — d, y —dy):

/

X 1 0 —d, X
y|=[{0 1 —d y
1 0o 0 1 1

If the x’y’" axes are rotated B relative to the xy axes, as shown in Fig. 5.10, a

point P(x, y) relative to the xy axes becomes P’(x’, y) relative to the rotated axes
is given by

x cos(—B) —sin(—B) 0] [ «x
Y | =|sin(=B) cos(=p) O[],
1 0 0 1 1
which simplifies to
x’ cosf  sing O | x
v |=| —sin8 cosB 0|y
1 0 0 1 1



5.9 Eigenvectors and Eigenvalues 75

When a coordinate system is rotated and translated relative to the reference sys-
tem, a point P (x, y) becomes P’(x’, y’) relative to the new axes given by

x' cosp  sinf 0 1 0 —d, X
y |=|—sinp cosp 0|0 1 —d, v,
1 o o 1floo 1 ||1
which simplifies to
x' cosf  sinf  —dycosB—dysinB | [ x
y | =] —sinB cosp dysinf —dycosp y
1 0 0 1 111

5.9 Eigenvectors and Eigenvalues

Figure 5.11 shows the result of applying the following transform to a unit square.
There is a pronounced stretching in the first and third quadrants, and reduced stretch-
ing in the second and fourth quadrants.

x| (4 1][«x
BN

It should be clear from Fig. 5.11 that any point (k, k) is transformed to another
point (5k, 5k), and that its mirror point (—k, —k) is transformed to (—5k, —5k).
Similarly, any point (—k, k) is transformed to another point (—3k, 3k), and its mirror
point (k, —k) is transformed to (3k, —3k). Thus the transform shows a particular
bias towards points lying on vectors [k kT and [k k]T, where k # 0. These
vectors are called eigenvectors and the scaling factor is its eigenvalue. Figure 5.12
shows a scenario where a transform ¢ moves point R to S, whilst the same transform
moves P—which lies on one of #’s eigenvectors, to Q—which also lies on the same
eigenvector.

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

Av = Lv,

where A is a scalar.

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

|A — ALl =0. (5.9)

Let’s derive the characteristic equation (5.9).
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76
YA <
g _ A eigenvector
0
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Fig. 5.11 Transforming points on four unit squares
Fig. 5.12 How a transform YA
reacts to different points
(5,5)
b
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Consider the 2D transform ¢ that maps the point (x, y) to another point (ax +
by, cx +dy):

t(x,y)— (ax +by,cx +dy).
This is expressed in matrix form as

t:vi> Ay,

or

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

or in equation terms:
ax +by =Ax
cx +dy=2M\y.
Rearranging, we have
(a—Mx+by=0
cx+(d—Ay=0

sy et

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

or back in matrix form:

c d— A\

a—»x b ‘
which is called the characteristic equation. Let’s use this on the transform
4 1f{x]| _[|x
L 4|y | Y|

4—Ax 1
1 4—A

Then
-
4-22—1=0
A2—8i+16—1=0
A2 —814+15=0
(A—=5)((—3)=0.

Thus A =5 and A = 3, are the two eigenvalues we observed in Fig. 5.11. Next, we
substitute the two values of A in

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

ARG

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

e

which represents the equation y = —x or the vector [~k k]T. Thus we have dis-
covered that the transform possesses two eigenvectors [k kT and [-k k)T and
their respective eigenvalues A = 5 and A = 3, as predicted.

The characteristic equation may have real or complex solutions, and if they are
complex, there are no real eigenvectors. For example, we would not expect the fol-
lowing rotation transform to have any real eigenvectors, as this would imply that it
shows a rotational preference to certain points. Let’s explore this transform to see
how the characteristic equation behaves.

| cosp  —sinp

- [sinﬁ cos :| '
The characteristic equation is

cosf—XA —sinf

sin 8 cosfB— A =0,

where 8 is the angle of rotation. Therefore,
(cos B —1)>+sin® =0
A2 —2X\cosf +cos2ﬂ ~|—sin2,3 =0
A2 —2xcosp+1=0.

This quadratic in A is solved using

s — —b+ Vb2 —4ac
- 2a ’
wherea=1,b=—-2cosf,c=1:

e 2cos B £ /4cos2 B —4
B 2

=cosfB £,/cos2 B —1

—cosf++/ —sin’B
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A =cosB+isinf
M =cosf —isinf

which are complex numbers.
The corresponding complex eigenvectors are

o[!
sl 1]

The major problem with the above technique is that it requires careful analysis to
untangle the eigenvector, and ideally, we require a deterministic algorithm to reveal
the result. In Chap. 6 we will discover such a technique.

5.10 Worked Examples

Example 1 State the matrix transform to translate —10 units in the x direction and
5 units in the y direction.

0 —10
I 5
0 1

S O =

Example 2 State the matrix transform to scale 2 in the x direction and 4 in the y

direction.
2 0
0 4|

Example 3 Derive the matrix transform to scale 2 relative to the point (1, 1), and
show that the point (1, 1) is not moved.

S=Ta,nST-1,-1

(10 172 0 0]t 0 -1
={0o 1 1|lo 20|01 -1
(00 1]|0 0 1][0 0 1
2 0 171 0 —1

=0 21 1 -1

(00 1][0 0 1
2 0 1

=0 2 -1

00 1 |
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2 0 -1 1
1{=(0 2 -1 1
1 0 0 1 1

Example 4 Use the reflection transform to reflect the point (0, 1) about the vector

-1 117,
|:x,i| N |:M)ZC _ui F :| |:x]
y 2uyuy ug —u ||y
2 2
where u, = —%, Uy = ‘/7>

-1 [0 —=1[]0
0o -1 0 1|
Example 5 Rotate the point (1, 0) 30° about the origin.
x"| _[cos30° —sin30° || 1
y' | | sin30°  cos30° 0

M

5.

which is correct.

The rotated point is (

Example 6 What happens to the unit square when it is transformed by a negative,
unit scaling matrix?
Let the unit-square coordinates be in an counter-clockwise sequence: (0, 0),

(1,0, (1, 1), (0, D).
Let the negative, unit scaling matrix be

i

Therefore,
O___—l 0 1[0]
O___ 0 —1][0]
—1___—1 0117
O___O —1]10]
—1___—1 0117
—1___ 0 —1]]1]
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O -1 0 0
-1 10 —=1]|1]|

By inspection, the unit square is rotated 180°. Furthermore, the rotation matrix is

cosf —sinf

sinf  cosé |’
and when 6 = 180°, the matrix becomes

-1 0
0 -1/

Example 7 Rotate the unit square in Example 6 180° about the point (1, 1).
The matrix transform for rotating about an arbitrary point is

x’ cosp —sinf dy(1—cosB)+dysing | [ x
y |=|sing cosp dy(l—cosp)—d,sinp v,
1 0 0 1 1

where (dy, dy) is the point of rotation. With g = 180°:

x’ -1 0 2 X
yl=|0 -1 2]y
1 0 0 1 1

2 -1 0 27To0
21=] 0 -1 21{o0
1] Lo o 1][1]
(17 -1 0 27[17]

=10 -1 2]1|o0
1] Lo o 1]|1]
(1] -1 0 27[17
1|l=]0 =1 2|1
1] Lo o 1][1]
27 [=1 0o 2770
1|{=]0 -1 2|1
1] Lo o 1]|1]

5.11 Summary

In this chapter we have studied various geometric transforms and used algebraic
expressions to derive their matrix equivalent. Hopefully, it is becoming clear that
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matrix notation offers a powerful notation for combining these transforms, without
resorting to algebra. Eventually, you should be able to recognise a transform simply
from the pattern of its elements.

The determinant of a matrix controls the area change that a shape undergoes after
being transformed. Often this is unity, which results in no change of area. Naturally,
scaling must introduce a change in area. Reflection, on the other hand, reverses a
shape’s vertex sequence.

Lastly, this chapter showed how it is possible to discover whether a matrix pos-
sesses any preferred directions; these are called its eigenvectors and associated
eigenvalues. We will develop these ideas ion the following chapter.



Chapter 6
3D Transforms

6.1 Introduction

In this chapter we generalise the techniques of 2D transforms into a 3D context,
where scaling, shearing, translation and reflection are very similar to their 2D coun-
terparts, but rotation transforms are complicated by the number of combinations that
arise when rotations about the Cartesian axes are combined together. Because these
composite rotations are flawed, we develop a rotation transform about an arbitrary
axis using vectors and another using matrices.

6.2 Scaling

3D scaling is represented algebraically as

/
x' =scx
[
Yy =8yy
7 =5,z
or in matrix form:
x’ s 0 0 X
y|=[0 s 0 y
7/ 0 0 s z

The scaling is relative to the origin, and the determinant s, sy, represents the change
in volume an object undergoes after the transform. The inverse transform S~! is
given by

J. Vince, Matrix Transforms for Computer Games and Animation, 83
DOI 10.1007/978-1-4471-4321-5_6, © Springer-Verlag London 2012
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éoo

s*‘ZO%O,

o o L

because
1

Sy ol 0 O 1 00
SS'=0 s, O[]0 & Of=|0 1 0
0 0 s;||lo o L 0 0 1

N

We can also arrange for it to be relative to an arbitrary point (py, py, p;) by using
the same scenario used in 2D:

x'= Sx (X — px) + px
Y =5,y =py)+py
7= s:(z—pz)+ p;

which as a homogeneous matrix is

x’ Sy 0 p(1—sy) X
YI_10 sy 0 pyl=sy) ||y
7 0 0 s; p(1—s) z
1 0O 0 O 1 1

Observe that the determinant is still sysys;.

6.3 Translation

Knowing the matrix for 2D translation, it is a trivial step to write directly the 3D
equivalent:

X 1 0 0 d; X
y |1 _ {0 1 0 dy y
Z|1710 0 1 4 z

1 0 0 0 1 1

The determinant remains equal to 1. The inverse is:

1 0 0 —d,
01 0 —d
00 1 —d.
000 I



6.4 Shearing 85

6.4 Shearing

In 3D there are three axes to shear an object, which means that each shear along an
axis is parallel with one of the two planes sharing the axis. For example, the x axis
shear is determined either by the y coordinate of a vertex, or its z coordinate, which
results in 6 transforms:

1 tanae O 1 0 tana |
Sx), =10 1 0], S,, =10 1 0

| 0 0 1| 10 0 L]

1 0 0] 1 0 0 ]
Sy, =|tana 1 O], S,,=10 1 tana

| 0 0 1] 10 0 ]

1 0 0] 1 0 0]
S;, = 0 1 0], SZ)_ = 1 0

| tana O 1 | |0 tana 1 |

6.5 Reflection in a Plane Intersecting the Origin

Reflecting points in a plane sounds slightly daunting, but it is not; for having derived
a 2D solution, the 3D solution is identical. Figure 6.1 shows a plane intersecting the
origin containing u, and a unit normal vector n = ai+ bj + ck. We now have exactly
the same geometry used to solve the 2D case, apart from the vectors being 3D. In
the 2D case the transform was given by

p = (I-2nn")p,

where R =T — 2nnT is the transform, which in a 3D scenario becomes:

1 0 0] a
R=|0 1 0|=2|b|la b ¢
[0 0 1] | c
1 0 0] [a® ab ac
=0 1 0|=2|ab b* bc
[0 0 1] [ac bc c?
(1 —2a%> —2ab —2ac
=| —2ab 1-2b> —2bc
L —2ac —2bc 1—2c2

Let’s compute the determinant of R using Sarrus’ rule to show that it equals —1:

1—24a%> —2ab —2ac
R|=| —2ab 1-2b> —2bc
—2ac —2bc  1-2c2
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Fig. 6.1 Reflecting a point in v A
a plane

Fig. 6.2 Rotating the point yA

P about the z axis P"‘(xl "Z)

= (1-2a%)(1 —2b%)(1 — 2¢*) — 8a*b*c* — 8a’b*c?
—4a’c?(1 - 2b%) — 4a’b* (1 — 2¢%) — 4b*c* (1 — 2a%)
= (1-2a%)(1 —2b%)(1 — 2¢*) — 8a*b*c* — 8a’b*c*
—4a*c? + 8a’b*c* — 4a’b? + 8a’b*c* — 4b*c? + 8a’bc?
= (1 —2a% = 2b* +4a’b*) (1 — 2c?) — 4a*c* — 4a®b* — 4b*c* + 8a?b*c?
=1-2a* —2b* — 2
=1-2(a>+b*+¢?)
=-1.

Now let’s test this transform with an example. Figure 6.2 shows a scenario where a

plane intersects the origin with a normal vector given by n = ?i + 4 j. The point
to be reflected is P = (1, 1, 0) which makes the reflected point P’ = (—1, —1,0).
Therefore, the transform becomes:
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0 —-10
R=|-1 0 0
0 0 1]
-17 [o -1 01
~1|=|-1 0 of]1
o] Lo o 1]

6.6 Rotation

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

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

[cos,B —sin,B]

sinf  cosfB

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

cosB —sin 0
Rg,=| sinB cosf 0],
0 0 1

which is illustrated in Fig. 6.2.

