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Abstract. The purpose of the paper is to present a new generalization
of the dual Fibonacci quaternions called the generalized dual bi-periodic
Fibonacci quaternions. This new generalization allows us to state dual
quaternion sequences as a unique sequence. Furthermore, we give the
generating function, the Binet formula, the norm value of these dual
quaternions, and some basic properties of them.
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1. Introduction

It is well known that the algebra of quaternions

3
H-= {Zaiei ta; € R} = C?,
i=0

is defined as a four-dimensional vector space over R having a basis ey =2
1l,e1 2i,e0 = j and ez = k, which satisfies the following multiplication
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rules:

e = —1,1€{1,2,3};

€1€2 = —€2€1 = €3, €23 = —€3€2 = €], €3€]1 = —€1€3 = €2.

The dual numbers are invented by Clifford as an extension of the real
numbers, and defined by
d=a+¢ea",

where ¢ is the dual unit with € # 0,2 = 0, and a,a* € R. Similar to real
quaternions, the dual quaternions are defined by taking dual numbers
instead of real numbers as a coefficient. The algebra of dual quaternions

D:{q+5q*:q,q*€H, 5#0,52:0},

is a Clifford algebra and has some interesting applications on mechan-
ics, mathematics, and physics. Especially, the dual quaternions are im-
portant to represent rigid body motions in 3D-space. For the detailed
information related to dual quaternions and their applications, we refer
to [3, 11, 13].

There are several studies on different types of sequences over quaternion
algebra and dual quaternion algebra. In [9], Horadam introduced the
n—th Fibonacci quaternion, F;,, as

Fy, = fneo + fn+1€1 + fn+2€2 + fn+3637
where f,, is the n—th Fibonacci number and defined by
fo=0,fi=1, fon=fao-1+ fa—2, n22.

Similarly, Nurkan and Giiven [10] introduced the n—th dual Fibonacci
number and n—th dual Fibonacci quaternion as

f~‘n = fn+efnr1 and ﬁn =F, +eFyq1,

respectively. Here f,, is the n—th Fibonacci number, F}, is the n—th
Fibonacci quaternion. For a survey on researches related to different
types of sequences over quaternion, dual quaternion, octonion and dual
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octonion algebras, we refer to [2, 5, 6, 7, 9, 10, 12, 14, 15, 16, 18, 19, 20],
and for a recent study on the general linear second order recurrences we
refer to [8].

In this paper, we find the motivation from the paper [1] and present a fur-
ther generalization of the dual Fibonacci and the dual Lucas quaternions,
called as, the generalized dual bi-periodic Fibonacci quaternions. Fur-
ther, we obtain the generating function, the Binet formula, the norm
value and some basic properties of these dual quaternions. Note that,
this new generalization allows us to state several dual quaternion se-
quences as a unique sequence. By taking appropriate values for the gen-
eralized dual bi-periodic Fibonacci quaternions, we can easily see several
dual quaternion sequences as a special case.

First consider the sequence of the generalized bi-periodic Fibonacci quater-
nions {W,,}, which is defined in [16] as:

3
Wn = an-l—lela (1)
=0

where {w,,} is the sequence which is introduced in [4] as:

aWp_1 + Wy_9, if n is even
Wn { bwy_1 + wp_o, ifnisodd ’ n (2)

with arbitrary initial conditions wg,w; where wg,ws,a,b are nonzero
numbers. For the basic properties of the sequence {wy,}, see [17]. Since
the sequence {wy} is a generalization of the bi-periodic Fibonacci and
Lucas sequences, hence we can obtain a further generalization of the
bi-periodic Fibonacci and Lucas quaternions as well. For example, if we
take the initial conditions wg = 0 and w; = 1, we get the bi-periodic Fi-
bonacci quaternions in [14] , and if we take the initial conditions wy = 2
and w; = b, by switching a and b, we get the bi-periodic Lucas quater-
nions in [15]. Finally, we want to emphasize that we can obtain several
well-known quaternion sequences in the literature for particular values
of a and b.

