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Abstract

Skew circulant matrices have various applications such as cryptography, signal processing,
and many more. Their structure can potentially simplify their determinant and inverse
computations. This study presents explicit formulas for the determinant and inverse of skew
circulant matrices with entries from the alternating Fibonacci sequence. Elementary row
and column operations are used to derive simple explicit formulas for the determinant and
inverse. Computational tests using Wolfram Mathematica show that the algorithm built from
these explicit formulas performs with much faster execution time than the built-in functions,
especially for large matrix size. The proposed approach offers a practical method for the
numerical computation of the determinant and inverse of these matrices.
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1 Introduction

Circulant and skew circulant matrices have many applications in several fields, such as cryptog-
raphy, differential equations, network engineering, signal processing, and many more. One of the
applications is a new and fast algorithm for optimal design of block digital filters [1]. In another
field, circulant and skew circulant matrices are used to solve the continuous Sylvester equations
[2] and the fractional diffusion-advection equations [3]. In the field of cryptography, modified
public key cryptosystem is built based on circulant matrices [4]. In the field of signal processing,
compressive signal processing is built using circulant sensing matrices [5]. The determinant
and inverse of these matrices can be utilized in their applications. However, the calculation
of their determinant and inverse is inefficient due to the very slow computation time for large
matrices. The characteristics of circulant matrices are square matrices whose entries in each
row are identical to the entries in the previous row shifted one position to the right in the next
row, while skew circulant matrices are circulant matrices whose entries below the main diagonal
are negative of the entries below the main diagonal of the circulant matrices. Based on its
characteristics, the determinant and inverse can be formulated explicitly and efficiently if the
entries also have a simple pattern.

Let (co,c1,-..,cn—1) be a sequence of real numbers. A skew circulant matrix of size nxn is
defined as [6]
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Co C1 e Cn—2 Cp-—1
Ch—1 Co C1 T Cn—2
SCirc (Co,Cl,. ..,Cnfl) = | Ch—2

Ch—1 Cp 1

c1 C2 ce Cn—1 o
If C = SCirc(cg,c1,...,¢n—1), A\, are the eigenvalues and vy are the corresponding eigenvec-

tors of C for k =0,1,...,n — 1, then A\; and vy, are well-known formulated as [7]

Z (Yw*) and vy, = (l,wk,w%, . ,w("_l)k> , (1)

n

where w = e= = cos (2”) + 7sin (%) and ¢ = /—1 € C. From Eq. 1, it is clear that

n—1n—1
det(C) = H Z ¢j(pw) and C~! = SCirc (bo, by, ba, . ., by_1), (2)
k=0 j=0
where b; = L S0 1y (Y )jforj_0,1,2,...,n—1,and,uk—{01’ )\k_o.
YR A 0
Based on all the formulas above, it can be seen that the calculation of the formula is not
efficient to apply if the matrix size or n is very large. However, if the sequence (¢, c1,...,¢n—1)

has a simple pattern, then the formulas can be simplified so that better explicit formulas are
obtained. This is expected to make the computation time for calculating the determinant and
inverse of the matrices much faster.

Some researchers have created explicit formulas for determining the determinant and inverse
of circulant and skew circulant matrices with entries of various numbers, such as the determinant
and inverse of circulant matrices with Jacobsthal and Jacobsthal-Lucas numbers [8], complex
Fibonacci numbers [9], Fermat and Mersenne numbers [10], VanderLaan numbers [11], ratio of the
elements of Fibonacci and geometric numbers [12], generalized Tribonacci numbers [13], Gaussian
Pell numbers [14], Gaussian nickel Fibonacci numbers [15], arithmetic numbers [16], alternating
Fibonacci numbers [17], geometric numbers [18], Lucas numbers [19], and the determinant of
circulant matrices with generalized Tetranacci numbers [20].

