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DUAL QUATERNIONS FOR THE KINEMATIC DESCRIPTION OF A FISH-LIKE
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This study discusses the use of quaternions and dual quaternions in the description of artificial fish kinematics. The investi-
gation offered here illustrates quaternion and dual quaternion algebra, as well as its implementation in the software chosen.
When it comes to numerical stability, quaternions are better than matrices because a normalised quaternion always shows
the correct rotation, while a matrix more easily loses its orthogonality due to rounding errors and oversizing. Although
quaternions are more compact than rotation matrices, using quaternions does not always provide less numerical computa-
tion and the amount of memory needed. In this paper, an algebraic form of quaternion representation is provided which is
less memory-demanding than the matrix representation. All the functions that were used to prepare this work are presented,
and they can be employed to conduct more research on how well quaternions work in a specific assignment.
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1. Introduction

Although quaternions were developed many years ago,
they are still not used very often in robotics and
autonomous vehicles due to the long tradition of
employing homogeneous transformations. Quaternions
and dual quaternions are utilised in quantum mechanics
(Horwitz and Biedenharn, 1984), rigid body dynamics
(Kicinski et al., 2021; Kluczyk and Grzadziela, 2015)
and for navigation purposes (Naus et al., 2021; Felski
et al., 2020; Jaskolski, 2017; Jaskélski et al., 2021) based
on an inertial measurement unit (Sola, 2017; Jaskdlski
et al., 2019). In recent years quaternions have become
popular in computer graphics (Leclercq et al., 2013) for
body motion analysis (Pennestri and Valentini, 2010),
robot manipulators (Grzadziela et al., 2020) as well as
for neuroscience (Ling et al., 2022). Numerical precision
and efficiency of real-time calculations are critical for
robot control systems (Chen et al., 2020), particularly for
autonomous vehicles (Morawski et al., 2020; Hozyn and
Zalewski, 2020; Wawrzynski et al., 2022).

One of the best known advantages in comparison
with the Euler angle rotation matrix is the lack of
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ambiguous solutions. There is at least one point in every
Euler angle sequence that loses a degree of freedom
(Mouton, 2021). This is referred to as a gimbal lock (one
of the rotation axes realigns with another axis).

According to the study by Radavelli er al. (2012),
dual quaternions outperform the latter in terms of storage
because homogeneous matrices require 12 numbers to
express six degrees of freedom, whereas the former
require only eight. Furthermore, unlike 3D stiff
transformations controlled as a 4x4 homogeneous
(overhead) matrix, they can be maintained using two
independent components: a translation vector and
a quaternion.

Dual quaternions are employed similarly to
quaternions but have the added benefit of encapsulating
both translation and rotation into a unitary state that can
be easily concatenated and interpolated (Jarzebowska and
Klak, 2020). Due to this redundancy, there are constraints
on the eight values in a matrix to form a valid rotation
matrix. The matrix must be orthogonal, which means
that the row vectors must be orthonormal (each vector
has length 1, and the scalar product of each pair is 0).
Numerical errors are introduced while the rotation matrix
is updated, often by concatenating it with incremental
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rotation matrices. These inaccuracies build up with each
update and are determined by the precision of numerical
representations and the type of trigonometric function
calculations used (Taylor series or CORDIC algorithm).
The row vectors can go further and further away from
being orthonormal. When the matrix deviates sufficiently
from orthogonality, it can begin to visibly modify the
geometry to which it is applied (skew, scaling, etc).
When employing rotation matrices, these issues can
be addressed by orthonormalizing the row vectors on
a regular basis.

Rounding errors inevitably accumulate when
assembling multiple rotations on a computer. When
normalized, slightly offset quaternions still indicate
rotation, while a slightly offset matrix may no longer
be orthogonal and it is more difficult to convert it back
to a correct orthogonal matrix. Despite the fact that
quaternions are more compact than rotation matrices,
using quaternions does not necessarily result in less
numerical computation in the applications (Sarabandi and
Thomas, 2019).

