Chapter 2
Rotation and Orientation

Abstract Rotation about an arbitrary axis is described by the use of Rodrigues’s
formula. Orientation of a coordinate frame with respect to another frame is expressed
with the rotation matrix. Orientation of a robot gripper is determined by the use of
rotation matrix, RPY and Euler angles, and quaternions. A brief introduction to
quaternions is also given in this chapter.

2.1 Rotation

Rotation represents circular movement about an axis [1]. The point P; is rotated for
an angle ¥ in positive direction about an arbitrary axis, running through the origin
of a fixed coordinate frame (Fig.2.1). Positive rotation around a selected axis in a
cartesian frame is defined by the right-hand rule (the thumb is placed in direction
of the axis, while the index of the right hand is rotated towards the palm). In a
right-handed frame the positive rotations are counter-clockwise. When determining
the direction of rotation we must look from the positive end of the axis towards
the origin of the frame. The direction of running of athletes on a stadium is also
an example of positive rotation. After positive rotation the point comes into a new
position P;.
The position of the point P can be denoted by the vector:

r; = OP;
After rotation the point comes into position P;:
r; = OP,
The direction of rotation is denoted by the unit vector s:

T
S = [Sx, 8y, 8;]
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Fig. 2.1 Rotation of a point
about arbitrary axis s

r

rn

The vector s describes the axis of rotation. By equating the following two scalar
products, we have:

ris=rjcosa =ris =rycosa = |OS, | 2.1

In Eq.(2.1) o represents the angle between the vectors ry and s or r> and s. The
following difference of the vectors can be seen from Fig.2.1:

SpP1 =11 = 0S;
From where we can write the Eq. (2.2):

SpPi =11 — (r]s)s (2.2)

SpP2 =15 — (rgs)s

The relation between the unit vector s and the vector ry, describing the absolute
value of the cross product, can also be found from Fig.2.1:

s x r1| = |SpP1| =11 sin«
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Fig. 2.2 The plane perpen- P,
dicular to the rotation axis

Py

Let us now look at the plane, where the rotation between the points P; and P, took
place. It is perpendicular to the rotation axis (Fig.2.2). The point, where the plane
and the rotation axis intersect, will be denoted as Sp. There also holds:
NP, L SpP;

As the points Py and P; are on the same circular line, we have:

ISpP1| = |SpP2|
from Fig.2.2 we can see:

[SpN| = [SpPa|cd = [SpPy|ct

In robotics we prefer shorter notation of trigonometric functions ¢ = cos ¥ and
s = sin ¥¥. As the vectors SpN and SyP; have the same direction, we can write also
the following vectorial equation:

SpN = SpPict? (2.3)
In similar way we can see from Fig.2.2:

INPy| = [S,P|st? = [SyP s = |(s X r1)|s®)

As the vectors NP, and (s x rp) have the same direction, we can write also the
following vectorial equation:

NP; = (s x r1)s? 2.4)
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It is our aim to find the relation between the vectors r; and r». Let us first write the
following sum of vectors:

SpP2 = S,N + NP, (2.5)
By inserting the relations (2.2), (2.3) and (2.4) into Eq. (2.5), we obtain:
r) — (rgs)s =[r; — (rTs)s]cz‘} + (s x rq)sv

As the vectors r; and r; are of equal lengths, we can write:

T. _ ,.T
I'IS—rzs

and after rearrangement:
ry =ricd + (s x r)s? +s(ris)(1 — ) (2.6)

The above equation is known as Rodrigues’s formula in vectorial form. When
rewriting the equation for the components, the Rodrigues’s formula can be presented
in matrix form:

r» = Rry 2.7

The matrix R describes the rotation about an arbitrary axis. By inserting the
components of all three vectors s = [sy, Sy, s;1T, r1 = [r1y, 1y, 112]7, and
ry = [r2y, 12y, rzz]T into the Rodrigues’s formula (2.6) and after calculating the
cross and dot products, the following rotation matrix R is obtained:

s)%vz? + ¥ sysyvl — 850 8¢V + 8,50
R=|s:5v0 +5:50 spvd+cd sy800 — 5,50 (2.8)
SxSzv — 8,81 88 V1) + sy 5T s%vz? + cv

In Eq. (2.8) the following shorter notation of trigonometric function (1 —cos ¢) = v}
was used.