The determinant and inverse of skew circulant matrices have also been formulated for any
continuous Fibonacci numbers [21], generalized Lucas numbers [22], Tribonacci numbers [23],
geometric numbers [24], sum of Fibonacci and Lucas numbers [25], product of Fibonacci and
Lucas numbers [26], Pell-Lucas numbers [27], product of Pell and Pell-Lucas numbers [28], and
Fibonacci numbers [29].

In this article, we study the explicit formulations of the determinant and inverse of skew
circulant matrices with alternating Fibonacci sequence entries through a series of elementary
row and column operations. This sequence has never been used as the entries of skew circulant
matrices in previous studies to formulate the determinant and inverse explicitly. The explicit
formulas of the determinant and inverse of the skew circulant matrices obtained later are much
simpler than those for the general case without calculating the eigenvalues and can be shown by
the computation time of the algorithm built based on these formulas. An alternating Fibonacci
sequence F = (aj);?io is defined recursively by the second-order linear homogeneous recurrence
relation with constant coefficients as [17]

a; = —aj_1 + aj_o for all j > 2, where ag =0,a; = 1.

This sequence has a solution that can be written in the following explicit formula.
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al — I

aj = ———

) o — 6 )
where a = _1%\/5 and 8 = _15‘/5. If (fn)oe, is a Fibonacci sequence and (an),-, is an
alternating Fibonacci sequence. A skew circulant matrix C,(F) of size n X n with alternating

Fibonacci entries F is defined as follows.

Definition 1. For all integers n > 2, a skew circulant matriz of size n X n with entries in the
first row are F = (aj)?zl, is the matriz

Cn(F) = SCirc (a1, ag, as, ..., a,)

2 Methods

In Subsection 3.1, we give a theorem that the matrix C,(F) is invertible and its proof is mainly
based on the formula of eigenvalues for a general circulant matrix and the well-known theorem
that a matrix is invertible if and only if all its eigenvalues are nonzero. Then, we derive explicit
formulas of the determinant and inverse of the matrix C,(F) in Theorem 4. The proof of this
theorem is based on elementary row and column operations on a matrix and their relation to the
determinant of a matrix. Elementary row operations on a matrix are described as [30]

 the ith row is interchanged with the jth row, denoted as Ej;, i # j;

o the ith row is multiplied by a constant k # 0, denoted as Fj, ; and

o the ith row is added to k times the jth row, denoted as Ej;q, i # j.
Elementary column operations are described the same as elementary row operations, but the
word “row” is replaced with “column” and denoted as Kj;, K;q) , and Kjj;;) [30]. If elementary
row and column operations are applied to a matrix X to obtain a matrix Y, then Y can be
expressed as in the following theorem.

Theorem 1 ([30]). Let X be a matriz, and I be the identity matriz of the same size. If Y is a
matriz obtained by applying the series of elementary row and column operations Ry, Ro, ..., Ry,
and Cy,Co,...,C, on X, then there exist non-singular matriz P and @ such that Y = PXQ,
where P = RyRyp—1 ... R1(I) and P = C,Cp—1...C1(I).

The relationship between the determinant of a matrix and the elementary row and column
operations can be stated in the following theorem.

Theorem 2 ([30]). Let X be an n xn matriz and k be a constant. Then, the following statements
hold:

o det (Ejj(X)) = —det(X), i # j;
o det (B (X)) = kdet(X), k #0; and

o det (Eyjry(X)) = det(X), i # .

These statements are analogous to elementary column operations.

In Subsection 3.2, we show how to apply the formulas in Theorem 4 and construct an
algorithm for the formula. We also compare the computation time of the algorithm and the
built-in functions from Wolfram Mathematica on the same computer specifications for various
values of n. If the overall computing time of one tends to be faster than the other, then it is
more efficient.
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3 Results and Discussion

In this section, we present the main objectives of this study, including the explicit determinant
and inverse formulas for skew circulant matrices with alternating Fibonacci entries. The results
are derived using elementary row and column operations, and illustrative example of their use is
presented. The computational performance of the formulas is also analyzed.