It can be tedious to reimplement all the basic
functions required when working with quaternions, such
as composition, conjugation, conversions to and from
rotation matrices, and Euler angles. For a review
of efficient floating-point algorithms for processing
quaternions, see the work of Joldes and Muller (2020).
Because quaternions are a fairly common aspect of
engineers’ toolboxes, various libraries have been built for
a number of scientific programming languages (Pidrek
and Jabloniski, 2020). However, it is not so simple to
comprehend how they work.

The idea of quaternions and dual quaternions is
presented in this paper, followed by an example of
an analysis of an artificial fish with a hull designed
from the connection of rigid components (Piskur et al.,
2020b). The artificial fish image captured during the
test in a swimming pool is shown in Fig. [l  The
same biomimetic underwater vehicle is shown in Fig.
for greater visualisation of each tail part connection.
The trajectory of each tail fin part in an artificial fish
movement control system must be changed as a function
of velocity with regard to water. Therefore, constructing
a control algorithm for the tail fin linkages requires
efficient computation (Piskur et al., 2020a; Piskur, 2022).

2. Fish-like propulsion system

The tail kinematic description for a fish-like movement
can be described using the Lightill equation (Lighthill,
1971):

y(z,t) = (12 + co2?) sin (277(:17+27rft>, (1

Fig. 1. Artificial fish in a swimming pool with a link descrip-
tion.

Fig. 2. Image of the artificial fish.

where y(z,t) is the transverse displacement, = is the
independent spatial variable, t is time, the second
independent variable, c; is the primary coefficient of the
wave envelope, co is the quadratic term coefficient of the
wave envelope, A is the wavelength, f is the frequency the
tail fin movement.

The geometrical representation of Eqn. (I) is
depicted as a black curve in Fig. [I] with parameters
adopted from Jurczyk et al. (2020).

The fishtail kinematics are described by means of
three rigid links (Lo, L1, Lo, L3) analysed in the article.
The difficulty of mathematical description is proportional
to the number of links (Piskur et al., 2021). This is
addressed in the current study using dual quaternions’
theory.

3. Theory of quaternions and dual
quaternions

Quaternions are an extension of complex number theory
that allows the formulation of four-dimensional complex
numbers known as hyper-complex ones. They can be used
to describe the rotation of rigid bodies in a space around
a precisely oriented axis. Dual numbers and dual vectors
are special cases of a dual quaternion. A dual number is,
in reality, a dual quaternion with a zero vector portion. A
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dual vector is a dual quaternion with zero scalar part. The
quaternion q can be defined as

q = qo + qii + qof + gk, (2)

where qo, q1, q2, and q3 are real numbers, i, j, k are
imaginary units.

It follows from the above that the quaternion is
composed of a scalar part and a vector part:

q = qo +vq = (QO»Vq)a (3)

where o is a scalar part and v, = qii + g + g3k is
a vector part. A vector v, is called a pure quaternion in
the form of ¢ = 0 + v,. The module of the quaternion
is defined as |q| = /¢ + ¢} + 3 + ¢3. If quaternion
|g| = 1 is a unit quaternion, it can be written as

B 0 v . (0
q = cos (5) + msm (5) , 4)

where 6 is in range [0, 7].

Based on the normalisation process, the axis of
rotation is specified as a unit quaternion. When the
quaternion’s scalar part is compared to 1, it remains
unaffected. The quaternion conjugate is written as
follows:

q=qo— qii — q3j — gsk = qo —vg = (g0, —vq)- (5)
If two quaternions ¢ and p are given as

