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NEW UPPER BOUNDS FOR THE INFINITY
NORM OF NEKRASOV MATRICES

LEI GAO AND QILONG LIU*

(Communicated by M. Krni¢)

Abstract. Some new upper bounds for the infinity norm of the inverse of Nekrasov matrices
are presented. It is shown that the new bounds are better than those given by Kolotilina (2013)
and Zhu, Li (2017). Numerical examples are given to illustrate the effectiveness of the derived
results.

1. Introduction

A matrix A = [g;;] € C"*" is called an H -matrix if its comparison matrix <A >=
[m;j] defined by

_ nxn _ |aii|a lz.]:
<A>_ [mlJ]ER 7mij_{_|aij7i7éj7
is a nonsingular M -matrix, that is, < A >~1>0 1, 2, 3]. H-matrices are widely used
in many disciplines, like scientific computing, economics, dynamical system theory,
etc [15]. An important topic among them concerns infinity norm bounds for the inverse
of H-matrices, since these bounds can often be used in the convergence analysis of
iterative algorithms, see [1, 4, 6, 7, 9], or can be used to estimate error bounds for linear
complementary problems, see [10, 11, 12, 17]. Until now, infinity norm bounds for
the inverse of H -matrices have been studied extensively, see [3, 4, 13, 16]. It is worth
noting that when the involved matrix in ||A~!||. is an SDD matrix as one of the most
important subclasses of H -matrices, an elegant so-called Varah’s bound is provided
by Varah in [16]. Here a matrix A = [g;;] € C"" is said to be a strictly diagonally
dominant matrix (SDD) if foreach i € N = {1,2,---,n},

\aii| > }"i(A)7
where r,-(A) = 2 |aij\ .
J#
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THEOREM 1. [16] Let A = [a;j| € C"™" be SDD. Then

I
min (\a,-i| — r,-(A)) '

ieN

A~ ] < (1)

Note that the Varah’s bound works only for SDD matrices. Then, several new
upper bounds for a wider class of H -matrices which sometimes are tighter in the SDD
case were derived, see [3, 4, 13] and references therein.

In [8], Kolotilina provided the following upper bound for [|A~!||.. when A is a
Nekrasov matrix as a subclass of H -matrices, which only depends on the entries of A
and improves the bounds proposed by Varah in [16] and Cvetkovi¢ et al. in [4].

DEFINITION 1. [4, 14] A matrix A = [a;;] € C"*" is called a Nekrasov matrix if
foreachic N,

\a,-i| > hi(A),
where h1(A) = ¥ |ayj|, and
Jj#1
Z| A+ Y lagli=23.. )
a,,\ j=i+1

THEOREM 2. [8, Theorem 2.2] Let A = [a;;] € C"*" be a Nekrasov matrix. Then

(A)
A7 < max ( , 3
1A~ e < max s ®)
where z1(A) =1 and
i—1 |alj|
z,-(A):Z Zj(A)+1,i=2,3,. 4)

‘au‘ ¢

Observe from Theorem 2 that the estimate by using bound (3) may be inaccurate
when the value of m%l{ |aii| —hi(A)} is very small, implying that the scope of applica-
€

tions of this bound is limited. To overcome this drawback, Zhu and Li in [18] gave the
following new upper bounds for the infinity norm of the inverse of Nekrasov matrices,
which involve an adjustable parameter €.

THEOREM 3. [18, Theorem 5] Let A = [a;;] € C"*" be a Nekrasov matrix such
that, for each i=1,2,...,n—1, a;j # 0 for some j > i. Then

1 1
A7 ] < max{w,}max max —— — 5 3)

n )

&
S (1= w)ay]
Jj=i+1

AV ith & € (0, |ap| — hn(A)).

Iann I

where w,-:h’(A) ...,n—1,and w,, =
|a| < )



NEW UPPER BOUNDS FOR THE INFINITY NORM OF NEKRASOV MATRICES 725

THEOREM 4. [18, Theorem 6] Let A = [a;j] € C"™*" be a Nekrasov matrix with
hi(A) #0 forall i € N. Then

1 1
A7 < max{w,}max max ,
i#n z h,(A)(e—1
S (L= wjay| M AED
j=it1

; (6)

s o Tn(A) |ctnn|
1,2,....n—1, and w, = 7~ T lewzthse(l (A)>.

where w; = hlla(fl)

It is not difficult to see that in some cases the bounds in Theorems 3 and 4 are not
always effective to estimate ||A~!||.. because they can be arbitrarily large when & — 0
or € — 1. Hence it is interesting to find alternative bounds for ||A~!||.. to overcome
this drawback. In this paper, we give new upper bounds for [|[A~!||.. when A is a
Nekrasov matrix, and then prove that the new bounds are better than those in Theorems
2 (Theorem 2.2 in [8]), 3, and 4 (Theorems 5 and 6 in [18]). Numerical examples are
presented to demonstrate their usefulness.

