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Abstract: In this article, we determine upper and lower bounds for the spectral radius of nonnegative
matrices. Introducing the notion of average 4-row sum of a nonnegative matrix, we extend various existing
formulas for spectral radius bounds. We also refer to their equality cases if the matrix is irreducible, and we
present numerical examples to make comparisons among them. Finally, we provide an application to
special matrices such as the generalized Fibonacci matrices, which are widely used in applied mathematics
and computer science problems.
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1 Introduction

The problem of bounding the largest in magnitude eigenvalue, the spectral radius, of a nonnegative matrix
has been encountered in several branches of applied mathematics and computer science such as graph
theory, probability, cryptography, and even biology with applications to various stochastic and dynamic
processes (e.g., rumor, disease, information spread). For instance, the epidemic threshold in a real-world
network has been shown to be inversely proportional to the spectral radius of the adjacency matrix, thus the
principal eigenvalue serves as a measure to quantify the robustness against virus propagation [1].

In this work, we develop lower and upper bounds for the spectral radius of a nonnegative matrix
generalizing upon existing formulations [2-7]. Our framework introduces the 4-row sums and the average
4-row sums of the matrix to accommodate alternative bounded regions for the spectral radius. In addition,
equality cases of the bounds are characterized for nonnegative and irreducible matrices. We elaborate on
the specific results after providing the necessary notation next.

Let M,,4(R) be the algebra of m x n real matrices, where the case m = n is specified by M,(R). We
recall that A = (ay)j_; € My(R) is nonnegative when each a;; > 0, denoted by A > 0. Similarly, A is positive
whenever each g;; > 0, denoted by A > 0. The matrix A is irreducible if and only if (I + A)""! > 0. We define
the spectral radius of A by

p(A) = max{|A] : A € o(A)},

where 0(A) denotes the set of eigenvalues of A [8].
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For1<i,k<n,r(A) = Z;‘:lai,- is known as the ith row sum of A and for r;(4) > O the quantities

MI(A) = iai,-r,-(A) and m,(A) = M(A) = i r](A)

= ). aj 1.1
& @ E@ (-1
are called the ith 2-row sum and the ith average 2-row sum of A, respectively [6,7]. The quantities
S; (A) ZauM (A) = Z z az]a]krk(A)
e (1.2)
S(4) = s 1 aMi() = — 3 Y ayauna)
1 - 1 1
HA) @) 5 I(A) PP

are called the ith 3-row sum and the ith average 3-row sum of A, respectively [6].
Motivated by the expressions of M;(A), m;y(4) in (1.1) and S;(4), s;(A) in (1.2), we introduce the ith 4-row
sum of A defined by

W(A) = Y azSi(A) = X' ) Y agagairy(A),

j=1 j=1k=1p=1

and the ith average 4-row sum of A defined by the ratio

W) 1 i
M =S nA)  rA) }Zlgl;laua,kakprp(,q) (1.3)
Then, we notice that
LOSA) & oM@ & gnd 1 &
wi(A a; (2) A O Ly, .
- Z ") le H(A) ,-;a’ ORI (14)

where aiﬁ-") denotes the (i, j)th element of the power of the matrix A* for k = 2, 3, 4. Moreover, the following
extreme entries of the matrix A will be used: its largest diagonal and off-diagonal elements,
U= max{a,l} and v= max {al,}

1<i<n (15)
i#]'

respectively, as well as its smallest diagonal and off-diagonal elements,

¢= 1m<11<I},{a"} and n = mln {azl} (1.6)
i#]'
respectively.

This article is organized as follows. In Section 2, we establish upper bounds for the spectral radius of a
nonnegative matrix by using its average 4-row sums. Likewise, Section 3 presents a lower bound. The
equality cases are discussed in both sections whenever the matrix is irreducible. Numerical examples are
also displayed to compare among all existing formulas in [2,5-7]. They illustrate that the proposed bounds
are shown to be tighter in some cases. Finally, in Section 4, we apply the previous bounds to the generalized
k-Fibonacci matrix.

2 Upper bound for the spectral radius of nonnegative matrices

In this section, we investigate some upper bounds for the spectral radius p(A) of a nonnegative matrix A,
generalizing upon established results [5-7]. Adopting the techniques used therein, we obtain new expres-
sions for the upper bound of p(A). The following arguments will be used in our results.
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Proposition 2.1. Let A € M,(R), A > 0 and & = (a{")};; € Ma(R). Let u, v be the largest diagonal and off-
diagonal elements of A and ({,n be the smallest diagonal and off-diagonal elements of A, respectively.
Consider

a=n-Dn-2v3+3n-Dw?+ 12, w=0+ V-3 2.1
and
Bi=m -1 -0 +3n-D*+ 3, By=p+ 0~ (2.2)
Then, for1 < i < n holds
B, < aP < a, (2.3)
and fori # j,
B, < af’ < . 2.4)

Right-hand side equalities hold only if a; = pand a;; = v, for alli,j = 1,..., n, with j # i, while equalities at the
left side hold only if a; = { and a; = n, for alli,j = 1,..., n, with j # 1.

Proof. Obviously, for 1 < i < n, the diagonal elements of A% can be bounded from above

n n
af = Y apa = ai + Y apa < W+ (n V2, (2.5)
k=1 k=1 ’
k#i

where equality holds only if a; = p and ay = v for i, k = 1,..., n with k # i. Moreover, fori,j = 1,..., n with
j # i the off-diagonal elements of A% are bounded from above
n
al;-z) = Qi + a;ag + Z A Qi < Z}IV + (Yl - Z)Vz, (2 6)
k=1 .
k#i,j
where equality holds when a;; = @ = pand a;; = v fori,j = 1,..., n with j # i.
Likewise, if we use the elements ¢, i from (1.6), then the diagonal and off-diagonal elements of A? are
bounded from below

a? > {2+ (n- D, al;-z) >2(n + (n - 2)n?, (2.7)

with equalities when a; = g = { and g = nfori,j=1,..., n with j #i.
Substituting (2.5) and (2.6) into the diagonal elements of A%, the following inequality arises

n

af? =ala; + Y ala < 12 + (n - Dv2p + (n - D[2uv + (n - 2v2)v
o1
k+i

= -3n+2v2+3(n - Duv? + 1 = .