The matrix, describing the rotation about an arbitrary axis, is often used in
computer graphics or in development of virtual environments. In robotics, how-
ever, we always place one of the axes of the cartesian coordinate frame along the
axis of the rotational joint. In this way we only use the rotation matrices about the
x, y and z axes. The rotation matrix Ry, describing the rotation about the x axis, is
obtained by inserting the corresponding unit vector s = [1, 0, 0]T into Eq. (2.6). We
have the following cross product:

(s x11) = [0, —r1z r1y]"
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and dot product:
I'"IFS =T1x

After inserting the vectors s, r1 and r; together with both products into Eq. (2.6), we
obtain the rotation matrix about the x axis:

10 O
R, =|0ct —s® (2.9)
0s% cv

When inserting the unit vector s = [O,l,O]T, running along the y axis, into the
Rodrigues’s formula (2.6), we have:

cv 0 sV
R, = 0 10 (2.10)
—s9 0 c?

The rotation about the z axis is described by the matrix:

ct —sv 0
R,=|s0 ¢®0 (2.11)
0O 01

Let us consider also the inverse problem. The matrix R given, it is our aim to
determine the direction of the rotational axis s and the angle of the rotation ©*. We
shall write the rotation matrix in the following general form:

2 i3
R = | ryranrs
731 732 733

When summing up the diagonal elements:
trace(R) =ri1 +rpp+rz =1+ 2cv

we obtain:

(2.12)

(trace(R) - 1)
¥ =arccos | ————

2

The above solution is not uniquely defined. The resulting angle can be also ¢ =27 n
and —¢ £ 2mn. To continue we find the following differences of the off-diagonal
elements:
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r3p —r3 = Zstﬂ
r13 — 131 = 28,50
] —rip = 2SZSI?

When there is ¥ # 0, the rotational axis is given in the following form:

1 r32 — 123
= — — 2.13
S=g | 3T (2.13)
1 —r

When 27 — ¢ was selected as the angle of rotation, the rotational axis has a negative
sign, i.e. —s. The axis obtained is called also the equivalent rotational axis.

When the vector r; was rotated in the frame x, y, z about the axis s, we obtained
the rotated vector rp after multiplication with the rotation matrix. When using in
Eq.(2.7) another notation for the rotation matrix, we have:

I = R21I'1 (2.14)

Let us now assume that there is another axis in the same coordinate frame x, y, z.
After rotating the vector ry about this new axis, the vector r3 is obtained:

r3 = Ry (2.15)
After inserting Eq. (2.14) into (2.15), we have:
r3 = R3; Ryiry (2.16)

Successive rotations in the same coordinate frame are described by premultiplication
of the rotation matrices.

Let us now consider an example where we shall make use of all knowledge
gathered in this chapter. Three successive rotations were performed in the same
coordinate frame: first the rotation for 270° about the z axis, afterwards the rotation
for 180° about the y axis and finally the rotation for 90° about the x axis. This can
be written by the following multiplication of the matrices:

R =R, 90R, 130R; 270

10 0 -10 0 010 0-10
=[(00-1 01 O —100 | = 0 01
01 0 00-1 001 -1 00

The three above rotations can be replaced by a single rotation for a corresponding
angle about the equivalent axis. This angle can be calculated from Eq.(2.12). As
trace(R) in our case equals 0, we have:
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¥ = 120°

After finding the angle of rotation, we calculate the unit vector (2.13) along the
rotational axis:

We shall verify the correctness of the calculation by finding the matrix describing
the rotation about the equivalent axis. We shall make use of the Rordrigues’s formula
(2.6) and again we shall first calculate the cross product:

1 r; —Tiy
SXry)=—| Iiy+r
( 1) 7 —ify B Zx
and afterwards also the dot product:
ris = %(_rlx + 11y +117)
The following rotation matrix is obtained:
1=3v0 =m0 — 30 359 — 3w
R = %sﬂ — %vz? 1— %vz? %sz&‘ + %VL?
—\%sﬂ — v —\%sﬁ +hw 11— 3w

Afterinserting @ = 120° in the above matrix, we obtain the matrix from the beginning
of this example:

0-10
R = 0 01
-1 00

Let us consider another short example. The unit vector i should be rotated for
277/3 about the axis running through the origin of the frame and the point [1,1,1]T.
The unit vector s, which is obtained by normalizing the three components of equal
length, is placed along the axis:

L
V3

Apart from vector s, we insert into the Rodrigues’s formula (2.6) also: r; = [1 ,0,017,
c120° = —1/2, and 5120° = /3/2. We write:

s=—[1,1,117
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Iy 1
1 1 V3
1‘2}, = 0 (——) + — -
0 2 J3 2

[ijk
111
2, | 100
JHIGRHICS
+ =11 [100]] 1
3 1

and the result is:

2.2 Orientation

Orientation describes in geometrical terms how one object is rotated with respect to
the other or how an object is aligned with respect to the reference, usually cartesian,
coordinate frame [2, 3]. As a reference frame we shall select the rectangular frame
X0, Y0, z0- Unit vectors 03,0 j, and Ok describe the selected coordinate frame (Fig.2.3).