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

x'=x
y' =ycosB —zsinp
7 =ysinB +zcosp
or in matrix form as Rg »

1 0 0
Rg =0 cosp —sinf
0 sinB8 cosp
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To rotate about the y axis, the y coordinate remains constant whilst the x and z
coordinates are changed. This is expressed algebraically as

x'=zsinB + xcos
/_

y =Yy

7 =zcospB — xsinp

or in matrix form as Rg

cosp 0 sinp
Rg y = 0 1 0
—sinf 0 cosp

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

6.6.1 Rotation About an Off-Set Axis

To begin, let’s develop a transform to rotate a point about a fixed axis parallel with
the z axis, as shown in Fig. 6.3. The scenario is very reminiscent of the 2D case for
rotating a point about an arbitrary point, and the general transform is given by

/

X X
/
2| = [Ta, o) R T -a0] |
1 1
where
[T—dx,—dy,o] creates a temporary origin
[Rg,-] rotates 8 about the temporary z axis
[de,dy,()] returns to the original position.

and the matrix transform is

cosfp —sinf 0 di(1 —cospB)+dysinf
sinB  cosB 0 dy(l—cosB)—d;sinp
(Ta,.d,.0lRp N T—g,,—a,.01= | 0 | Y 0 *
0

0 0 1

Hopefully, you can see the similarity between rotating in 3D and 2D—the x and y
coordinates are updated while the z coordinate is held constant. We can now state
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Fig. 6.3 Rotating a point
about an axis parallel with the
Z axis

the other two matrices for rotating about an off-set axis parallel with the x axis and

parallel with the y axis:

VA

1 0 0 0
|0 cosB —sinB dy(l—cospB)+d,sinp
[Tod, d Rp.xIlTo.—d,.—a1= | o Grg  cosp d;(1 —cos ) — dysin
0 0 0 1 ]
[ cosp 0 sinf  di(l1—cosp)—d,sinp]
T4, 0.4, 1Rs, 1T = 00 0
dx,0,d; J13B, y IL & —dy,0,—d 1 = —sinB 0 cosB d,(1—cosB)+d,sinp
0 0 0 1

6.6.2 Composite Rotations

So far we have only considered single rotations about a Cartesian axis or a parallel
off-set axis, but there is nothing to stop us constructing a sequence of rotations to
create a composite rotation. For example, we could begin by rotating a point & about
the x axis followed by a rotation 8 about the y axis, which in turn could be followed
by arotation y about the 7 axis. As mentioned above, these rotations are called Euler
rotations.

One of the problems with Euler rotations is visualising exactly what is happening
at each step, and predicting the orientation of an object after a composite rotation. To
simplify the problem we will employ a unit cube whose vertices are numbered O to
7 as shown in Fig. 6.4. We will also employ the following binary coded expression
that uses the Cartesian coordinates of the vertex in the vertex number:

vertex =4x + 2y + z.

For example, vertex 0 has coordinates (0,0,0), and vertex 7 has coordinates
(1,1, 1). All the codes are shown in Table 6.1.
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Fig. 6.4 A unit cube with
vertices coded as shown in

J‘T
Table 6.1 @
& T =
Z

@
/ - ~g U\x
z o %

Table 6.1 Vertex coordinates

for the cube in Fig. 6.4 vertex 0 1 2 3 4 5 6 7
X 0 0 0 0 1 1 1
y 1 1 0 0 1
z 0 1 0 0 1

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

1 0 0
rotate  about the x axis Ry x=|0 c¢o —5o
|0 5o ca
i cg 0 s ]
rotate B about the y axis Rg,=| 0 1 0
L —Sﬁ 0 Cﬁ i
_cy —S8y 0]
rotate y aboutthe zaxis R, ,=|s, ¢, 0
0 0 1

We can create a composite rotation by placing R, , Rg y and R, ; in any sequence.
As an example, let’s choose the sequence R, ;Rg Ry x

¢y, —sy, 0 cg 0 s 1 0 0
R, RgyRox=1|5s5, ¢ O 0 1 0 0 co —5Sq |- 6.1)
0 0 1 —sg 0 «cp 0 so cCo

Multiplying the three matrices in (6.1) together we obtain
CyCp  CySBSqy — SyCq CySBCy + Sy Sa

SyCg  SySgSqy +CyCy  SySgCy — CySa |, (6.2)
—SB CBSa CBCq
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(a) (b)
) T 1T
ey _ o = 90°
'\-‘i/ \I/?' \9/ (2 UK\T/R Y
. : :
oo /\—/ 6 \r“l\;
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(c) (d)
_1¢ ¥
& B =90°
&
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Fig. 6.5 Four views of the unit cube before and during the three rotations

or using the more familiar notation:

cosycosfB cosysinfsinae —siny cose cosy sinfBcosa + siny sino
sinycosf sinysinBsina +cosycosa siny sinBcose —cosy sina
—sinf cos Bsina cos B cosa

Let’s evaluate (6.2) by making« = 8 =y =90°:

0 0 1
0 1 0. (6.3)
-1 0 0

The matrix (6.3) is equivalent to rotating a point 90° about the fixed x axis, followed
by a rotation of 90° about the fixed y axis, followed by a rotation of 90° about the
fixed z axis. This rotation sequence is illustrated in Fig. 6.5.

Figure 6.5(a) shows the starting position of the cube; (b) shows its orientation
after a 90° rotation about the x axis; (c) shows its orientation after a further rotation
of 90° about the y axis; and (d) the cube’s resting position after a rotation of 90°
about the z axis.

From Fig. 6.5(d) we see that the cube’s coordinates are as shown in Table 6.2. We
can confirm that these coordinates are correct by multiplying the cube’s original co-
ordinates shown in Table 6.1 by the matrix (6.3). Although it is not mathematically
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Table 6.2 Vertex coordinates

for the cube in Fig. 6.5(d) vertex 0 1.2 3 4 5 6 7
x o 1 0 1 0 0 1
y 0 0 1 0 0 1
z o o o0 o0 -1 -1 -1 -1

0 0 1 00001111

0 1 0 001 10011

-1 0 0 01 01 01 01
01 01 O 1

=0 0 1 1 O 1 ,
0000 -1 -1 -1 -1

which agree with the coordinates in Table 6.2.

Naturally, any three angles can be chosen to rotate a point about the fixed axes,
but it does become difficult to visualise without an interactive cgi system. Note that
the determinant of (6.3) is 1, which is as expected.

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

R.Rs =RsR, =R, s =Rpq,

whereas, in general, 3D rotations are non-commutative. This is seen by considering
a composite rotation formed by a rotation « about the x axis Ry x, followed by a
rotation B about the z axis Rg ;, and

Ra,xRﬂ,z 3’é Rﬂ,zRa,x~

As an illustration, let’s reverse the composite rotation computed above to
RoxRpyRy

1 0 0 cg 0 sp cy —s5, 0
Ry xRg Ry =0 ¢y —so 0 1 0 sy ¢, 0]. (64
0 sq¢ cq —sg 0 «cp 0 0 1

Multiplying the three matrices in (6.4) together we obtain

Cpcy —CBSy Sg
SqSECy +CqSy  —SaSpSy +CqCy  —SaCp |, (6.5)
—CaSBCy + SaSy CaSpSy + SaCy CaCp

or using the more familiar notation:
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(a) (b)
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Fig. 6.6 Four views of the unit cube using the rotation sequence Ry yRg yR, ;

cos fcosy —cos Bsiny sin 8
sinasinfcosy +cosasiny —sinasinfsiny +cosacosy —sinacosp |.
—cosasinfcosy +sinasiny cosasinfBsiny +sinwcosy  coswcosf

Comparing (6.3) and (6.5) it can be seen that they are completely different.
Let’s evaluate (6.5) by making o = 8 =y =90°:

0 0 1
0 —1 0]. (6.6)
1 0 0

The matrix (6.6) is equivalent to rotating a point 90° about the fixed z axis, fol-
lowed by a rotation of 90° about the fixed y axis, followed by a rotation of 90° about
the fixed x axis. This rotation sequence is illustrated in Fig. 6.6.

From Fig. 6.6(d) we see that the cube’s coordinates are as shown in Table 6.3.
We can confirm that these coordinates are correct by multiplying the cube’s original
coordinates shown in Table 6.1 by the matrix (6.6). We show the matrix multiplying
an array of coordinates as before:

0 0 1 000 O0T1TT1T11
-1 0 00110011
1 0 O 01 010101
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Table 6.3 Vertex coordinates

for the cube in Fig. 6.6(d) vertex 0 1 2 3 4 5 6 7
x 0 1 0 1 0 1 0 1
y 0 0 -1 -1 0 0 -1 -1
z 0 0 0 0 1 1 1 1
01 O 1 01 O 1
=({0 0 -1 -1 0 0 -1 -1/,
0 0 O o 1 1 1 1

which agree with the coordinates in Table 6.3, and we can safely conclude that, in
general, 3D rotation transforms do not commute. Inspection of Fig. 6.6(d) shows
that the unit cube has been rotated 180° about a vector [I 0 1]T.

So far we have created three composite rotations comprising individual rota-
tions about the x, y and z-axes: Ry yRg R, , and R, ;Rg yR, . But there is
nothing stopping us from creating other combinations such as Ry yRg yR, » or
Ry, Rp yR, , thatinclude two rotations about the same axis. In fact, there are twelve
possible combinations:

RC{,)CR/S,yR)/,Xa Ra,)cR/S,yRy,z» Ra,xRﬂ,zRy,x’ Ra,xR/S,zRy,y
RaayRﬁ?nyﬁy’ ROl,yRﬂ,XR)/,Z? ROt,yR,B,ZR}/,X’ RasyRﬂvZRyyy
Ro:RgxRyy, Ru:Rg Ry, Ro:RgyRyr, Ro:RpyRy

which are covered in detail in Appendix.
Now let’s explore the role eigenvectors and eigenvalues play in 3D rotations.

6.7 3D Eigenvectors

In Chap. 5 we examined the characteristic equation used to identify any eigenvectors
associated with a matrix. The eigenvector v satisfies the relationship

Av = \v,

where X is a scaling factor.

In the context of a 3D rotation matrix, an eigenvector is a vector scaled by A
but not rotated, which implies that it is the axis of rotation. To illustrate this, let’s
identify the eigenvector for the composite rotation (6.3) above:

0 0
Rogpe ;Rope yRoge xy =] 0 1
-1 0

S O =
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Figure 6.5 shows the effect of this composite rotation, which is nothing more
than a rotation of 90° about the y axis. Therefore, we should be able to extract this
information from the above matrix.

We begin by writing the characteristic equation for the matrix:

0—A 0 1
0 1—2 0 |=0. (6.7)
-1 0 0—2

Expanding (6.7) using the top row we have

I-2 O
0 —A

0 1-—-2

| RRTRA B

—A(=A+21*)+1-1=0
=23 41-2=0
3+ —A+1=0
B2t =1.

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

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

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

Substituting A = 1 in the original equations associated with (6.7) to reveal the
eigenvector, we have

—x + 0y + z =0
Ox 4+ 0Oy + 0z =
—x + 0y — z =0.

It is obvious from the 1st and 3rd equations that x = z = 0. However, all three
equations multiply the y term by zero, which implies that the associated eigenvector
is of the form [0 & 0]T, which is the y axis, as anticipated. Now let’s find the
angle of rotation.

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

cosfp 0 singf
Rg = 0 1 0
—sinf 0 cosp

Tr(Rg,y) =1+2cos B
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therefore,

B = arccos((Tr(Rg,y) — 1)/2).
To illustrate this, let 8 = 90°:
0

0
Rop-y=| 0 1
-1 0

S O =

Tr(Rgpe,y) =1
therefore,
B = arccos((1 — 1) /2) =90°.

Let’s choose another matrix and repeat the above:

1 0 0
Ryr=|[0 cosa —sina
0 sinae cosa

This time, let o« = 45°:

1 0 0
R45°,x= 0 \/E/Z _\/2/2
0 V2/2 V22

Tr(Rase «) = 1 ++/2

therefore,
o= arccos((l +42 - 1)/2) —45°.

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

For completeness, let’s identify the axis and angle of rotation for the matrix (6.6):

0 0 1
Rooo xRoge yRoge ;=0 —1 0
1 0 O

Once more, we begin by writing the characteristic equation for the matrix:

0—A 0 1
0 —1-A 0 |=0. (6.8)
1 0 0—A
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Expanding (6.8) using the top row we have

—1-x 0

0 -2 =0

70 Sl T
A=A +2H)+1—-2=0
A=A +1-1=0
B4R —a+1=0

B a=1.