It is apparent that equality holds when a; = y and ay = v for i, k = 1,..., n with k # i. Analogously, sub-
stituting both (2.5) and (2.6) into the off-diagonal elements of A3, the following inequality arises

n
B _ ,@,.. @ 2 .
Q" =a i + aya + Z iy A
k=1
ki,

<[+ =12V + [2uv + (n — 2v2u + (n - [2uv + (n - 22y
=M -3n+3V3+3n-Quw?+3uv=m + (v - )’ = a,.

Equality holds when a;; = p and ax = v fori, k = 1,..., n with k # i.
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Similar arguments apply for the lower bounds of the diagonal and off-diagonal elements of A3 with
respect to the quantities {, n. In particular, by (2.7),

a® = [¢2+ (- DPPI¢ + (n - DIy + (n - 2n2In
=m2-3n+2n> +3(n - D? + =B,

a2 [¢2 + (n = Dl + (26 + (n = 221§ + (n = 2)[2%7 + (n - 2]y
= =3n+ 30’ +3(n - 20° + 3¢ =B, + (1 - ¢ =B,

which reduce to equalities when a; = { and g = n fori,j =1,..., n with j #i. O

The next lemma demonstrates well-established bounds for p(A4), and since it will be used in the proof of
our results, it is stated herein for the sake of completeness.

Lemma 2.2. [8,9] Let A € M,(R), A = 0 with ith row sumr(A),i =1,..., n and let u be the largest diagonal
element of A. Then, p(A) > u and

min{r(A)} < p(A) < max{r(A)}.
1<i<n 1<i<n
If A is also irreducible, then either equality holds if and only if r(A) =---= r,(A).

The next lemma is derived as an immediate consequence of Corollary 3.1 and Theorem 3.3. in ref. [4].

Lemma 2.3. Let A € M,(R), A = O with row sums 1;(A) > 0,1 < i < n. Then,
min{3/wi(4)} < p(A) < max{3/wi(4)}.
1<i<n 1<i<n

Let also A be irreducible.

(i) If 4% is irreducible, then either equality holds if and only if my(A) =---= my(A4).
(i) If A3 is reducible, then either equality holds if and only if there is a permutation matrix P such that
Op A O
PAPT = 0 0, A, andm;(A)="-= m; (A), m; (A) =---=m;  (A),m;  (A)=-=m;4),
A; 0 O
where the sets {ji, ....ju.}» Unie1r -+ snem)s Ungsngs1s -++2Jn} fOrm a partition of {1, ...,n} corresponding to

the permutation matrix P.
Next we state and prove the main result in this section.

Theorem 2.4. Let A € M,(R), A > 0 with row sums r,(A) >0 for alli=1,..., n, and average 4-row sums
wi(A) > wy(A) >---= wy(A). Let u, v be the largest diagonal and off-diagonal elements of A, respectively, with

v > 0. Denote by b = max{% :1<i,j< n}, andy = a — b, with ay, a; given by (2.1). Assuming wy(4) >y,

when b = 1, and wy(A) > y, when b > 1, let

Zezé(wz(A)+y+\/A7), e=1,..,n, (2.8)
where
-1
Ao = (We(A) = y)? + 4bay ) (Wi(A) — we(A)). (2.9)
j=1
Then,

p(A) <min{3/Z, : 1< ¢ <n}. (2.10)
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Proof. To simplify the exposition of our calculations, we let r; = ;(A) and w; = w(4) for 1 < i < n. Consider
¢ =11in (2.8); then from the assumption w; > y and (2.9) arises

1 1
Zl=5(wl+y+le—yl)=5(wl+y+wl—y)=wl,

and the result follows immediately from Lemma 2.3.
Consider2 < ¢ < n.Ifb = 1, thenn, =---= r, clearly implies that w; =---= w,. Hence, Z; = w; = w; for any

¢ and by Lemma 2.3, p(A) = yw; = 3/Z,. If b > 1, then let U = diag(rlxl, s T Xe—1s Ty - r,,) be ann x n
diagonal matrix, where x; > 1is a variable to be determined later for1 < j < ¢ — 1and let B = U"'A*U. Due to

similarity, A> and B have the same eigenvalues; hence, p(4) = 3/p(4%) = 3/p(B).
For1l<i< ¢ -1, we derive

1
H(B) = — Za(3) IX) + Zae)r’
l j=t 1

-1 n -1

1 @l ) @l a»l
= — Zaij —X] + ail- X; + Zail- — - U

Xl j:1 rl j:1 1 i:1 rl

ji
(2.11)

1 ool el
_ 3 3) Tj [©R) (€)% 3)
== Zaii -+ Zal) 2x) ~ Y af - +apx - aj

Xi =1 L6 i=1 16 i=1 16

j#i j#i

r.
U sapl, ZaG)J D+ aP-D

m

By (1.4), the right part of the inequalities in (2.3)—(2.4), ? <bforl1<j<t€-1andj#iand the definition
Yy = a1 — bay, the equality in (2.11) is formulated as follows:

e-1
HB) < —|wi+ bay ¥ (05— 1) + @l — 1) (2.12)
Xi j=1
j#
1 e-1
=—|w+ baZZ(x)- -D+y0g-1D (2.13)
Xi =
j=1

Analogously for € < i < n, we use the equality in (1.4), the inequality in (2.4), as well as the assumptions
w; < W, andg < b to derive

i
r,(B)=Za(3)}x N Za(B)J Za@) }X N Za(s)} Pl
j=1 i ] 1 li j=1 i
n
=Y a2 1 + Za@) ](X, 1) =w+ Zae)r](xj -1 (2.14)
]=1 1 1
-1
W, + baz Z(X] -1).
j=1

Now, to construct the variable x; for j=1,2,...,2 -1 and ¢ = 2,..., n, we consider the real roots of the
quadratic equations:

-1

Zp - (W + Y)Zy + yw, - bazZ(Wj -w) = 0. (2.15)
=1
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In particular, the trinomials in (2.15) have discriminant
-1 -1
Ae= (we+y)? — 4lywe — by Y (W — we) | = (we — y)? + 4bay Y (W — wp).
j=1 j=1

Due to the hypotheses that b > 1, a; > 0, and {w;}, is a decreasing sequence of nonnegative numbers, the
discriminant A, is nonnegative for all € = 2,..., n, which yields that the quadratic equations in (2.15) have a
root

a=;m+w¢axe=gwm (2.16)