3.1 The Determinant and Inverse Formulations

This section begins with the invertibility theorem of matrices defined in Definition 1. The proof
of the theorem follows using the eigenvalues formula for general skew circulant matrices.

Theorem 3. Let C,(F) = SCirc (a1, a2, as, . ..,a,) be the matriz defined in Definition 1 for all
integers n. > 2. Then, C,(F) is invertible.

Proof. According to Eq. 1, the eigenvalues of C,(F) are

e = aj(yw®)y 7t
j=1

2

where w =e™n , Y = e%i, and i = /—1 € Cfor k=0,1,2,...,n — 1. Note that a; = O‘;:gj,
where o = _1;\/5,[3: _15*/5, and a + 3 =—-1=aqaf. Then, for k=0,1,2,...,n—1,

— 5 3 (afagty ! - B(autyi1)

j=1
Since apw® # 1, frpw® # 1, apw® # 0, and fyw” # 0, then for k =0,1,2,...,n — 1,

Ak = 1 (a(l — (ad]wk)n) Bl — (ﬁ¢wk)n)> _l+app + wwkan

Ak =

T a-p 1 — anpwk 1 — Bepwk 14wk — 2wk
Assume to the contrary that A\g = 0. Then, 1 + a,+1 + ¥a, = 0, and hence it follows that
Y = —Itant1 g 4 real number where aj, # 0 for n > 2. It yields that the imaginary part of

an
¢ is sin 7 = 0. Therefore, 1/n must be an integer. This contradicts the fact that 1/n is not

an integer for all integers n > 2. Thus, A\g # 0. Furthermore, assume to the contrary that
Am = 0 where m = 1,2,...,n — 1. Then, 1+ ap+1 + Yw™a, = 0, and hence it follows that
Y™ = _142217::“ is a real number where a,, # 0 for n > 2. It yields that the imaginary part

of Yw™ is sinw = 0. Therefore, 1w™ = cos w = —1for 0 < w < 2m. Then,

1+ ant1 + Yw™a, # 0, and this contradicts with 1+ a,+1 + Y»w™a, = 0 for all integers n > 2.
Thus, A\ # 0 for all k =0,1,2,...,n— 1. So, A is invertible for n > 2. O

We have proven that the matrix defined in Definition 1 is invertible for n > 2. Next, we
formulate the determinant and inverse of the matrix in the following theorem.

Theorem 4. Let C,(F) = SCirc (a1, a9, as, . ..,a,) be the matriz defined in Definition 1 for all
integers n > 2. Then,

det (Ca(F)) = ap " = S(—l)jan—l—jaﬁxﬁ_2_j7 (3)
j=0
and 1
CHF) = mSCiI‘C(Sl,SQ,...,Sn), (4)
where x, = —ap + ap_1 + 1, 81 = det(c”(f))J;i_l)n_Qaz_Q, So = —mﬁ_Q_dfz(c"(f)), and s; =
(=1)7 726732777 for j =3,4,...,n.
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Proof. For simplicity of writing the proof, let

1 -1 2 -+ ap_92 Qp_1 Qpn
—0an 1 -1 .- anp—3 an—2 A4p—1
—Qp-1 —ap 1 .- ap—4 Ap-3 0anp-2
3 -5 8 .- 1 —1 2
2 3 -5 . —aq, 1 -1
1 -2 3 - —ap_1 —an 1

Based on Theorem 3, A,, is invertible for n > 2.
o For the case n = 2, it is clear that

_ 11 1
det(Ag):QandA21:2<_1 1),
and each of them satisfies Eq. 3 and Eq. 4, respectively.
e For the case n = 3, it is clear that
1 -1 -3 -1
det (A3) =4 and Az' = 1 1 -1 =31,
3 1 -1

and each of them satisfies Eq. 3 and Eq. 4, respectively.

e For the case n > 4, let B; be the matrix resulting from the elementary row and column
operations in the jth step. The proof is described by applying elementary row and column
operations on A,, in step by step as follows.