2. Main results

In this section, two upper bounds for [|A~!||.. are provided when A is a Nekrasov
matrix. First, some lemmas and notations which will be used later are given as follows.

Given a matrix A = [g;j|, by A =D —L—U we denote the standard splitting of
A into its diagonal (D), strictly lower (—L) and strictly upper (—U) triangular parts.
And we denote |A| = [|a;j|].

LEMMA 1. [5, 18] Let A = [a;j] € C"™" be a Nekrasov matrix such that, for each

i= 1,2, on—1, a;j #0 for some j > i. Then the matrix W = diag (w;), where
wi = ‘ for i=1,2,....n—1, and w, = h”l(iﬁg,s € (0,|an| — hn(A)), has positive

dlagonal entries and it sansﬁes that B= AW is SDD.

LEMMA 2. [18] Let A = [a;j] € C"*" be a Nekrasov matrix with hi(A) # 0 for
all i € N. Then the matrix W = diag (w;), where w; = M fori=1,2,....n—1, and

Wy = (A ‘)8 £c <1 ‘”’(”B) has positive diagonal entries and it satisfies that B = AW

[an

is SDD.

To get the desired upper bounds, we next give the two technical lemmas.

LEMMA 3. Suppose that A = [a;j] € C"™" is a matrix with a;; # 0 forall i € N.
Let B=AW = [b;;], where W = diag (w;) with w; defined in Lemma 1. Then

Z,‘(B) = Z,‘(A) and h,(A) — hl‘(B) = ni(A); (7)
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where hi(B),zi(B) are defined as in (2) and (4), respectively, and

N |a,|
Z L—=wj)lay;|,mi(A) = Z Lnj(A) + Z —wj)laij|,i=2,3,--,n.
j:

n;(
Jj=1 ‘ JJ‘ Jj=i+1
Proof. We prove (7) by induction on i. Note that z;(B) = z;(A) = 1. Then for
i =2, we have

|b21|
|b11|

[wi - a1

2(B)=—=uB)+1= 21(A) +1=2(4).

lwi -ani]

Now suppose that z;(B) = z;(A) holds for i = 3,... k and k < n. Since

by1, Eowjlaks,
zk+1<B>—2' il () 41 = Y, Ml

|b ‘ w--\a-- Zj(A)+1:Zk+1(A)a
ji =1 Wi lajj

by mathematical induction we have that for each i € N, z;(B) = z;(A) holds.

We are now in a position to prove that /;(A) —h;(B) = 1;(A) holds for each i € N.
Suppose that W = diag (w;) is a diagonal matrix with w; defined in Lemma 1. Then
for i =1, we have

hi(A) = hi(B) = ri(A) —ri(B)

—Zw (2 m +1nh"(|;‘¢>

nn|

_2< //| >| 1l + ( —%) |a1n]

(1 =w))larj| =m(A).

vE

2

J

Now suppose that /;(A) — h;(B) = 1;(A) holds for i =2,...,k and k < n. Since

k a . n k b X
his1(A) =iy (B) = Y whj(A)Jr > lager =Y | kH’J'hj(B)
i i

lajjl j=k+2 1bjil
n
+ Z |bk+11|
j=k+2

o sl , %
= )] [hi(A) —hiB)]+ Y, (larsr,j| = |bir,jl)

=1 lajj jok+2
el -
=2 7 oniB)+ X (1—wj) lakel
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by mathematical induction we have that for each i € N, h;(A) — hi(B) = 1;(A) holds.
This completes the proof.
Similarly, we can easily obtain the following result.

LEMMA 4. Suppose that A = [a;;] € C"™*" is a Nekrasov matrix with a;; # 0 for
all i € N. Let B=AW = [b;;], where W = diag (w;) with w; defined in Lemma 2. Then

zi(B) = zi(A), hi(A) — hi(B) = ni(A). ()
where hi(B),zi(B),ni(A) are defined as in (2), (4), and Lemma 2, respectively.

By Lemmas 1, 2, 3 and 4, we give the following bounds for |JA~!||.. when A is a
Nekrasov matrix.