Now, for1 < j < ¢ - 1, we consider

W FR—
“ox-1= , .17)

where Z, is given by (2.16). If Z?;}(wj - w,) > 0, it is clear by relation (2.16) that Z; > %(we +y+wm-yDh=
%(we +y - (W —y)) =y, otherwise, w; =---= wp > y and (2.16) yields Z, = %(we +y+ W=yl > %(W@ + y-
(we — y)) = y. Both cases ensure x; — 1 > 0 and x; in (2.17) is well defined.
Moreover, by (2.15), we may write
-1
bay ) (W = wp) = Z¢ = (W + V)2 + ywe = (Ze = Y)(Ze — o). (2.18)

j=1
Overall, we take x; -1>0, j=1,..., ¢ — 1 from (2.17) and bazzg;}(wj — wp) from (2.18) and substitute them
into the inequality (2.12). Hence, for 1 < i < £ — 1, we obtain

-1
1
r(B) < ” w; + bay Z(Xj =D +ylg - 1)]
i j=1
1 SW-W w-w
=—|w + bay ) — +y—
Xi =1 Zy-y Ze-y
:1m+@—w&—mhwm—m)
X; Zy—-y Zy -y (2.19)
_WiZe—y) + (Ze = ) Ze = W) + y(Wi — W)
X(Zy —y)
_ G-+ Wi -w)(Ze -y +Y)
Xi(Zy - y)

_ (Zez_,Y)Zij Wi = wo)Ze _ Zy €=2,..,n
SVI M (Z, — )
Zy-y

Similarly, for£ <i<nand1<j <€ - 1, we substitute the relations (2.18) and (2.17) into the inequality
(2.14), which can be written as follows:

-1

r(B) < w, + ba, Z(Xi -1
j=1

-1
=W + bay D w - w) (2.20)
Z-y &
—w+ Ze = V)Ze =) _ 7.
Zy-y

Thus, for 2 < € <n and 1 <i < n, the inequalities (2.19) and (2.20) verify r(B) < Z; and by Lemma 2.2,
p(A%) = p(B) < maxyi<,{r(B)} < Z. Thereby, the validity of (2.10) follows readily. O
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Remark 1.

(i) For1<i,j<¢-1,withj # i, inequality (2.12) is given by equality if and only if x; = x; = 1 or? = b and
a® = a, af’ = @ when x; > 1 and x; > 1.

(ii) Fore <i<n,1<j<¢-1,inequality (2.14) is given by equality if and only if w; = wy and x; = 1 org =b

and af’ = a, when x; > 1.

Due to Proposition 2.1, ai@ = and ai§-3) = a, are satisfied whenever q; =p and g; =v forall1<i,j <n,
with j # i.

The inequality (2.10) proved in Theorem 2.4 is in fact strict. If we take into account Remark 1 and Lemma
2.3, then an equality for the spectral radius of a nonnegative and irreducible matrix is derived as shown in
the following proposition.

Proposition 2.5. Let A € M,(R), A > 0 be irreducible and let the quantities u, v, y, Z,, b with b > 1 and

r(A), wi(4), i = 1,..., n satisfy the notations and assumptions of Theorem 2.4. Then, p(A) = {/Z for some
¢ =1,..., nif and only if one of the following holds:

Op, 4 O

(i) Fore =1,m(A) =---= my(A), if A is irreducible, otherwise, PAPT =| 0 0,, A, |,for some permutation
A; 0 O

matrix P such that mj(A) =---= mjnl(A), min1+1(A) == m,-nwz(A), m,-nwzﬂ(A) =-.-=m;(A), where

{Js - sdny s Unge1s -+ hngsmy)s Ungsngs1s -+ 5Jn} form a partition of {1,...,n} corresponding to P.
(ii) Fore =2,...,n, wi(A) =---= wy(A).

Proof.
(i) For ¢ = 1, the result is an immediate consequence of Lemma 2.3.
(ii) For ¢ =2,...,n, we first suppose that p(4) = {/Z with irreducible matrix A > 0 and we consider
B = U'A3U = 0, as constructed in the proof of Theorem 2.4. We then distinguish among two cases:
(@) If A3 >0 is irreducible, then B is also irreducible with Z;, = p(43) = p(B) < maX;< {r(B)} <
Zy = p(B) = maxy.j,{r(B)} = Z;. By Lemma 2.2, rn(B) =---= r,(B) = Z, and thus, inequalities (2.12)
and (2.14) degenerate to equalities. If w;(A) > wy(A), we consider the smallest integer 2 < t < € such
that w;(A) = wp(A4). Clearly, wiy(A) > wy(A) for integers1 < i < t — 1, which implies that x; > 1. There-
fore, condition (i) of Remark 1 yields a; = p and a5 =v for 1 <1i,j < n, i #j, which results in
n(A) =---= r(A) = u + (n — 1)v. But then, we have the absurdity b = 1. Hence, w;(4) = wy(A4) and
by case (ii) in Remark 1, we have wi(4) =---= wy(A4).
(b) If A3 is reducible, and so is B, there is a permutation matrix P such that

PAPT=CeGeo G
with irreducible matrices G, j = 1, 2, 3 and p(4) = 3/p(C;) [4]. Clearly,
PBPT = DY(C;® G ® G)D =B, ® B, & B,

where D = PUPT is diagonal and B; > 0, j = 1, 2, 3 aren; x n; irreducible matrices with p(B;) = p(C;).
By Lemma 2.2,

Zy = p(B) = p(A)’ = p(B)) < fniagf{ri(Bj)} < {ngﬁ{ri(B)} =Zy = p(B)) = 1rrlialii{ri(B,-)}
<i<n; <i< <i<n;
and since Bj € My(R) is irreducible for any j =1, 2, 3, we have n(B)) =---= r,(B)) = Z; for any

j =1, 2, 3. Due to permutational similarity, r(B) =---= r,(B) = Z; and (2.11) and (2.12) are equalities.
Following the same arguments as previously, we conclude wy(A4) =---= w,(4).
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For the converse statement, if w;(A) =---= w,(A), we substitute into (2.8) and then, we obtain Z, = wy(4) =
wi(4) for 1 < ¢ < n. Evidently, by Lemma 2.3, p(4) = max<j<,yWi(4) = miny.i-,3wi(4) = yw(4) = Y7,
1<e<n. O

We compare the results stated in Theorem 2.4 to other established upper bounds at the next example.