Again, there is a single real root: A = 1, and substituting this in the original equations
associated with (6.8) to reveal the eigenvector, we have

—-x 4+ 0y + z =0
Ox — 2y 4+ 0z =0
x 4+ 0y — z =0.

It is obvious from the 1st and 3rd equations that x = z, and from the 2nd equation
that y = 0, which implies that the associated eigenvector is of the form [k 0 k],
which is correct. Using the trace operation, we can write

Tr(Rope,xRgge, yRoge ;) = —1,

therefore,
B = arccos((—1 — 1)/2) = 180°.

As promised, let’s explore another way of identifying the fixed axis of rotation,
which is an eigenvector. Consider the following argument where A is a simple rota-
tion transform:

If v is a fixed axis of rotation and A a rotation transform, then v suffers no rota-
tion:

Av=y, (6.9)
similarly,
ATv=v. (6.10)
Subtracting (6.10) from (6.9), we have
Av—ATv=0 (6.11)
(A-ATyv=0 (6.12)

where 0 is a null vector.
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In Chap. 4 we defined an antisymmetric matrix Q as
1 T
Q:E(A_A ), (6.13)

therefore,
(A-AT)=2Q. (6.14)
Substituting (6.14) in (6.12) we have
2Qv=0
Qv=0
which permits us to write

0 g3 —qf|v 0
-q3 0 q1 v |=[0], (6.15)
@ -q 0 v3 0

where
q1=ax —as
g2 =asz1 — a3
q3 =aiz —ayi.
Expanding (6.15) we have
Ovi +q3v2 — q2v3 =0
—q3v1 +0vy +q1v3 =0
q2v1 — q1v2 + 0v3 =0.

Obviously, one possible solution is v = vy = v3 = 0, but we seek a solution for v
in terms of g1, g2 and g3. A standard technique is to relax one of the v terms, such
as making v; = 1. Then

q3v2 —qau3 =0 (6.16)
—q3+qiv3=0 (6.17)
q2 —q1v2=0. (6.18)
From (6.18) we have
ne?

q1
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From (6.17) we have

therefore, a solution is

T
[CI 12 g ]
v=|— = =1,
91 91 qi
which in a non-homogeneous form is

v=Ilg1 ¢ ¢,

or in terms of the original matrix:
T
v=[(as—azn) (a31—ap) (an2—an)] ., (6.19)
which appears to be a rather elegant solution for finding the fixed axis of revolution.
Now let’s put (6.19) to the test by recomputing the axis of rotation for the pure

rotations Ry v, Rg y and R, ; where « = 8 =y =90°.

1 0 O
Rypex =0 0 —1 1,
01 O

using (6.19) we have
v=[(-1-1) ©0-0) 0-0]=[-2 0 0",

which is the x axis.

using (6.19) we have
v=[0-0) (-1-1) ©O-0]=[0 -2 o,

which is the y axis.

0 -1 0
Roe.=|1 0 0],
0 0 1

using (6.19) we have
v=[(0-0) (0-0) (-1-D]=[0 0 -2]",

which is the z axis.
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However, if we attempt to extract the axis of rotation from

0O 0 1
Rooe xRoge,yRoge . =10 —1 0|,
1 0 0

we have a problem, because q; = ¢» = g3 = 0. This is because A = AT and the
technique relies upon A # AT. So let’s consider another approach based upon the
fact that a rotation matrix always has a real eigenvalue A = 1, which permits us to
write

Av =\v
Av=2Alv=1v
A-Dv=0
therefore,
(a1 —1) ap as U] 0
az (ax — 1) a3 n|=|0 (6.20)
asy as (az3 —1) U3 0
Expanding (6.20) we have

(ann — Do +anvy +aizv3=0
azvy + (ax — Dvz +ax3v3 =0
azivy +azvy + (a33 — vy =0.
Once more, there exists a trivial solution where v; = vy = v3 = 0, but to discover

something more useful we can relax any one of the v terms which gives us three
equations in two unknowns. Let’s make vy = O:

apvy +apzvy=—(a; — 1) (6.21)
(a22 — Dva + agzvs = —an) (6.22)
azvy + (a33 — vz = —asy. (6.23)

We are now faced with choosing a pair of equations to isolate v, and v3. In fact, we
have to consider all three pairings because it is possible that a future rotation matrix
will contain a column with two zero elements, which could conflict with any pairing
we make at this stage.

Let’s begin by choosing (6.21) and (6.22). The solution employs the following
strategy: Given the following matrix equation

& wlbl-a]
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then
X y 1

= |a1 c1
@ o

ay b’
ay by

b
o by

Therefore, using the 1st and 2nd equations (6.21) and (6.22) we have

v v3 1

app a3
(an—1) a3

an —(@n-n|

—(an—1) a3
(an—1) —as)

—az] azs

vy =apax; —az(axn — 1)
vy =ajzaz —axz(a;; — 1)
v3 = (a11 — D(axn — 1) —ana.
Similarly, using the 1st and 3rd equations (6.21) and (6.23) we have
v1 =az(azz — 1) —azazn
vy = ajzaz — (ann — Dazz — 1)
v3=az(a; — 1) —apaz
and using the 2nd and 3rd equations (6.22) and (6.23) we have
v = (an — D(asz — 1) —axazn
v = ap3az) — azi(azz — 1)
v3 =az1az —aszi(axn —1).

Now we have nine equations to cope with any eventuality. In fact, there is nothing
to stop us from choosing any three that take our fancy, for example these three
equations look interesting and sound:

v1 = (ax — D(asz — 1) —axas (6.24)
v2 = (azz — (a1 — 1) —aziaz (6.25)
v3 = (a1 — D)(axn — 1) —appay;. (6.26)

Therefore, the solution for the eigenvector is [v; v2 v3]T. Note that the sign of
vy has been reversed to maintain symmetry.
Let’s test (6.24), (6.25) and (6.26) with the transforms used above.

1 0 O vi= (=D(-1) - (-hx1 =2
Rori=|0 0 —1|dw= (DO - 0x0 =0
01 0 fluy= Ol — 0x0 =0
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0 0 1] |Ju= O - 0x0 =0
Ropey=| 0 1 0 n= (-H(E=1) - (DHx1l =2
(-1 0 0 |uyy= (DO — 0x0 =0
[0 -1 0] |Jvi= DO -~ 0x0 =0
Rope,=|1 0 O mw= O(-1) — 0x0 =0
[0 0 1] = (=D)(=1) — (=hx1 =2
0 0 1 vp= (=2)(-1) — 0x0 =2
Rope xRope yRope ;=0 —1 0 mw= (D=1 — 1Ix1 =0
10 0] fluy= (=1)(=2) — 0x(=1) =2
0 0 1 vp= @O(-1) - 0x0 =0
Rope :Rope yRopey =| 0 1 O fJwv= (=D — (-Dhx1 =2
-1 0 0]|y= (=DO) — 0x0 =o0.

We can see why the resulting vectors have components of 2 by evaluating a normal
rotation transform:

1 0 0 vi= (cq = Dlca —1) — (=Sa) X (5¢) =2(1 —cq)
Ryx=|0 co =S¢ |qu2= (ca —1)(0) 0x0 =0
0 sa ca vi=  (0)(cy—1) 0x0 =0.

We can see that when o = 90°, v; = 2.

6.8 Gimbal Lock

There are two potential problems with all of the above composite transforms. The
first is the difficulty visualising the orientation of an object subjected to several
rotations; the second is that they all suffer from what is called gimbal lock. From
a visualisation point of view, if we use the transform R, ;Rg Ry » to animate an
object and change y, B and « over a period of frames, it can be very difficult to
predict the final movement and adjust the angles to achieve a desired effect. Gimbal
lock, on the other hand, is a weakness associated with Euler rotations when certain
combinations of angles are used.

To understand this phenomenon, consider a simple gimbal which is a pivoted
support that permits rotation about an axis, as shown in Fig. 6.7(a). If two gimbals
are combined, as shown in Fig. 6.7(b), the inner cradle remains level with some ref-
erence plane as the assembly rolls and pitches. Such a combination has two degrees
of rotational freedom. By adding a third gimbal so that the entire structure is free to
rotate about a vertical axis, an extra degree of rotational freedom is introduced and
is often used for mounting a camera on a tripod, as shown in Fig. 6.7(c).
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Fig. 6.7 Three types of gimbal joints

A mechanical gimbal joint with three degrees of freedom is represented math-
ematically by a composite Euler rotation transform. For example, say we choose
Rogpe,yRgge, xRgge ; to rotate our unit cube as shown in Fig. 6.8(a). The cube’s faces
containing vertices 1, 5, 7, 3 and 0, 2, 6, 4 are first rotated about the perpendicular
z axis, as shown in Fig. 6.8(b). The second transform rotates the cube’s faces con-
taining vertices 0, 4, 5, 1 and 2, 3, 7, 6 about the perpendicular x axis, as shown
in Fig. 6.8(c). If we now attempt to rotate the cube about the y axis, as shown in
Fig. 6.8(d), the cube’s faces containing 0, 2, 6, 4 and 1, 5, 7, 3 are rotated again.
Effectively we have lost the ability to rotate a cube about one of its axes, and such a
condition is called gimbal lock. There is little we can do about this, apart from use
another composite transform, but it, too, will have a similar restriction. For example,
Appendix shows that Rgge xRgpe ;Roge y, Roge yRope :Rgpe v, Rope ;Roge xRope y
and Roge ;Roge yRoge  all possess a similar affliction. Fortunately, there are other
ways of rotating an object, which we will explore later.

6.9 Yaw, Pitch and Roll

The above Euler rotations are also known as yaw, pitch and roll, and great care
should be taken with these angles when referring to other books and technical pa-
pers. Sometimes a left-handed system of axes is used rather than a right-handed set,
and the vertical axis may be the y axis or the z axis, and might even point down-
wards. Consequently, the matrices representing the rotations can vary greatly. In
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(d)
ya__
?- Y =90°
@ | @

Fig. 6.8 An example of gimbal lock

this text all Cartesian coordinate systems are right-handed, and the vertical axis is
always the y axis.

The terms yaw, pitch and roll are often used in aviation and to describe the mo-
tion of ships. For example, if a ship or aeroplane is heading in a particular direction,
the axis aligned with the heading is the roll axis, as shown in Fig. 6.9(a). A per-
pendicular axis in the horizontal plane containing the heading axis is the pitch axis,
as shown in Fig. 6.9(b). The axis perpendicular to both these axes is the yaw axis,
as shown in Fig. 6.9(c). Clearly, there are many ways of aligning a set of Cartesian
axes with the yaw, pitch and roll axes, and consequently, it is impossible to define an
absolute set of yaw, pitch and roll transforms. However, if we choose the following
alignment:

o the roll axis is the z axis
e the pitch axis is the x axis
e the yaw axis is the y axis

we have the situation as shown in Fig. 6.10, and the transforms representing these
rotations are as follows:

cosroll —sinroll 0
Rypi; = | sinroll  cosroll 0
0 0 1
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(a) (b)
roll . roll _ Vs
a L - o\ f p— A
Y [ LY .
heading heading pitch
..--_'_'_ ]
~—_ |, yaw
roll I . e
2 P ya b
D _sF ~
A Lt
heading pitch
Fig. 6.9 Definitions of yaw, pitch and roll
Fig. 6.10 A convention for ¥
roll, pitch and yaw angles
roll | e
lreadfr% b \ \T‘i\>
Wy : = X
z pitch
1 0 0

Rpiich,x = | 0 cospitch —sinpitch
0 sinpitch  cospitch

[ cosyaw 0 sinyaw
Ryaw,y = 0 1 0
| —sinyaw 0 cosyaw

A common sequence for applying these rotations is roll, pitch, yaw, as seen in the
following transform:

X X

y' = [Ryaw, yl[Rpitch,x I[Ryon,z1 | ¥ |
Z Z
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and if a translation is involved,
x/
y/
Z/ = [de Jdy.d; ] [Ryaw,y] [Rpitch,x][Rroll,z]
1

—_ N e =

6.10 Rotation About an Arbitrary Axis

Now let’s examine two ways of rotating a point about an arbitrary axis. The first
technique uses matrices and trigonometry and is rather laborious.The second ap-
proach employs vector analysis and is quite succinct. Fortunately, they both arrive
at the same result!

6.10.1 Matrices

We begin by defining an axis using a unit vector fi about which a point P is rotated
a to P’ as shown in Fig. 6.11. And as we only have access to matrices that rotate
points about the Cartesian axes, this unit vector has to be temporarily aligned with a
Cartesian axis. In the following example we choose the x axis. During the alignment
process, the point P is subjected to the transforms necessary to align the unit vector
with the x axis. We then rotate P, @ about the x axis. To complete the operation, the
rotated point is subjected to the transforms that return the unit vector to its original
position. Although matrices provide a powerful tool for undertaking this sort of
work, it is nevertheless extremely tedious, but is a good exercise for improving one’s
algebraic skills!