THEOREM 5. Let A = [a;j] € C"*" be a Nekrasov matrix such that, for each i =
1,2,...,n—1, a;jj # 0 for some j>i. Then

1A~ < max{w,}max{max 4(A) ﬂ} ©)

i#n Mi(A) Ma(A) +e

n—1, and w, = h”l(c’:rlrg with € € (0, |any| — hn(A)).

hi(A
where w; = |;( |)

Proof. Since A is a Nekrasov matrix, it follows from Lemma 1 that there exists a
positive diagonal matrix W = diag(w;) such that B=AW is SDD. Then A~ =WB~!,
which together with Theorem 2 imply that

_ _ zi(B
Il = 98 o < W B o < o oman 25D 10)
123
By Lemma 3, it holds that for each i € N, z;(B) = zi(A),fori=1,2,...,n — 1,
hi(A)
|bii| — hi(B) = wilaii| — hi(B) = i |aii| — hi(B) = hi(A) — hi(B) = n;(A),
and for i =n,
ho(A)+¢
o]~ 1a8) = Wl = () = 2 ] 1 (8)
= hy(A) + € —h,(B)
=Mu(A) +e.
Hence,
zi(B) { zi(A)  w(A) }
maxizmax max S ——— . (1)
iEN ‘b”|— (B) i#n nz(A) nn(A)+8

The conclusion follows from (10) and (11).
The following Theorem can be obtained in a similar way.
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THEOREM 6. Let A = [a;;] € C"™" be a Nekrasov matrix with hi(A) # 0 for all
i€N. Then
z(A) w(A)

1
I < gl S S 09

s o Tn(A) |ctnn|
1,2,....n—1, and w, = %~ T lsse(l (A)>.

hi(A
where w; = Ila( I)
i

REMARK 1. Obverse from Theorem 5 that when € — 0 bound (9) converges to a
constant, i.e.,

zi(A)  z(A) hi(A) zi(A) zu(A)
(i} max {“; WA T(A) +s} - ma { —|}m {n; AA) () }

when € — 0, where 7] (A) =

s

hi
(1= |a \ )|a1,\ and
j

|
—

Gl )+ 3 (- A

1 a/j‘ j=i+1 ‘ u|

fi(A) = )aijl,i=2,3,---,n.

~.
Il

In contrast, bound (5) in Theorem 3 is

1 1

max{wl}max max ———, — »,

S (L wplay| ©
j=i+l !
and it can be arbitrarily large when € — 0. Obviously, bound (6) in Theorem 4 can also
be arbitrarily large when € — 1, while bound (12) converges to a constant in the same
setting.

The comparisons of the bounds in Theorems 3, 4, 5 and 6 are established as fol-
lows.

THEOREM 7. Let A = [a;j] € C"*" be a Nekrasov matrix such that, for each i =
1,2,...,n—1, a;; # 0 for some j>i. Then

4(A) _w@) }<max max—1 1
Y (1 wplay) ©
j=it1

max { max ,
{i¢n Ni(A) " n.(A)+ €

n—1,and w, = h”l(c’:rlrg with € € (0, |any| — hn(A)).

hi(A
where w; = |;( |)

Proof. 1t follows from the proof of Theorem 5 that

z(A)  wld) zi(B)
}_%ﬁbﬂ—mwy

max { max ,
{#an)mMHw
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Then, Theorem 2.4 of [8] can be applied to obtain that

max zi(B) < max 1
ieN  |bii| — hi(B) T ieN |bii| — ri(B)

By Lemma 3, we know that for i =1,2,...,n—1,

ol = B) = il ~ (8

hi(A
= l(|) \aii\—ri(B)
hi(A) —ri(B)
i—1
Cl
= ‘ A)+ z |aij| — Z|a,J|WJ+ z |aijlw;
j=1 Jj=i+1 Jj=i+1

—wj)laijl,

Il
|| ME

and that for i =n,

h, (A
Mann_”n(B)

= hy(A)+€—ry(B)

|bun| = 1a(B) = Wi |ann| — ra(B) =

Hence,

1 1 1
maxX ———  =—max{max —, —
N |bj;| —ri(B i#n n e
<N [bil = ri(B) Y (1w
j=itl

The proof is completed.
Using the same technique, we can easily obtain the following result.
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THEOREM 8. Let A = [a;;] € C"™" be a Nekrasov matrix with hi(A) # 0 for all

i€N. Then
max {max 4(A) w(4) }
i#n Mi(A)" Na(A) + (€ = 1)ha(A)
< max { max ! !
S (L—wag] mmAE=D

j=it1

hi(A
where w; = |;( |)

i=12,....n—1, and w, = }fz’(:l)e,s € (1,%).
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We finally give comparisons of the bounds in Theorems 2, 4 and 5 for Nekrasov
matrices.

THEOREM 9. Let A = [a;j] € C"*" be a Nekrasov matrix such that, for each i =
1,2,...,n—1, a;j # 0 for some j >1i.If Nj(A) > |aii| — hi(A) holds forall i € N, then

Zi(A) Zn(A) max Zi(A)
} S ieall\/ \a,-i| —hi(A),

max Wi max < max y
ic {wi- {z;én Ni(A)" nMu(A) + €

where w; = @ fori=1,2,....n—1, w, = h”‘(zzf‘g, and M;(A) is defined in Lemma

3 with € € (0, || — hn(A)).