050050
3110 000202

Example 2.6. Consider the matrices A = 0311 and B = 050050 with spectral radii
o 2200 404000
0001 000202
404000

p(A) = 4.2924 and p(B) = 6.8399, respectively.

(i) Clearly, the (positive) row sums of matrix A are n(A) = n(A) = 5, n(A) = 4, r,(A) = 1 and its average
4-row sums are wy(4) = 101, w,(A) = 66.4, w3(A) = 96.5, w,(A) = 1. To apply Theorem 2.4, we permute the
second and third rows and columns of A taking the matrix

>

I
O O
OO WN
O WwWrRLN
_ -0 0

withu = 3,v =2, 1(A) = 4,(A) = (A) = 5,1,(A) =1,b =5> 1,y = 183 — 5 - 182 = =727, and wy(4) = 101,
wz([l) =96.5, w;([l) = 66.4, W4(A) = 1. Obviously, the assumptions of Theorem 2.4 are ensured, and we can
compute the quantities Z, given by (2.8), which are Z; = 101, Z, = 101.443, Z5 = 134.7246, Z, = 245.2064.
Then, p(A) = p(A) < /101 = 4.657.

(ii) We consider the irreducible matrix B whose power B is reducible, and we take the permuta-
tion matrix P associated to the row-partition {1, 3}, {2, 5}, {4, 6}. Then, for £ =1, we obtain PTBP =

005500
005500
0000O022
0000 22 such that my(B) = m3(B) = 4, my(B) = ms(B) = 8, and m4(B) = mg(B) = 10. Clearly,
4 40000
4 40000

Proposition 2.5 holds, which implies that p(B) = 3/Z; = 3/wy(B) = /320 = 6.8399.

Table 1 displays a comparison among upper bounds for p(A) and p(B) computed by the different
formulations presented in [2,7,11,15]. As one may observe, the upper bound for the spectral radius p(A)
computed by the expression of Theorem 2.4 appears to be a refinement, since it is sharper compared to the
other values. Moreover, the exact value of p(B) coincides with the quantity in Proposition 2.5.

Table 1: Comparison among different formulae of upper bounds for the spectral radius

Theorems for upper bounds Value for A Value for B
Duan and Zhou [5, Theorem 2.1] 5.0000 9.3899
Xing and Zhou [7, Theorem 2.1] 4.9671 10.0000
Lin and Zhou [6, Theorem 2.1] 4.7323 8.9443
Adam et al. [2, Theorem 4] 4.8173 17.5000
Theorem 2.4-Proposition 2.5 4.6570 6.8399

Spectral radius 4.2924 6.8399
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3 Lower bound for the spectral radius of nonnegative matrices
In this section, we obtain a new result on the lower bound for the spectral radius of nonnegative matrices.

Theorem 3.1. Let A € M,(R), A > 0 with row sums r,(A) >0 for alli=1,...,n, and average 4-row sums
wi(4) = wy(A4) =---= wy(A) > 0. Let {, n be the smallest diagonal and off-diagonal elements of A, respectively.

1i(4)

o 1<i,j< n}, and 6 = B, — qf,, where B, B, are given by (2.2). Consider wq(A) > 6

Denote by q = mm{

and
Z, = %(WH(A) 18+ by, 3.1)
where
n-1
= (Wa(A) - 6)2 + 4gPB, Y. (Wi(A) - Wn(A)). (3.2)
j=1
Then,
p(A) = Yz (3.3)

Proof. To simplify the exposition of our calculations, we let m; = m;(4), and w; = w;(A) for1 <i < n.
Ifn = 0, by (2.2), 6 = B, — gB, = {3 arises, and then, the equality (3.1) leads to z, = w;, due to w, > §; the
result follows immediately from the monotonicity of the sequence of {w;}i; and Lemma 2.3. Consequently,
in what follows, we assume 1 > 0.
Let U = diag(rx, 1%, ...,Th-1Xq-1, In) be an n x n diagonal matrix, where x;>1for1<j<n-1is a
variable to be determined later and let B = U~'A3U. Due to similarity, A> and B have the same eigenvalues;

hence, p(A4) = 3p(4) = 3/p(B).

For1l <i<n -1, we derive

n-1 rX: r 1 n-1 r
r(B) = Zai('3) o Y R/ Za(s) 1% + a®% + a®
i) m 1 m
; riXi o Xi| =3 I i
j#i

1 oL NG oyl @0, 4O
== Ya! +aPx + Y af a} ®)n
Xi ,zl h Z 4 Z PO

j#i

1 )X n-1 T
] Tj J
- Z a®> n + z (3) -y 053)7 + aPx; - a
j i
]#z j#i
n

OB e
=—| YaP2 + Y aP2- 1)+ aPx - 1) |.
]':1 rl j:l rl

Jj#i

Combining the equality in (1.4) and the left part of the inequalities in (2.3)-(2.4) with the assumption > Jisgq
for1<j<n-1andj+#iand the definition 6§ = 8, — gf,, the latter equality is formulated as follows

n-1 n-1
(B) > % Wit ghy ) (-1 + Bl - D= —[wi + gp, DG -1 +80-1)|. (3.4)
t j=1 j=1
j#i
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Furthermore, for i = n, we have

n-1

1
1(B) = za(s) . a®d Za(a) . Za(a) o a®l
j=1 n n j=1 n
n-1 r
Z @ ’(x, 1)+ Zae) d Za,(;)r—(xj -1+ wy (3.5)
: n ]‘:1 n

> qB, Z(X; -1 + w,
j=1
Now, it is easy to prove that the following quadratic equation:

n-1

zp = (Wo + 8)zn + 6Wn — B, Y. (W — W) = 0 (3.6)

j=1
has real roots, since its discriminant
n-1 n-1
Ay = Wy + 5)2 — 4] dwy, - Qﬁzz(wj - W) | = (W - 5)2 + 4QB22(W]‘ - W)
j=1 j=1

is a positive number, due to 8, > 0, ¢ > 0, and the monotonicity of the sequence {w;}iL, of positive numbers.
Hence, the quadratic equation in (3.6) has a positive real root

2y = %(W,, 16+ JB), (3.7)
which is used in the construction of
Wi — Wy W — Wy
xi=1+— ox-1= , .8
j Z 6 j - (3.8)

fort<j<n-1.1f Z] 1(w, w,,) > 0, it is clear by relation (3. 7) that z, > (w,, +6 + lw, = 8]) > (w,, + 6—
(w, — 8)) = 8, otherwise, w; =---= w, > § and (3.7) yields z, = —(wn +6+ |w,, -9)) > (wn +6 - (w,, -6)) =
6. Both cases ensure x; — 1 = 0 in (3.8).