(1) The (i + 1)th row is added to the (i + 2)th row and subtracted by the (i + 3)th row,
fori=1,2,....,n—3:

B1 = Ep—ayn(—=1) En—2)(n=1)(1) - - - E35(=1) E3a(1) Foaa(—1) E23(1) (An)

1 -1 2 Ap—1 Qn
0 =z, ap 0 0

0 0 =z, 0 0

0 0 0 an, 0
-2 3 -5 1 -1
1 -2 3 —a, 1

where
Tn=1—a,+ an_1. (5)

(2) The (n — 1)th row is added to the nth row and the first row:

1 -1 2 - apn_1 an
Ty Qp - 0 0
0O 0 =z, 0 0
By = E—110) Etn—1yn1) (B1) = Lo :
0 O 0 an 0
0 O Ty G
1 -2 3 —a, 1
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(3) The nth row is subtracted by the first row:

1 -1 2 -3 -+ ap_1

0O «, a, 0 --- 0

0 0 =z, a, --- 0
By=E,-nyB)=|. . . . .

o o0 o o0 -- Tn

0o -1 1 -2 -+ —an_9 xp

Based on Theorem 1, there exists a non-singular matrix

Qan

— Qp—1

Pr = Eni—1)Epn—110) En—1)n) E—2)n(=1) E(n—2)(n-1)(1) - - - B2a(—1)E23(1) (In)

1 00 0 0 0
0 1 1 -1 00
0 01 1 0 0
1 00 0 --- 11
-1 00 O --- 0

such that Bg = PlAn

The (j+1)th column is subtracted by a1 times the first column, for j = 1,2,...,n—1:

oo
8
© 3
.8 9
s 3
o
£ o

By = Kpi(—a,) - - - K31(—a3) K21 (—ay) (B3) =

o O
| o ...
[—

_ o .-
o
[\

0
0
0

0
0
0

Gnp
Tp — Gn-—1

1 —as —az —aq4 —Qp_1 —0an
0 1 0 0 0 0
0 0 1 0 0 0
Q1= Kyi(—ay) - - K31(—a3) K21(—ap) (In) = : : :
0 O 0 0 1 0
0 O 0 0 0 1
such that By = PLA,Q1.
(5) The (i 4+ 1)th row is multiplied by ﬁ, fori=1,2,...,n—2:
1 0 0 0 0 0
0 1 y, O 0 0
0 1y, 0 0
B = By () - Fa() Fa() (B0 = ; ; s
0 0 0 O 1 Un
0O -1 1 -2 —Qp_9 Ty — Ap_1
where “
mn
_In 6
= (6)
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Based on Theorem 1, there exists a non-singular matrix

1 0 0 0 0 0
o Lt L 1L 0 0
o o L I 0 0

Py = (” 1)(i) E?’(ﬁ)Ez(i) () = : : : : S S
L 0 0 AP S
10 0 0 - 0 1

such that Bs = P,A,Q1.

The (j + 2)th column is subtracted by vy, times the (5 + 1)th column, for j =
1,2,...,n—2:

1 0 0 O 0 0
01 0 O 0 0
o o0 1 0 --- 0 0
Bs = Kn(n-1)(-yn) - - - Ksa(—y) Ks2(—yo) Bs) = | . . . . : e
0O 0 0 0 - 1 0
0 g1 92 93 ~* Gn2 dn
where
g1 = —a; =1and gj = —a; —yngj—1 for j =2,3,...,n—2, (7)
dn =Tp — Gp_1 — Yngn—2 = 1—a,— YnGn—2- (8)

Therefore, based on Theorem 2, det(A,) = 27 2d,. Based on Eq. 7, it is obtained
that

g1 = —ax,

92 = —a2 — Yng1 = —az — a1(—Yn),

g3 = —ag — Yngz = —a1(—yn)” — az(—yn) — a3,

94 = =4 — Yngs = —a1(—yn)” — az(—yn)* — a3(—yn) — a4,
and so on, so that it is obtained that

n—2

j=1
Thus,

det(A,) = x2_2 (:Un — Qp_1 + 75:2 (—aj(—yn)”_l_j)) )