Proof. Since A is a Nekrasov matrix and € € (0,|an,| — h,(A)), it follows that
wi = % < 1 forall i € N. Furthermore, it follows from 1;(A) > |a;;| —hi(A) that for

eachieN,
ad) . u4)

Mi(A) ~ lai| —hi(A)’
which together with € > 0 yield that

zi(A)  z(A) }< L GA)

<max ——————.
iEN \a,-i| —hl(A)

max { max ,
{#an)mMHw

This completes the proof.
Similarly, we can obtain the following result.

THEOREM 10. Let A = [a;j| € C"*" be a Nekrasov matrix with hi(A) # 0 for all
i€N.If ni(A) > |aii| — hi(A) holds for all i € N, then

Z,‘(A) Zn(A) } Z,'(A)
max Wj | - max < max < max 77
S R s ey S i oy
where w; = f ri=1,2,. —1, w, = }ll’;i‘:‘)e, and 1;(A) is defined in Lemma 4

with € € <

%)

3. Numerical examples

In this section, we give some examples to show the sharpness of the proposed
bounds.

EXAMPLE 1. Consider the following five Nekrasov matrices in [4, 5, 13]:
21 —9.1 —42 -2.1 1 02 2
A = —-0.7 9.1 —42 -2.1 Ay = 1 21

—-0.7-0.7 49 -2.1 2 05 64 2
—-0.7 -0.7 0.7 2.8 05-11
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60 —15 —15 —15 5 —1/5 =2/5 —1)2
e | 77510545 0 | 1 -1/100 2 —1/2-1/10
371 =60 —60 120 —15 | " 747 | —1/2 —1/10 1.5 —1/10 |’
—15 —15 —15 45 —2/5 —2/5 —4/5 12
6 —3-2
As=|—-111 =8
~7-310

Obviously, A; and A, are SDD matrices, and all matrices satisfy the conditions in
Theorems 5 and 6. We compute by Matlab 12.0 the upper bounds for the infinity norm
of the inverse of A;, i =1,...,5, which are shown in Table 1. It is easy to see from
Table 1 that this example illustrates Theorems 7 and 8.

Table 1. The upper bounds for ||A; ||, i=1,2,...,5.
Matrix Al Ar Aj Ay As
Exact [[A 1|l 0.8759 02707 0.6843 19864 1.1519
Varah (1) 1.4286 0.5556 - -
The bound (3) 0.9676 0.5556 1.5333  2.2094  1.4138
The bound (4) 1.3298 0.4445 1.2222 10.3667 1.1567

£ 0.5630 1.4500 1.3000 0.0300 0.7800

The bound (5) 1.3297 0.4442 1.2222 10.3643 1.1555
£ 1.3790 2.3500 1.0320 1.0880  1.0948
Theorem 5 0.9477 0.3998 0.6985  2.0316 1.1528
€ 0.5630 1.4500 1.3000 0.0300  0.7800
Theorem 6 0.9477 0.4006 0.6980 2.0316 1.1544
€ 1.3790 2.3500 1.0320 1.0880  1.0948

EXAMPLE 2. Consider the following matrix:

8§ —-0.5-0.5-05
-9 16 -5 -5
-6 —4 15 -3
-49-09-09 2

Ag =

By computations, we have
h1(Ag) = 1.5,h2(Ag) = 11.6875,h3(Ag) = 7.0469, ha(Ag) = 1.9990.

Obviously, Ag is a Nekrasov matrix. Hence, by Theorems 3 and 5, we can get the
bounds (5) and (9) involved with € € (0,0.001) for ||A ||, which is drawn in Figure
la. And by Theorems 4 and 6, we can get the bounds (6) and (12) involved with
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e € (1,1.0005) for [[Ag ||, which is drawn in Figure 1b. Furthermore, by the bound
(3) of Theorem 2 we have
zi(Ag)

max —————— = 1840.3.
ieN |ai,-| — hi(Aﬁ)

In fact, [|Ag || = 3.2592.
Itis easy to see from Figure 1 that the bounds in Theorem 5 and 6 are considerably
smaller than those in Theorems 2 (Theorem 2.2 in [8]), 3, and 4 (Theorems 5 and 6 in

[1&]).

10000

T T T 10000 T T T
== The bound (3) = = The bound (3)

9000 The bound (5) 1 9000 [ The bound (6)
— — — The bound (9) — — — The bound (12)

8000 -

8000 -
7000 7000 -

6000 - 6000 -

5000 5000 -

4000 4000 [

The bound of |[A™ ||«

3000 3000 -

2000 2000 -

1000 1 1000

H H i 0 i i i i
0 0.2 0.4 0.6 0.8 1 1 1.0001 1.0002 1.0003 1.0004  1.0005
€ -3 3

Figure 1: The bounds (3), (5), (6), (9) and (12).
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