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FFS polynomials matrix
M.S. Kim

Abstract. In this article, we prove basic properties such as addition
and multiplication of the Fibonacci-Frobenius-sigmoid (FFS) polyno-
mials. we prove basic properties such as addition and multiplication
of the Fibonacci-Frobenius-sigmoid (FFS) polynomials. After factor-
izing the FFS polynomials matrix by the Fibonacci matrix, a certain
relation is derived between the inverse FFS polynomials matrix and
the Fibonacci-Pascal matrix.
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1. Introduction

First introduced by the Indian mathematician Pingala, the Fibonacci
sequence is a sequence in which every number is the sum of the two preced-
ing ones. Fibonacci sequence is closely related to the golden ratio (see [6,
9]). Binet’s formula is easily mentioned as the formula expresses the n-th
Fibonacci number by using the golden ratio and its conjugate value. As n
increases, the ratio of two consecutive Fibonacci numbers converges to the

golden ratio (see [9]).

Lucas numbers also share the same recursive relationship with Fi-

bonacci numbers in the sense that each term is the sum of the two previous
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terms. However, Lucas numbers start with different values compared to

Fibonacci numbers (see [1]).

Based on the basic concepts of the Fibonacci sequence and its coeffi-

cients, we define the Fibonacci exponential function.

Definition 1.1 [6, 7]. Let 0 < n < m where n and m are non-negative

integers. Fibonacci coeflicients are defined as

m\  Fp!
n) g T F,_nE,V

where F,,)! = F,,,Fp,—1Fp—o -+ F1 and Fy! = 1.

We note that <m> =1 and <m) =0 for m < n.
0/p n/g

Now, consider the exponential function containing Fibonacci numbers

as the denominator.

Definition 1.2 [6, 7]. Let ¢t € R and n be a non-negative integer. The
Fibonacci exponential function ek is

t = t
eF = Z Fi
n=0

|
n'

Unique Pascal matrices can be defined depending on what type of

binary coefficient is used (see [2, 5]).

For example, Pascal matrix can be uniquely defined by using a certain
coefficient called Fontené-Ward generalized binomial coefficients (see [5]).
However, continuing on with the previous topic, we consider Pascal matrices

with Fibonomial coefficients.

Definition 1.3 [2, 7]. The Fibonacci-Pascal matrix P, [z] = (pn(z;4,7))

is defined as ]
. (’) 9 if >,
pu(234,5) = 4 \U/

0, otherwise.



Fibonacci-Pascal matriz and inverse FFS polynomials matriz 99

Definition 1.4 [7]. For n > 2, the inverse of the Fibonacci-Pascal matrix
V.l[z] = (vp(x;d, 7)) is defined as
i

o b»_,»+1<,) o if i >,
'Un(x;la.]): 7 1) F

0, otherwise,

n—1
n
where b; = 1 and b,, = — Zbk(k>F'
k=1

Sigmoid function, also known as the logistic curve, is a differentiable,
bounded, real function defined for all real input values and has a non-
negative derivative at each point with one inflection point. Based on the
shape of the logistic curve, it is also known as the S-shaped sigmoid curve

(see [8]).

In artificial neural networks, the term is used as the logistic function
and the non-smooth functions, also known as hard sigmoids are used for

efficiency as well (see [12]).

Generally, a sigmoid function is used when there is a shortcoming in
a specific mathematical model. For example, the van Genuchten-Gupta
model is based on the S-curve and used to model the relation between the

speed of growth in wheat fields and soil salinity (see [10]).

Definition 1.5 [3]. Sigmoid numbers and polynomials are defined respec-

tively as

t" 1
ZSnE: e—t_|_1’

oo

tm 1 .
ZS”(QC)H Tety1C
n=0

Definition 1.6 [4]. Let n be a non-negative integer. Then, Fibonacci
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sigmoid polynomials is

- tn 1 .
2 Snrle) gy = G F

n=0

For x = 0 in Definition 1.8, we note

o

t" 1
Sn,Fp—7 = .
nz:% A N

where we call S, r the Fibonacci sigmoid numbers.

Definition 1.7. Let u € C\ {1} and n be a non-negative integer. The
generating function of the FFS polynomials S, p(x;u) is defined as follows:

o0

tn
tr __ .
72( — ey = ZS”’F(x’u)ﬁ'

e —u) o
For x = 0, we note that

1—u

o0 tn
Sy p(U)— = ————.
nz_:o E! Q(eFt —u)

Here, Sy p(u) is the FFS number.

To sum up, we introduced the definition of the Fibonacci sequence and
its coefficients. Implementing this concept into the exponential function,
we defined the Fibonacci exponential function. Then, we introduced the

Fibonacci-Pascal matrix and its inverse.