Then, by using Eq. 6 and changing the counter variable, it is clear that

det(A, Z ]an 1_ Ja] a2,

Moreover, based on Theorem 1, there exists a non-singular matrix

Q2 = Ky(n-1)(—yn) - - - K3a(—yn) K32(—y,) (Q1)

1 hy h3 hgy - hnfl h,

0 1 —yn <_yn)2 T (_yn)nig (_yn)n72
B 0 0 1 —Yn ce (_yn)n_4 (_yn)n_3

0 O 0 0 1 —Yn

[en}
[es}
[es}
[en}

0 1
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such that Bg = P,A,Q2, where ho = —ay = 1, and for j

—a; — ynhj_l.

(7) The nth row is subtracted by g; times the (i + 1)th row, for i = 1,2,..

Br = En(n-1)(~ga-2) - - Ens(=g2) En2 (1) (Bs) =

S O =

S = O

Based on Theorem 1, there exists a non-singular matrix

1
Ps = Epn—1)(—gn_o) - - - Bna(—ga) En2(—g1) (F2) = -

n

Tn
0
0

1
<1

O =

0
Z2

0
0
1

0
23

= 3,4,...

0
0
0

24

n

o O O

y 1y h] =

—2:

0

0

0

0

dn,

0 0
0 0
0 0
1 1

Zn—1 Zn

such that B7; = P3A,,(Q2. Based on Eq. 5, Eq. 6, Eq. 7, and Eq. 8, notice that

a dp—1 =z
21 :_-'L’n_gn72:_7n_gnf2: b :l(dn_l)a (9)
Y Yn Qnp,
z = 13 (10)
zz=—g1—92=1—(1+yn) = —yn = (—yn)22, (11)
2=g1— 92— 93 =Yp = (—Yn)23, (12)
25 =02 — g3 — g1 = —Yo = (—yn) 24, (13)
and so on, for j =4,5,...,n— 1, it is obtained that
2= gj-3 — gj—2 — gj—1 = (=1 72472 = (=yn)zj-1, (14)
where 29 = 1 and 23 = —y,,. Then, it is obtained that
Zn =9n—-3 —Gn-2 1+ Tn = dn — YnZn—-1 = (_1)n72y272 + dn (15)
(8) Since By = P3A,Q2, then Brt = (P3A,Q2) ™' = Q3 1A Pyt so that
1 he hg hp—1 %
_ n—2
—Yn (_yn)nffi ( yZlLZ
0 1 o n—4 (=yn)""3?
A;l = Q2B7_1P3 = ) ( yn) d.” P3. (16)
0 0 0 1 -
00 0 0 m
Note that A ! is also skew circulant based on Eq. 2. Based on Eq. 16, it is obtained
that
Agl = d SCirC(Zn, —Z1, TR2,---5 "2Zn—2; _anl)
nen
1 :Uﬁfg .
S A= det(4,) SCirc(zpn, —21, =292,y —2Zn—2, —Zn—1)- (17)
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For simplification, Eq. 17 can be rewritten as
A7l = ;SCirc(sl S9 Sn—1,Sn)
n det(An) 9 sy On—1y<n)y

where

det(A —1)"2qn 2
51:$2_3zn: e( n>+( ) an ’

Tn
—2
_ n—3, __ n—3 Clin(dn — 1) _ xz — det(An)
S0 = —&, 21 =—I, = )
an an
s3= —x" Sz = —a" 3,

and for j =4,5,...,n, it applies that
5= —anbaon = = (G0 PR) = (1Y el Y,

based on Eq. 6 and Eq. 9 — Eq. 15.

