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Abstract. In this paper, we develop and propose a modified quaternion, called the pseudo-
dual-quaternion (PDQ). After identifying the differences between quaternions and PDQs, we
define the PDQ and a function corresponding to the PDQ. Based on the operators provided
in the PDQ, we give the form of power for the PDQ.

1. INTRODUCTION

Dual numbers were first introduced by Clifford [2] in 1873 and were later
developed further during the 20th century. In a previous study [11], the dual
angle was presented, which measures the actual location of two skew lines in
three-dimensional (3D) space. Dual numbers extend from real numbers the
combination of a new element ¢ with the property €2 = 0. A dual number
is written as z = a + €b, where a and b are the real numbers. The set of
dual numbers establishes a commutative and associative algebra over the two-
dimensional real numbers.

In mathematics and mechanics, in order to express the spatial rigid body
displacements, Yang [13] proposed dual quaternions based on the forms of dual
numbers and quaternions. Dual quaternions are constructed as quaternions
by using dual numbers instead of real numbers as coefficients. To understand
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the operations of the dual quaternion, the quaternions need to be considered.
A quaternion is a linear combination of the basic elements 1, i, j, and k, as
introduced by Hamilton [4, 5] in 1843. Hamilton’s product rule for i, j, and k
is given by

and satisfies

ij=—ji=k, jk=—-kj=1 and ki=—ik=j.

Therefore, a dual quaternion is written as Ay + A1 + jAs + kA3, where A,
(r =0,1,2,3) are dual numbers. If we emphasize the form of dual numbers,
a dual quaternion can also be represented in the form p + g, where p and ¢
are quaternions and ¢ is the dual unit and commutes with every element of
the algebra. As can be seen from the property of e, unlike quaternions, dual
quaternions are not a division ring. McCarthy [10] showed that rigid motions
in 3D space can be represented by dual quaternions of unit length. This finding
has been exploited in theoretical kinematics. Torsello [12] introduced appli-
cations to computer graphics, robotics, and computer vision. Kotelnikov [9]
developed dual vectors and dual quaternions for use in the study of a method
of accounting for friction in kinematic joints. Ercan and Yiice [3] generalized
Euler’s and De Moivre’s formulas for complex numbers and quaternions to
the dual quaternions. Also, the matrix representation of dual quaternions was
expressed by dual quaternions. Ata and Yayli [1] considered the dual complex
numbers as a generalization of complex numbers and studied a group of dual
matrices by using a symplectic structure on dual quaternions. Kim and Shon
[8] provided an expression of power series in dual split quaternions and the
regularity of dual split quaternionic functions with differential operators on
dual split quaternions. Kim [6] found the regularity of a dual quaternionic
function and the polar representation of that function in Clifford analysis,
using the differential operators of the dual quaternionic variables. Kim [7] ex-
tended a regular function with values in dual quaternioins, comparing it with
the regularity of quaternionic functions.

Using the property of the dual unit, we propose a modified quaternion,
called the pseudo-dual-quaternion (PDQ). We investigate the differences be-
tween quaternions and PDQs in terms of their algebraic and analytic proper-
ties. To determine these differences, we first define the PDQ and a function
corresponding to the PDQ. We also propose addition, product, and differential
operators which can be used to the PDQs. Based on these operators, we pro-
vide the form of power for the PDQs and the expression for the transcendent
functions of the PD(Q variables.
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2. PRELIMINARIES

Let R be the set of real numbers and Dp denote the set of PDQs such that
Dp = {p=z0+iz1 +joa+krs |z, €R (r=0,1,2,3)}.
where 7 is the imaginary unit and j is the unit element satisfying
i?=-1, j>=0, ij=k, (2.1)
i) =—ji, jk=kj=0 and ki=—ik=j, (2.2)

which is isomorphic to R*. Using the properties of i and j, we have the
following rules for the addition and product:

p+q=(xo+yo) +i(z1+y1)+j(x2 +y2) + k(zs +y3)
and
pq = (®oyo — z1y1) + i(w1y0 + oY1) + J(T290 + T3Y1 + ToY2 — T1Y3)
+k(x3y0 — T2y1 + T1Y2 + T0Y3),
respectively. We give a conjugate of a PDQ p as follows:
p* =z — iz — jro — kxs.

