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Abstract. In this work, we define a new sequence denominated by fuzzy Leonardo numbers. Some algebraic
properties of this new sequence are studied and several identities are established. Moreover, the relations between
the fuzzy Fibonacci and fuzzy Lucas numbers are explored, and several results are given. In addition, some sums
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1 Introduction

Recently, several researchers have worked enthusiastically with numerical sequences. Their studies cover a
wide range of fascinating aspects, including exploring unique properties, revealing previously known identities,
and even unlocking the secrets behind generating functions and matrices. One of these interesting sequences
is the Fibonacci sequence of numbers. The sequence of Fibonacci { F}, },,>0 is defined by a recurrence relation

of order two, given by
F,=F, 1+ F, 2, (TLZ2), (1)

with initial conditions Fy = 0 and F; = 1. Other classical sequence is the sequence of Lucas numbers { L, },>0,
defined by the same recurrence relation of Fibonacci sequence,

Ly =Lp1+ Lp2, (TL > 2), (2)

but with different initial conditions, Ly = 2 and L; = 1. The Fibonacci sequence has motivated the study of
many other numerical sequences. We can find not only properties of the sequences of Fibonacci but also the
correlated sequences such as Lucas, Pell, and Pell-Lucas and their applications in the following works [1], [2]
and [3].

One of these correlated sequences is the sequence of Leonardo, introduced by Catarino and Borges in [1],
and defined by the recurrence relation

Ley, = Ley—1+ Lep—2+ 1, (n>2), (3)
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with initial conditions Ley = Ley = 1. This recurrence relation can have the equivalent form
Leyy1 =2Le, — Lep—9, (n > 2).
The relation between Leonardo and Fibonacci numbers is given by
Ley = 2F, 1 — 1, (4)

according to Proposition 2.2 in [1].

The Leonardo sequence has given rise to many related research studies, which are, for example, those of
Alp and Koger in [5], Alves and Vieira in [0], Catarino and Borges in [7], Gokbas in [8], Kara and Yilmaz in
[9], Kuhapatanakul and Chobsorn in [10], and Tan and Leung in [11], among others.

On the other hand, since fuzzy set theory has a lot of applications in real life, the interest in workings
and researching has increased in recent years [12, 13, 14]. To face the challenges of ambiguity in various
areas, Zadeh, in the article [15], introduced the fuzzy set theory. The fuzzy set theory is based on the fuzzy
membership function. Given a set A, the membership function denoted by j 4 is a function that associates an
element of a set A to an element in the interval [0, 1]. A fuzzy set A is described by its membership function 4,
and by the fuzzy membership function, we can determine the membership grade of an element concerning
a set (see more details in [16, 17, 18, 19]). Following Duman, in [20], there are many fuzzy membership
function types, which most commonly used are the triangular, trapezoidal, Gaussian, and generalized Bell.
Fuzzy operations on fuzzy sets are defined as crisp operations performed on crisp sets. Operations on fuzzy
sets are done using fuzzy membership functions. Operations such as addition, subtraction, multiplication,
and division are defined in a fuzzy set, [16, 21]. When fuzzy set operations are applied to a set, the result is
a fuzzy set. But these sets need to be converted to a real number, that is, an inference must be made. This
process is called defuzzyfication, which means inversion of fuzzyfication [22].

Recently, a bridge between fuzzy sets and number theory was built when fuzzy Fibonacci and Lucas
number sequences were defined using the triangular membership function by [23], and also several identities
were provided. In addition, other properties are investigated in [20].

We aim to introduce the fuzzy Leonardo numbers using the triangular membership function and give
some new properties of this new sequence. The article is organized as follows. In Section 2, we present the
triangular fuzzy numbers with their operations. Also, the definitions of fuzzy Fibonacci numbers and fuzzy
Lucas numbers are given as identities related to these sequences, which will be useful for the next sections.
Section 3 introduces the fuzzy Leonardo numbers and establishes some properties and identities of this new
set of numbers. In Section 4, some sums involving fuzzy Leonardo numbers are provided. Finally, some
conclusions are stated.