Moreover, from (3.6), we derive

n-1

QBZZ(WI - W) = er = (Wn + 0)zn + Wb = (20 — 6)(2n — Wn). 3.9

j=1

For1 < i,j <n - 1, substitute qﬁzz;';f(m - Wy) from (3.9) and x; — 1 > 0 from (3.8) into the inequality (3.4),
which can be written as follows:

n-1
1(B) 2 %(wz +qB, Y (G- 1)+ 6(x - 1)]

j=1

1 "lW—Wn w; — W,
wi + + 6——12
x(l QBZZZH—S zn—6]

j=1

1 (zn — 0)(zn — W) (W; = wy)
= ;(Wi * +é ) (3.10)

Zn— 6 Zn— 6
_ Wi(Zn — 6) + (20 — 6)(Zn — Wp) + 6(W; — Wn)

Xi(Zn - 6)
_ (Zn - 5)(271 + W — Wn) + G(Wi - Wn)
- Xi(zn — 6)

_ zn(zn — 6) + zp(W; — wy)
- Xi(zq — 6)
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_ Zn(zn = 6 + Wi — W)
Xi(zn - 6)
_Zn(zn = 6+ Wi —wn) _

= Zn.

Zn— 0+ Wi—wy _
0z, — )

Moreover, substitute x; — 1 from (3.8) and qﬁzzg’j(m — w,) from (3.9) into the inequality (3.5), which gives

ly - w (zn — 6)(zy — W)
1(B) > ] n: n n n) _
w(B) wn+qﬁ2izzl sy U L

Zn- (3.11)

Hence, for all 1 < i < n, the inequalities (3.10) and (3.11) confirm 1(B) > z,. By Lemma 2.2, p(4%) = p(B) >
min.;.,{r(B)} > z,, verifying the validity of (3.3). O

Remark 2.

(i) For1<i,j<n -1, with j # i inequality (3.4) is given by equality if and only if x; = x; = 1 or? =q and
a® =8, ai§3) = B, when x; > 1 and x; > 1.

(ii) For1<i<nand1<j<n-1inequality (3.5) is given by equality if and only if x; = 1 or ? =q and

3 3
ai’ = B, ay = B, when x; > 1.

Due to Proposition 2.1, ai® = B, and ai§3) = B, are satisfied whenever q; = { and g =n forall1<i,j <n,
with j #i.
Using Remark 2, Theorem 3.1 can be reduced to the next proposition, which yields the equality cases of

the lower bound for the spectral radius of nonnegative and irreducible matrices.

Proposition 3.2. Let A € M,(R), A > 0 be irreducible and let the quantities {, n, 8, z,, q, with q > 1 and
1(4), wi(4),1 = 1,..., n satisfy the notations and assumptions of Theorem 3.1. Then, p(A) = 3/z, if and only if
one of the following holds:

O, A O

(i) Ifn =0, then my(A) =---= my(A), if A% is irreducible, otherwise, PAPT =| 0 0,, A, |, for some permu-
A; 0 O

tation matrix P such that m;(A) =---= m,-nl(A), mjnlﬂ(A) == m,-nlmz(A), m,-"ﬁnz”(A) =-.-= m; (A), where

{Js - sdn bs Unyrs -+ sngeny s Unymys1s -+ sJn} fOrm a partition of {1,...,n} corresponding to P.
(i) Ifn >0, wi(4) =---= wy(4).

At the next example, we test the lower bound for the spectral radius proved in Theorem 3.1 compared to
the ones stated in [2,5-7].

N OO

2 2 2
221
Example 3.3. Consider matrices A = 5 o 2 |and B asin Example 2.6 with spectral radii p(A) = 8 and

p(B) = 6.8399, respectively. 2220

(i) The (positive) row sums of matrix A are r(4) = 12, n(A) = 5, (A) = r,(4) = 6 and its average 4-row
sums are w;(4) = 590.3333, w,(A) = 293.6, w3(A) = wu(A) = 476.6667. If we permute the second and fourth
rows and columns of A, then we take

b

I
oN N
N O N
N O NN
NN NN
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with{=1n =6 =0,q = 0.4167,and wy(4A) = 590.3333, wy(4) = w3(A) = 476.6667, w,(A) = 293.6. Obviously,
the assumptions of Theorem 3.1 are ensured and z, = w4(4) = 293.6 given by (3.1). Then, p(4) = p(;f )=
/293.6 = 6.6464.

(ii) The irreducible matrix B with n = 0 and B? reducible infers that m(B) = m3(B) = 4, my(B) =
ms(B) = 8, and m4(B) = mg(B) = 10. Apparently, Proposition 3.2 holds and the spectral radius of B is
identified with p(B) = 3/zs = 3yWs = /320 = 6.8399.

Table 2 records the lower bounds for p(A) and p(B) computed by the formulations presented in [2,5-7].
As observed, the lower bound for p(A) given by Theorem 3.1 is sharper than the other values and p(B)
equals the quantity in Proposition 3.2.

4 Application on generalized Fibonacci matrices

This section is devoted to applications of Theorems 2.4 and 3.1 and also of the formulations in [5-7] to
special matrices associated with the Fibonacci sequence. This famous sequence has grown over the years
into a vital tool for applied mathematics and computer science, with various applications to certain sorting
algorithms and maximal network flow problems. For instance, in graph theory, the problem of enumerating
all perfect matchings in a bipartite graph is closely related to generalized Fibonacci numbers [10,11].