We then have the norm, denoted by N (p), and the inverse element, denoted
by p~!, of a PDQ p € Dp:

N(p) :=pp* = x% + 22

and

1 p* xo x1 T2 3

- - _i y ,
b N(p) a3+a% 23 +a? ~J w3 +a?  ai+4a?

(xog, 1 # 0),

respectively. For example, since j and k have xg = 1 = 0, neither the unit
element j nor k£ has the inverse element. The following properties are derived
from each definition of the conjugate, norm, and inverse of the PDQs.

Proposition 2.1. For p and q in Dp, the conjugate and norm of the PDQs
satisfy the following properties: for a, B € R,

i) () =P,

(i) (pg)* = q¢*p*,

(iii) (ap + Bq)* = ap* + B,
(iv) N(pg) =N (p)N (9),

(v) N(ap) = o’ N(p).
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Proof. The above properties are shown by the definitions of the conjugate and
norm. In particular, since the product is noncommutative, in (ii), we have

(pg)" = (zoyo — z1y1) — i(x1y0 + zoy1) — J(T2yo + 23y1 + ToY2 — T1Y3)
—k(z3yo — T2y1 + T1Y2 + Toy3)
and
" = (yo—iy1 — jyo — ky3)(vo — ix1 — jwo — kx3)

= (yoxo — y1x1) — i(yor1 + y1wo) — j(yox2 + y123 + y2xo — Yy3x1)
—k(yors — y122 + Y221 + Y320).

Hence, (ii) is satisfied. Also, in (iv), we have

N = (zoyo — 2131)° + (2190 + 2oy1)”
= (zow0)® + (z191)” + (21%0)* + (zoy1)”
and
N@N(g) = (a§+ 1)y +7)
= (zoyo)® + (zoy1)? + (z1y0)® + (z131) .
By comparing N (pq) with N (p)N (¢), we obtain that (iv) is satisfied. O

Similarly, the inverse element of a PD(Q has several properties.

1

Proposition 2.2. For p,q € Dp and a € R, the inverse element p~ of p has

the following properties:

D@ Ht=p

(i) (pg)— =q 'p ",

(iii) (ap)~' = Zp,

(iv) N(p~1) = (N(p) "
Proof. The above properties can be expressed by the definition of the inverse
element of a PDQ. In particular, in (iv), we have

_ o \?2 r1 \?
) = () ()
v = G Tagag

x% a:% 1

(xg+29)? (2 +29)*  af+af

and
(3 +a3)—i0—jO—kO 1
(z2 + 23)2 + 02 a4

V@)™ = (f+ai) =

Since the above two equations are same, we obtain that (iv) is satisfied. [
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3. DIFFERENTIAL OPERATORS FOR TRANSCENDENT FUNCTIONS
OF PDQ VARIABLES

We attempt to expand the various number systems through several ex-
pressions about a transcendent function of the PD(Q variables. We also try
to supply the non-expandable properties of dual quaternions. For example, in
dual quaternions, if we use the general definition of the conjugation in complex
analysis, there are no inverse elements and many constraints exist when rep-
resenting the conjugation of differential operators. However, a PDQ is based
on the property of dual quaternions, and is defined by an inverse element and
norm, from which a form of transcendent functions can be obtained.

A pseudo-dual-quaternion p can be written as p = xg + ?, where zq is the
scalar part and X is the vector part of p, induced by

*

:p+p and ?:p—zp.

In particular, if xg = 0, then p is termed a pure PDQ. For two pure PDQs,
X =iz + jxs + kxs and Yy = iy1 + jyo + kys, their product is:

XY = (iz1+ jws + kas)(iyy + jy2 + kys)
= —xy1 + j(xsyr — x1y3) + k(z1y2 — 2201).

o

Let -p be the inner product and x p be the cross product in PDQs such that
X ‘D ? = 11

and
X xp Y =j(xsyr — 21y3) + k(z1y2 — z2m1),
respectively. For example, we note that