4= qo + qui + q2f + ask = (qo, ), ©
p=po + pii + paj + psk = (po,vp),
the following arithmetic operations can be performed:
e addition:

q+p = (q0,vq) + (p0,vp) = (g0 +p0,vq +vp) (7)

or

q+p = (go+po)+(q1+p1)i+ (g2 +p2)j+ (g3 +p3 )k,
(8)

e subtraction:

q—p = (go—po)+(q1 —p1)i+ (g2 —p2)i+ (g3 —p3)k
)

or
q—p= (QO»vq)_(pOan) = (QO _p07vq_vp)7 (10)
* multiplication:

q-p = (q0po — @1P1 — ¢2P2 — q3P3)
+ (q1po + qop1 + q3p2 — q2p3)i
+ (q2po + q3p1 + qop2 — 1p3)j
+ (g3po — q2p1 + q1p2 + qop3 )k

(11

or
q'P=qo-Po—VqVp+qo-Vg+po-V,+vy XV, (12)

where
qo "Po — Vg Vp

is a scalar part, and

qo Vg +Dpo-Vpt+Vvy XV,
is a vector part of the new quaternion.

It is worth mentioning that quaternion multiplication
is not commutative

qg-pFp-q. (13)

Taking Eqns. (TI) and (I2) into account, it can be seen that
the manner of defining mathematical relations determines
the memory required for quaternion definitions. As
a result, while determining which type of description
is more successful, the form of the mathematical
presentation and the amount of memory required should
be considered.

Taking into consideration the multiplication of
quaternion

@amcs

qo —qs3 q2 q1
q3 qo —q1 Q2
= 14
1 —q2 Q1 q g3 (14
—q1 —42 —q3 Qo

by the column vector p,

q0 —q3 q2 q1 Do

a3 do —q1 QG2 |P1 (15)
—q2 q1 qo g3 b2
—q1 —¢2 —43 Qo p3

gives the same results as Eqns. (I1)) and (12).

The quaternion presented in the matrix form (I4)
requires more memory space than the quaternion supplied
in the equation form @). As a result, the quaternion
representation as a matrix is only used in this study to
better explain the notion of imaginary units: i, j, and k.

If only one component is equal to 1 and the others are
equal to 0, this yields the following quaternion represented
as a matrix:

0 0 0 1
. |0 0 -1 0
“lo 1 0o ol (16)
-1 0 0 0]
[0 0 1 0]
. 10 0 0 1
|0 -1 0 0]
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0 -1 0 O
1 0 0 O
k=1lo 0o o 1 (18)
0 0 -1 0
It can be seen that the following conditions are true:
P=P=k=ijk=-1 (19)
and
i =k,
Jjk =1,
ki=j,
! (20)
JUL= _k7
kj = 71’7
ik =—j.
Also, it is worth mentioning that
=1,
i' =i,
i’ =1,
i3 — —i, (21)
it=1

The aforementioned relation is utilised for
quaternion multiplication and also helps to clarify
the meaning of relations equal to —1 .

The multiplication table for quaternions and dual
quaternions is shown in Table [[I Due to changes in
multiplication order (see Eqn. (13)), the suffixes a.e and
b.e are placed in the table.

3.1. Rotation point. In a three-dimensional space,
a vector is expressed as a pure quaternion (a quaternion
with no real part). A rotation is denoted by a quaternion n,
with the additional constraint that its norm equals 1.
Rotation point P = (xp,Yp, zp) around vector i =
[ng, ny, ] of length |n| by angle 6, can be provided
based on Algorithm[Il Also, the code function is suffixed
in Appendix A. The following quaternion multiplication
is provided to orient a vector p using a rotation:

PR=4qDq, (22)

where p is is the point before rotation, specified as
a quaternion, ¢ is the axis of rotation encapsulated as
quaternion, ¢ is the quaternion conjugate, p and p are
represented as pure quaternions, i.e., quaternions whose
real part are zero:

D = xpi + ypj + 2pk. (23)

The imaginary
coordinates.

component describes the point

3.2 Interpolation of the rotation. Quaternions
are highly efficient for angle interpolation. Based on
Algorithm 2] the point P = (1,0,0) has been rotated
90 deg around the vector v = (1,1,1) in 100 equal
steps to demonstrate angle interpolation (see the results
in Fig. B). The code can be found in Appendix B. This
algorithm takes only two quaternion multiplications, as
shown in Eqn. (@2); hence modest computing costs and
memory utilisation can be predicted.