We consider a generalization of the Fibonacci sequence called the generalized k-step Fibonacci
sequence abbreviated by (f{¥(c;, &, ..., ))neny With respect to k > 2 real numbers ¢ > 0, G, ..., ¢ > 0. For
every n > k, the nth generalized k-Fibonacci number is defined recursively as a linear combination of the
preceding k terms

k

9 = S5 = af ol v afl, (@
i1

with initial values f{* =...= f{k = 1, [12,13]. We notice that for k = 2, the sequence (f{#(1, 1)),y reduces to

the classical Fibonacci sequence, and for k = 3, we obtain the Tribonacci sequence (f*(1,1, 1))nen.

followed by the Tetranacci sequence with k = 4, and so on. Now, let the vector F{} = ( J AL AL A fr{lli}k-#l) €

M 1(R),k > 2andn > k with F‘}(k} =(1 1 --- 1T togather the initial values of the sequence, then the general-

ized k-Fibonacci sequence in (4.1) can be also defined by the recurrence relation:

FiY = Qua, ..., c)FY,, (4.2)
associated with the generalized k-Fibonacci matrix

Ck

C
Qk(cla '~~’Ck) = (

e Mi(R), c=(a -+ Cr-1). (4.3)
B-1 Ok-1,1

Observe that by an inductive argument, (4.2) may lead to F¥ = QX (q, ..., c;)F{¥.
The matrix Qx(c, ..., cx) has been widely used in the design of many encryption/decryption algorithms,
which aim to provide secure and robust schemes of minimum vulnerability to attack. Due to the interesting

Table 2: Comparison among several formulae of lower bounds for the spectral radius

Theorems for lower bounds Values for A Values for B
Duan and Zhou [5, Theorem 2.3] 5.0000 4.0000
Xing and Zhou [7, Theorem 2.3] 5.6000 4.0000
Lin and Zhou [6, Theorem 2.3] 6.2290 5.6569
Adam et al. [2, Theorem 10] 5.7652 3.2000
Theorem 3.1-Proposition 3.2 6.6464 6.8399

Spectral radius 8.0000 6.8399
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properties, it enjoys (see [12-15]), and it leads to faster implementations reducing the time as well as
the space complexity of the security process. Most notably, it is an irreducible and primitive matrix with
a simple (without multiplicity) and unique eigenvalue of maximum magnitude, its spectral radius
p(Qi(a,...,c)) > 0.

In [11], the authors located p(Qx(1, ...,1)) outside the unit disk, especially lying between (2 — k~1)'/2 and
2. The current section aims to investigate and present different bounding regions for the spectral radius
p(Qi(a,...,cx)), by applying formulas that use and extend the row and average row sums of nonnegative
matrices. In the remainder of this work, we assume ¢; > 1 for alli = 1,..., k and we denote C = le.‘zlc,- and
Qx = Qi(cy,...,cx) for reasons of simplicity. The assumption¢; > 1,i = 1,..., k verifies the ordering of the row
sums of Q

C =n(Qu) > n(Q) = 1(Q) == n(Qu) =1, (4.4)

which combined with Lemma 2.2 clearly derives that 1 < p(Qx) < C. Due to the relation (4.4), we can
immediately apply Duan and Zhou’s formulae in [5] to bound p(Qy), which lead to the following result.

Proposition 4.1. Let k > 2 nonnegative real numbers @, G, ..., ¢x > 1 and denote by v = maXx,.;;{ci}.
(i) Ifk > 3, then

1§p(Qk)s1+§1_V+\/(1_C21+V)2+V(C—1). (4.5)

(i) Ifk = 2, then

_ _ 2
1/c1+c2sp(Qz)sl+C; CZ+\/(C1+;2 1) +C.

Proof. The lower bound for p(Qy) is computed by applying Theorem 2.2 in [5]

ne+¢-n rk—(+n2 k a+qg, k=2
= — i =
- () sy - (5T 22

j=1

where r, == 1,(Qx) > 0 is the kth row sum of Qy, k > 2 satisfying (4.4). Note that the minimum diagonal and
off diagonal elements of Qi for k = 2 are { = 0, n = 1, respectively, whereas for k > 3 are {=n = 0.

Now, the upper bound for p(Qy) is derived applying Theorem 2.1 in [5]. Therefore, p(Qx) < min{¥ : 1<
¢ < k}, where

¢
h+pU-—v - u+v)?
Y, = 2 +\/( S ) —VeR VYT

j=1
C, £=1

— _ _ 2
1+C21 v+\/(1 C21+V) +v(C-1), L+1,

since y = g > 1 and v = max,.;{c} > 1 are the largest diagonal and off-diagonal elements of Qj, respec-
tively. Finally, we obtain the desired upper bound for p(Qy), due to the inequality

1+C21_—V+%x/(1—cl+V)2+4V(C—1)<C- -

We notice that the vector m(Q,) with components m;(Qy), i = 1,..., k as in (1.1) can be written as
follows:

m(Qy) = DlZlQ;fEk € MkJ([R), (4.6)
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where the diagonal matrix Dy = diag(C, 1, ...,1) € Mi(R) and Ex € Mj(R) is the vector with all entries
equal to 1. Consequently,

1 & k 1
my(Qx) = cl@ Yo+ Ygl=1+ cl(l - E)’

= =2 (4.7)
mZ(Qk) = C9

m3(Qi) = ma(Qi) =-+-= m(Qr) = 1.

We utilize Xing and Zhou’s formulae in [7] to bound p(Qy), thus yielding the next statement. In what
follows, we consider k > 3, since the spectral radius of Q; for k = 2 can be easily computed.

Proposition 4.2. Let k > 3 nonnegative real numbers ¢, ¢, ..., ¢, = 1 and v = max,;,{c;}. Then,

1< p(Qi) < min{¥, B, ¥}, (4.8)
where
¥ =,
g, = 1+va@- %) - + l\/(l _a + VC)2 +4v(C-q)C-1),
2 2 C
Y = % + %\/(1 —q+VvC)? + 4v(C + q)(C - 1).

Proof. Evidently, 1 < mi(Qy) < C arises from (4.7), which verifies

my(Qr) > my(Qx) > m3(Qx) = my(Qr) =---= m(Qy). (4.9)

Before applying the formulae treated in [7], we need to permute Qj for its average 2-row sums to be

0 1 0
decreasingly ordered. Consider the permutation matrix P, = 10 e Mi(R) and Qi = PQiPY.
0 - Iy

Then, the average 2-row sums of Qy are the entries of the vector m(Qx) = Pm(Qy) =

(MA(Q) m(Q) m3(Qu) -+ mi(Q), which by (4.9), verify m(Qi) > my(Qi) > my(Qp) =-+-= m(Qp) = 1.
The lower bound for p(Qx) = p(Qx) given by [7, Theorem 2.3] is expressed as follows:

k1
+qn Y. (m(Q) - m( Q) =1,

j=1

_ ~ P
- mk(Qk)z’r(—fm +\/(mk(Qk)2—(+ CI’?)

since the minimum diagonal and off diagonal elements of Q; for k>3 are {=n=0. Also, q =
miny;j<idr(Q0/ (@} = min{C, £, 1} = 1/C.