Figure 6.11 shows a point P(x,y,z) to be rotated through an angle o to
P’(x’,y’,7') about an axis defined by

fi = ai + bj + ck.

The transforms to achieve this operation can be expressed as follows:

/

X X
y/ = [R—¢,y][RH,Z][Ra,x][R—B,z][R(}),y] y I,
4 z

which aligns the axis of rotation with the x axis, performs the rotation of P through
an angle « about the x axis, and returns the axis of rotation back to its original
position. Therefore,

cos¢p O sing cosf sinf 0
Ry, = 0 1 0 |, R_p,=| —sinf cosf 0
—sing 0 cos¢ 0 0 1
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Fig. 6.11 The geometry
associated with rotating a
point about an arbitrary axis

1 0 0 ] cos® —sinf 0
Ryx=|0 cosa —sina |, Ry .= sin@ cosf
0 sina cosa 0 0 1

[cos¢p 0 —sing ]
R ,,= 0 1 0 .
| sing 0 cos¢ |

Let

air app a3
R4 yRo Ry xR g Ry y=|ax axn a3 |,
az| az ass

where by multiplying the matrices together we find that:
_ 2 2 2 s 02 s 2
ajp = cos” ¢ cos” 6 + cos” ¢ sin” 6 cosa + sin” ¢ cos «
ajp =cos¢cosfsinf — cos¢sinf cosd cosa — sing cosd sina
aj3 =cos¢sing cos? 6 + cos ¢ sin ¢ sin? 0 cosa + sin’ ¢ sinf sina
+ cos? ¢ sinf sina — cos ¢ sing cos o
a1 = sinf cosf cos¢g — cosh sinh cos ¢ cosa + cos b sin ¢ sinw
i 2
ary = sin“ 0 + cos“ 6 cosa
a3 = sin6f cosO sin¢g — cosf sind sin¢g cosa — cos 6 cos ¢ sina
az] =cos ¢ sin¢ cos? 6 + cos ¢sing sin” @ cosa — cos’ ¢ sinf sina
— cos ¢ sin¢ coso
azy = sin¢ cosO sinf — sin ¢ sinf cos 6 cos @ + cos ¢ cosH sina
a2 2 ) ) . . .
az3 = sin“ ¢ cos” 6 + sin” ¢ sin”“ 6 cos o — cos ¢ sin ¢ sin f sin

+ cos¢sing sinf sina + cos? ¢cosa.
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From Fig. 6.11 we compute the sin and cos of 8 and ¢ in terms of a, b and ¢, and
then compute their equivalent sin? and cos? values:

cos@ =+/1 —b2 = cos2f=1-—b?
sinf =b = sin’0 =b?
cosp=a/vV1-b> = cos’p=a’/(1-b?)
sing=c/v/1-02 = sin*¢=c?/(1-b?).
To find aq;:
a = cosijcosze + coszqﬁsinz@cosa + sin2¢cosa
24 a’b? coso + ¢ cos
=a o+ — o
1—052 1-52
2, ? +a*b?
=a cosa
1— b2
but
A+ +t=1==1-d>-b
a —a2+ 1—a2—b2+a2b2 cos o
1—a®(1 —b?
:az—i—(%)cosa
= a2(1 —cosa) + cosa.
Let
K =1—cosq,
then
ar =a’K + cosa.
To find aq:

ajp =cos ¢ cosfsinf — cos g sinf cosf cosa — sin¢g cos b sina

a \/7 a c .
=——u-V1-b2b— —by1 —b>cosa — ———+/1 — b%sina
1 -5 V1 —b2 V1 —b2

=ab —abcosa — csina
=ab(l —cosa) — csina

ajp =abK — csina.
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To find ay3:

a;z = cos¢sin¢cos29 + cos¢sing sin® 0 cosa + sin2¢sin9 sin o
+ cos2¢sin9 sino — cos ¢ sin ¢ cos o
= cos¢sin¢cos29 + cos¢sing sin® @ cos o + sin sino — CoSs ¢ sin ¢ cos o

cosa + bsina

a C a C
= (1-b)t——
\/1—b2\/1—b2( ) VI=D2J1T=52
a c
B

2

ac
=ac+ac———-—-cosa + bsine — ————cosw
(1-02) 1 -b%
+ ®* 1 +bsi
=ac+ac———=-cosa sina
(1—b2)
=ac(l —cosa) + bsina
a3 =acK + bsina.
Using similar algebraic methods, we discover that
ar; =abK + csina
ay = b*K +cosa
a3 =bcK —asina
a3; =acK — bsina
a3 =bcK +asina
asz3 = 2K + cosa
and our original matrix transform becomes:
X) a’K +cosa  abK —csina  acK +bsina’| [ x,
y;, = | abK +csina  b*K +cosa bcK —asina |
z, acK —bsina  bcK +asina ¢*K +cosa Zp

where

K=1-—cosa.
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6.10.2 Vectors

Now let’s solve the same problem using vectors. Figure 6.12 shows a view of the
geometry associated with the task at hand. For clarification, Fig. 6.13 shows a cross-
section and a plan view of the geometry.

The axis of rotation is given by the unit vector:

fi = ai + bj + ck.

P(xp, yp zp) is the point to be rotated by angle « to P’(x;,, y;,, z;,).
O is the origin, whilst p and p’ are position vectors for P and P’ respectively.
From Figs. 6.12 and 6.13:

_s —s >

pP=ON+NQ+QP.

—
To find ON:
In| = |p|cosf =1 - p,
therefore,
H A
ON =n=n(n-p)
To find N_Q):
— NQ N
NQOQ=—r= r=cosuar,
P NP’
but
p=n+r=n(i-p)+r,
therefore,
r=p—hi-p),
and
—) ~ ~
NQ=(p—i(h-p))cosa.
—_
To find QP’:
Let
nxp=w,
where
|w| = [fi] - [p|sin® = |p|sin6,
but

|r| = [p|sin®,
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Fig. 6.12 A view of the
geometry associated with
rotating a point about an
arbitrary axis

Fig. 6.13 A cross-section
and plan view of the
geometry associated with
rotating a point about an
arbitrary axis

therefore,
|w| = [r|.
Now
QP QP QP .
= = =sina,
NP’ Ir] |w|
therefore,
—9 R
QP =wsina =h x psina,
then
p' =n(-p)+ (p—A®-p))cosa + 0 x psina,
and

p =pcosa +h(h-p)(l —cosa) +h x psina.

111

This is known as the Rodrigues rotation formula, as it was developed by the
French mathematician, Olinde Rodrigues (1795-1851), who had also invented some
of the ideas behind quaternions before Hamilton.
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If we let
K =1-—cosa,
then

p =pcosa+n(h-p)K +n x psina

= (xpi+ ypj + zpk) cosa + (ai + bj + cK)(ax, + by, +czp)K
+ ((bzp —cypi+ (cxp —azp)j+ (ayp — bxp)k) sin o

= (xpcosa +a(ax, + by, +czp)K + (bzp — cyp) sina)i
+ (y,, cosa + b(ax, + by, +czp)K + (cxp —azp) sina)j
+ (zpcosa + c(axp + by, +czp)K + (ayp — bxp) sina)k

= (xp(azK + cosa) + yp@abK —csina) +zp(ack +bsina))i
+ (xp(abK +csina) + y, (b*K +cosa) + z,(bcK — asina))j
+ (x,,(acK —bsina) + y,(bcK +asina) —i—zp(czK +cosa))k

and the transform is:

X) a’K +cosa  abK —csina  acK +bsine’| [ x,
y;, = | abK +csina  b*K +cosa bcK —asina Yp | s
z, acK —bsina  bcK +asina  ¢*K +cosa Zp

which is identical to the transform derived using matrices.

Now let’s test the transform with a simple example that can be easily verified. If
we rotate the point P (10,0, 0), 180° about an axis defined by n =i + j, it should
end up at P’(0, 10, 0).

Therefore
o = 180°, cosa = —1, sina =0, K=2
2 2
I
2 2
and
0 01 0 10
10|=1 0 O 01,
0 0 0 O 0

which is correct.
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6.11 Worked Examples

Example 1 Derive the matrix to scale by a factor of two relative to (1,2, 3), and
show that the point (1, 2, 3) is unmoved.
The transform is:

T1,2,38x2T_1,-2,—3

-1
-2
-3

~

»—AN\'\<><
|
o= O O
— N e =

— W N = = W -
SN OO OO o

L 1 oSO =0

O = OO O~ OO
—_ N e =

1
] QOO OO oM

S OO OO O~, OO O

o O
1
W N o~ L

(V]
L ] SO MNO OO MNO

SOV O OO —O OO~ O

(=)
—

Let’s test it with the point (1, 2, 3):

-2
-3

—_ 0 N =
S OO
[l el S )
o N O O
—_— N =

which confirms that it is unmoved.
Example 2 Rotate the point (1, 1, 0) 90° about the x axis. The matrix to rotate about
the x axis is:

1 0 0
cosff —sinfg |,
0 sinB  cosB

and when g =90°:

1 0 O
0o 0 —-1/{,
o1 O
therefore, the transform is
1 1 0 O 1
Of=(0 0 -1 11,
1 01 O 0

which is correct.
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Example 3 Rotate the point (1, 0, 0) 180° about the vector [ 0 17.
The transform is

x;, a’K 4+cosa  abK —csina  acK + bsina Xp
¥y | =| abK +csina  b*K +cosa  bcK —asina | |y, |,
z acK —bsina  bcK +asina K +cosa Zp

where
K =1-—cosq,

and the unit vectoris [a b ¢]T.
Asa=180° K =2anda =2, b=0,c =42

2
Therefore,
0 0o 0 1 1
0|=]0 =1 0 ,
1 1 0 O 0

which is correct.
Example 4 Compute the eigenvector and eigenvalue from the transform in Exam-
ple 3.

Using the above equations:

v1 = (a2 — 1)(az3 — 1) — axazn

v = (aszz — D(ai1 — 1) —asias

v3 = (a1 — )(axn — 1) —apaz;
where

aplz ap aps 0O 0 1

ay ap a3 |=|0 -1 0],

azy az ass 1 0 O
then

v=(-1-1H0-1)=2
1v=0-1DHO0-1)—-1=0
n=0-D(1-1)=2

which is the vector [2 0 2]T.
To find the eigenvalue, we use

Tr(R) =1+ 2cosf
—1=142cosp
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—1=cosf
180° = 8.

6.12 Summary

In this chapter we have examined various 3D transforms including: scale, translate,
shear, reflection and rotate. We have seen that matrix notation provides an elegant
way to express transforms and develop new ones. Out of all of the transforms, rota-
tion is the most interesting as there are so many combinations to consider. In their
simplest form, rotations are restricted to one of the three Cartesian axes, but by em-
ploying homogeneous coordinates, the translation transform can be used to rotate
points about an off-set axis parallel with one of the Cartesian axes.

Composite Euler rotations are created by combining the matrices representing the
individual rotations about three successive axes, for which there are twelve combi-
nations. Unfortunately, one of the problems with such transforms is that they suffer
from gimbal lock, where one degree of freedom is lost under certain angle com-
binations. Another problem, is that it is difficult to predict how a point moves in
space when animated by a composite transform, although they are widely used for
positioning objects in world space.

We have also seen how to compute the eigenvector associated with a rotation
transform, and how it represents the axis about which rotation occurs, and the eigen-
value represents the angle of rotation.

Finally, matrices and vectors were used to develop a transform for rotating a point
about an arbitrary axis.

In the next chapter we examine how a quaternion is expressed as a matrix, and
how they can be used to rotate points about an axis.



Chapter 7
Quaternions

7.1 Introduction

Quaternions were invented by the Irish mathematician Sir William Rowan Hamil-
ton (1805-1865) in 1843. Sir William was looking for a way to represent complex
numbers in higher dimensions, and it took 15 years of toil before he stumbled upon
the idea of using a 4D notation—hence the name ‘quaternion’. Although a quater-
nion is a hyper-complex number, it does have a matrix form, which is derived in this
chapter.

Knowing that a complex number is the combination of a real and imaginary
quantity: a + ib, it is tempting to assume that its 3D equivalent is a + ib + jc
where i2 = j2 = —1. Unfortunately, when Hamilton formed the product of two
such objects, he could not resolve the dyads ij and ji, and went on to explore an
extension a +ib + jc 4 kd where i®> = j> = k? = —1. This too, presented problems
with the dyads ij, jk, ki and their mirrors ji, kj and ik. But after many years of
thought Hamilton stumbled across the rules:

==k =ijk=—1
ij=k k=i, ki=]j
ji=—k,  kji=—i, ik=—].

Although quaternions had some enthusiastic supporters, there were many mathe-
maticians and scientists who were suspicious of the need to involve so many imagi-
nary terms.