Finally, we summarized the definition and applications of the sigmoid
functions and defined the Fibonacci sigmoid polynomials via their generat-

ing function.

This paper is roughly outlined as follows: In Section 2, basic opera-
tions such as addition and multiplication of FFS polynomials are proved.
In Section 3, we factorize the FFS polynomials matrix and derive a relation

to the Fibonacci-Pascal matrix.



Fibonacci-Pascal matriz and inverse FFS polynomials matriz 101

2. Basic operations on FFS polynomials

In this section, we desire to find a relation between the FFS polyno-
mials and numbers. Based on the additivity of the Fibonacci exponential
function, we also prove the additivity and symmetricity property of the

FFS polynomials and its numbers.

Theorem 2.1. Let k be a non-negative integer. Then, we have

Sn,r(T5u) = z": <Z)F5n—k,F(U)$k~

k=0

Proof. To find a relation between FFS numbers and polynomials, we use

the generating function as the following:

1—u
Sy (5 u) —_76?
nzo F' 2(ept — u)

= anp f: (2.1)

2( (1), 5r %_

Comparing both sides of Equation (2.1), we get the given result. [

77/ TL

Lemma 2.2. The following holds for the Fibonacci exponential function

forallt,s e R:

et = ehet
Proof. For t,s € R, we have
t s _ F__S5F _ n\ tp "sp
e = LS =Y (1) T
n—k k- n
n=0 k=0 n=0 k=0 F (2.2)
- .
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Additivity property of the following function is a key ingredient used

for some of the central results in upcoming results.

Now, we observe the additivity within the FFS polynomials.

Theorem 2.3. Let x,y € C. Then, the following equation holds:

~ n
Sn,p(@+y;u) =) (k) Sk r (w5 0)y".
F

k=0

Proof. Using Definition 1.7, we obtain

§ 1—u ity
Sn F('r +Y; U’) = — € Y
nz:% F.! 2(ep! —w)
=" Surla W Sy 7 (2.3)
n=0 n=0
= <Z <k;> Sn—k,r(z;u)y ) Vo]
n=0 \k=0 F

The additivity of 5" preserves by Lemma 2.2. Comparing the left
and right hand side of (2.3), we derive the stated result. O

Corollary 2.4. Setting y = 1 in Theorem 2.3, it holds that

Spr(x+ Lu) = Z (Z) Sn—te,F(z5 ).
F

k=0
On top of the additivity property, we also consider the symmetric

relations of the FFS polynomials and numbers.

Theorem 2.5. Let o, 8 € R. Then, we have the following basic symmetric

relation:

a" kRS, i p(a 2y w) Sy p (B Y u)

NE

ES
Il

0
n

=Y Bk S, i p(B7 wu) Sk pla y; u).
k=0
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Proof. We consider form A as

o2 t(aty)
A U=wiep . (2.4)

4(ep™" —u)(ex” —u)
Organizing the numerator of A, we have

1-— 1-—
A= U e U0 o
2(€F —U) 2(€F ’ —’u,)

oo

ZO Sy (o) (i,i)f Z Sn(B~ y; u) (i‘i)!” (2.5)

oo

3 (Zan FBRS, k(o s u)Sk(B ysu )) lin,
n=0 \k=0

Also, by switching the order of the split numerator of A, the following
also holds:

Q) . (G-
2(6;[%—@6) F2(€;at_u) F

= T;O <Z ﬁ”_kaksnk(ﬁ_lx;u)Sk(a_ly;u)> ;;n!.

k=0

A=

Hence, we can obtain the basic symmetric relation within the FFS

polynomials by comparing (2.5)and (2.6). O

Corollary 2.6. Fiz o = 1 in Theorem 2.5. Then, the symmetric relation
within the FFS polynomials with respect to 5 becomes

Z B Sk, r (x50) Sy (B y; )

n

= B F Sk r (B w5 u) Sk p(y;u).

k=0
Corollary 2.7. Let x = 0 in Theorem 2.5. Then, the symmetric relation

between FFS numbers would be

>k BES, e (u)Skr (B y; )

= Z B Rk S, .k (u) Sk r(a ty; ).
k=0
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3. Relations between FFS polynomials matrix
and Fibonacci-Pascal matrix

In this section, we initially define the inverse FFS polynomials ma-
trix. Intuitively, the factorization of the FFS polynomials matrix via the
Fibonacci matrix is shown. Also, we obtain an equation that represents
the relation between the FFS polynomials matrix and the Fibonacci-Pascal
matrix. Ultimately, from this relation, we can easily derive the relation

between the FFS numbers matrix and the Fibonacci-Pascal matrix.