2 Preliminaries concepts

In this section, we will present the definition of triangular fuzzy numbers, such as their arithmetic operations
of the a-cut, a € [0,1]. In addition, the definitions of fuzzy Fibonacci and fuzzy Lucas numbers are given,
and some properties of these numbers are presented.

First, consider the definition of the triangular fuzzy number given by Irmak and Demirtas in [23]. A
triangular fuzzy number, denoted by A = (a1,a2,a3) is represented by three points, two of which are left
and right of the interval, such that ai,as,as are real numbers. The triangular membership function with
A= (a1, a2, a3) is given by

0, z<a
T—a1
—L  ap<r<a
pilz) =49 B4

ws—ag 2<T=a3
0, T > ag
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A triangular fuzzy number can be represented by a-cut operation, which denotes A% To convert a
triangular fuzzy number to a—cut interval, we follow that

A% = [af, a3] = [a1 + aaz — a1), a3 — a(asz — a2)], (5)

where o € [0, 1] and a; for j = 1,2, 3 are real numbers.
Let A = (a1,a2,a3) and B = (by,ba,b3) be the triangular fuzzy numbers and A® = [af,a$] and B* =
(b3, bS] be the a—cut obtained from these numbers. The arithmetic operations of the a—cut are given in [23]

as follows
A% 4+ BY = [af + bT, a5 + b%], (6)
A” a(lx - l ) a’3 - b%]?

AO‘/B“ = [min{ai /bY, a3 /b7, a7 /b5, a5 /b3 }, max{ai /bT, a3 /b7, af /b5, a5 /b3 ],

[
=
A*B® = [min{a7b{, a3b7, aTbs, a5bs }, max{aTdy, a5by, ay'bs, agbs}], (7)
[
= [min{ka{, ka$ }, max{ka{, ka$}],

with k real number. Note that, if a1, b1, as, b, a3 and b3 are positive real numbers with a1 < as < ag, and
by < by < bz, then A“B® = [a$b{, a5§]. Moreover, if k is a positive real number then we have kA® =
[min{ka{, ka3 }, maz{ka$, ka§}] = [ka{, ka3], (see more details in [10, 21]).

In [23], the author introduced the fuzzy Fibonacci numbers and the fuzzy Lucas numbers, which will be
very useful for this article. Let {F),},>0 be the Fibonacci sequence (1). The triangular fuzzy number of
Fibonacci is given by F,, = (F,,_1, F,,, Fny1). Then, we have the following definition.

Definition 2.1. Let {F},},>0 be the Fibonacci sequence (1). The fuzzy Fibonacci numbers are defined by the
expression

FS = [ 7?717F7?+1] = [Fn—l—’_aFn—QaFn"rl —OéFn_l], (8)
for n > 2, where a € [0,1] and initial conditions are F§' = [1 —a,1+ o] and F}* = [o, 1].

Similarly, the definition of fuzzy Lucas numbers, as proposed by Irmak and Demirtas in [23], is as follows:

Definition 2.2. Let {L,}n>0 be the Lucas sequence (2). The fuzzy Lucas numbers are defined by the expres-
sion
Ly =Ly 1, Lyal = [Ln—1 + aln—2, Lny1 — alp—1], 9)
form > 2 where « € [0,1] and initial conditions are L§ = [—1 — 3a, 1 + o, and LY = [2 — a,, 3 — 2a].
Motivated by the previous definitions, we will introduce the fuzzy Leonardo numbers and study some
properties of this new fuzzy sequence of numbers in the next section. Moreover, this article will explore the

connection between the fuzzy Leonardo numbers, the fuzzy Fibonacci numbers, and the fuzzy Lucas numbers
by considering the following identities for non-negative integers n,

[20, Theorem 3.1] Fe o + Fy=3F",, (10)