In 1881, the American mathematician Josiah Gibbs (1839-1903), at Yale Univer-
sity, resolved the problem by suggesting that the three imaginary quantities could
be viewed as a 3D vector and changed the ib + jc + kd into bi+ cj + dk, where i, j
and k are unit Cartesian vectors. Today, there are two ways of defining a quaternion:

q=1s,v]
g=I[s+Vvl
J. Vince, Matrix Transforms for Computer Games and Animation, 117
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The difference is rather subtle: the first creates an ordered pair, and separates the
scalar and the vector with a comma, whereas the second preserves the ‘4’ sign as
used in complex numbers. In this chapter we employ the comma as a separator.

It can be shown that quaternions can rotate points about an arbitrary axis, and
hence the orientation of objects and a virtual camera. In order to develop the equa-
tion that performs this transformation we will have to understand the action of
quaternions in the context of rotations.

A quaternion g is the combination of a scalar and a vector:

q=1[s,vl,

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

q =[s,xi+ yj+ zKk],

where s, x, y and z are real numbers.

7.2 Adding and Subtracting Quaternions
Given two quaternions g and g;:

q1 = [s1, vil = [s1, x1i + y1J + z1K]
q> = [52, Vol = [s2, x21 + y2j + 22K]

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

g1 £q2=[(s51 £52), (x1 £x2)i+ (y1 £ y2)j + (21 £22)k].

7.3 Multiplying Quaternions

When multiplying quaternions we must employ the following rules:

P=j =K =ijk=—1
ij=Kk, jk=i, ki=j
ji=-k, kj = —i, ik = —j.
Note that whilst quaternion addition is commutative, the rules make quaternion
products non-commutative.
Given two quaternions g and g;:

q1 = [s1, Vil = [s1, x1i + y1j + z1Kk]
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g2 = [s2, v2] = [s2, x2i + y2j + 22K]
their product g1g3 is given by:
q192 = [(s152 — x1x2 — y1y2 — 2122), (s1x2 + s2x1 + Y122 — y220)i
+ (512 + 5231 + 21x2 — 22%1)j + (5122 + $221 + x1y2 — x2y1K]
which can be rewritten using the dot and cross products as
q192 = [s152 — V1 - V2, 51V2 + $2V1 + V| X V2],
where
S182 — V1 - V2,
is a scalar, and
S1V2 4 $2V1 + V1 X V2,

is a vector.

7.4 Pure Quaternion

A pure quaternion has a zero scalar term:
q=10,v].
Therefore, given two pure quaternions:
g1 =10,vi]1=1[0,x1i + y1j + z1k]
g2 =10, v2]1 = [0, x2i + y2j + 22K]
their product is

q192 =10, vi x v2],

which is another pure quaternion.

7.5 The Inverse Quaternion

Given the quaternion

q =[s,xi+ yj+ zK],

1

its inverse ¢~ is given by

—1 [s’ _-xi_yj_zk]
q = > )
lq1
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where |g| is the magnitude, or modulus of ¢, and is equal to

|q|=\/s2+x2+y2+22.

It can be shown that

7.6 Unit-Norm Quaternion

A unit-norm quaternion has a magnitude equal to 1:

|Q|=\/S2+x2+y2+z2=1.

7.7 Rotating Points About an Axis

Basically, quaternions are associated with vectors rather than individual points.
Therefore, in order to manipulate a single vertex, it must be turned into a position
vector, which has its tail at the origin. A vertex is then represented in quaternion
form by its equivalent position vector with a zero scalar term. For example, a point
P(x,y, z) is represented in quaternion form by

p=10,xi+ yj+ zK],

which is transformed into another position vector using the process described be-
low. The coordinates of the rotated point are the components of the rotated position
vector. This may seem an indirect process, but in reality it turns out to be rather
simple. Let’s now consider how this is achieved.

It can be shown that a position vector p can be rotated through an angle 6 about
an axis using the following operation:

P =qpq", (7.1)

where p is a pure quaternion encoding the vector p, ¢ is a unit-norm quaternion
encoding the axis and angle of rotation, and p’ encodes the rotated vector p’. (See
the author’s book Quaternions for Computer Graphics.) For example, to rotate a
point P(x, y, z) through an angle 6 about an axis U, we use the following steps:

1. Convert the point P(x, y, z) to a pure quaternion p:

p =10, xi+ yj+ zK].
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Fig. 7.1 The point P(0, 1, 1) VA
is rotated to P’(1, 1, 0) using
a quaternion coincident with

the y axis ~(0,1,1) P(1,1,0)

v

2. Define the axis of rotation as a unit vector u:
u= [xud + yuj + zuKl,
where
l[a] =1.

3. Define the transforming quaternion g, where the scalar term is cos% and the

vector term is sin %ﬁ:
6 . 0,
=|cos—,sin—-u|.
1 )

4. Define the inverse of the transforming quaternion ¢ ~!:

1 6 .0,
g~ =|cos—,—sin=u|.
2 2

5. Compute p’:
P =qpq".
6. Unpack (x', y’, ') from p’:
P/(x’, v, Z/) = p= [O,X/i +5j +Z/k]-

We can verify the action of the above transform with a simple example. Consider
the point P (0, 1, 1) in Fig. 7.1 which is to be rotated 90° about the y axis. We can
see that the rotated point P’ has the coordinates (1, 1,0) which we will confirm
algebraically. The point P is represented by the quaternion p:

p=10,0i+ 1j+ 1K],

and is rotated by evaluating the quaternion p’:

1 —1
p =49prq
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which will store the rotated coordinates. The axis of rotation is j, therefore the unit
quaternion ¢ is given by

90° 90°
q = | cos —, sin —[0i + j 4 Ok]
2 2
= [cos45°, 0i + sin45°j + Ok].

1

The inverse quaternion ¢~ is given by

1 [cos %, —sin 27 [0i + j — OK]]

lq1?

q

3

but as ¢ is a unit-norm quaternion, the denominator |¢|> equals unity and can be
ignored. Therefore

g~ =[cos45°, —0i — sin45°j — Ok].

1 1

Let’s evaluate gpg ™" in two stages: (gp)g~ ", and zero components will continue to

be included for clarity.

1.

gp = [cos45°, 0i + sin45°j + 0k|[0 + 0i + j + OK]
= [—sin45°, sin45°i + cos 45°%) + cos45°k].

(gp)q~" = [—sin45°, sin45°% + cos 45°j + cos 45°K|
x [cos45°, —0i — sin45°) — OK]
= [0,2c0s45° sin45°i + (cos”45° + sin” 45°)j
+ (cos?45° — sin” 45°)k]
p' =1[0,i+j+ 0k]

and the vector component of p’ confirms that P is indeed rotated to (1, 1, 0).

We will evaluate one more example before continuing. Consider a rotation about
the z axis as illustrated in Fig. 7.2. The original point has coordinates (0, 1, 1) and
is rotated —90°. From the figure we see that this should finish at (1, 0, 1). This time
the quaternion g is defined by

o o

-90° . -90° . .
g =|cos , sin [0i 4 0j + K]

2 2
= [cos45°, 0i + 0j — sin45°k]
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Fig. 7.2 The point P(0, 1, 1) VA
is rotated —90° to P’(1,0, 1)
using a quaternion coincident
with the z axis P(0,1,1)

/ HRH

“ '1-
Yp(1,0.1)

with its inverse
q~" = [cos45°, 0i + 0j + sin45°k],
and the point to be rotated in quaternion form is
p=10,0i+i+K].
Evaluating this in two stages we have
1.
qp = [cos45°, 0i+0j — sin45°k][0, 0i +j + K]
= [sin 45°,sin45°1 + cos45°j + cos 45°k].

(gp)q~" = [sin45°, sin45°i + cos 45°) + cos 45°k] [cos 45°, 0i + 0j + sin45°k]
= [0, sin90°i + cos 90°j + k|
=[0,i+0j+K].

The vector component of p’ confirms that P is rotated to (1,0, 1).

7.8 Roll, Pitch and Yaw Quaternions

As described in the previous chapter, the rotational behaviour of planes and ships
is often described in terms of roll, pitch and yaw. Roll is the rotation about the axis
representing the direction of travel, say the z axis, pitch is the rotation about the hor-
izontal axis perpendicular to the z axis, i.e. the x axis, and yaw is the rotation about
the vertical axis perpendicular to the z axis, i.e. the y axis. These are represented by

the following quaternions:
qronl = | cos —, sin -k

2 2



124 7 Quaternions
0 . 0,
Qpitch = | COS > sin 51
0 .06,
Gyaw = | €COS E’ sin 5.]

where 6 is the angle of rotation.
These quaternions can be multiplied together to create a single quaternion repre-
senting a compound rotation. For example, if the quaternions are defined as

qroll = | COS > sin Tk

pitch pitch,]

roll . roll ]

pitch = | COS , SIn 1
P 2 2

yaw . yaw
dyaw = | COS T, S T_]

they can be combined to a single quaternion g:

4 = Gyawlpitchqroll = [s, xi+ yj + zK],

where
yaw pitch roll . yaw _ pitch . roll
§ = C0S —— CO0s €0S — 4 sin —— sin sin —
2 2 2 2 2 2
yaw . pitch roll . yaw pitch . roll

X = c0s —— sin €0S —— 4 sin —— cos sin
2 2 2 2 2 2

. yaw pitch roll yaw . pitch | roll
y = sin —— cos —
2

€08 — — €cOs —— sin sin
2 2 2 2 2
yaw pitch _ roll . yaw . pitch roll

in — — sin — cos —

Z =08 —— CO0s sin sin sin N .
2 2 2 2 2 2

Let’s examine this compound quaternion with an example. For instance, given the
following conditions let’s derive a single quaternion ¢ to represent the compound
rotation:

roll =90°
pitch = 180°
yaw = 0°.
The values of s, x, y, z are
s=0

x = cos45°
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Fig. 7.3 The point P(1,1,1) ¥

is subject to a compound roll roll = 90° P(1,1,1)
of 90° to (—1,1,1) and a CLID ;
pitch of 180° and ends up at ’\
P(—1,—-1,—-1) :
e
3 pitch = 180° z
/ P(-1,-1,-1)
v
y = —sin45°
z=0

and the quaternion ¢ is
q= [O, cos45°% — sin45°j].

If the point P(1, 1, 1) is subjected to this compound rotation, the rotated point is
computed using the standard quaternion transform:
p'=aprq”".

1

Let’s evaluate gpg ™" in two stages:

1.
qp = [0, cos45°%i — sin45°j][0, i+j+Kk]
= [0, —sin45°i — cos45°%) + (sin45° + cos45°)K].

(gp)q~" = [0, —sin45°i — cos 45°] + (sin45° + cos 45°)K]
X [O, —cos45°%i + sin45°j]
p =10,—-i—j—Kk].

Therefore, the coordinates of the rotated point are (—1, —1, —1) which can be con-
firmed from Fig. 7.3.

7.9 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
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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.

7.9.1 Vector Method

For the vector method it is convenient to describe the unit-norm quaternion as

q=1s,v]
=[s, xi+ yj + zK]
where
s2H v =1,

and the pure quaternion as

p=10,pl]
= [0, xpi+ ypj + zpK].

1

A simple way to compute gpg~" is to use (7.1) and substitute |v| for A:

qpq_1 = [0, 2)»2(@ “pPIV+ (S2 - Az)p-i— 208V X p]
=0, 2AVEE-pIV+ (57 — |V|2)p +2[v|s¥ 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

24V =1,
and
sZ—|vF=2s2—1,

therefore,

qpq~" =[0,2(v-p)v+ (25> — 1)p + 2sv x p].

1

If we let p’ = gpq~", which is a pure quaternion, we have

P =qpq”!

=[0.p]
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=[0.2(v-p)v+ (25 — 1)p +2sv x p]

P =2(v-p)v+ (257 — 1)p+ 25V x p.

We are only interested in the rotated vector p’ comprising the three terms 2(v - p)v,
(2s% — 1)p and 2sv x p, which can be represented by three individual matrices and
summed together.