The fact that quaternions are not commutative also
corresponds directly to the fact that rotations are not
commutative (see Eqn. (13)).

This can be insufficient to represent the kinematics
of a rigid body because motion is often a combination of
rotation and translation. Only the end of the tail link in
the artificial fish may be estimated using quaternions. The
displacement of the remaining links must be determined
using dual quaternions.

The theory of dual quaternions is explained in the
following paragraph for further rotation and translation
operations.

3.3. Dual quaternions. Dual quaternions are the
concatenation of quaternion and dual-number theory,
which means that quaternions represent the numbers in
the dual-number equation. For rotation and translation,
dual quaternions have the form

o =Dp+e€q, (38)

where p and ¢ are both quaternions and ¢ is the second
order nilpotent dual factor, with relation €2 = 0 and € # 0.
They adhere to the quaternion algebra principles.

A dual quaternion can be represented as an
8-dimensional vector or as a juxtaposition of two
4-dimensional vectors representing the dual quaternion’s
two quaternion components (Leclercq et al., 2013). Using
the quaternions representation from Eqn. (@), the dual
quaternion can be expressed as follows:

g = (POaplap%PSaQO»QhQ2aQ3)- (39)

By analogy with the operation on dual numbers, dual
quaternions 04 = p4 + €q4 and op = pp + €gp can
be added:

oa+op = (po+qo) + €(vi +v2), (40)
and multiplied,
UA'UB:p0'q0+€<v1'v2+v2'v1). 41

By setting the dual component to zero, the dual
quaternion can express pure rotation in the same way as
a quaternion. To represent a pure translation with no
rotation, the real part can be set to the identity, and the
dual part represents the translation.

There are three conjugates applied for calculation:
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Table 1. Multiplication table for dual quaternions.

a-b [ bl | bi b.j bk | b.e | bei | bej | bek
a.l 1 i ] k € €l €] ek
a.i i -1 k —j el | —e | —ek €]
aj ] -k | -1 i €] ek —€ | —el
ak k ] —1i —1 | ek | —¢j €l —€
a.e e | —ei| —¢ | —ek | O 0 0 0
a.ci | el € —ek | € 0 0 0 0
aej | € ek € —ei | O 0 0 0

aek | ek | —¢ | € € 0 0 0 0

E
Fig. 3. Interpolation of point P, where point Pr indicates the Fig. 4. Rotation and translation based on dual quaternions (A:

final position.

e the conjugate of the dual number:

U. = (p03p17p27p37_q07_q17_q27_q3)3 (42)
* the conjugate adopted from the classical quaternion
conjugation:

U* = (pOa —P1, —P2, —P3,490, —q1, —q2, _q3)a
(43)

* a combination of the first two conjugations:

0° = (po, —p1, —p2, —P3, —0, 71,42, q3)-  (44)
For each of the three conjugates, the conjugate of the
conjugate of o is o itself. The conjugate of the product
of dual quaternions equals the product of the individual
conjugates of these dual quaternions but in the reverse
form. In analogy to the quaternion, dual quaternions can
be used for calculation of coordinates by multiplication of
dual quaternions:

Pr.r = qrqr P7qg, (45)

rotational point, L: axis of rotation, P: point on the sur-
face of the rotation and translation).

where gr and g%, stand respectively for the dual
quaternion and its conjunction that describe the rotational
movement, gr and g3 mean the dual quaternion and its
conjunction that describe the translational movement.

An example of the rotation and translation of
the point A made in 1000 steps is shown in Fig.[4 Just like
a 4x4 matrix stores rotation and translation information
about an object, a dual quaternion stores the same type of
information but in two different quaternions.