[20, Theorem 3.2] Fio=11FY s + FY (11)

[20, Theorem 3.3] Foo—Fp = (—Fn, Fu, 2F41) (12)

[23, Theorem 3.1] Fo,—FY =Ly, (13)

[23, Theorem 3.2(a)] 2F o —3F = Ly, (14)

[23, Theorem 3.2(d)] 2F | — FY =Ly, (15)

[23, Theorem 3.2(g)] Fro +FY = LO‘ (16)

[23, Theorem 3.2(b), (c) and (e)] 5F® = 2L, , — 3L8 = LY, | + LY | = 2L%,, — LY . (17)
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For the reason to establish identities involving the fuzzy Leonardo numbers, in this article, we will consider
the following classical identities for Leonardo numbers {Le,, },,>0 established in Proposition 2.3 [1],

L,+L
Le, =2 <”+5”+2> —1, (18)
L L
Lents = <”“‘£””> -1, (19)
Len = Ln+2 — Fn+2 - 1, (20)

for all non-negative integer n, where Fj, is the n-th Fibonacci number given by (1) and L,, is the n-th Lucas
number given by (2).

3 The fuzzy Leonardo numbers, properties and identities

In this section, we will introduce the fuzzy Leonardo numbers and provide some properties of this new
sequence. Moreover, some identities are established.

3.1 The fuzzy Leonardo numbers and properties

Let {Ley }n>0 be the Leonardo sequence of numbers defined by Equation (3) and the triangular fuzzy number
of Leonardo given by Le, = (Ley—_1, Ley, Lent1). Then, it is natural to consider the a—cut of the triangular
fuzzy numbers given in the following definition.

Definition 3.1. Let {Le,}n>0 be Leonardo sequence given by (3). The fuzzy Leonardo numbers are defined
by the following expression

Ley; = [Ley 1, Lep 1] = [Lep—1 + a(Len—2 + 1), Lepy1 — a(Lep—1 + 1)), (21)
for n > 2, where a € [0,1] and initial conditions are Lef = [1 — a, 1+ ], and Le§ = [a, 1].

By Definition 3.1, the elements of the sequence {Le},>0 are the a—cut obtained from the triangular
fuzzy number of Leonardo Le,, and can be operated by using the a—cut operations.

Observe that by considering the triangular fuzzy number 1 = (1,1,1), and by applying the a—cut, we
obtain I* = [1*,1*] =14+ a(l —1),1 —a(1l —1)] = [1,1].

Then, by using the rule of summation (6), we describe a recurrence relation for the fuzzy Leonardo
numbers in the next proposition.

Proposition 3.2. Consider a € [0,1]. Let {Le%}n>0 be the sequence of fuzzy Leonardo numbers. Then, it is
verified
LeY = Lest 1+ Leoy o+ 1%, (22)

where I* = [1,1].
Proof. By considering the sum operation and Expression (21), we have
Ley 1+ Lep o + 1% = [Lepy o, Lep] + [Lepy 3, Lep ] +[17,17]
= [Ley_o+ Lep_5 + 1% Lepy + Len_; + 19
= [Len_g +oa(Lep—3+ 1)+ Lep—3+ a(Lep—g+ 1) + 1,
Le, —a(Len—2+ 1)+ Ley—1 — a(Ley—3+ 1) + 1]
= [Lep—1+ a(Lep—2+ 1), Lepy1 — a(Leyp—1 + 1))

_ «
= Le,,
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which verifies the result. O

In addition, observe that the Leonardo sequence {Ley, },>0 is an increasing sequence of positive integers,
then it is verified the scalar operation kA“ = [ka{, ka§], for k positive real number. Moreover, since it is
verified the recurrence relation for the Leonardo numbers, Le, 1 = 2Le, — Lep—2, (n > 2), with the same
proceedings done in the proof of Proposition 22 and the scalar product, we can obtain a new equation for
the fuzzy Leonardo numbers given by

Leyy = 2Le;, — Ley_,.