2(v-p)V=2(xxp + yyp +22p) (xi+ yj + zk)

2x% 2xy 2xz Xp
=|2xy 2y 2yz Yp
| 2xz  2yz 272 Zp

(257 = 1)p = (257 — 1)xpi+ (257 = 1)ypj + (257 — 1)z, k

(252 — 1 0 0 Xp
= 0 252 — 1 0 Yp
0 0 252 —1 || zp

25v x p=2s((yzp — 2yp)i+ (2xp — x2p)j + (xyp — yx,)K)

0 —2s7 28y Xp
=| 2sz 0 —2sx p
| —2sy  2sx 0 Zp

Adding these matrices together:

2(s2+x2) —1 2(xy — s2) 2(xz +sYy)
pP=| 2xy+sz2) 2(s*+yH—1  2(yz—sx) Vp (7.2)
2(xz — 5y) 2(yz +sx) 2524+ 78) -1 Zp

=
S

or
1-20%+2%)  2(xy—s2) 2(xz +sYy) Xp
pP=| 2(xy+sz) 1-2x%+z%H  2(yz—sx) Vp (7.3)
2(xz —s5y) 2yz+sx)  1-2(2+y?) | [ 2p
where

[0.p]=gpq™".
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:

22+ x%) -1 2(xy+52) 2(xz —sy) Xp
p=| 2xy—s2) 262+ yH -1  2(yz+sx) Vp (7.4)
2(xz +sy) 2(yz — sx) 22+ — 1 p
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or
1-2(y2+2?) 2(xy +52) 2(xz —sy) xp
P=| 2xy—s2) 1-22+7z)  2(yz+sx) Yp (7.5)
2(xz +sy) 2(yz —sx) 1 —2(x2+y?) Zp
where
[0.p]=q"pq.

Observe that (7.4) is the transpose of (7.2), and (7.5) is the transpose of (7.3).

7.9.2 Matrix Method

The second method to derive (7.1) employs the matrix representing a quaternion
product:

Ga = [Sa> Xal + Yaj + zaK]
qp = [sp, xpi + ypj + zpK]

and their product is

Gaqp = [Sa, Xal + Yaj + 2aK1lsp, xpi + ybj + z2pK]
= [aSb — XaXb — YaYb — ZaZbs
Sa(xpi + ypj + 2pK) + 55 (Xal + yaj + 24K)
+ (Yazb — YbZa)i+ (XbZa — Xa2b)j + (KaYb — XbYa)K]
= [Sasb — XaXb = YaYb — Zalb,
(SaXp + SbXa + YaZb — YbZa)i
+ (SaYb + SbYa + XbZa — XaZb)j
+ (SaZb + SbZa + Xa Vb — XbYa)K]

Sa —Xag —Ya —Za Sp
Xa Sa —Za Ya Xb
Ya Za Sa —Xa Yb
Za  —Ya Xa Sa b

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:
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Sb —Xp —Yb —Zb Sa
Xb  Sh b —Ib Xa

dadb = =Bq,.
Yo —2b Sb Xb Ya

<b Vb —Xb Sb Za
So now we have two ways of computing g,q, 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 Sb
Xa Sa —Za Ya Xb

9aqb =L(9a)qp =
¢ ¢ Ya  Za Sa —Xa Yb
| Za —Ya  Xa Sa b

S, —Xp —Yb —Zb Sa

Xb Sh Zb —Yb Xa
= R =
qaqp = R(gb)qa Y -2 s X Va
L2 Y —Xb b Za |

Remember that L(q,)g» = 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.

First, let’s employ the matrices L. and R to rearrange the quaternion product
qaqcqp t0 qaqpqc- i.e. move g, from the middle to the right-hand-side. We start with
the quaternion product ¢g,q.gp and divide it into two parts, g,q. and g,. We can do
this because quaternion algebra is associative:

qaqcqp = (Gaqc)qp-

We have already demonstrated above that the product g,q. can be replaced by
L(ga)qc:

qaqcqp =L(qa)qcqp-

We now have another two parts: L(g,)g. and g, which can be reversed using R
without disturbing the result:

qaqcqp = L(qa)qcqp = R(gp)L(qa)qe,

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(g,) can be multiplied together to
form a single matrix, which operates on g..

Now let’s repeat the same process to rearrange the product gpg~!. The objective
is to move p from the middle of ¢ 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.

We start with the quaternion product gpg ™
—1.

I and divide it into two parts, gp and

q

qpq~" = (@qp)g~".
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The product gp can be replaced by L(q) p:

qpq~ ' =L(@)pg~".

1

We now have another two parts: L(g)p and ¢~ which can be reversed using R

without disturbing the result:

qpq~ ' =L(@)pg ' =R(¢"")L(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 ¢ = [s, xi + yj + zk]. L(g)
is easy as it is the same as L(g,):

s —x =y —z
lxs =z 0y
L(g) = y oz s —x
z -y X s

R(g™") is also easy, but requires converting ¢, in the original definition into ¢!

which is effected by reversing the signs of the vector components:

So now we can write

apq” ' =R(g""L(@)p

s X y Z s —x -y -z 0

= s -z Yy X s -z y Xp

-y z s —x y z s —x Yp

| -z -y x s z =y s Zp
1 0 0 0 0
10 11— 2(y* +2%) 2(xy — 52) 2(xz +5Yy) Xp
T10 2(xy4sz)  1-22+z3)  2(yz—sx) Yy
| 0 2(xz — 8y) 2(yz + sx) 1 —2(x2+y?) Zp

If we ignore the first row and column, the matrix computes p’:

1-2(y24+2z%)  2(xy—s2) 2(xz 4+ sy) Xp
P=| 2(xy+sz2) 1-22+7z%) 2(yz—sx) Yp
2(xz —sY) 2(yz +sx) 1 —2(x2+y?) Zp

which is identical to (7.3)!
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Fig. 7.4 The point P(0, 1, 1) VA
is rotated 90° to P’(1, 1, 0)

about the y axis

(0,1.1) & ey (110)

\

7.9.3 Geometric Verification

Let’s illustrate the action of (7.2) by rotating the point (0, 1, 1), 90° about the y axis,
as shown in Fig. 7.4. The quaternion takes the form

6 . 6.
g =|cos—,sin=v|,
2 2

which means that § = 90° and v = j, therefore,
q= [cos 45°, sin45°j].

Consequently,

Substituting these values in (7.2) gives

[2(s2+x2)—1  2(xy—s2) 2(xz +sy) xp
pP=| 2xy+sz)  262+yH -1 2(yz—sx) Vp
2(xz —sy) 2(yz + sx) 2(s2+ 2% -1 Zp
o0 0 1 0
1{=] 0 1 0 1
o] |-1 00

where (0, 1, 1) is rotated to (1, 1, 0), which is correct.
So now we have a transform that rotates a point about an arbitrary axis intersect-
ing the origin without the problems of gimbal lock associated with Euler transforms.
Before moving on, let’s evaluate one more example. Let’s perform a 180° ro-
tation about a vector v =1 + Kk passing through the origin. To begin with, we will
deliberately forget to convert the vector into a unit vector, just to see what happens
to the final matrix. The quaternion takes the form
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Fig. 7.5 The point (1,0, 0) is VA
rotated 180° about the vector
vt (0,0,1)

6 . 9,
q=|cos=,sin=v|,
2 2
but we will use v as specified. Therefore, with & = 180°
s =0, x =1, y =0, z=1.

Substituting these values in (7.2) gives

[2(s2+x2) — 1 2(xy — $2) 2(xz 4+ sy) Xp

pP=| 2xy+sz)  262+yH -1 2(yz—sx) Vp

2(xz — sy) 2yz+sx) 2+ —1]]zp
1 0 2 1
=10 -1 0 0
(2 0 1 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=-Lij+ Lk

the vector to v = ok + ﬁk.

Substituting these values in (7.2) gives

[2(s2+x2)—1  2(xy—s2) 2(xz +sy) Xp
pP=| 2xy+sz2)  262+yH -1 2(yz—sx) Vp
2(xz — sy) 2yz+sx) 24+ —1]] 2z
0 [0 0o 171
0= -1 0
1] [t o o]fo

which not only looks like a rotation matrix, but has a determinant of 1 and rotates
the point (1, 0, 0) to (0, 0, 1) as shown in Fig. 7.5.
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7.10 Multiple Rotations

Say a vector or frame of reference is subjected to two rotations specified by ¢
followed by ¢». 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 g :

qipa;’

followed by a second quaternion g»

a(q1pg; ")y '
which can be expressed as

(9291 P(g2q1) "

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:

q1= [cos 15°, sin 15°j].
The second quaternion g5 rotates 60° also about the y axis:
Q= [cos 30°, sin 30°j].

Together, the two quaternions rotate 90° about the y axis. To accumulate these rota-
tions, we multiply them together:

q192 = [cos 15, 5in 15°][cos 30°, sin 30°j ]
= [cos 15° cos 30° — sin 15° sin 30°, cos 15° sin 30°j + cos 30° sin 15°j]
Vi
“1 22!

which is a quaternion that rotates 90° about the y axis. Using the matrix (7.2) we
have

[2(s24+x2)—1  2(xy —s2) 2(xz +sy) Xp
pP=| 20xy+sz2) 2*+yH -1 2(yz—sx) Vp
2(xz —sy) 20yz+sx)  2sP+75)—1 Zp

C0 0 17 [x,

| =1 0 0] | zp

which rotates points about the y axis by 90°.
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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:

V2 V2,
o[22
q2 = [??J}
p=10,i+j]

therefore,

S5,

49291

[\]

'S
[

| I

| |

[\)
'S
S
!

| I

e
S

M| —
—
+
= N
[
|
N —
S
1

_1 I, 1
(g2q1)” =

T
[\
[\

|
|
A
|
[
L
-+
|
| I |

N = N= N~ |-
—_

(q291)p

1 1 1 1
(@29 p(qq) " =1-1,il| =, —=i— =j+ =k
2 2 2 2

LN PO PO N RS PO Y
=|—-=+=,si+j—zk+zi—=j— =
2 T2 T, ]
—[0.i—K].

Thus the point (1, 1, 0) is rotated to (1,0, —1), which is correct.

7.11 Eigenvalue and Eigenvector

Although there is no doubt that (7.2) is a rotation matrix, we can secure further
evidence by calculating its eigenvalue and eigenvector. The eigenvalue should be 6
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where
Tr(qpq_l) =1+2cos6.

and Tr is the trace function, which is the sum of the diagonal elements of a matrix.
The trace of (7.2) is

Te(gpg ') =2(s> +2%) = 1 +2(s> +)%) — 1+ 2(s> +2%) — 1
=4s>+2(s* + %+ +2°) -3
=45 -1

1
=4cos? 59 -1

1
=4cosf + 4sin® 50 -1
=4cosf +2—2cosh — 1

=1+2cos6

and

1
cosf = E(Tr(qpq_l) —1).
To compute the eigenvector of (7.2) we use the three equations derived in Chap. 6:
xy = (a22 — D(azz — 1) —axan
yo =(a33 — D(ann — 1) —azaiz
zp = (a1 — D(axn — 1) —anaz.
Therefore,
xp = (2(s? 4+ ) —2)(2(s* + 2) — 2) — 2(yz — s2)2(yz + 5X)
=4(s+y = 1) (s + 27 — 1) —4(727 = 57x%)
=4((x* +2%) (x* + %) — y*2* +5x?)
=4(xt + 12y + 27 + 22y — y2 4 5%xP)
=4x2(s2 Fa2 42 +z2)
= 4x2.
Similarly, y, = 4y and z,, = 4z, which confirm that the eigenvector has compo-

nents associated with the quaternion’s vector. The square terms should be no sur-
prise, as the triple gpg~! includes the product of three quaternions.
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Let’s test these formulae with the matrix associated with Fig. 7.5, which rotates

a point 180° about the vector v = \/Lii + \szk:

ayl ap as 0
M= \|ay ap a3 |=|0 -1 0],
az] ayp as 1

therefore,
Xp=—2x—-1-0=2
Ww=—1x-1-1x1=0
Zy=—1x-2-0=2

which confirms that the eigenvector is 2i + 2k.
Next, Tr(M) = —1, therefore

cos6 = %(Tr(qpq_l) _)

1
=5(=D-1)
=-1

6 =+180°

which agrees with the previous results.

7.12 Rotating About an Off-Set Axis

Now that we have a matrix to represent a quaternion rotor, we can employ it to
resolve problems such as rotating a point about an off-set axis using the same tech-
niques associated with normal rotation transforms. For example, in Chap. 6 we used
the following notation

x’ x
/

| = 0 R IT 01| Y |
1 1

to rotate a point about a fixed axis parallel with the y axis. Therefore, by substituting
the matrix gpg~' for Rg,y we have

/

n_e R

| =11y 0.01(apg )T 0,-1.]

— N =

—
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(b)

axis of rotation

= 90°

Fig. 7.6 The cube is rotated 90° about the axis intersecting vertices 4 and 6

Let’s test this by rotating our unit cube 90° about the vertical axis intersecting ver-
tices 4 and 6 as shown in Fig. 7.6. The unit-norm quaternion to achieve this is

g = [cos45°, sin45°%j],

with the pure quaternion

=[0, pl.
Consequently,
V2 V2
= - = 0’ = —_—, = O
s > X Y= z
and using (7.2) in a homogeneous form we have
[2(s2+xH) —1 2(xy — 52) 2xz+sy) 07 [x,
p = 2(xy +s2) 2(s2+yH) —1 2(yz — sx) 0 p
2(xz — sy) 2(yz +sx) 2s24+73) =1 0 Zp
B 0 0 0 1 1
0 0 1 0 Xp
10 100 Vp
-1 0 0 0]z
L 0 0 0 1 1

The other two matrices are

1 00 —1
T00=0 0 1 o
(0 0 0 1
1 0 0 1
Tuoo=lg o 1 0
(000 0 1
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Multiplying these three matrices together creates

0 011
0 100
-1 0 0 1 (7.6)
0 0 0 1

Although not mathematically correct, the following statement shows the matrix
(7.6) and the array of coordinates representing a unit cube, followed by the rotated
cube’s coordinates.