20

21

(]p Vi

()k
A

Yo

X0

X1

Fig. 2.3 Orientation of the coordinate frame x1, y1, z1 with respect to the reference coordinate
frame xo, y0, 20
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In Fig.2.3 also the rotated coordinate frame x1, y1, z1 with unit vectors I, ! j, and
Ik is shown. Both coordinate frames coincide in the same origin. Also shown is the
point P, which is connected to the frame origin either by vector °p, expressed in
the frame x¢, yo, 2o, Or vector 1p, expressed in the frame x1, y1, z1. Let us describe
the position of the point P in the frame x0, yo, zo by the use of vector °p with the
following equation:

0p — opxoi + Opij + OPZOk

Vector 1p belongs to the same point, however in the frame x1, y1, z1:

Ip="lpti+ 1pylj +1p. 'k

It is obvious that vectors ’p and ! p are equal, as they connect the same origin with the
same point P. We shall make use of this property in order to demonstrate the relation
between the axes of the coordinate frames xg, Yo, zo and x1, y1, z1. It is, therefore,
our aim to describe the orientation of the frame x1, y1, z1 with respect to the frame
X0, Y0, Zo- The mathematical relation between the frames xg, yo, zo and x1, y1, 21 is
obtained by expressing a selected component of vector “p in the frame xq, yo, zo by
the use of the components of vector 1p, which is given in the frame x1, y1, z1. Let
us select first the component p,:

0p,y = %% = 'p% = 'p, 1i% + 'p, 1% + 'p. 'k

In general we have equivalent expressions also for the components Opy and Op.:
Opy = 1p, 1% + lpy 1% + 1p, 'k %
0p, = Ip, 1i% + lpy 1% + 1p, 'k °k

The relation between both coordinate frames, given by the above three equations,
can be written in more compact matrix form:

%p =R,'p (2.17)

where %p = [%p,, Opy, Op.1T and 'p = ['py, 1py, 'p.1T. The matrix "Ry is given as

follows:
liOi lj()i 1k0i
Ri = | % 1% 'K (2.18)
liOk 1j0k lkOk

The matrix has the dimension 3 x 3 and represents the transformation of the point P or
the corresponding vector 1p, expressed in the frame x1, y1, 71, into the coordinates
of the frame x, yo, zo. The above expression describes the orientation of the frame
X1, y1, z1 withrespect to the frame x, yo, zo. As we are dealing with the unit vectors,
the elements of the so called rotation matrix are simply the cosines of the angles
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appertaining to each pair of axes:
cos P1;0; €os V1 jo; €os Dio;
ORI = | cos 191,-01- cos ﬁljoj cos ﬁlkoj (2.19)
Cos D1;0 €OS U1 jog €OS V10;

In a similar way we can determine the position of the point P in the coordinate frame
X1, Y1, z1 from the known coordinates of the same point expressed in the frame
X0, Y0, 20-

1px — lpli — Opli — Opx Oili + Opy Oj li +Opzok li

Similarly, we can write also the expressions for lpy and !p_, so that we have the
following matrix equation:

'p="Ro’p
Oili Ojli Okli
lRO — Oilj Ojlj Oklj
Oilk Ojlk Oklk

The transformation, described by the matrix IRy, is inverse transformation of the
matrix °R;. This matrix represents the orientation of the frame x¢, yo, zo with respect
to the frame x1, y1, z1. As the dot product is commutative (e.g. 05 1j = 1j ), we can
write the following equality:

"Ro= "R = RDT (2.20)

The matrix, whose inverse matrix is equal to its transposed matrix, is called
orthogonal matrix. The transformation matrix 'R will be therefore called orthog-
onal transformation matrix. As the determinants of the matrices 'R and °R; are
equal det °R; = det(°Ry)T and their product equals 1, also both determinants are
either +1 or —1. In the right-handed coordinate frame the determinant is equal to
+1. The orthogonal matrices with the value of the determinant +1 or —1 are named
rotation matrices.