Proposition 3.1. The inverse of the (n + 1) x (n + 1) FFS polynomials

matriz D, p(z;u) = [dij r| is defined as

ONR= 1
<> ( kj) Fibkﬂxk_j, if 1>,
J F =0 Fli—k—j+1

0, otherwise.

dijp =

Corollary 3.2. The FFS polynomials matriz S, r(z;u) can be factorized

in terms of Fibonacci matriz F,, as follows:
Snr(ziu) = FoMy, p(z;u).
If x =0, the following holds:
FnMy p(u) =8, r(u).

)

Based on Corollary 3.2, we derive an example of M, p(u) whenn = 3.

Example 3.3. Consider n = 3. For the FFS polynomials matrix, we have

)
]
0
0
0

FsMs p(z;u

1 0 0
11 o0
=11 1 o0

1 2 2
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1

- 0 0 0
1 2 u 1
Zo4+ - 0 0
2 2(1 — w)
15 3 — 2u 24w 1 1 2u — 1 1
X —x — x — - —x — 0
2 2(1 — u) 2(1 — u) 2(1 — u)? 2 2(1 — u) 2
1 g u g 5 — 2u 1
23 4 22 -
3 1—u 2(1 —w)  2(1 —wu)2
2+ 2u 1 1 1 2 2 —u 14+ u 1 i 1
— — — - = z¥ - —r - — = — x + —
1—u (1 —wu)2 (1 — u)3 2 1—u 1—u (1 —u)?2 1—u 2
*Sn,F(xvu)'

Hence, we obtained the factorization of FFS polynomials matrix via

the Fibonacci matrix and derived an example of the factorization process.

Proposition 3.4. Let Sy p(u) be the FFS number. Then, consider the

following statement:

- 1
> (n> Sk,r (1) = Fnlon
k—0 Fn—k+1 k F

where 6, is the Kronecker delta function.

Theorem 3.5. The following relation between the inverse FFS polynomials

matrixz and the Fibonacci-Pascal matriz holds:

Dy r(ziu) = 5 (Poyr[z] + Lnta).

DN | =

Proof. Let Z <n) Sp_pr(x;u)zh + 8, p(z;u) = 26, i—j

k P El ’ ’
k=0

Then, the following equation is verified by substituting ¢ — j instead of i for

the values of k£ and using Proposition 3.4.

(STL,F(‘T; u) (Pryifz] + I”‘H))ij

_ ; (;)Fsik,m;u) (’;)ka—j ; (j)FsF< )
_ @ Z (;:]J ) St ¢ (;)Fsi_j,F(x;w

F k=j
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. T
- (Z) [ <Z k:]> Si,j,k,p(x;u)xk + Si—jr(z;u)
1/ F k=0 F (3.1)

)
=] 2004_s.
(J)F 0

For i = j, <Z) 00,i—j = 1 holds.
J/ F

On the other hand, (Z) d0,i—; = 0 when ¢ # j. Hence, the inverse
J) F

matrix is obtained. ]

Based on the Kronecker delta function previously defined for the FFS
number, we now define the Kronecker delta function for the FFS number

matrix.

Proposition 3.6. Let S, p(u) be the FFS number matriz. Then, it holds
that

n

Z <Z> FSn—k,F(U) + 8n (1) = 200,

k=0

Theorem 3.7. Let P41 = [pij] be the (n+ 1) x (n+ 1) Fibonacci-Pascal
matriz and L,y1 be the identity matriz. Also, let S, r(u) be the FFS

numbers matriz. Then, the following equation holds:

(Prs1+Tns1) = Snr(u)™

DN =

Proof. Consider the above proposition and recall the calculation of the

proof of Theorem 3.5. Then, we have

ij

(Prg1+ In+1)>

M| —

(‘SnF(u)

1
5 (S7L,F(U)Pn+l + Sn,F(u))ij

‘(i 1/k 1/i
= Si ko ( ) + - < ) Si_jr(u)
kz(k>p 2\j/r 2\5)p "’

=J



Fibonacci-Pascal matriz and inverse FFS polynomials matriz 107

% (;) h kz; (; _]J) Fsifk,F(U) + % (;) FSi,j,F(u)
% (Z) Z <;€ :?) Fsi_k,p(u) +8i () (3.2)

ij:j

1/1 1
=) 260i—;=1.) do,i—y-
2(])}? 0 <J>F 0

Hence, for i = j, <Z> d0,i—; = 1 holds. Also, for i # j, (Z) 00,i—j =
J)F J/ F

0. Therefore, multiplication of S,, p(u) and 3 (Pn+t1+ Znt1) becomes an

identity matrix. O

4. Conclusion

After observing the Fibonacci exponential function and the generating
function of the FFS polynomials, we derived basic properties for the FFS
polynomials. Based on the form of the Fibonacci-Pascal matrix and the
inverse FFS polynomials matrix, we were able to prove the related form

between them using the identity matrix and the Kronecker-delta function.

Acknowledgement. The author would like to express her sincere grat-
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