0 01 17[0 000 1 1 11
0 100|001 100 1°1
-1 00 1|01 010101
0 00 1|[1 1 1 11111

12121212
oo 1 100 11
11110000

[ TS T T T

These coordinates are confirmed by Fig. 7.6.

7.13 Frames of Reference

The product gpg ™" is used for rotating points about the vector associated with the

quaternion ¢, whereas the triple ¢! pg can be used for rotating points about the
same vector in the opposite direction. But this reverse rotation is also equivalent
to a change of frame of reference. To demonstrate this, consider the problem of
rotating the frame of reference 180° about i+ k as shown in Fig. 7.7. The unit-norm
quaternion for such a rotation is

q= [cos90°, sin90°<71+ 7 ):|
P

Consequently,

s =0, X =

Substituting these values in (7.4) we obtain
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(a) (b)

'l-'

1@
1
’l

Ve

X

axis of rotation /\ 6 =180°

A

Fig. 7.7 The frame is rotated 180° about the vector i + k

[2(s2+x2) —1 2(xy 4 s2) 2(xz — 5Y) Xp
qilpq = 2(xy — 52) 2(s2 + y2) -1 2(yz +sx) Yp
2(xz+sYy) 2(yz — sx) 2(s2+z2%) -1 Zp

0 0 17[x,

This scenario is shown in Fig. 7.7.

7.14 Euler Angles to Quaternion

In Chap. 6 we discovered that the rotation transforms Ry, Rg y and Ry, ; can be
combined to create twelve, triple combinations to represent a composite rotation.
Now 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

o | «,
= | COS —, S1In —1
qx ) )
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gy = | cos é, sin éj
; 2 2
y .V
=|cos —, sin =k
q: |: 3 ) :|

and

4 =4qz9yqx- (7.7)
Expanding (7.7):

_ Y .V B . B. o .o
q = |cos =, sin =K [| cos —, sin —j [| cos —, sin —i
2772 2772 2772

= cosZcosé
2 2’

Yy . B, B . v .Y . B. o .«
COS — s —J -+ Cc0oS — SsIn —k — S1n — Sin —1 COS —, S1In —1
272 272 272 2 2

_ y B a vy . B .«
= [ cos = cos = cos — + sin = sin — sin —,
2 2 2 2 2 2
Yy B o a Yy . B. a B .y
COS — €c0s — sin —i + cos — cos = sin —j + cos — cos — sin —k
2 2 2 2 2 2 2 2 2

a .y . B. vy . B .« B . v . «a,
—COS—S]H—SIII—]—COS—SIH—Sln—k+COS—Sln—Sln—J
2 2 2 2 2 2 2 2 2

_ y B a .y B«
= | COS — COS — COS — —+ SIn — SIn — Sin —,
272772 27272

4 B .« S AW
COS—COS—SIn— —COS —Ss1in —Sin — |1
2 272 272772

+ cosgcoszsiné —i—cosésinzsing J
2 22 2 2 2

a B .y y . B .«
-+ | COS — COS — SIn — — COS — S1n — SIn — k .
2 2 2 2 2 2

Now let’s place the angles in a consistent sequence:

oy B a y P«
§ = COS — COS — COS — —+ SIn — s1n — SIn —
272772 27272
oy B.a ¥y . B o«
xq_cos—cos—sm——sm—sm—cos—
277272 2727772

yq=cosZsinécosg—|—sinzcosésing
2 2 2 2 2 2
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where

Let’s test (7.8). We start with the three rotation transforms

Zg =sin

o
2 2 2

y B Yy . B .
—COS—COS——COS—SIHESIH—

2

q =I[s,xqi + yqj + z4KI.
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(7.8)

1 0 0
Ryx=|0 cosa —sina
|0 sine cosa |
[ cosp 0 sing]
Rgy = 0 1 0
| —sinf 0 cosp |
[cosy —siny 0]
R, ,=|siny cosy O
| 0 0 1|
Then
Ry,zRﬁ,yRa,x
cosycosfS —sinycosa +cosysinBsina  siny sina 4 cos y sin 8 cos«a
=|sinycosB cosycosa+sinysingsine —cosysina + siny sin 8 coso
—sin B cos B sina cos B cosu

Let’s make @« = 8 = y =90°, then

0 1
Rope ;Rope yRoge y = 0 1 0],
-1 0 0
which rotates points 90° about the y axis:
0 0 1
=10 1 0 1
-1 0 0 1
Now let’s evaluate (7.8):
v B oy B«
§ = COSs — €c0Ss — cos — + sin — sin — sin —
2 2 2 2 2 2
V3VEVE  VBVIVR

"2 22 727272
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oy B.a ¥y . B «
X4 = COS = COS — sin — — sin — sin — cos —
2 2 2 2 2 2
=0
y :coszsinécosg—i—sinzcosﬁsing
K 272772 277272
V2VAVE VAVAVR
2 2 2 2 2 2
V2
2
Y B« y . B«
Zg = Sin - COS = €COS — — COs — sin — sin —
2 2 2 2 2 2
=0
and

272

[

which is a quaternion that also rotates points 90° about the y axis.

7.15 Worked Examples

7 Quaternions

Here are some further worked examples that employ the ideas described above.

Example 1 Use gp to rotate p = [0, j] 90° about the x axis.
For this to work ¢ must be orthogonal to p:

q = [cos0, sin 1]

=[0,1i]
and

P =4qp
=10, ][0, j]
=0, k].

Example 2 Use gpq~' to rotate p = [0, j] 90° about the x axis.

For this to work:
0 .0,
= | cos —, sin —1i
1 25
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1291

272

and
P =qpq”"
[ sl 4]
{o,%ﬁf@[{, *ﬂ
N CAE R

T, 1 1,1

=_°’51+5k‘§”§k}

=[0,Kk]

which agrees with the answer for Example 1.

Exam;gle 3 Evaluate the triple gpg~" for p = [0, p] and g = [cos %), sin %v], where
6 =360°.

qg=[-1,0]
qpq~" =[-1,0][0, p][-1, 0]
=[0, —pl[-1.0]
=0, p]

which confirms that the vector remains unmoved, as expected.

Example 4 Compute the matrix (7.2) for g = [2, 5 k] and find its eigenvector and
eigenvalue.

From g:
1 V3
= -, = O’ = O’ = —
s 3 X y z 2
[2(s24+x3)—1  2(xy—s2) 2(xz +sy) Xp
pP=| 2xy+sz) 262 +yH -1 2(yz—sx) Yp
2(xz — s5y) 2yz+sx) 2P+ -1 [z
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If we plug in the point (1, 0, 0) it is rotated about the z axis by 120°:

1 1 V3
—2 -2 —7 01
Bl=3 _1 offo0
2 2 2 0
1 0o 0 1
Using
1 —1
cos@:E(Tr(qpq )—1)
= 1(0 1y
T2
6 = 120°.
Using

Xy = (axn — D(asz — 1) —azaz

yo=1(az3 — (a1 — 1) —aziai3
ER
=0
zp =(an — D(an — 1) —apaz
_ <_§)<_§>+££
2 2 2 2
=3

which makes the eigenvector 3k and the eigenvalue 120°.

7 Quaternions

Example 5 Convert the given matrix into a quaternion and identify its function.

0 0 1
M=| 0 1 0],
-1 0 O
therefore,

1

S=E\/1+an +axn +as3
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1 V2
=-v14+0+14+0=—
5 +0+ 1+ >

x= 5(032 —az3)

2
= %(0—1—0):0
1
y= 5(013 —azy)
2 2
- %(1 +1)= %
1
7= E(azl —an)
2
= %(0+0):0
L S VP . . o .
which is the quaternion [ 7 5 j] and is a rotation of 90° about the y axis.

7.16 Summary

This chapter has demonstrated how unit-norm quaternions can be used to rotate a
vector about a quaternion’s vector. The product gpg~!—discovered by Hamilton
and Cayley—works for all orientations between a quaternion and a vector. It is also
relatively easy to compute. We also saw that the product can be represented as a
matrix, which can be integrated with other matrices.

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—!.



Chapter 8
Conclusion

The objective of this book was to show the reader how groups of equations can be
expressed using matrices. The notation is very compact and permits one to iden-
tify the action of the matrix transform. Matrices also provide a useful structure for
storing and communicating transforms within a computer system, especially at the
interface with a graphics processor.

I confined the book to the 2D and 3D matrix transforms found in computer
games and animation software. However, matrix notation is widely used in com-
puter graphics to compute perspective views, curves and surfaces, etc. Hopefully,
after reading this book, the reader will understand the direct link between algebra
and matrices, and appreciate the elegance matrix notation brings to the design of
computer graphics algorithms.

J. Vince, Matrix Transforms for Computer Games and Animation, 147
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Appendix
Composite Point Rotation Sequences

A.1 Euler Rotations

In Chap. 6 we considered composite Euler rotations comprising individual rotations
about the x, y and z axes such as R, xRg yR,,; and Ry, ;Rg R, . However, there
is nothing preventing us from creating other combinations such as R, yRg yRy , or
R, ;Rg Ry ; that do not include two consecutive rotations about the same axis. In
all, there are twelve possible combinations:
Ry,xRﬂ,yRa,x Ry,xRﬂ,yRa,z Ry,xRﬂ,zRa,x Ry,xRﬂ,zRa,y
R, RgRyy Ry, Rg Ry R, Rg Ry Ry, Rg Ry,
Ry,zRﬁ,xRa,y Ry,zRﬁ,xRa,z Ry,zR/S,yRa,x Ry,zRﬂ,yRa,z
which we now cover in detail.
For each combination there are three Euler rotation matrices, the resulting com-
posite matrix, a matrix where the three angles equal 90°, the coordinates of the

rotated unit cube, the axis and angle of rotation and a figure illustrating the stages
of rotation. To compute the axis of rotation [v; v; v3]T we use

v = (a2 — D(asz — 1) —azaxn

vy =(az3 — (a1 — 1) —aziai3

v3 = (a1 — D(an —1) —anaz
where

ajl ap a3
R=|ax ax» ax|,
az1 ayp  as

and for the angle of rotation § we use

cosé = (Tr(R) — 1).

N =

J. Vince, Matrix Transforms for Computer Games and Animation, 149
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Composite Point Rotation Sequences

We begin by defining the three principal Euler rotations:

rotate « about the x-axis

rotate B about the y-axis

rotate y about the z-axis

where ¢, = cosw and s, = sina, etc.

Ranz

Rg,y =

R)/,z =

1 0 0

0 co —Sq

0 5o cCo
cg 0 s ]

0 1 0

—Sﬁ 0 Cﬂ

cy —s5, 0

sy ¢, 0
0 0 1

Remember that the right-most transform is applied first and the left-most trans-
form last. In terms of angles, the sequence is always «, 8, y.
For each composite transform you can verify that when o« = 8 = y = 0 the result

is the identity transform I.

‘We now examine the twelve combinations in turn.

A2 Ry xRg yRy «

1 0 0 cg 0 sp
R,Rg Ry y=|0 ¢, —s 0O 1 0
_0 Sy ¢y —sg 0 «cg
i cp SBSa
=| sysg  (cyca — SyCpsSa)

L —CySB
[0 1 0
Rogpe xRgge yRgpe xy =1 0 0
0 0 -1
1 0 0 0
1 0 O 0
0 -1 0 1
0O 0 1 1
=10 0 O O
0 -1 0 -1

($ycq +cycpsy)

O -

S O =

SpCa

0
—Sg
Ca

(—cysq — sycpcy)
(—=8y 8¢ +cycpcy)

O ==

-1

This rotation sequence is illustrated in Fig. A.1, where the axis of rotation is
[2 2 0]T and the angle of rotation 180°.
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y axis of rotation

Fig. A.1 Four views of the unit cube before and during the three rotations Rgge xRgge yRogge »

AI3 Ry’xRﬂ’yRa,z

1 0 0 cg 0 sp o =S¢ O
R, ;R Ry =0 ¢, —s 0O 1 O S¢ Co O
_0 sy cy —sg 0 «cg 0 0 1

B CBCq —CBSa Sg

= | (cySa +Syspca)  (CyCoy — SySpSa) —SyCB
| (SySa —Cyspca) (Syca +Cyspsa)  cycp

[0 0 1
Rope xRope yRope ;=10 —1 0
(1 0 0

0 0 1 00 0 01T 1 11

0O -1 0 0 1 1.0 0 1 1

1 0 01 01 01 01

coco <
SO =
|

_

|

_
o
o

|

—_

[

—_
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z /

axis of rotah'on:- _.\1.1/9 o =180°
¢

Fig. A.2 Four views of the unit cube before and during the three rotations Rgge xRoge,yRoge -

This rotation sequence is illustrated in Fig. A.2, where the axis of rotation is
[2 0 2]T and the angle of rotation 180°.