The desired upper bounds are derived applying [7, Theorem 2.1]. Therefore, p(Qx) < min{¥, : 1 < € < k},
where

1
+bv ) (mi(Qi) - me(Qp)) -

\Ile =
2 2 j=1

< mQy) +p - by . \/(mz(@() -u+ bv)2

Note that y = ¢ and v = max,_;.,{c;} are the largest diagonal and off-diagonal elements of Qx, respectively,
and b = maxi; j{r(Qu) /r(Q)} = maX{C, = 1} =C. O
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Analogously to (4.6) and according to the definition (1.2), the vector

(%] Cr-1 Ck
Cl —_ e —_—
C c ¢
c o 0O O
s(Q) = D¢'QREk = D' QuDim(Qy) = 0 1 o o m@Qo
o . 0
0O 0 - 1 0

has entries the average 3-row sums of Q, that is,

k

k k
1 1
sl(Qk)=E (C+a))graycg+ ) cj) =(ct+q+ cz)(l - E) +1=s,

p 2 s
k k
$2(Qi) = Clij + ZC}- =qgC+C-q,
=1 j=2
53(Qr) =C,
54(Qp) = 55(Qi) == 51 (Qi) = 1.

DE GRUYTER

(4.10)

(4.11)

In the following proposition, we apply Lin and Zhou’s statements in [6] to derive lower and upper bounds

for p(Qy).

Proposition 4.3. Let k > 3 nonnegative real numbers ¢, ¢, ..., ¢k > 1, v = max, ;. {c;} and assume C >

ct+q+(k-2)v?
1+Qv+ g+ k-2v2"
(i) If k > 4, then we have

1<p(Q0) < min{y%},

where

¥ =C+a(C-1,

N %(C + A+ J(C - )2 + 4AaC(C - 1)), ifct+a+a<C
7 %(Sl + A+ \/(sl - A)? + 4M0C[q(C - 1) + C - s1]), otherwise

& %(51 + A+ \/(51 - )2 +40C[q(C - 1) + 2(C - s)]), if cl2 +g+0<C
] %(C + A+ \/(C - )% + 40C[a(C - 1) - (C - s1)]), otherwise

Y= = Y= %(1 + A+ @ = A)? + 4ACIC - 1(a +2) + (s - D],

with sy given by (4.11) and A = (¢ — v)* + L,(1 = C), A, = 2qv + (k - 22,

(ii) If k = 3, then
Vb, <p(@) < minfy%, %5, B3,

2
C3— G .
A ifi<a

aro+aq’

G+0+a, otherwise.

cdrag+o+

where 1/33 = {

(4.12)

(4.13)

Proof. Initially, we study the ordering of the quantities s;(Qy) in (4.11) fori = 1,..., k > 3 by distinguishing

among two cases:

(i) Assumec+q+ ¢ <C,thenl< (¢ +q+ cz)(l - %) +1 < C implies

$2(Qi) > $3(Qx) > 51(Q) > $4(Qr) =---= s (Qp) = 1.

(4.14)
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P 0353

010
with P=|0 0 1|, and Q = P,QxP. Then
Ok-33  Irs

1 00

s(Q) = P>s(Q) = (52(Q) $3(Q) s1(Q) $4(Qk) -+ si(Q))' has entries the average 3-row sums,
which satisfy (4.14). Thus, we verify

$1(Qk) > $2(Q) > $3(Qr) > 54(Qx) == si(Qp) = 1.

Consider the permutation matrix P, :(

(ii) On the other hand, if ¢ + q + & > C, then s; = (cl2 +q+ cz)(l - %) + 1> C > 1. Moreover,
Cc(l—l)+C>(cz+c +c)(1—l)+1<:>
1 C 1 1 2 C

1 1
Cal1-= +C—1>cz+c+c(1——)<:>
1( C) @+are)i-2

1 1 1
Cal1-= +C1——>c2+c+c(1——)<:>
1( C) ( C) (1 1 2) C

(C(.‘1+C—C12—C1—Cz)(1—%)>04:}(C—1)C1+C>C12+C2.

The validity of the last inequality leads to the inequalities
52(Qx) > $1(Qx) = s3(Qr) > $4(Qx) =+++= s (Qx) = 1. (4.15)

Take P, as in the proof of Proposition 4.2, then s(Q) = s(PIQP]) = Pis(Qy) =

(520Q) s1(Q) $3(Q) s4(Qi) -+ sk(Q)T
is such that (4.15) holds. Apparently,

$1(Qi) > $2(Qx) = 53(Qp) > 54(Qp) == Q) = 1.

For k > 3, either cases (i) or (ii) may hold. In both occurrences, the permuted matrices Qy or Q) have the
same maximum and minimum diagonal and off-diagonal elements, namely, y = ¢, v = maxX.;«{c},

a+cf+ (k-2 .
146+ (ko) 5 ensures the assumptions

1 .
(=n:0andalsob:C>l,qzz.Thehypothe51sC>m

sl(ék) = sl((jk) =qC+C-qg>A and Sk(ék) = Sk(ék) =1>0=20,

made in Theorems 2.1 and 2.3 in [6]. Then,

i _ St 6 sc - 01) , e
Y= =5—+ 5| + @na + k-2n IXCEED (4.16)
j=1

yields the lower bounds

1
R (c12+c1+c2)(1——)+1, ct < c
37 c

C, it zc

, and =1, k=4

Likewise, the relation

2 -1
g, = 2 ; LN \/(Se ; ’11) + Quvb + (k- 2vb) Y (55 - s, (4.17)
j=1

where s; = ;(Qx) or s; = se(Q) depending on whether case (i) or (ii) is used, derives the desired upper
bounds ‘E, 1 < ¢ < k. Therefore,