Let us consider the example from Fig.2.4 and calculate the rotation matrix
representing orientation of the frame x1, yi, z1, which is rotated for the angle +¢
with respect to the frame xg, yo, zo. We are dealing with the following non-zero
products of the unit vectors:

Oili=1

0j1j=cosz9
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o % 0
i
X0
X1
Fig. 2.4 Two coordinate frames rotated about the x¢ axis
% 'k = cos ®
%'k = —sin®
Ok 'j = sin®
The rotation matrix can be written in the following form:
10 O
R, =| 0ct —sv 2.21)
0s% cv

In the same way as we determined the matrix describing the orientation obtained
after the rotation about the x axis, we shall calculate the rotation matrix about the y
axis:
c® 0 sy
R, = 0 10 (2.22)
—s9 0 cP

and finally the rotation matrix about the z axis:
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c —sv 0
R,=|s®% ¢ 0 (2.23)
0O 0 1

We can see that the matrices describing the orientation of two coordinate frames
rotated about x, y, or z axis of cartesian coordinate frame are the same as the matrices
describing rotation, obtained in previous chapter.

Let us imagine point P expressed in three different coordinate frames by the use
of vectors “p, 'p, and 2p. The relation between particular vectors is given with the
following equations:

The coordinate frames xg, yo, z0, X1, Y1, 21, and x2, y2, z» have the origin in the
same point, however they are rotated one with respect to the other. After inserting
vector 'p from the second into the first equation, we obtain the equation describing
relative position of vector 2p with respect to the frame x¢, yo, zo:

op = °R;'R,%p (2.24)
'R, = 'R{'R,

This is different from the previous chapter, where we considered consecutive rotations
about different axes of the same coordinate frame. The consecutive orientations of
several coordinate frames are described by the postmultiplication of the rotation
matrices. We must have in mind, that consecutive orientations are related to the
previous (relative) coordinate frame.

The notion of orientation is in robotics mostly related to the orientation of the
robot gripper. A coordinate frame with three unit vectors n, s, and a, describing the
orientation of the gripper, is placed between both fingers (Fig.2.5). The z axis vector
lays in the direction of the approach of the gripper to the object. It is denoted by
vector a (approach). Vector, which is aligned with y axis, describes the direction
of sliding of the fingers and is denoted as s (slide). The third vector completes the
right-handed coordinate frame and is called normal. There is n = s x a. The matrix
describing the orientation of the gripper with respect to the reference frame xo, yo, 2o
has the following form:

Ny Sy ay
R=| nysya, (2.25)

Nz Sz 4

The element n, of the matrix (2.25) denotes the projection of the unit vector n on the
x0 axis of the reference frame or, when considering the matrix (2.19), the cosine of
the angle between the axes x and x¢. The same is valid for the eight other elements
of the orientation matrix R. To describe the orientation of an object we do not need
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X0

Fig. 2.5 Orientation of robot gripper

all nine elements of the matrix. The left column vector is the cross product of vectors
s and a. The vectors s and a are unit vectors which are perpendicular with respect to
each other, so that we have:

s-s=1
a-a=1
s-a=20

Three elements are, therefore, sufficient to describe the orientation. The orientation
is often described by the following sequence of rotations:

R : roll—about z axis
P : pitch—about y axis
Y : yaw—about x axis

This description is mostly used with orientation of a ship or airplane. Let us imagine
that the airplane flies along z axis and that the coordinate frame is positioned into the
center of the airplane. Then, R represents the rotation ¢ about z axis, P belongs to
the rotation ¥ about y axis and Y to the rotation i about x axis, as shown in Fig. 2.6.
All rotations are performed with respect to a fixed reference frame.
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Fig. 2.6 RPY angles for the case of an airplane

The meaning of RPY angles for the case of robot gripper is shown in Fig.2.7. As
it can be realized from Figs. 2.6 and 2.7, the RPY orientation is defined with respect
to a fixed coordinate frame. In Sect.2.1 we learned, that consecutive rotations about
different axes of the same coordinate frame can be described by the premultiplication
of the rotation matrices, or with another words the rotations are performed in the
reverse order. We start with the rotation ¢ about z axis, continue with rotation ¢ about
y axis and finish with the rotation i about x axis. The reverse order of rotations is
evident also from the name of RPY angles. The orientation matrix, which belongs to
the RPY angles, is obtained by the following multiplication of the rotation matrices:

RPY (¢, ¥, ) = Rot(z, ¢)Rot(y, ¥)Rot (x, )
[cop —s¢ 0 ct 0 59 10 O
=|sp cp 0 0 10 0cy —sy
| 0 0 1 —s9 0 ¢t 0sy cy
[ coct cosOsyr — spclr cosPeyr + spsyr
= | spst spsvsy + cocyr spsvcy — copcyr (2.26)
| —s¥ cusy ctey