3.2 Some Identities

This subsection will provide some new identities for the fuzzy Leonardo numbers. In addition, we will
establish new identities involving the fuzzy Leonardo numbers, the fuzzy Fibonacci numbers, and the fuzzy
Lucas numbers.

Recall the relation between the Leonardo and Fibonacci numbers given by (4), namely, Le, = 2F, ;1 — 1.
Therefore, by using the scalar product, Definition 3.1, and Equation (4), we establish the following result.

Proposition 3.3. Consider o € [0, 1]. Let {Lel } >0 be the sequence of fuzzy Leonardo numbers and {F }n>0
be the sequence of fuzzy Fibonacci numbers. Then, it is verified

Le® = 2F%, — I° (23)

Proof. Equation (21) shows us that LeX = [Le,,—1 + a(Lep—2+1), Ley 1 — a(Ley—1 +1)]. Since it is verified
Le, = 2F,+1 — 1, then

Lel = [Lep—1 + a(Lep—o + 1), Lepy1 — a(Lep—1 + 1)]
= [2F, + 2a(F,—1) — 1,2F,19 — 2a(F),) — 1]
=2[F, + aF,_1, Fhi0 — aF,] — [1%,1%]
=2 ﬁ+1 - 1%
by Equation (8). O
Similarly, recall the identities of the sequence of Leonardo numbers stated in Proposition 2.3 [1], and the

operations in a-cut. Then, the next proposition is stated.

Proposition 3.4. For all non-negative integers n, the following identities hold:

2
Le,y = R (Lf{ + Lf{+2) e (24)
1
Leg+3 = 5 (Lz+1 + Lz-s-?) - 1%, (25)
Lep =Ly o — Fiyy — 17, (26)
where I* = [1,1], Le& is the n-th fuzzy Leonardo numbers, FY is the n-th fuzzy Fibonacci number given by

(8), and LY is the n-th fuzzy Lucas number given by (9).
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Proof. By combining Definition 3.1 and Identity (18) we obtain
Leyy

n

= [Len—1+ a(Leyp—o+ 1), Lept1 — a(Lep—1 + 1)]

- Lnfl =+ LnJrl Lnf2 + Ln Ln+1 + Ln+3 Lnfl + Ln+1

= of( Ll 4 g : Y L
) ) ) 5)

|:<Ln—1 'g Ln+1> +a <Ln—25+ Ln> ’ (Ln-H 'g Ln+3> N <Ln—1 'é‘ Ln+1>] 1o

[(Ln—l + Ln+1) + « (Ln—2 + Ln) 3 (Ln—l—l + Ln+3) -« (Ln—l + Ln—l—l)] - 1¢

TN O] N Do

= (Lg+Lg+2)—IO‘

Similarly, by using Definition 3.1 and Identity (19), we obtain Equation (25), as well as, by using Definition
3.1 and Identity (20) we obtain (26) O

Next, we will provide an identity related to the product of fuzzy Leonardo numbers. To do this, we need
to observe the product rule (7) and the fact of the Leonardo sequence {Ley, },>0 is an increasing sequence of
positive integers. Then we have Lejy, Lejl = [Leg, _Lejl_,, Le, Lef ,].

Theorem 3.5. Consider m and n non-negative integers and let Lel be the n-th fuzzy Leonardo numbers.
Then

Ley, Leyy 1 + Leg, 1 Ley, = [8(=1)"""™(Leam-n—1+1) — Lepy—1 — Lep—m + Ley + Lep—m—1
+a(8(=1)""™(Legm-n—2 + 1) + 8(=1)""Y(Ley_om—2 + 1) + Ley—m + 2Le, 1)
+a?(8(=1)""™ Y Leam—n-1+ 1)+ Lep—1 + Len_m—2),
8(—1)"""*2(Legy—y, + 1) — Legi1 — Len—ma2 + Lemia + Len—m1
—a(12(=1)"""*3(Legy—p—2 + 1) — Lep—_mi2
+12(=1)""™*"2(Legy—n + 1) + Lepis — 1)
+a2(8(—1)"""™ Y Legm—n—1+ 1) + 2Lep—m—2 + Lem—1 — Ley, + 1))