The multiplication shown in Eqn. @3) can be
applied as many times as the number of translations and
rotations required for kinematic description. The number
is determined by the number of frames that must be
rotated and the number of translations. In the following
paragraph, Eqn. (#3) is used to describe the kinematics of
a fish-like propulsion system.

3.4. Fishtail kinematic description based on dual
quaternions. Rotation and translation in terms of
the description of the artificial fishtail kinematics is
a special case in which the displacement takes place
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Algorithm 1. Rotation of the point.

Algorithm 2. Interpolation of the rotation.

Rotation of the point P = [z, yp, 2] around the vector:
n = [ng, Ny, n| of the length |n| by the angle 26.

Step 1. Compute the next values:
qo, 91, G2, g3, unit quaternion coefficients:

(24)

where [n| = /n2 +n2 +n2.

Step 2a. Calculate @, the rotation matrix:

2(q142 — q3q0)
1-2(¢7 +¢3)
2(q2q3 + q190)

1—2(¢3 +43)

Q=1 2(q1q2 + q390)

2((]1(]3 - Q2QO)
2(q193 + ¢290)
2((12(13 - (J1(J0)
1—2(qf + 43)

According to Eqn. (II) calculate the new

(25)

Step 3a.
coordinates:
Pr=Q-P. (26)

Step 2b. Define the next quaternions:
q, quaternion of rotation defined as

q=qo+ qii + qj + qsk, (27)
@, conjunction of quaternion q, equal to

q=qo — q1i — q2f — g3k, (28)
p, rotation point encapsulated as

p=0+zpi+ypj+ zpk. (29)

Step 3b. According to Eqn. 22) calculate the new
quaternion:

PR=q P q (30)
where pp = O+PR$1+PRy]+ Pr.k
Step 4b.  After the quaternion encapsulation, the

vector parts of pp give the point coordinates Pr =
(PRra, Pry, Pr-) after rotation.

in the two-dimensional space. The forward kinematics
approach to the concatenating transform is the same
for dual a quaternions and matrices, and it uses
simple multiplication to propagate transforms between

Rotation of the point P = [z, yp, 2] around the vector:
n = [ng,ny,n;| of the length |n| by the angle divided
into N equal angles.

Step 1. Compute the next values:

lal = \/q3+q%’+q%+q§, vl =/ai + a3+ a3

(31)
0 — q0 . n
= arccos —, Ug, = T,
lq] |v]
q2 q3
Ugy = mv Ugs = ma (32)
and then
0
GN = Na
qoy = cos(On),
Qiy = Ugq, SinOn, 33)
G2y = Ug, SiNOn,
(3 = Uqy Sinfy.
Step 2a. Calculate @y, rotation matrices:
1-2(g3, +43,)  2(q1nG2y — GB3y0x)
2qyGen +ayqox) 1 —2(dF, +63,)
1 72(‘1%1\/ +q§N) 2(¢]2N(I3N +Q1NCION) (34)

2<q1Nq3N + q2Nq0N)
1— 2(q§N + qegN)
1—2(q7, +a3,)

Step 3a. Calculate N times P!, the coordinates of
rotation points:
Py =Qn-P. (35)

Step 2b. Define the quaternion:
qN = Qo + q1yE + Gond + @3y kK,
its conjunction:
7= qon — Qini — G2nJ — Bk,
and calculate N times
PN =q¢ P-4, (36)

where pi = 0+ PL i+ PJ{,yj + PL k.
Step 3b. Encapsulate quaternions to obtain the
coordinates of rotation points:

Py = Py + Py + Pi.. (37)
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Fig. 5. Aurtificial fish graph with coordinate systems

the connected links. Each coordinate is calculated
in accordance with a specific convention for attaching
reference frames to each stiff section of the artificial
fish hull, as shown in Fig. The fish-like description
kinematic is offered as a collection of transformations
connected with rotation and translations, similar to
D-H parameters (Denavit and Hartenberg, 1955). A
coordinate system for each joint, a coordinate system to
the end-effector, and a reference coordinate system are
required by the D-H approach. The coordinate system is
associated with each stiff part of the fishtail in this paper’s
analysis so that the x axis runs along each section and
all z axes are parallel to each other (see Fig. [3). The
point Ps is put in the centre of the flexible fin, and the
movement description is assumed to be the same as for
the rigid body. It rotates by 63 degrees in reference to the
coordinate system x3,ys, z3. As a result, the following
mathematical relation based on dual quaternion algebra
can be used to define the coordinates P3; with reference to
the coordinate system g, Yo, 2o:

Py3 = Z,I\To aR1 ZJ\Tl ZI\Rz @Tz ZJ\RS P3Zj<})%3 a’fl)"g {j})%g Zi’%l {]\%1 EZ\’_(Z)"O ;
(46)
where point Ps is defined as a dual quaternion

P3 = [1707070707L37070]

and all rotation and translation operations are described as
dual quaternions:

drs = |
dr, = [1, 0,0, 0,0, Ls/2, 0, 0],
Qr, = [cos(02/2), 0, 0, sin(62/2), 0, 0, 0, 0],
Gr, =1, 0,0, 0,0, L1/2, 0, 0],
= [cos(01/2), 0, 0, sin(61/2), 0, 0, 0, 0],
=1, 0,0,0,0, Lo/2, 0, 0],

ar,
qr,
q%. @3 are the conjunctions of dual quaternions (see

Eqn. @4)).

Y [m]

01 02 03 04 05 06 07 08 09 1
x/L[]

Fig. 6. Final representation of point coordinates (L: the total
length of the fish body).

It is worth mentioning that in the coordinate
system x3,Yys, 23 the point P; is only rotated, and the
coordinate system x1, %1, 21 in reference to xg, Yo, 2o 1S
only translated. The ready-to-use code is attached in
Appendix D, and the result of the provided analysis is
depicted in Fig. |6] for 20 angles changed by 1 degree in
each step.

4. Summary

This paper provided a concise explanation of quaternions
and dual quaternions, as well as an examination of the
kinematic description of a fish-like propulsion system. It
can be observed that the four-element rotation construct
is more compact than the nine-element rotation matrix.
Using efficient methods, any rotation represented by
quaternions can be linearly interpolated. In that situation,
quaternion algebra is more computationally efficient than
Euler angles since it does not employ trigonometric
functions but only basic operations on integers.

Quaternions are particularly efficient at describing
rotation but not translations. Therefore, dual quaternions
were used to describe the kinematics of the artificial
fishtail. ~The developed algorithm was shown on an
artificial fishtail modelled as a three-degree-of-freedom
manipulator with rotational joints.  All calculation
functions are supplied in Appendices, allowing readers to
compare the efficiency of quaternion algebra with other
methods and with a more degree of freedom object of
analysis. The subject of the analysis can be studied
by assuming a greater number of degrees of freedom.
There are no built-in functions, only multiplication and
additions. Thus, the analysis can be used in environments
such as Matlab, Octave, Python with NumPy/SciPy
packages, Scilab, or others. All internal functions are
included in Appendices.

There are also some disadvantages when working
with quaternions, such as pre-processing required to
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begin with this representation and certain visualisation
challenges due to the four-dimension representation.
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Appendices

All the scripts included in Appendices can be obtained
upon sending a request to [p.piskur@amw.gdynia.
pl.