To clarify the method used in the proof of Theorem Theorem 4, we provide an illustrative
example using elementary row and column operations with a small matrix size. The example
below shows the steps for obtaining the determinant and inverse of the skew circulant matrix
with alternating Fibonacci entries using this method.

Example 1. Let

Ag=8SCire(1,-1,2,=3) = | o o |

1 -2 3 1
(1) The second row is added to the third row and subtracted by the fourth row:

1 -1 2 =3
0 6 -3 0
-2 3 1 -1
1 -2 3 1

(2) The third row is added to the fourth row and the first row:

By = Egy—1)Ea31)(A4) =

1 -1 2 =3

0 6 -3 0
By = ESl(l)E34(1) (Bl) = 0 0 6 —3
1 -2 3 1
(8) The fourth row is subtracted by the first row:
1 -1 2 -3
0 6 -3 0
Bs=EnnB)=1, o 4 _3
0o -1 1 4
Based on 1, there exists a non-singular matriz
1 0 0 O
0 1 1 -1
Py = By 1y E31(1)Esa(1) Baa(—1) Eaz(1) (1) = 1 01 1|
-1 0 0 1

such that Bg = P1A4.
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The (j + 1)th column is subtracted by a;11 times the first column, for j =1,2,3:
J+

10 0 0
0 6 -3 0
By = Ky1(—ay) K31(—a3) K21(—a2)(B3) = 0 0 _3
0 -1 1 4
Based on 1, there exists a non-singular matriz
11 -2 3
01 0 O
Q1 = Ky1(—ay) K31(—a3) K21(—ap)(1s) = 0o 1 ol
00 0 1
such that B4 = P1A4Q1.
(5) The (i + 1)th row is multiplied by %, fori=1,2:
1 0 0 0
_ o1 -1 o0
Bs=EyBayBo =g o 1 -}
0 -1 1 4
Based on 1, there exists a non-singular matriz
1 0 0 O
0 1 1 _1
= - 6 6
P=EBmbp@=11 ¢ 1
-1 0 0 1

such that B5 = P2A4Q1.

(6) The third column is subtracted by —% times the second column, then the fourth column is
subtracted by —% times the new third column:

1 0 0 0
0 1 0 O
Bo =Ky Kan)Bs) = | o 1 ¢
o -1}y
Based on Theorem 2, we obtain that
17

det(A4) = 62 det(By) = 36 - 5 = 153

Moreover, based on Theorem 1, there exists a mon-singular matriz

3 9

1138

Qs = Ky K@) = |0 L 2 g
2= Ky Kn@) =1y o § ]
00 0 1

such that BG = P2A4Q2.
(7) The fourth row is subtracted by —1 times the second row and subtracted by % times the third

row:
100 0
010 0
Br=Eyn)EemBe) = o 1 ¢
000 ¥
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Based on Theorem 1, there exists a non-singular matriz

1 0 O 0
0 1 1 _1
Py = E43(_;)E42(1)(P2) =1 1 & ¢ 450,
; %oy § 8
12 6 12 12

such that B7 = P3A4Q2.
(8) Since By = P3A4Q2, then B7_1 = (P3A4Q92)7 ! = QQ_IAZIPg_l, so that

11 -3 9\ /100 0 1 00 0
01 L L11o10 o0 o L1 1 _1
A*l — Q2B71P3 — 2 411 1 6 ? 16
' ' OO B B U P
00 0 1/J\0oo0oo0o #+/\-B 1 & 5

27 39 —6 -3

1 3 27 39 —6

-1 _
@A4_153632739

-39 6 3 27

The explicit determinant and inverse formulas derived above allow for efficient computation.
To demonstrate this, we next evaluate their computational time and compare them with built-in
functions from Wolfram Mathematica.

3.2 Computational Performance

We present a simple illustration first to show how to apply the formula in Theorem 4. Then, by
considering the illustration, we construct an algorithm.