Proof. Using the Definition 21 we obtain

Ley Ley ., 1+ Lep, Ley,_, = [Lep—1 + a(Lem—2 + 1), Leyy1 — a(Lepy—1 + 1)]
X[Lep—m + a(Lep_m—1+ 1), Lep_mia — a(Lep_m + 1)]
+[Lem + a(Ley—1 + 1), Lepyo — a(Ley, + 1))
X[Lep—m—1+ a(Lep—m—o+ 1), Len—mi1 — a(Lep—m—1 + 1)]
= [(Lep—1 + a(Lepm—o + 1)) (Lep—m + a(Lep—m-1 + 1)),
(Lemt1 — a(Lep—1 + 1)) (Lep—mio — a(Ley—m + 1))]
+[(Lem + a(Lepm—1 + 1)) (Lep—m—1 + a(Len—m—2 + 1)),
(Lemia — a(Ley, + 1)) (Lep—mt1 — a(Lep—m—1 + 1))]
= [(Lem—1 + a(Lepm—2 + 1)) (Lep—m + a(Lep—m—1 + 1))
+(Lepm + a(Lepm—1 + 1)) (Lep—m—1 + a(Lep—m—2 + 1)),
(Lemy1 — a(Lepy—1 4+ 1)) (Lep—myo — a(Lep—m + 1)

)

)
+(Lemta — a(Ley, + 1)) (Len—my1 — a(Lep—m—1 + 1))].

Denote A,, = Le,—1 + alLe,_o and B, = Le,+1 — aLe,_1, then we have
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(Lem—l + O[(Lem72 + 1))(L€n—m + a(Lenfmfl + 1) (27)
= (Lem—1+ alep—9)(Lep—m + aley—m—1) + a(Lep—1 4+ aLey—o + Lep—m + aLén—m—1)
= AmAnfm+1 + Of(Lemfl + Lenfm) + OZQ(Leme + Lenfmfl)a

(Lep+1 — a(Lepm—1 + 1)) (Lep—myo — a(Lep—m + 1)) (28)
= (Lem+y1 — alep—1)(Lep—mi2 — aLlen_p) — a(Lepmi1 — aLegy—1 + Lep—mio — aLen )
= BnBn—m+1 — Oé(Lem—i—l + Len—m—i—?) + QQ(Lem—l + Len—m)7

(Lep, + a(Lep—1 + 1)) (Lep—m—1 + a(Ley—m—o + 1)) (29)
= (Lem + aLepy—1)(Lep—m—1 + alep_m—2) + a(Lep, + aLey—1 + Ley—m—1 + aLep_m—2)
= Am+1An—m + a(Lem + Len—m—l) + OZZ(Lem—l + Len—m—2)a

and
(Lemt2 — a(Ley, + 1)) (Lep—mi1 — a(Lep—m—1 + 1)) (30)
= (Lemy2 — alep,)(Lep—mi1 — alen—m—1) + a(Lepmto — aLey, + Leq—mi1 — aLén—m—1)
= Bmy1Bn—m — a(LeerQ + Lenferl) + 052(L€m + Lenfmfl)-