Appendix A
Rotation of a point

cle; clear; close all;

% Point to rotate P = [z, y, 2|
P1=11,1,1);

% Point P encapsulated into quaternion :
pg = [0 P1(1) P1(2) P1(3)];

% axis of rotation :

v = 1[0, 0, 1J;

% rotation angle :

6 = 90 x (pi/180);

% hal f the angle of rotation :

% the scalar part of the quaternion

% describing the azis of rotation :

so = cos(02);

% module of the vector part of the quaternion
% describing the axis of rotation :

v = sqrt(v(1)? + v(2)% + v(3)?);

zo = (V(1)/vm) * sin(f2);

yo = (v(2)/vm) * sin(6s);

z0 = (v(3)/vm) * sin(62);

% quaternion :

q = [sozovyo zol;
% quaternion conjugated :
cqg = [so —x0 —yo — zo|;

@ = Qmultiplication(q, pq);

p2 = Qmultiplication(q, cq);

Pr = p2(2:4);

% visualisation :

figure(1)

PO = [0,0,0];

plot3([0P1(1)], [0P1(2 )HOPl( )N g —0')
text(P1(1), P1(2), P1(3),’ P’)

hold on

plot3([0Pr(1)], [0Pr(2)], [0PR(3)],"b — o)
text(Pr(1), Pr(2), Pr(3), Pp)

axis equal

grid O:IL

hold of f

Appendix B
Interpolation of a point rotation

cle; clear; close all;

% point to be rotated P =[x, y, Z]

P1 = [1, 0, 0;

pg = [0, P1(1), P1(2), P1(3);v = [1, 1, 1];
% angle of rotation

0 = 90« (pi/180);

N = 100; % angle division

On = (1/N) = 0;
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U = sqrt(v(1)® + v(2)> + v(3)*);
zo = (v(1 )/vm)*sm(GN)
= (v(2)/vm) * sin(On);
zo = (v(3)/vm) * sin(On);
%quatermon
q = [soxovyo zol;
% quaternion conjugated
gsp = [so, —xo, —yo, — zo);
% loop
for i =1:N

pq = Qmultiplication(q, pq);

pq = Qmultiplication(pq, qsp);
Y%point coordinates after rotation

P2(i,:) = pq(2:4);

end

Appendix C
Translation and rotation

cle; clear; close all;

% point

A = [0,0,2];

% point A as a dual quaternion
dgA = [1,0,0,0,0, AJ;

% azis of rotation

vl = [0,1,0];

% angle of rotation

theta; = 90 x (pi/180);

% translation

dl = 2;

PO1 = [0,0,0];

dgql = pdqg(vl,thetaq,dl, PO1);
dgB = conversion(dql,dqA);
PrT = dqB(6 : 8)

Appendix D
Fish tail kinematics

cle; clear; close all;

% link length
i = 0.1;
lo = 0.1
ls = 0.12;

% rotation angles :

61 = 1% (pi/180);

0 = 1% (pi/180);

03 = 1% (pi/180);

data as a dual quaternions :

dq3r = [cos(05/2),0,0, sin(f3/2),0,0,0,0];

dg3t = [1,0,0,0,0,15/2,0,0];

dq2r = [cos(02/2),0,0, sin(62/2),0,0,0, 0];

dg2t = [1,0,0,0,0,15/2,0,0];
dqlr = [cos(61/2),0,0, sin(61/2),0,0,0,0];
dglt = [1,0,0,0,0,1,/2,0,0];
N =10;
fori=1:N
dq3r = [cos(ix05/2), 0, 0, sin(ix03/2), 0, 0, 0, O;
dg3t =1, 0, 0, 0, 0, L2/2, 0, 0];
dg2r = [cos(i*02/2), 0, 0, sin(ix02/2), 0, 0, 0, 0J;
dg2t =11, 0, 0, 0, 0, L1/2, 0, 0];
dglr = [cos(i*61/2), 0, 0, sin(ix601/2), 0, 0, 0, 0J;
dglt =1, 0, 0, 0, 0, L0/2, 0, 0];
dql = DQmultiplication(dqlt,dqlr);
dqltemp = DQmultiplication(dql, dq2t);
dq63 = DQmultiplication(dgltemp, dq2r);
dq62 = DQmultiplication(dq63, dg3t);
dq3 = DQmultiplication(dq62, dg3r);
resultDQ61 = conversion(dg3, dgP3);
result61(s,:) = result DQ61(:, 6 : 8);
result DQ63 = conversion(dq63, dqP2);
result63(i,:) = result DQ63(:, 6 : 8);
resulsDQ65 = conversion(dgl, dqP1);
result65(i,:) = resulsDQ65(:,6 : 8);
end
Y%plotting the results
plot3(result63(:, 1), result63(:, 2), result63(:, 3),’ bo’)
hold on
plot3(result6l(:, 1), result61(:,2), result61(:, 3), rd")
plot3(result65(:, 1), result65(:, 2), result65(:, 3)," gx’)
grid on
axis equal