Jbe <00 = p(@) = p(@) < min{y ¥ : 1< € <. O
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Finally, following similar notation as previously discussed, we can express our new quantity (1.3) by
the vector

w(Qi) = Di'Q¢Ex = D' QiDis(Q) € Mii(R), (4.18)
with components the average 4-row sums of Qy

k k k

K
1
wi(Qp) = e (+2a0+6)) g+ +)) g+ray g+ Zc]}
j=4

j=1 j=2 j=3

(613+c12+2c1c2+cl+c2+c3)(1—%)+1, k>3

¢+ 2c0 + (¢ + cz)%, k=2 (4.19)

wa Q) =C+ (cf+a+6)C-1),
w3(Q) =C+ q(C-1),

w(Qi) =C,

Ws(Qx) = We(Qi) == wi(Qg) = 1.

wV-a)l+1 1

Proposition 4.4. Let k > 3 real numbers ¢, ¢,..., ¢x = 1 and v = max,<;{c;}. Assume cieioa T 1>
1 1 2
where a = (k% - 3k + 2)v3 + 3(k - Dqv? + ¢}. Then,
YW < p(Qu) < lrgzig({{/fe b (4.20)

where

Zi=W=C+ (¢ +q+c)C-1),

Ze:We+y+\/(We—)’)2+ C[y+(v—cl)3](€zlm_(£_1)v~v€), 2<p<s,

2 2 1-¢ |\&
and Z, = Zs for 5 < £ < k with
— 1
Wy = max{(cf +ci+200+q+ 0+ c3)(1 - E) +1,C+qg(C- 1)},

— . 1
W= m1n{(cl3 +cl+200+q+0+ c3)(1 - E) +1,C+ q(C - 1)},

=C, Ws=1 and y=a(l-C)-Ck - ).

B

Proof. First, we investigate the ordering of the quantities w;(Qy) in (4.19) fori = 1,..., k > 3. It is immediate
to have w,(Qi) > w3(Qi) > w4(Qx) > ws(Qi) =---= wi(Qx) = 1, so we will show w,(Qy) > wi(Qy). Indeed

k
wy(Qp) = ij(Clz +q+ Cz)(l - %) +C
=1

k
=q(ct+q+ cz)(l A Yeled +a+ cz)(l - %) +C
j=2

>a(cf +a+ o)l +(@+a)d+a+ Cz)(l - %) +1

1
+[fo+an+ct+alcd+a+ cz)](l - E) i1

~_—— —— N —

( _
=q(ct+q+ (:2)(1 -
( _

> cl(cl2 +q+ o)1 +(o+aq+0g+ c3)(1 - %) +1=wi(Qy),
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since ¢; > 1 for all j = 1,..., k. Therefore, for k > 3, we deduce
wa(Qi) > max{wi(Qr), w3(Qi)} > min{wi(Qi), w3(Q)} > wa(Qi) > ws(Qp) = ---= wi(Q)-

Next we distinguish among two cases for w;(Qx) and w3(Qy):
() If wi(Qi) = ws(Qx), we employ Qi = PIQiP! as in the proof of Proposition 4.2. Then, w(Qy) = Pw(Qy) =
(W2(Q) wi(Q) wi(Q) wy(Q) -+ wi(Qu))Tsuch that

wi(Qr) > wa(Qx) = w3(Qx) > wy(Qx) =-+-= wi(Qy).

(i) Ifwy(Qx) < w3(Qk), we employ Qi = P,QiP! as in the proof of Proposition 4.3. Then, w(Q)) = P,w(Qy) =
W2(Q) w3(Q) wi(Qr) wu(Qr) - wi(Qx))Tsuch that

wi(Qr) > wo(Qr) > ws(Qr) > wa(Q) = - = wi(Q)-

Note that for both of the aforementioned cases, we have y = g, v = max,joi{c}, {=n=0,and b=C> 1,

q= % The assumptions of Theorems 2.4 and 3.1 are satisfied whether
wi(@) >y and wi(@)>86=0, or wy(Q) >y and w(Qy) >8=0.
Clearly, both inequalities concerning wj are true, so we need to check for wy. In this setting,

y=0-Ca-Cv-a)P<C+(ct+a+c)C-1) o

v-a)r+1 1

1
v—c3>—1—c2+c+c+a(l——) +1> =,
v-a (f+a+ao+a) C c

Gdrag+ro+a

which is true by hypothesis. Thus, the desired bounds for p(Qx) = p(Qx) = p(Qx) are derived by applying
Theorems 2.4 and 3.1. O

Note that if we apply Lemma 2.3, we may obtain the next bounds for the spectral radius of the general-
ized k-Fibonacci matrix

1<p(Q) < i/C +(+aq+o)C-1). (4.21)

In the following example, we make a comparison among all bounds discussed in this section for the

spectral radius of a generalized k-Fibonacci matrix. b

11

. . . . 1 00

Example 4.5. Let the generalized 4-Fibonacci matrix Qs =| o 1 o

0 01

12.0901 and C = 15, v = 1. Obviously, the assumption of Proposition 4.4 is ensured, and then we obtain

wi(Q4) = 2,213, w5(Q,) = 1783.67, w3(Q4) = 183, and wy(Q4) = 15. In a addition, a = 1,842 and y = —5,823.
Then, Z; = wi(Q,4) = 2,213, Z, = 2194.14, Z3 = 3250.17, and Z, = 3437.35.

In Table 3, we list the lower and upper bounds for p(Q,) obtained by applying the formulae presented in

this section. We observe that the upper bound obtained by Proposition 4.4 (our proposed formula) is the

1

0 . .

0 with spectral radius p(Qs) =
0

Table 3: Comparison among different (lower and upper) bounds for the spectral radius

Bounds for p(Q,) Lower value Upper value
Proposition 4.1 1 12.2450
Proposition 4.2 1 14.5880
Proposition 4.3 1 13.4245
Proposition 4.4 2.4662 12.9944
Relation (4.21) 1 13.0315

Spectral radius 12.0901
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second nearest estimate to p(Q,4) and the lower bound obtained by the same Proposition, although far from
p(Q,), it has been improved to a certain degree compared to all the other lower bounds that are equal to 1.

Conflict of interest statement: Authors state no conflict of interest.

Data availability statement: Data sharing is not applicable to this article as no datasets were generated or
analysed during the current study.
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