Now, since
AmAn—m+1 = Lep_1Lep—m + a(Len—mLem—Q + Lem—lLen—m—l) + QQLem—QLen—m—ly
Api1An—m = LeyLey 1+ a(LenfmflLemfl + LemLenfme) + a2Lem,1Len,m,2,
ByBn-m+1 = LepyiLlen_myo — a(LemflLenferQ + LeerlLenfm) + O‘2LemflLenfm,
Byii1Bp-m = LepnyoLlen my1 — O‘(LemLenan»l + Lem+2L6nfmfl) + O12-[/emL€nfmfl,

then, by summing Equations (27) and (29), we obtain the first component given by

AmAn—mi1 + a(Lem—1+ Len—m) + a?(Lem—2 + Len—m—1) (31)
+Ami1An—m + a(Ley + Lep_m—1) + a?(Lem—1 + Leny—m—2)
=Ley_1Len_m + LepyLep_mm—1
+a(Lep—mLepm—o+ Ley—1Len—m—1+ Lep—m—1Lem—1 + Lep Ley -2+ Léey—1 + Ley—m + Léey, + Ley 1)
+a?(Lem_oLlen m—1+ Lem 1Len m—o+ Lem 2+ Len_m-_1).

Similarly, by summing Equations (27) and (29), we obtain the second component given by

BimBn—mi1 — a(Lemy1 + Len—ma2) + a?(Lem—1 + Len_m) (32)
+Bpi1Bnm — a(Lemio + Len_mi1) + o?(Ley, + Len—m-1)
= Lemy1Len—my2 + LepmioLlen_mi1
—a(Lem—1Len—mia + Lemi1Len—m + Lepy Ley i1 + LeproLey_pm—1 + Lemi1 + Lep—mt2)
+a?(Lep_1Ley_m + LepmLen m-1+ Lepm_1+ Lep ).



188 Spreafico E, Costa E, Catarino P. Trans. Fuzzy Sets Syst. 2025; 4(1)

Theorems 2.1 and 2.14 in [5] established

Le_,, = (-1)"(Lep—o+1) — 1,
LepLey, + LesLey = 4(—1)"(Leg—s—1 + 1)(Leg—¢—1 + 1) — Ley, — Ley, + Leg + Ley,
for positive integers n, k, m,s and t with k +m = s + ¢, then holds:

Ley—1Len—m + LepLey -1 =4(—1)"""(Le—g + 1)(Leam—n—1+1) — Leyy—1 — Lep—pm + Ley, + Lep—pm—1
= 8(*1)n_m(L€2mfn71 + 1) —Lem—1 — Lep—m + Lép + Len—m—1,

Leg—olen m + Lep—1Lenm1 = 8(_1)n_m(L62m—n—2 + 1) —Lepy 92— Leym + Lepy 1+ Lep 1,

Ley m—1Llepm 1+ LegLey o2 = 8(_1)m71(Len—2m—2 + 1) —Len—m—1— Lep—1+ Lepy + Lep—m—2,

and

Ley—1Lep—m + Lep Lep—m—1 = 8(—1)"""™(Leam—n—1+1) — Leyy—1 — Lep—m + Ley, + Lep—pm—1.

Therefore, we can rewrite Equation (31) in the form

A Ap—ma1 +a(Ley 1+ Len ) + ?(Lepm—o+ Len—m—1) (33)
+Ami1An—m +a(Ley + Lep_m-1) + a®(Lem—1 + Len_m—2)
=8(—1)"""(Leam-n—1+1) — Ley—1 — Lep—m + Lepy + Lep—m—1
+a(8(=1)"""(Leam—n—2+ 1) +8(=1)" Y (Lep_2m-_2+1) + Lep_m + 2Len 1)
+a?(8(—=1)""™ Y Leam-n-1+1) + Ley_1 + Leq_m_2).

Similarly, we have,

Lemi1Llen mio+ LemyoLen my1r = 8(—1)""""2(Legym—n + 1) — Lemi1 — Len—ma2 + Lemio + Len_my1,

Lepm—1Len—my2 + Lepyi1Lley—y = 12(_1>nim+3(L62m—n—2 + 1) — Ley—1 — Lep—my2 + Lepmy1 + Ley—p,

Ley, Len—my1 + LepmyoLey —m—1 = 12(_1)n_m+2(L62m7n + 1) — Ley — Ley—mi1 + Lemqo + Ley_m—1,

and

Ley—oLen—m—1+ Lep—1Lep_ym—o = 8(_1)n7m71(L€2m—n—1 + 1) — Lepm—2 — Ley—m—1+ Lep—1 + Lep_pm—2.
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Therefore