Appendix E
Internal functions used

function g3 = Qmultiplication(ql, ¢2)
% Description :
% Two quaternions (ql and q2) multiplication.
% The function gives the third quaternion q3.
% T he both quaternions :
% ql = [q1(1) q1(2) q1(3) q1(4)];
% and
% q2 = [q2(1) ¢2(2) q2(3) q2(4)];
% have a scalar part :
% s1 = ql(1); s2 = q2(1);
% and vector parts :

%o vl = ql(2:end); v2 = ¢2(2: end);
% As aresult q3 is calculated :

% q3 = [sv];

% where :

% s = sl*xs2 — dot(vl,v2);

%ov = slxv2 +s2xvl 4+ cross(vl,v2);
sl = ql(1);
vl = ¢1(2: end);
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52 = q2(1);
v2 = ¢2(2: end);
s = sl*s2 — dot(vl, v2);
v = sl*xv2 + s2xvl+ cross(vl, v2);
g3 = [sv];
end
function [dq] = pdq(v,theta,d, Py)
% parameters for dual quaternions
qr0 = cos(0.5 * theta);
norm, = norm(v);
L = (v/normy,);
qrl3 = L x sin(0.5 x theta);
gr = [qr0 qrl3]; %rotation
qPy = [0 Pol;
qL = [0 L];
%dq = qr + 0.5 % (d* gL * qr + Py x qr — qr * Pp)
dqg(1,1:4) = gr;

dq(1,5 : 8) = 0.5 * (Qmultiplication(qL x d +
qPo,qr) — Qmultiplication(qr, ¢Pp));
end

function edqg = ¢DQ(dq)
%conjuction of qual quaternions

edg(1, 1) = dq(1,1);

edq(1,2:4) = —dq(1,2:4);
qu(l, ) = - dq(175);
edq(1,6:8) = dq(1,6: 8);

end

function dg3 = DQmultiplication(dql, dq2)
% dual quaternion multiplication;
ql = dql(1:4);
= dql(5: 8);
q2 = dq2(1:4);
w2 = dq2(5 : 8);
dg3(1,1:4) = Qmultiplication(ql, ¢q2);
dg3(1,5: 8) = Qmultiplication(ql,w2) +
+ Qmultiplication(wl, ¢2);
end

function dgB = conversion(dq, dqA)
DQromb = ¢cDQ(dq);
temp = DQmultiplication(dq, dqA);
dqB = DQmultiplication(temp, DQromb);
end

Received: 1 August 2022
Revised: 5 November 2022
Accepted: 1 February 2023

aamcs



	Introduction
	Fish-like propulsion system
	Theory of quaternions and dual quaternions
	Rotation point
	Interpolation of the rotation
	Dual quaternions
	Fishtail kinematic description based on dual quaternions

	Summary


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /CreateJDFFile false
  /SyntheticBoldness 1.000000
  /Description <<
    /ENU (Versita Adobe Distiller Settings for Adobe Acrobat v6)
    /POL (Versita Adobe Distiller Settings for Adobe Acrobat v6)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [597.600 842.400]
>> setpagedevice