Equation (2.26) calculates the rotation matrix from the corresponding RPY angles.
Let us consider also the inverse problem, i.e. an example of calculating the RPY
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Fig. 2.7 RPY angles for the z,
case of robot gripper w

R 1S9

angles from a given matrix. Let us assume that the matrix (2.27) describes the
orientation of a gripper in the reference coordinate frame which is attached to the base
of a robot manipulator. It was calculated by the use of geometric robot model which
will be studied in the following chapters of the textbook. The matrix is obtained by
inserting the readings of the joint angles obtained from joint sensors, while the robot
is in a selected pose. Let us assume the following simple matrix:

10 0
R=|0 05 0866 2.27)
0 -0.866 0.5

It is our aim to calculate the RPY angles of the gripper with respect to the reference
frame. We shall first write a general form for the orientation matrix of the gripper
and equate it to the RPY matrix:

Iy T2y I3y cpcd cesvt sy — spcyr cpsPcy + spsyr
1y I2y I3y | = | spcd sps?syr + cocyr spsPey — cosyr
I T2z 13; —sv cosyr cvcyr

When using the most simple solutions for the elements ry,, rp;, and r3;, in many
cases singularities or inaccurate results are obtained. The accuracy of calculation
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of an angle depends on its magnitude. Specially inappropriate is dividing by small
angle values. Let us first find the equation for the angle ¥:

sin = —ry,
2 2 2 2
2 Ty + rly + 02 + 3
cos Y =
2
Tz
¥ = arctan (2.28)

1 (.2 2 2 2
\/7 (rlx + I.ly + 2, + r3z)

When calculating the angle ¢, we make use of the following trigonometrical
expressions:

12:13¢ = cOsY (s@sy + cosvcy)

13:12¢ = Oy (=spcy + cosvsy)
23y — 302y = S@Ct}

r3;12y = c¥cy (cpcy + s@psvtsyr)

12,13y = COSUSY (—cosy + spsdcyr)
30y — 2713y = c@cd

2,13y — I3,T
¢ = arctan 2% 328 (2.29)

I3:12y — I2:13y

In a similar way we find also the angle ¥:

FiyTae = Spey (spsyr + cpsdey)
I1xI3y = c@ct (—cesy + spstcyr)
13y — IxT3y = cOsY
T2y = c@ct (cocy + spsPsyr)
Tiyly = s@ct (=spcy + cpsPsiyr)
T|xT2y — I1yTox = cBcy

I1yl3y — IxI3y

Y = arctan (2.30)

TxT2y — I1yT2x

Let us go back to the numerical example where the matrix (2.27) represents the
orientation of the gripper. When calculating the value of the angle %, we can notice,
that the numerator (r1;) equals zero, while the denominator is non-zero, therefore
¥ = 0. The same is valid for the angle ¢ = 0, while the angle v = —60°. The
orientation of the gripper with respect to the reference frame is shown in Fig.2.8.
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Fig. 2.8 Orientation of robot gripper

The gripper lays in the yg, zo plane. From the figure we can read the angles between
the axes of the reference and gripper coordinate frame:

n,y = cos0°, s, = cos90°, a, = cos90°
ny = cos90°, s, = cos 60°, a, = cos 30°
n, = cos 90°, s, = cos 150°, a, = cos 60°

We can see that this is the original matrix (2.27).

The orientation can be described also by the help of the Euler angles, where we
first perform the rotation ¢ about the z axis, afterwards the rotation ¢ about the new
y axis and finally the rotation i about the momentary z axis (Fig.2.9). As now the
rotations were performed about the axes of the momentary coordinate frame, we
make use of postmultiplications. The Euler matrix is obtained as follows:

Euler (g, 9, ¥) = Rot (z, p)Rot (y', 9)Rot (2, ¥)

[cop —s¢ 0 ct 059 cr —syr 0
=|sp cp 0 0 10 s ¢y 0
| 0 01 —s19 0 cv 0 0 1

_cgocﬂcw — SPsY —coct sy — spcy cps
= | spcOcy + cosy —spct sy + cocyr spsv (2.31)
—svcyr SUsYr cv
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Fig. 2.9 Euler angles

The orientation described by the matrix (2.31), is called also Z-Y-Z Euler angles.
Euler’s theorem says, that two independent orthonormal coordinate frames can be
aligned to each other through a sequence of three rotations about the coordinate
axes, where two consecutive rotations cannot be made about the same axis. In this
way 12 different rotations are possible: X-Y-Z, X-Z-Y, X-Y-X, X-Z-X, Y-Z-X, Y-X-Z,
Y-Z-Y, Y-X-Y, Z-X-Y, Z-Y-X, Z-X-Z , and our Z-Y-Z. Twelve different rotations are also
possible when describing the rotations in a fixed reference frame, however usually
the described RPY angles are used. Finally let us also state that three rotations about
the axes of the fixed coordinate frame represent the same orientation as the same
three rotations performed in reverse order about the three axes of the momentary or
relative coordinate frame.