We need the following results which can be found in [16].
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For n > 0, the Binet formula for the sequence {w,} and {W,} can be

given by .
Wy, = Zj;:[;j (Aa™ ' —Bp" 1), (3)
and
. (ab)ﬁ (Aarart — Bp* 1), if n is even

(Aa** n-l Bﬁ**ﬁ”_l), if nisodd ’ (4)

27,2 —Ja2h2
ab+\/a2b +4ab and ﬁ . ab \/aQb +4ab are the roots

respectively. Here o :=
of the polynomial z? — abr —ab = 0, ((n) = n — 2 L%J is the parity
function, i.e., ( (n) = 0 when n is even and ¢ (n) = 1 when n is odd. We
assume that a?b>44ab # 0, and we have a+3 = ab, a—ff = vV a2b? + 4ab,

af = —ab. Additionally, A, B, o*, 5%, o™, and ** are defined as follows:

A _awy + bwo Bwy + bwyg
- a _ /B ) a _ /8 )
3 c(+1) 3 C(I41)
% a a !
o = @ ey, ﬁ = /8 €,
2 (anlH 2l
3 q0) 3 40
o = e alel, 0 ::Z ey lel.
= (ab)L %] = (ab)L %]

The generating function of the generalized bi-periodic Fibonacci quater-
nions is

Wo + (Wy —bWo)t + (a—b) 32 R(t,s) es

G(t) = 1—bt—12

where

[=5]

R(t,s) : Z wop— t7F [ #177,

Zw 21 _ wit + (bwo — w1> t3
a1 T l—(ab+2)2+ 14
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The norm of the generalized bi-periodic Fibonacci quaternions is
Nr (W) == W, W, (5)

where W, := wpeg — Wnt1€1 — Wpyae2 — wpyses is the conjugate of the
generalized bi-periodic Fibonacci quaternions.

2. Generalized Dual Bi-Periodic Fibonacci Quater-
nions

In the present section, we introduce the generalized dual bi-periodic Fi-
bonacci numbers and the generalized dual bi-periodic Fibonacci quater-
nions. Also, we state some basic properties of these dual quaternions.

Definition 2.1. The generalized dual bi-periodic Fibonacci numbers {w,, }
are defined by
Wy, = Wy, + EWna1, (6)

where wy, is the n—th generalized bi-periodic Fibonacci number in (3).
Definition 2.2. The generalized dual bi-periodic Fibonacci quaternions

{W,} are defined by
. 3
Wn = Wn + EWn-l—l = Z @n—l—ieia (7)
=0

where wy, is the n—th generalized dual bi-periodic Fibonacci number.

The addition, the subtraction, and the multiplication of any two gener-
alized dual bi-periodic Fibonacci quaternions W, and V,, can be given
as follows:

WptV, = (Wp+Vy)te Wit + Vig) (8)
WoV = (WaVy) + e (WypVing1 + Was1Vi) . (9)

The norm of the generalized dual bi-periodic Fibonacci quaternions is

Nr (Wn) = Wy, W, (10)
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where Wn := W, + W, 41 is the conjugate of the generalized dual bi-
periodic Fibonacci quaternions.

In the following, we give several different sequences which are special
cases of {Wp,}:

1.

Now,

If we take the initial conditions wg = 0 and wy = 1, we get the dual
bi-periodic Fibonacci quaternions in [1]. It is obvious that, under
these conditions if we take a = b = 1, we get the dual Fibonacci
quaternions in [10].

. If we take the initial conditions wg = 2 and w; = b, we get the

dual bi-periodic Lucas quaternions. It is obvious that, under these
conditions if we take a = b = 1, we get the dual Lucas quaternions
in [10].

. If we take the initial conditions a = b in {w, }, we get the dual Ho-

radam quaternion numbers in [8] with the restriction of ¢ = 1. Dif-
fer from the dual Horadam quaternions, we can obtain different
dual quaternion sequences for the distinct values of a and b in the
sequence {Wn}

we give the generating function of the generalized dual bi-periodic

Fibonacci quaternions.

Theorem 2.3. The generating function for the generalized dual bi-

periodic Fibonacci quaternions W, is

G (1)

Wo + (W — W)t + (a—b)S2_ R(t,s) es
1— bt —t2

+e <W1 + (W —bwl)t+(a_b)2§0R(t78+1)65> 0

1— bt — 2

where R (t,s) and f (t) are defined in (5) and (5), respectively.

Proof. The formal power series representation of the generating function
for {W,} is

G(t)=> Wnt" =Wo+ Wit + Wt + - + Wyt" + -+ .
n=0
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Note that,

btG (1) = bWot + bWit2 + -+ + bIW,t"™ 1 4 - .

)

and N - - -
2G(t) = Wot? + Witd + - Wt" ™2 ...
Thus, we have
(1 — bt — tz) é (t) = Wg + (Wl - bWO) t+ Z (Wn - an,1 - Wn,2> t"
n=2

= (Wo + (W — bWp) t) 4+ & (W) + (Wy — b)) 1)

o0 o0
Y (W = bWy = W)t 4 Y Wy — bWy = Wiy )£
n=2

n=2

=Wo+ Wy = bWo)t+ Y (W — bWy = Wy o) 2"

n=2

o0

+e (W1 + (Wa = bW+ (Wt = DI, = Woy) t”) .
n=2

By using the definition of the functions R (¢, s) and f (t), we obtain the

desired result. 0

Now we will state the Binet formula for the generalized dual bi-periodic

Fibonacci quaternions and so derive some well-known properties.