BuBn—mi1 — a(Lemi1 + Len—ma2) + o?(Ley—1 + Lep_m)
+Bi1Bnm — a(Lemio + Ley_mi1) + a?(Ley, + Len—m-1)
=8(—1)"""™* 2(Leay,pn + 1) — Legy1 — Len—ma2 + Lemyo + Len—mai1
—a(12(=1)"""™3(Legm—n—2 + 1) — Lep_myo + 12(=1)""™2(Leg,, + 1) + Leyysz — 1)
+a?(8(—=1)""™ Y Legm-n-1+1) +2Lep_m—2 + Leg_1 — Ley, + 1).

which proves the theorem. O
Next, we will provide identities involving the fuzzy Leonardo numbers and the fuzzy Fibonacci numbers.

Proposition 3.6. Consider o € [0, 1]. Let {LeS },>0 be the sequence of fuzzy Leonardo numbers and {Fy}n>0
be the sequence of fuzzy Fibonacci numbers. Then, the following identities hold:

Leqg— Ley  =22F 5, n > 1; (34)

Leq s+ Lep o +21% =6F} 5, n>1; (35)

Ley, 1 — Ley = (—2F,,2F,,4F, 1), n > 0; (36)

Lep,y — Ley 3 =2Ly, n>3; (37)

Lepy . =3Ley | +21* +2L;, n>1; (38)

2Ley — Lep 1 + 1% =2L%, n>1; (39)

Ley + Ley o +21% =2L5, n> 2, (40)

SLep 1 +51% =2(Lyyy + Ly 1) =2(2Ly 1, — Ly), n > 1, (41)

where E in the n-the fuzzy Fibonacci number, and where LY in the n-the fuzzy Lucas number.

Proof. First, by combining Equations (23) and (11), we have

LS,y = 2F% —I°

9(11F2, 5 + F2) — I
22FC, o+ 2F% — I°
= 22FL 5+ Ley_y,

which proves Equation (34). Similarly, by combining Equations (23) and (10), we obtain Equation (35). By
combining Equations (23) and (12) we get Equation (36). Finally, for to prove Equations (37), (38), (39),
(40), and (41), we combine Equations (23) and (13), Equations (23) and (14), Equations (23) and (15),
Equations (23) and (16), and using Equations (23) and (17), respectively. O

4 Some sums involving fuzzy Leonardo numbers
In this section, we will provide some identities involving the sums of fuzzy Leonardo numbers. First, recall

I* = [1%,1%] = [1, 1]. By definition of the fuzzy number, we obtain A*J* = [*A* = A® for all A*. Therefore,
we have the following lemma.
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Lemma 4.1. Consider the fuzzy number I¢ = [1,1]. Then

Proof. Note that, by summation rule (6),

ZIO‘ = Z[lma]:Z[u]: 21 1]

= =1 j=1 =1
_ {n(n; 1)’n(n2—{— 1)} B {n n; 1)r |

as required. O

Theorem 4.2. Let {Leg"}jzo be the sequence of fuzzy Leonardo numbers. Then the sum of the n first terms
of the sequence consisting of these fuzzy numbers is given by

- (n—1)n]”
> Lef =2F5, — F) - [2] +[1—a,1+0]
j=0

Proof. Combining Theorem 3.5 in [5], Lemma 4.1 and Proposition 3.3, we get
n n
She = SR )+ L
=0 j=1
n—1 n
= | ) 2Fy = > 1| + Lef
7=0 7j=1
n—1 n—1
= 2 Fi* — I* — F%,
7=0 7j=1

as required. O

Proposition 4.3. Let {Lejof}jzo be the sequence of fuzzy Leonardo mumbers. Then the sum of n first even
terms of the sequence is:

S Le; = 2Fg, — FY) - [(”‘”"

r+[1—a,1+a].