?-D?:x% and ?XD?:O
Hence, we can write that
XY =-XpV+XxpV.
Thus, for two PDQs p and ¢, their product is
pr=z0g0o— X DY +20Y + Xyo+ X Xp ¥ .
The scalar product of two PDQs p = xg + X and q=1Yo+ ?, is defined as
<P,q >D= ToYo + T1Y1,

that is, < p,q >p is the scalar part of pg*. The above expressions provide a
metric in the four-dimensional (4D) space with base i and j, satisfying i2 = —1
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and j2 = 0, respectively. Using the scalar product, we can obtain an angle @
between two PDQs p and ¢ such that
<P,q>D
Np)v/N(a)
Also, every PDQ p = zg + ix1 4+ jx2 4+ kxg can be written in the form

cosf =

p=r(cosf+ Usinf), —mw <0<,

which is termed the polar form of a PDQ, where r = /N (p) = /23 + 27,
cosf = %a:o, sinf = %xl and
X
U= —, I 750. (3.1)
T
We can express 0 as the angle between p € Dp and the real axis. The notion
of U'sinf is a projection of p onto the 3D space (with bases i and j) of pure

PDQs. Since

Tr1 X1 :ZZ% ’

we have

(=)™ n=2m,
YT ()™, n=2m+ 1.

Using the expression of the Maclaurin series for cos 6 and sin 6, that is,

o (_1)t92t ) 0 (_1>t92t+1 .
cosf = ~———— and sinf = — 7,
; (2t)! ; (2t 4+ 1)!

respectively, we describe e” such that

W _ o, (@) (90)°  (90)

e = 1+ (00) + 5] + 30 + 10 +
92 04 03 95
S R TR (o R i)
Thus, we obtain Euler’s formula for PDQs such that

> 62 ot 6  6°

ve f— —_—— —_— — e e . ! —_—— —_— — s e .
e TRAT +”(9 31 "5 )

= cosf + Usinb,
for 6 € R.
Theorem 3.1. Let p = cosf + vsin 6 be a unit PDQ. We then have
p" = cosnb + Usinnb, (3.2)
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for every n € Z, being the set of integers. Also, the formula holds for n < 0
such that

p~ " = cosnf — Usinnb.

Proof. Using mathematical induction, we first consider the equation (3.2)
when n = 1. Then, we have p = cosf + v'sinf. Suppose that for n = m,
the equation (3.2) is satisfied. Then, by trigonometric addition formula for
sine and cosine,

p" Tt = p™ p = (cosmb + Tsinmb)(cosf + Tsin h)

= (cosmb cosf — sinmf sin 0) + v(cos mb sin 6 + sin m# cos 0)
= cos((m+1)0) + dsin((m + 1)0).
Thus, the equation (3.2) is satisfied for positive integers n. Furthermore, from

the definition of p~!, we have

1 p* cosf + (—v)sinf

= = = cosf — Usiné.
" N 2
Applying the same description process of equation (3.2) to the computation
process to show equation (3.2), we find that (3.2) is satisfied. O

We may form the sequence of powers, for a PDQ number P with the form
p=x9+ X. That is, we have

p? = (x(% - x%) + ?23:0,
PP = (23— 3wox?) + X (322 — 2?),
pt o= (a:é — 633337% + w‘ll) + ?(437% — 4$0x%),
Lyl SN
5 n _ 5 n _ -1
o= el (7 )a LRI (0 )atrar,
rzre;en rtodd

r r
where b} is the greatest integer less than or equal to —. Thus, we have

ﬁ i <_1)m n—2m,2m

x x
V( 10 1
= (2m)!(n — 2m)!

- (_1)m n—2m— m
+?7§(2m+1)!(n—2m—1)!x0 A (3:3)

From the above formulas, we obtain an expression of transcendent functions
in PDQs, using the form described by .
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Theorem 3.2. For p = xg+ix1 + jro + kxs € Dp, we write the exponential
function such that

eP = e*{cos(z1) + Usin(x1)}.

Proof. Some evident simplifications are sufficient to arrange the terms in a
more familiar way, since by definition of the exponential function

2,3 .4 .5
=l4pt gt (3.4)
Referring to equation (3.3), we expand equation (3.4):
2,3 .4 .5
p p p p
P g, Fr  F P
e = l+p+ +31+4v+5|+
1 1, 1 )
- @+m”d' i1t g 33m%+4 4ﬁ%%
L 1 1o,
+Z 1 + = 5' *10170.’131‘*‘ *555().’131“*‘)
-+3?<1+-572x04-3 38 — ot + 4 4x0 da0]

1 1 1

where X = 1x1 + jx2 + kxg and p = xo + X. Since we have

0 3 4 5

20 _ N~ 20 _ Lo, o %o "o
e —}%T =140+ = +3|+ +5,+
r=
o0
(—1)T x2 4
cos(wl)—z (27“) —1——1—1—5—1—
. B
sin(x Z T = Rk
) %+U1 TR
r:O

we can observe that e®™ cos(zp) is equivalent to the scalar part of eP and
605;7111(9”) is equivalent to the vector part of eP. Thus, we can write