Theorem 2.4. The Binet formula for the generalized dual bi-periodic
Fibonacci quaternion is

Llﬁrlj [Aa”_l (a* + ea*a) — B (6" + 6ﬂ**ﬂ)] , ifniseven
) (ab)
Wn = Llnﬂj [Aa™ (—a™*f +ea™) — BA" (- a+¢f*)], ifnis odd,

2

(ab)
(12)

where A, B, a*, 5%, &, and §** defined in (5)-(5).
Proof. By using the definition of the generalized dual bi-periodic Fi-

bonacci sequence {W,} in (7) and the Binet formula of the sequence
{wy} in (3), we can easily obtained the desired result. [
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By using the Binet formula for the generalized dual bi-periodic Fibonacci
quaternion sequences, we obtain the following identity.

Theorem 2.5. (Catalan’s like identity) For nonnegative integer number
n and even integer r, such that r < n, we have

an'rwn#»'r - Wz
AP (o387 — B’ N
_ +8(ﬂr(ozjﬁ**ﬁT ")+ a(@™p*p" - fra™a"))], if m is even
AB((SB;H [( **ﬁ**ﬁr ﬁ** *x r) 4 4
-« +a -« s 1f n 1S o
(ﬁ (ﬁ** o ﬁ**ﬁr) (ﬁ* T **ﬁ*ﬁr))} f dd

Proof. For even n, by using the definition of the substraction and the
multiplication of any two generalized dual bi-periodic Fibonacci quater-
nions in (8) and (9), we have

Wn—rwn-l—r - Wg
= (Wn—rWn-l-r - Ws) +e (Wn—rWn-l-H-l + Wn—r+1Wn+r - Wn-l-an - Wan+1) .

Then by using the Catalan’s like identity for the generalized bi-periodic
Fibonacci quaternions in [16, Theorem 3], and the Binet formula of the
sequence {W,,} in (4), we get

anrWnJrr_Ws
AB(aT_ﬁT) * % QT * kT
= W[aﬁﬂ - aa"]

B (o o0 e (- 2))
(ot (1- (2) Vo ararat (1- (2)))]

_ AB (a'r — /BT) * Q% AT *aral
= e [("8"8" — B*a"a")
+e (ﬂ (a*ﬁ**ﬁr ﬂ** * r) a(a**ﬂ*ﬁr ﬂ* *k 'r))] .

Similarly, it can be proven for odd n. [
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If we take r = 2 in the above theorem we obtain the following result
which gives the Cassini’s like identity for the generalized dual bi-periodic
Fibonacci quaternions.

Corollary 2.6. (Cassini’s like identity) For n > 1, we have

W2(n—1)ﬁ72(n+1) - /V[\?22n
AB (o® — %) 2 o2
+5(ﬂ(a*6**62 ﬁ** * 2)"‘0{(0[**5 52 ,8* *k 2))]
and the identity in [16, Corollary 1] gives us
fW/Q(nfl)/WVQ(nJrl) - W22n
= WoW,— W3
AB (a2 - B2)
(ap)’

Next, we give the norm of the generalized dual bi-periodic Fibonacci

+e (5(C¥*ﬂ**,62 ﬁ** * 2) CV(CK**,B*BQ ﬂ* Kok 2))
quaternions.

Theorem 2.7. The norm of the generalized dual bi-periodic Fibonacci
quaternions 1is

Nr(Wn) =T (n)+T(n+1)+e2a(Sn)+5n+2)

where

X (1) 2 2 ( 2 2 n+1 202n (2 2
T(n) : :W[Aa (0 + 5) — 44B (aB)™* + B5¥" (® + 7))
S (n) (az) (A%® ! (a+2)+ B (3 +2).

Proof. By using the definition of the norm of the generalized dual bi-
periodic Fibonacci quaternions in (10), we have

Nr (Wn) = Wnﬁn = Wan +e (Wan—l-l + Wn-l-an) >
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where Wn := W, + eW,41 is the conjugate of the generalized dual bi-
periodic Fibonacci quaternion W,.