, 2
7=0
Proof. Note that
n
> Les; = Z 285 —I%) + Le
=0 j=1
n—1
7=0
n—1

= 2 szl ZIO‘ [1—a,1+a].
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According Theorem 3.5 in [5], and Lemma 4.1, we have that
n «
n—1)n
Sreg = - - | "5 wi-aita),
j=0
as required. O

Proposition 4.4. Let {Le?‘}jzg be the sequence of fuzzy Leonardo numbers. Then the sum of n first odd
terms of the sequence is:

- « a a (TL B 1)” “
E Legjq = 2(Fapq — V) — T +[1—a,1+al
Jj=0

Proof. Observe that

n

n
> Leiy = > (2F5 —I%) + Le§
i=0 j=1

n—1 n
= | 2Fg - 17| + Leg
§=0 j=1
n n—1
= 2) Fg-> I"+[1-a,1+aq].
j=0 j=1

Therefore, by Theorem 3.5 in [5] we obtain
n «
(n—1)n
>t = A F) - |UG] -l
j=0

as desired. O

A direct and immediate consequence of Proposition 4.3 and Proposition 4.4 is the result we now present,
which arises naturally from the established relationships and further reinforces the conclusions derived from
the propositions.

Proposition 4.5. Let {Le }jn>0 be the sequence of fuzzy Leonardo numbers. For all non-negative integers
n, we have the following formulas:

n

> (~1)fLep = 2F5, — 2F5), ,3;
§=0

if the last term is negative and

n
Z(—l)kLeg = 2F5, 9 — 2F5, 1 + [2n + 1]%
j=0

if the last term is positive.
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Proof. First, consider that the last term is negative, then

2n—+1

> (=1)Lep
k=0
= Leg — Lef + Ley — Le§ +--- + Ley, — Leg, 4

= (Leg + Leg + -+ Leg,) — (Lef + Le§ + - + Le5,, 1)
n n
= D Lefi— ) Lefusn
k=0 k=0
-1 @
- (2(F2°‘n . {("2)”] Fl—a 1+ a]>

a « (n_l)n “
—(2(F5 — FT) — ECE +[1—a,1+q]
= 2F2an_2F207[1+1'

In which case that last term is positive, then

2(n+1)
S (-1 Leg
k=0
— Lef — Lef + Le§ — Le§ + -~ + Le§, — LeSyyy + LeS, 1
n+1 n

J— [0 (6%
= E Lesy, — E Legy 4
k=0 k=0

_ <_2(F§‘n+2 —;f“) - [W} Hh-ans Od)

e} ¢ (n — 1)” “
(2B - F) - |5 4 -1 al
= 2F5,0—2Fy, 1 + [2n+1]7,

which verifies the result. O

5 Conclusion

In this study, we introduced a new sequence of fuzzy numbers, namely, the sequence of fuzzy Leonardo
numbers. We established the recurrence relation to this new sequence, some properties, as well as some
identities. In addition, we explored the relation between fuzzy Leonardo, fuzzy Fibonacci, and fuzzy Lucas
numbers, and some identities were given. Moreover, we provided some sums identities for the fuzzy Leonardo
numbers.

It seems to us that all results given here are new in the literature.

Number sequences, especially recurring ones, establish patterns in the real world and are therefore used
as discrete growth models. Discrete models are easy to solve and, in some cases, can describe solutions with
predictions that are as good as continuous models. On the other hand, in some real problems, we have a
certain degree of uncertainty about the solution, and that is why we use a fuzzy number to give us flexibility
in finding the best solution for that problem. The construction presented in this article, a priori, is simply
the immersion of a recurring integer sequence over the fuzzy number structure. However, generally, the
combination of both theories can be the premise for establishing discrete growth models that combine the
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flexibility of fuzzy logic with the structural properties of the discrete models, and then the models can be
discussed closer to the real world.
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