Example 2. Let

1 -1 2 -3 5
-5 1 -1 2 =3

As = SCire(1,-1,2,-3,5) =13 -5 1 -1 2
-2 3 -5 1 -1

1 -2 3 -5 1

Then, by using Theorem 4, we obtain that x5 = 1 — a5 + a4 = —7, and the determinant and
inverse are

det(As) = (=) = (=3 - (=7)> =25 (=7)> = 5% (=7) — 5%) = 1812,

_ 1 . (18124 (—=1)3 .53 (=7)3 — 1812
A7l = —_8C —(=7)2%.5-(=T), -5
5 1812 1rC< _7 7 5 ) ( ) ) ( )7
1
= —SCirc(—241, —431, —49, —35, —2
1812SCHC( ,—431,—49, —35, —25)
—241 —431 —-49 -35 —25
) 25 —241 —-431 —-49 -35
= 25  —241 —431 —49
5T 1812

49 35 25 =241 -431
431 49 35 25 =241

From the above illustration, the iteration process in computing the determinant stores
information that can be reused in computing the inverse. Thus, an algorithm can be constructed
to compute both efficiently.
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Algorithm 1 Determinant and inverse of skew circulant matrices with alternating Fibonacci

Require: A, = SCirc(ai,az, ..., a,) with alternating Fibonacci entries F = (a;)j_; for n > 2
Tp 1 —ap+an_1;w 2720 1; A w(T, —an_1); s1 < 1; 83 < w; {Store variables
for the iteration process}

2: for j=1ton—2do

3 w4 %;

41 81 < —81; Sj2 + sjvw; {Compute s; for the inverse using z, and ay,}

5. U4 Vap; 0 S1ap—1—;vw; A < A —§; {Compute determinant using z,, and a, }

6

7

8

[

. end for

T

: return (A, A4,1)

D81+ A‘*'ijl”; 89 %; {Finalize s; and sy for the inverse using A, z,,, and a,}

Algorithm 1 is implemented using Wolfram Mathematica. Both are run for various values
of n once each and the running time is compared with the built-in functions from Wolfram
Mathematica on the same computer specifications. The running time is shown in Table 1 below.

Table 1: Running time of Algorithm 1 and built-in functions from Wolfram Mathematica

Running time (second)

n
Algorithm 1 Built-in Functions for Determinant and Inverse

100 0.0124702 6.59187

110 0.0164727 11.57160

120 0.0245279 19.74890

130 0.0362658 33.33000

140 0.0429187 53.04420

150 0.0619016 79.21960

According to Table 1, the running time of Algorithm 1 and the built-in functions from
Wolfram Mathematica to calculate the determinant and inverse of the matrices tends to increase
as the matrix size increases. However, Algorithm 1 is able to calculate the determinant and
inverse much faster than the built-in functions. In fact, Algorithm 1 can work 1,280 times faster
than the built-in functions when n = 150. This can indicate that the explicit formulas of the
determinant and inverse in Theorem 4 are computationally efficient formulas and are robust to
the size of the matrix used.

Numerical instability may arise due to the accumulation of floating-point rounding errors for
large matrix size or large n, particularly in computing powers of z,, and repeated multiplications
in the iteration process. Further work may involve error analysis to formally assess the stability.

4 Conclusion

The determinant and inverse of the skew circulant matrices with alternating Fibonacci entries are
formulated explicitly through a series of elementary row and column operations. The formulas
have a simpler expression than the general formulas known previously. Then, the algorithm built
to calculate the determinant and inverse can perform much faster than the built-in functions
from Wolfram Mathematica. However, the method assumes exact arithmetic and rounding errors
may occur when the matrix size becomes very large. The methods used in this article are limited
to matrices whose entries have certain simple patterns. Future work may include applying this
method to other recursive sequence such as complex Fibonacci, harmonic, or Pell-Lucas, and to
other matrices such as Toeplitz or Foeplitz matrices. Furthermore, numerical stability analysis
and implementation in other software such as Python, Julia, or Maple, could be future research
directions.
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