2.3 Quaternions

We learned that rotation and orientation can be described either by rotation matrices
or by RPY and Euler angles. In the first case we need 9 parameters, while only
3 parameters are required in the latter two cases. The matrices are convenient for
computations, however they do not provide fast and clear image of e.g. orientation
of a robot gripper in the space. RPY and Euler angles nicely present the orientation
of a gripper, but they are not appropriate for calculations. In this chapter we shall
learn that quaternions are appropriate for either calculation of rotation or description
of orientation [4, 5].

Quaternions are represented by four real numbers, with operations of addition and
multiplication defined by special rules which we will learn in this chapter. Quaternions
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are generalization of the complex numbers. Complex numbers enable operations with
two-dimensional vectors, while by the use of quaternions four-dimensional vectors
can be dealt with.
The quaternions can be written in various ways. The simplest is the following
expression:
g =qol +qii+q2j+ qzk (2.32)

In the above equation ¢; are real numbers, while i, j, k correspond to the unit vectors
along the axes of the cartesian coordinate frame.
The sum of quaternions is obtained in the following way:

p+a=(po+qo) 1+ (p1+qDi+(p2+q)i+ (p3+a3)k,
product of a quaternion and scalar is:
wq = wqo + wqii + wqaj + wgsk
Quaternion conjugate has the following form:
q" =qol —qii — q2j — g3k (2.33)
The equation reminds us on complex conjugate. Similar observation is true also

for the following rules, which we shall use when developing the product of two
quaternions:

The multiplication of quaternions is not commutative. When multiplying two
quaternions we shall make use of the following table:

1 i j ok
Ui j k
iji -1 k —j
ili k-1 i
klk j —i -1

Quaternions can be written in another way, where the sum of the scalar part go and
the vector part q is emphasized:

q=q0+q (2.34)
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The vector q can be written in the usual form

q=qii+qj+qk
Let us calculate first the product of two quaternions:

pq = (po+ pii+ paj+ p3K) (qo + qii+ 2 + q3K)
= poqo + qo (p1i + p2j + p3K) + po (q1i + q2j + q3k)
+ p1g1i® + paquji + p3qiki
+ p1g2ii + p2gai” + p3qoki
+ p1g3ik + pogsjk + p3gsk’

After applying the rules, defining the algebra of calculations with quaternions, we
obtain:

pq = poqo + poq + qop
— P141 — P292 — P393
+ (p2g3 — p3q2) i
+ (p3q1 — P193)
+ (P12 — p2q1) k

The second row of the above equation represents a dot product, while the last three
rows belong to the cross product of the vectors p and q. In this way we can write the
product of two quaternions in the following form:

Pg =pogo —P-q+ poq+qop+Pp xq (2.35)

After exchanging the factors, we obtain:

qgp =qopo—q-pP+poq+qop+qxp

Because of the cross product in the last summand, the multiplication of two
quaternions is not commutative. The multiplication of quaternions is sufficiently
complex, so that mistakes are quite frequent. We shall develop another formula
which is more error resistant. The first two summands in the right side of Eq. (2.35)
represent the following scalar:

ro = poqo — p1q41 — P292 — P3q3

The other three summands can be written in the following form of columns:
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ri Poq1 qopi P293 — P3q2
ro | =1poq2 |+ | qop2 | + | P3g1 — P193
r3 Pogs3 qop3 P192 — p241

Both expressions can be transformed into the following matrix form:

ro po—pi—p2—p3 | [ q0
| _|popo—ps o p2|| @ (2.36)
r p2 ps po—pi|| @
r3 pP3 —p2 P1 Ppo q3

With this kind of multiplying the quaternions there is less chance to make a mistake.
As anumerical example let us multiply two quaternions in three different ways. First,
we shall only make use of the rules from the table. Because of the risk to make a
mistake, we shall multiply step by step:

(2+3i—j+5K)(3 —4i+2j+k)
=6+ 9i — 3j+ 15k

— 8i — 12i% + 4ji — 20ki

+ 4j + 6ij — 2j% + 10Kj

+ 2k + 3ik — jk + 5k>
=6+9i —3j+ 15k

— 8i 4 12 — 4k — 20j

+ 4j + 6k + 2 — 10i

+2k —3j—i—5=15— 10i — 22j + 19k

The same result is obtained by the use of Eq. (2.35):

3 —4
24| -1 3+ 2
5 1
—4 —4 3 i jk
=6—[3-15]| 2|+2| 2|+3|-1|+]| 3-15
1 1 5 -4 21
1 —11 —10
=6+9+| 1 [+ =23 | =15—| =22

17 2 19
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Finally, we shall make use of Eq(2.36):

2-3 1-5 3 15
3 2-5-1 -4 |10
-1 5 2-3 21| —22
51 3 2 1 19

Until now we learned how to rotate vector r; into a new position r, by using
Rodrigues’s formula (2.6) or rotation matrix (2.7). Now we shall do the same by
the use of quaternions:

r =qriq” (2.37)

The quaternions from Eq. (2.37) have the following meaning:

qg=4qo+q
r1=0+4r
9 =q—4q
ry=04+r

We shall demonstrate that the expression (2.37) is equivalent to the description of
rotation with the matrix Eq. (2.7). Let us perform both quaternion multiplications, as
required by Eq. (2.37):

0+12) = (90 + DO +r)g" = (—q -1 + (gor1 +q X 1))(g0 — q)

Before performing the second multiplication, we must know, that the first summand
in the first brackets of the above equation is a scalar, while the other two represent a
vector. We multiply by the use of Eq. (2.35):

r) =—q-riqo
+qori-q+(@xry)-q
+(q-r)q+g4ri +qo(q x 1)
—qor; Xq—qXr;pXxq

In the above equation we first subtract the first two summands. The third summand is
zero. We exchange the factors of the cross product in the seventh summand and add
it to the sixth summand. The last summand is expressed according to the formula
—(q-q)-r; +(r1 - q) - q, which can be found in every mathematical reference book.
After little rearranging we have:

r = gir) — (q- Q)1 + 290(q x 1) +2q(q - 1) (2.38)
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From the above equation we wish to expose r;. We replace the cross product by the
multiplication with a skew symmetric matrix:

0 —g3 @
(qxry) = g3 0 —q1 |1
-2 q O

while in the last summand we perform a dot product:

q1
aq =|q |[9192 9]
%

Equation (2.38) can be rewritten into the following form:

2 2 o2 o 0 —a5 42
r=1Gy—q91—9,—9)1+29 | ¢35 0 —q
-2 q O

q12 q192 9193
2| 192 43 @2q3 | {11
Q9B 95 93

The rotation matrix R expressed with the four elements of quaternion has the
following form:

@+at—qa2—q? 22 —qog3)  2(q193 + q0q2)
2(q192 + q093) 42 —4? + 43 — 43 2(q293 — qoq1) (2.39)
2(q193 — q0q2)  2(q2q3 + q0q1) 43 — a} — a3 + 43

The following expression of a quaternion is specially appropriate to describe the
rotation or orientation in the space:

v +si y (2.40)
=cos — +sin —s .
1 2 2
In the above equation s is a unit vector aligned with the rotation axis, while ¥ is
the angle of rotation. Also the quaternion, which is describing rotation, is a unit
quaternion:

B+ +a+ar=1 (2.41)

We will insert the quaternion ¢, written in the form (2.40), into Eq. (2.38). With
respect to Eq. (2.34), the quaternion will be split into scalar and vector part:
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1%

= cos —
q0 )
LU

q = sin —s

The following equation is obtained:

) s s s s
r) = cos’ Erl —sin? E(S -8)r; +2cos ) sin E(S x 1) + 2 sin® ES(S -r1) (2.42)

When considering the following trigonometric formulas:

VAN V4 .
2cos — sin — = sin ¢
2 2

s D

2 )
COs” — — sin” — = cos ¥

2 2

D D

2 )

e Z -1
cos 2+sm >

and while taking into account the commutative property of the dot product, we can
demonstrate that Eq. (2.42) represents the Rodrigues’s formula (2.6).