2 3 4 5 ‘,1:2 4
eP:<Hm+—+§+—+g+ J(-F+5+)
3 4 5 x% 4
+Y@+m+—+§+m+5+ J-F+F+)
= e" cos(z1) + ?73:0 S;rll(xl)

= e (cos(:nl) + ?M>

T
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Since we denote U = % (see (3.1)), the final expression ™ (cos(x1) 4 v'sin(z1))

for eP is obtained. O

Consider the form of the differential operator for the PDQ and the formula
for the function of the PD(Q variable. Let a function f : Dp — Dp be denoted
by

f(p) = f(zo + iz + jzo + kx3) = ug + iug + jus + kus,

where u, = u, (29, 1, T2, r3) : R* — R are real-valued functions (r = 0, 1,2, 3).

Consider the Cauchy-Fueter operators such that
0 0 0 0

Df = — 4i—+j— +k—
8:60 + Z8371 + J 8.7:2 + 8%3
and then, we have
0UO aul . 8u0 8U1
D* = — - —= -_r
f 8330 a$1 + Z<al‘1 83}‘0)

. Ouo 6u1 8U2 611,3
+ <072 t ows | Org 971)
Oug Oug Juq Oua
+k<%+%_%+%>'

Similarly, the conjugate of the Cauchy-Fueter operators is

_9 _,0 .90 L9
a 6x0 8.731 ]8332 a’Eg

and then, we have

8UQ 8u1 . 6u1 auo
Df = —+4-— — -
f 8{[)0 8:1:1 ’ < 61'0 81‘1 )

+i (au2 Oug  Ous aul)

3170 61’2 + 61'1 61’3
Oou; Ous Oug  Oug
e (Grs = e * e~ o)

Thus, we obtain the following result:

1 <8u0 Ou; . Oug 8U3> B ﬁ (3.5)

Tf=-(D*f+Df)=(-—+i—+j—F+k—) = —.
f 2< f+ f) ax0+28x0+38x0+k8$0 6:1:0

We consider a form of the differentiated exponential function in the PDQs.

Theorem 3.3. Using differential operator T for the exponential function
f(p) = eP in PDQs, we have T(eP) = eP.
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Proof. From equation (3.5), since %e;(? = e", we have
0
—f = " (cos(x1) + Usin(xy)) = €P.
61‘0

Thus, we obtain T'(eP) = eP. O
Similarly, we have

Sf = §(0°f-Df)

8u1 . 8’&0 . auo 6U1 aU3 auO 8u1 8u2
oz o J(aT;QWTS 37) ’“(373 aT;ﬁaTcl)

. 8u0 ,aul _8U2 au;v, . 8u0 8u1 auO 8u1

= i(gm Tiam i )+ (Gt ) (G 5

ifi;i +j(%+i%) +k(%+i%)

8$2 8$2 8563 8333
_ 0 Oh L 0h
N Z8x1+‘78x2 k8x37 (36)

where f; : R* = C is a complex-valued function by f; = ug + iu;. From the
properties (2.1) and (2.2) of i, j, and k, the function Sf is also written as

.of . 0f af
Sf—=qi—— — 4+ k.
f Za.’L‘l + ‘78352 + 6.%3

We also consider the form of the differentiated exponential function in PDQs

for obtaining the vector part of the differentiated functions in PDQs.

Theorem 3.4. Using the differential operator S for the exponential function
f(p) = €P in the PDQs, we have

S(eP) =ive? — R, (3.7)
where R = " sin(z;) € R.

Proof. In order to be formed the result (3.7), when equation (3.6) is applied
to f(p) = €P, the following calculations are performed:

PR i Oh 0N
S(f) = 181‘16 (cos(xq) + v'sin(z1)) +ja$2 + kal’g

o f O 9 . . L0 .
= e 0{87551 cos(z1) + (a—mv) sin(zy) + v(a—:E1 sm(a:l))}

= iexo{— sin(x1) + isin(xy) + ﬁcos(xl)}
= ieml_f{z—)’sin(xl) — ¥isin(x1) + COS(ZL‘l)}

= UeP — e sin(xy).
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Thus, we obtain the equation

S(eP) =ive? — R,

where R = e™ sin(z1) € R. O
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