From [16, Theorem 6], we have

WoWy = wh +whiq + Wi o +wp i
= T +T(+1),

q2¢(n+1)
Tn) =2 [A2a2n (a2 +ﬁ2) _4AB (af)™! + B25 (a2+52)} '

n+2

(ab)2L"2"]
And by using the Binet formula of the sequence {wy,}, we have

Wn Wn+1 + Wn+1Wn

= 2wpi1 (Wn + Wnt2) + 2Wn43 (Wni2 + Whta)

_ (a:)i“” [(ah)? (Ao — BE") (Aa"" ((ab) + o) ~ BE" ((ab) + %))
+ (Aa™? — BB™?) (Aa™t ((ab) + o®) — BB ((ab) + 5°))]

- (a:)i“” [(ab)? (40" = BF") (40" (0 +2) = B (5+2))

(o) (40" - B (4 (0 +2) - B (3+2)
= G (- AB ) B + i (A0 AB ) ¢ B

(ab)"
<A2a2n+4 _94B (aﬂ)n+2 + 3262n+4>

2a
(ab)" ™
L da
(ab)n-i-Q
— % [ (ai)n (4202 (a +2) + B3 (B+2))
1

(ab)n+2

If we substitute the value

<A2a2n+3 + AB (Oéﬁ)n+2 4 B2ﬁ2n+3)

4 (A2Oé2n+3 (a+2)+32ﬁ2n+3 (ﬂ+2)):| )

S(n):= (A2a2”_1 (a+2)+ B2l (6 + 2)) ,

1
(ab)"
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into the above equation, we get
WoWos1 + WoaWy =2a (S (n) + S (n+2)).

Thus we obtain the desired result. [

Note that, if we take the initial conditions wg = 0,w; =1 and a = b =1,
we get the norm of the dual Fibonacci quaternion

Nr (ﬁn> =3 (f;n+3 + €f2n+4) ;

which is given in [10, Theorem 2]. By using this formula, one can get
an advantage to calculate the norm of any generalized dual Fibonacci
quaternions.

Finally, we give some summation formulas for the generalized dual bi-
periodic Fibonacci quaternions.

Theorem 2.8. (Summation formulas) For n > 1, we have

n—1 —~ —
. ~ Wayp — Wop_o  Aa*f? — B3*a? Aa*™* 3 — BF*a
E Wa, = - ,
(4) o 2 ab (ab)2 te ab
n—1 —~ —~
B —~ Won+1 — Wopn—1  Aa™ (3 — Bf*™*« Aa* — Bf*
Waps1 = — )
(i) ; 241 o + 7 € s

n—1 n—1
Wy = e [Aa ! (0 4+ ca™a) — BT (8° + 267 B)]
= i (aplt
. . n—1 aQT_l . . n—1 /827"—1
=A(a* +ea oz)T:O (ab)” —B(B"+¢eB ﬁ);:o (ab)’
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(i) (&) -
=A (a* + EOé**Oé) o 2 4 B (/8* + Eﬂ**/@) B~ TR
ab ab
a2n—2 1 6277,—2 1
— A(a* *k — ) —B(s *ok o
B A (Oé* + ECY**OZ) a2n—2 — B (ﬁ* + Eﬁ**ﬁ) ﬁ2n—2
a (ab)"
A(a* +ea*a) B2 — B(B" + B B) a?
(ab)?
B Aa*a2n—2 o Bﬂ*ﬁQn—? B Aa*ﬁQ o Bﬁ*OéQ
(ab)" (ab)?
<Aa**a2n—l o B/@**ﬂQn—l AOé**O[ﬁ2 o Bﬁ**,@OP)
+e m - 5 .
(ab) (ab)
By making some necessary calculations, we obtain
n—1 * 22 * 02
ZVT/? _ Wo —Wopp  Aa™f” — Bf*w
o= 2
r=0 ab (ab)
Wopiq — o Aa™* B — BB**
ve (Wonta Wan—1 , Aa B — B«
ab ab
_ (Wap +eWapi1) — (Wap—o +eWap1)
ab
_Aa*ﬁZ—Bﬁ*OéQ EACV**/B—B,B**Q
(ab)® ab
B W2n_w2nf2 _Aa*ﬁz—Bﬁ*ag+5Aa**ﬁ—Bﬁ**a
N ab (ab)2 ab '

It can be proven for (ii) by using the similar procedure. [J

Note that, if we take the initial conditions wy = 0 and wy = 1 in Theorem
2.8, we get the summation formulas for the dual bi-periodic Fibonacci
quaternions, and if we take the initial conditions wy = 2 and wy = b, by
switching a and b, in Theorem 2.8, we get the summation formulas for

the dual bi-periodic Lucas quaternions.
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3. Conclusion

In this paper, we defined the generalized dual bi-periodic Fibonacci
quaternions which is a further generalization of the dual Fibonacci quater-
nions in [1]. By means of this new generalization, we have a unified
approach to handle with many special dual quaternions in the litera-
ture. Also, the dual quaternions of unit length play an important role to
represent rigid body motions in three dimensional space. The results of
this paper would be interesting as an application in physics and robotic
motion besides the theory of dual quaternions in mathematics.
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