A4 R, «Rg Ry x

1 0 0 cg —sg 0 1 0 0
R,;Rg:Ryx=|0 ¢, —s sgcg O 0 co —Sq
0 s, ¢ 0 0 1 0 s¢ cqo

c —S8Ca SgSa
=|cysg (=SySq +cycpcy) (—=8ycq — CpCpsy)
| sysg  (CySa +Sycpcq) (cyca — $ycpsSqa)

0O 0 1
Ropo, xRogpe ;Rgge xy = 0 —1 0
1 0 0

0 0 1 00 001111

0O -1 0 0O 01 1 00 11

1 0 O 01 01 01 01
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(C)f,

J

X

Fig. A.3 Four views of the unit cube before and during the three rotations Rgge xRoge ;Roge x

This rotation sequence is illustrated in Fig. A.3, where the axis of rotation is
[2 0 2]T and the angle of rotation 180°.

AS Ry xRg Ry, y

R, Rg:Ryy=|0 ¢, —s sg¢cg O 0 1 0

CpCq —Sg CBSa
=| (SySq +cysgca) cycg  (—=SyCq +CyspSa)
| (—cysa +syspca)  sycg  (cyca +SySpSa)
[0 -1 0
R90°,xR90°,zR9O°,y = 1 0 O
10 0 1
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(a) (b)

yT 4 -
a2

2

1S ~aGy

a2l | ol

)‘/ Sy s /\9}\ @
= =3 e

z  axis of rotation \‘J\

0 -1 0 000O0T1T1T11

1 0 O 0011 0011

0 0 1 0101 0101
00 -1 -1 00 -1 -1

=0 0 0 0 1 1 1 1
01 O 1 01 0

This rotation sequence is illustrated in Fig. A.4, where the axis of rotation is
[0 0 2]T and the angle of rotation 90°.

A.6 R)',J’Rﬂ,xR‘!,y

R, ,RsRey=| 0 1 0[O0 ¢ —s5|| O 1 0



A6 R,,Rg,Ry

(a)
y axis of rotation
T AT
_,3—¥.,-"‘ “*_::.'__ o = 180°
— ,._}-. e
0

@
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Fig. A.5 Four views of the unit cube before and during the three rotations Rgge yRgge xRoge

i (cyca —Sycpsa)  SySp
= 5By cp
| (—Syca —cycpsa)  Cysp
[0 1 0
Rogpe yRgpe xRgpey =1 0 0
00 -1
01 0 00 0 0 1 1
1 0 0 0011 00
0 0 -1 1 01 0 1
0o o0 1 1 1
=0 0 O O 1 1 1
0O -1 0 -1 0 -1 O

(cySa +sycpca)
—S8Cq

(—=8y 8¢ +cycpey)

11
11
0 1
—1

This rotation sequence is illustrated in Fig. A.5, where the axis of rotation is

[2 2 0]" and the angle of rotation 180°.
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@] —®

T

-4

Composite Point Rotation Sequences

.y

| 6
~

3

Fig. A.6 Four views of the unit cube before and during the three rotations Roge yRope xRoge

A7 Ry yRg xRy ¢

_Cy 0 sy 1

Ry,yRﬁ,xRa,z = 0 1 0 0

L Sy 0 Cy 0

i (C}/Ca + SySﬂSa)
= CBSa

| (=Sycq +CyspSa)
1 0 0
R90°,yR9()o’xR9()o,Z =0 0 -1
(01 0

1 0 0 00 00

00 —1[{0 0 1 1

01 0 01 0 1

O 0 O 0 1

=0 -1 0 -1 0

0o 0 1 1 0

0 0 Cu
cg —sp Sor
sg Cp 0
(—cysq +sy5pCa)

CpCq

(sysq +cyspcy)

1 1 1 1

0 0 1 1

01 01
1 1 1
-1 0 -1
0 1

SyCp
CyCp

This rotation sequence is illustrated in Fig. A.6, where the axis of rotation is

[2 0 0]T and the angle of rotation 90°.



A8 R, Rg Ry

A8 Ry, yRg :Re,x

¢, 0 s cg —sp
Ry, Rg Ry x = 0 1 0 sg cp
| —sy 0 ¢ 0 0
B cycg (SysSq — CySpcy)
= s CBCa
—sycg  (CySq + SySacq)
[0 1 0
Roge yRope ;Rgpe x = 1 0 0
|0 0 -1
01 0 0 0 0 0 1 1
1 0 O 001 1 00
0 0 -1 01 01 01
O 0 1 1 0 o0 1
=(0 0 O O 1 1 1
0O -1 0 -1 0 -1 O
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0 1 0 0
0 0 co —Sq
1 0 s¢ cCao

(syca +Cpspsa)
—CBSq
(cyca — SySgsa)

O = =
—_—

UGN

This rotation sequence is illustrated in Fig. A.7, where the axis of rotation is

[2 2 0]T and the angle of rotation 180°.

A°9 R)’,yR.B,ZROC,y

_cy 0 sy cg —Sp

R, yRg:Ryy=| 0 1 0 sg cp

| —sy 0 ¢ 0 0

—(—sysa +cpcpcq)  —CySp

= SBCa cg

| (—¢ySa —sycpca)  Sysp
-1 0 0
Rope,yRoge Rgge y =1 0 0 1
L0 1.0

-1 0 0 00 0 0 11

0 0 1 001 1 00

0 1 0 01 01 01

0 ce 0 54
0 0O 1 0
1 —s¢ 0 ¢y

(8ycq +cypcpsy)
S8
(cyca — SyCpSa)

O ==
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axis

0
0
0

Composite Point Rotation Sequences

of rotation

0 0 0
1 0 1
0 1 1

This rotation sequence is illustrated in Fig. A.8, where the axis of rotation is
[0 2 2]T and the angle of rotation 180°.

A.10 Ry’zRﬂ,xRa,y

Ry :RgRay

Rope ;Rope xRope y

¢y, —s, 0 1 0 0 ce 0 sy
s, ¢ 0 0 cg —sp 0 1 0
0 0 1 0 sg cp —s¢ 0 c¢q

(cyca —5ySpsq)  —sycp  (CySq + 5ySaCq)

(Syca +Cyspse)  cycg  (SysSq — CpSpca)
—CBSy Sg CBCq
[—1 0 O
0 0 1
0 1 0
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a
axis of rotation @

y
*}? 5 =180° T
& —
k\_‘_'_'\"'_..\-"_ ’

-1 0 00 0O0T1TT1T11
0 0 00110011
0 1 0101 0101

-9 o~o

This rotation sequence is illustrated in Fig. A.9, where the axis of rotation is
[0 2 2]T and the angle of rotation 180°.

A1l Ry ;Rg xRy ¢

Cy sy, 0 1 0 0 Ca —Su

0
R, RgxRy:=|s, ¢ O 0 cg —sp S¢ ¢co O
0 0 1 0 Sg cB 0 0 1
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(2) (b)

axis of rotation

Fig. A.9 Four views of the unit cube before and during the three rotations Rgge ;Rgpe xRogge y

_(cyca —SyCpsa)  (—CySq — SyCpCq)  Sysp
= | (syca +Cpcpse) (=Sysa+cycpcy) —cysp

L Sﬂsa Sﬁca Cﬁ
[0 0 1
R900'ZR900va90°,Z =10 —=1 0

1 0 0

0 0 1700001111

0 -1 0[]0 1 100 1 1

1 0 ol]l0Oo1 01010 1
0 1 1 01 0 1

=0 0 -1 -1 0 0 =1 -1
00 O 0 1 1 1

This rotation sequence is illustrated in Fig. A.10, where the axis of rotation is
[2 0 2]T and the angle of rotation 180°.
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z AP l ]/
- o

6= lg({-:&/axis of rotation =
(c)

Fig. A.10 Four views of the unit cube before and during the three rotations Roge ;Roge xRope ;
A12 R, ;Rp Ry

_cy —s, 0 cg 0 sp 1 0 0
R, RgyRyx=1|s, ¢ O 0 1 0 0 ¢y —Sq
L 0 0 1 —sg 0 «cg 0 s¢ cqo
_cyc,g (=Sycq +cyspsa)  (5ySq +CySpcy)
= | sycg  (cycq +5y585¢) (—CySq +5ySgcqa)

| —sp CBSy CpCa)
[0 0 1
Roggo Rgge yRoge xy =] 0 1 O

-1 00

0 0 1 00 0 01T 1 11

0O 1 0 001 1 0011

-1 0 O 01 01 01 01
01 01 O 1 1

=10 0 1 1 O 0 1 1
o0 00 -1 -1 -1 -1
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(a) (b)
Y ,-if-j axis of rotation y
&
s 6=090°
i o= 90°

— )

X

Fig. A.11 Four views of the unit cube before and during the three rotations Rgge ;Rogpe,yRgge x

This rotation sequence is illustrated in Fig. A.11, where the axis of rotation is
[0 2 0]T and the angle of rotation 90°.

A.13 Ry,zRﬁ’yRa’z

_cy —s, 0 cg 0 sp ca —S¢ O
R, R yRy:=|s, ¢ O 0 1 0 S¢ ¢co O
L 0 0 1 —S/g 0 Cﬁ 0 0 1
(—8ySq +cycpcy) (—Sycq —Cycpsa) CySg
=| (cySa+sycpca) (cyca —SyCpsa)  Sysp
—SgCq SBSq cp

-1 0 O
Rooe :Roge yRope ;= 0 0 1
0O 1 0
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A13 R, Rg Ry,

axis of rotation

-1 0 0j]J]0 O O O 1 1 1
0 0 1 00 1 1 0 01
0 1 0J{0O1 01 01O
0000 -1 -1 =1 -1
=01 0 1 O 1 0 1
0011 0 O 1

This rotation sequence is illustrated in Fig. A.12, where the axis of rotation is
[0 2 2]T and the angle of rotation 180°.
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Symbols E

2D matrix transforms, 55 Eigenvalue, 75, 134

2D reflection transform, 63 Eigenvector, 75, 94, 134
2D scaling transform, 60 Euler angles, 139

2D shearing transform, 67 Euler rotations, 1, 87, 89
2D translation transform, 58

3D reflection transform, 85 F

3D rotation transform, 87 Frames of reference, 138

3D scaling transform, 83

3D shearing transform, 85 G

3D translation transform, 84 jSluss, Carl, 31
Gibbs, 117

A Gimbal lock, 102

Adding quaternions, 118 H

Additive identity, 11
Affine transform, 71
Antisymmetric matrix, 45
Areal coordinates, 57

Hamilton, 117
Hamilton’s rules, 117
Homogeneous coordinates, 57

I

Identity matrix, 11, 39
Inverse matrix, 11, 47
Inverse quaternion, 119

B
Barycentric coordinates, 57

C
Cayley, Arthur, 31 L
Change of axes, 73 Laplace expansion, 24
Characteristic equation, 75, 95 Linear equations, 3
Cofactor matrix, 48
Cofactors, 26 M
Column index, 31 Matrices, 31
Column matrix, 6, 35 Matrix addition, 32
Column vector, 6, 36 Matrix multiplication, 8, 34
Composite rotations, 1, 89 Matrix notation, 5
Conformable matrices, 35 Matrix scaling, 33

Matrix subtraction, 32
D Minor determinant, 26
Determinant, 6, 19 Mobius, 57
Diagonal matrix, 38 Multiplicative identity, 11
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Multiplicative inverse, 11
Multiplying quaternions, 118

N
Negative matrix, 38

o
Order of a matrix, 32
Orthogonal matrix, 50

P

Pitch, 103

Pitch quaternion, 123
Pure quaternion, 119

Q

Quaternion matrix, 125
Quaternions, 117

R

Rectangular matrix, 31

Rodrigues, Olinde, 111

Roll, 103

Roll quaternion, 123

Rotating a point about an axis, 120
Rotating about an axis, 88, 106
Row index, 31

Row vector, 36

S

Sarrus’s rule, 23

Shearing, 85

Skew symmetric matrix, 45
Square matrix, 6, 31, 38, 43
Subtracting quaternions, 118
Symmetric matrix, 44

T

Trace of a matrix, 43
Transforms, 55
Transposed matrix, 40
Transposed vector, 36

U
Unit matrix, 11
Unit-norm quaternion, 120

\%
Vector scalar product, 35

Y
Yaw, 103
Yaw quaternion, 123

Z
Zero matrix, 37

Index
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