The rotation about the z axis can be written by the use of the following quaternion:

P, ? 8
= COS — sSin —
a 2 2|

Individual elements of the quaternion are therefore:

_ 0
qo = cos
qg1=0
g =0

L0
g3 = sin >

By inserting the above elements into the rotation matrix (2.39), we have:

20 _ ¢in2?8 _ D ogin 2
cos“5 — sin“ 3 2cos2s1n2 0

D gin 2 29 _ ¢in2l
Zcos251n2 Cos“5 — sin“3 0

0 0 0052% + sinZ%
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The above matrix is the well known matrix describing the rotation about the z axis:

costt —sin 0
sin?? cos® 0
0 0 1

Let us consider also the inverse problem, where we will determine the equivalent unit
quaternion from the elements of the rotation matrix. With different combinations of
the diagonal elements of the rotation matrix ry, 22, r33 we obtain:

1
a5 = 1(1 +ri 42 +r33)
2 1
qi = 4_1(1 + 7111 — 12 —133)
2 1
q; = Z(l —ri1 1 —1r33)
2 1
q3 = Z(l — 11— +133)

When developing the above expressions, one must have in mind that we are dealing
with the unit quaternions (2.41). When calculating these quaternions we use the
signs, which we have encountered while determining the equivalent axis of rotation
(2.13):

1
610=5x/1+r11+r22+r33

1
q1 = Esgn(raz — )/l +ri—rn—r3y3
(2.43)

1
Q@ = Esgn(rm —rDV1T—rii+rn—r33

1
q3 = ESgn(rzl —r)V 1T —rii—rn+r3

Let us first consider a simple example, where two consecutive rotations were
performed in the same coordinate frame: first rotation for 90° about the z axis and
afterwards the rotation for 90° about the y axis. This can be written by the use of
rotation matrices as follows:

0017[0-10 001
R=R,oR.00=| 010||1 00 |=|100
~100]]0 010 010
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We will now use the quaternions instead of rotation matrices. Rotation for 90° about
the y axis is according to Eq. (2.40) written as follows:

0
p =cos45 +5sin45° | 1
0
or
0
2 1
p0=£andp=— V2
2 2 0

In a similar way we describe also the rotation for 90° about the z axis:

V2 1|0
q():Tandq:E 0
V2

The product of two quaternions is calculated by the help of (2.35):

0 NG 0 NG 0

11
quz—z[O\/EO] 0 +T 0 +T V2
V2 V2 0
ij ok
1 11, 1, 1
+5 02 0 =5 +5itgits
00 2

When inserting the calculated quaternion into the matrix (2.39), the rotation matrix
R from the beginning of this example is obtained.

Let us look at another example, which was by the use of Rodrigues’s formula
solved already in Sect.2.1. The unit vector i was rotated for the angle 277/3 about the
axis running through the origin of the coordinate frame and the point (1,1, I)T.
The axis of rotation is described, as in previous example, by the unit vector
s= 1/\/§[1, 1, 117, which we will inserttogether with cos(sr/3) = 1/2 and sin(x/3)=
V/3/2 into Eq. (2.40). The following quaternion is obtained:

1+1’+1'+1k
= — —1 —_ —_
1=5 75375
We will insert:

rp=0+4i

into Eq.(2.37) describing the rotation. The following multiplication must be
performed:
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1 1
n=S04iti+H;0-i-j-k

1
= 20— 1-k+pd—i-j-k

1
= 0-1-k+j+1+itj+k
—k+j—itl+j+k—1-1i)
=

We obtained the same result as when using the Rodrigues’s formula.

Let us finally study, how to describe by the use of quaternions the orientation
of the gripper shown in Fig. 2.8 from the Sect.2.2. The orientation of the gripper is
obtained as result of the geometric model of the robot in the form of rotation matrix
(2.27). We calculate the corresponding quaternion by the use of Eq. (2.43):

qo = 0.866

q1 = —0.5
g2 =0
q3=0

In previous chapter we have found out that the rotation matrix (2.27) belongs to the
following RPY angles: ¢ =0, # =0, and yy = —60°. The orientation quaternion can
be obtained also from the RPY angles. Rotation R is described by the quaternion:

Gzp = COS g +sin gk (2.44)

The following quaternion belongs to the rotation P:

) )
qyp = COS 5 + sin Ej (2.45)

while rotation Y can be written as follows:

Gxy = COS % + sin %i (2.46)

After multiplying the above three quaternions:

RPY (¢, 0. V) = q,pqy99xy (2.47)
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the resulting quaternion is obtained:

A
=c—Cc—C— 5 —5— 2.48
o =cZCTe F5758 (2.48)
s s
q1 = cgc—sl// — sfs—c£ (2.49)
2.2 2 2.2 2
o 0y @0 Y
S A o Feols 2.50
D =co858y T550555 2.50)
s s
q3 = sgc—sz — cfs—sﬂ 2.51)

For the selected RPY angle we have:

3
6]0—7
1
611——5
g =0
q3=0

which is the expected result.
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