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Abstrakt: Tato prace se soustfedi na zobecnéni nékterych jednoduse rozpoz-
natelnych podtrid P-matic do intervalového prostredi spolu s nékterymi vysledky
ohledné téchto ti{d. Témito t¥{dami jsou B-matice, doubly B-matice a Bf-matice.
V této praci pro né pak odvozujeme charakterizace, nékteré nutné, ¢i postacujici
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Introduction

In 1968 mathematicians Cottle and Dantzig proposed the linear complementar-
ity problem, denoted LC'P(M, q), where M is a matrix and ¢ a vector. LCP is
used e.g. to characterize Nash equilibria of normal-form games. Another exam-
ple of where the LCP occurs is the optimal solution of quadartic programming
that can be expressed as a solution of some LCP(M,q). Later, in 1992, in [I]
Cottle et al. showed that LC'P(M,q) has a unique solution for every vector ¢
if and only if M is a P-matrix, i.e. all its principal minors are positive. However,
this class of matrices is computationally complex to recognize. As shown by Cox-
son in [2], such task to verify given matrix on being a P-matrix is co-NP-complete.
This leads us to try and define some subclasses of P-matrices, that are easily
recognizable. Such classes are e.g. B-matrices, doubly B-matrices or BE-matrices,
which we will work with in this thesis. To add some subclasses that are not men-
tioned throughout this work, there are nonsingular M-matrices or positive defi-
nite matrices for an example. What more, the B-matrices and doubly B-matrices
found their use in localization of eigenvalues, as shown by Pefia in [3] and [4].

Since the beginning of rigorous measurements, mathematicians had to deal
with inaccuracy in data or any form of uncetainty they may encounter. And an an-
swer emerged in a form of interval analysis, sometimes called interval computing
or interval mathematics as well. This answer is about enveloping the data into in-
tervals and then working with the resulting intervals instead of with the data
itself. With that we are not only able to overcome problems with measuring
equipement, which might give us inaccurate data because of its physical limits,
but even to tackle the problems of machines that manipulate our data, e.g. mod-
ern computers and their way of storing data, which has only finite precision
and often succumbs to rounding errors. By using an interval instead of the dis-
crete data points, we ensure that after the computation is done, we have our
desired result in the resulting interval.

It sure is interesting, that there exists a connection between interval analy-
sis and P-matrices, more precisely between regularity of interval matrices and
P-matrices, which is shown in [5] by Hladik.

In this thesis we will generalize our special subclasses of P-matrices, namely
B-matrices, doubly B-matrices or BF-matrices into interval settings, thus inter-
connecting these two topics. We shall dive into real cases of our matrix classes
and try to deepen our understanding of them up to the point, where we will feel
comfortable enough with them to understand even their interval analogies, which
we will introduce and explore. We will lay grounds to recognizing the interval
variants through characterization, necessary conditions and sufficient ones. Also
we shall take a closer look at closure properties of theirs. And in the end, we
shall try to formulate methods to generate instances of some of these classes, so
it is easier for any following research to test and / or refute hypotheses.



1. Preliminaries

Let us start by stating notation used throughout the thesis (Section [1.1)) and in-
troducing interval computation (Section [1.2). In the end we will introduce some
matrix classes that are referred to throughout this work (Section [1.3).

1.1 Notation

Let us start by stating our notation of special sets. Let N be a set of natural
numbers, then for any n € N by [n] we denote a subset of N, which is of a form
{1,2,...,n}. By R we denote the set of all real numbers, whereas by IR we
denote the set of all real intervals. By F™*™ we denote a class of all matrices
of dimension m x n with its entries from F. Consequently F" denotes a class
of vectors of length n over F.

For any two matrices A, B € F™*" and vectors u,v € F", where on F there is
defined relation > and a zero element 0, A > 0 means that for every entry a of A:
a > 0 (analogously for relation > and for v > 0, v > 0), and A > B is defined as
A — B > 0 (analogously for relation > and for v > u, v > u).

Let F be a set with defined relation > and a zero element 0. Then F* indicates
subset of F such that for its every element a: o > 0 and F§ designates subset of
F such that for its every element a: a > 0.

Let F be a set with defined zero element 0. Then by o € F" we denote zero
vector, i.e. o = (0,...,0)T.

Let A € F™" for F with defined relation >. Then Vi € [n] : r;fis defined
as max{0, a;;|j # i}.

1.2 Interval computation

In this section we will introduce some basics of interval analysis. For further infor-
mation, see [6], where the authors give reader a wide understanding of the topic,
or [7], which contains some more information, or [8] that is a handbook of results
in the field.

Let us start by defining of arrangement on intervals as follows. For any two real
intervals a, 8 € IR, the notation of a > 8 means that Va € o,V € B:a > f3
(analogously for >).

Definition 1.1 (interval matrix). An interval matriz A, denoted by A € IR™*"
s defined as
A= [A,Z] = {A € Rm™x™

A<A<A},

where A, A are called lower, respectively upper bound matrices of A.

We can as well look at A as matriz, which has entries from IR, hence Vi €
[m]. ) € [n] = aij = |ay;. 755).

If we define matrices A® = % (Z+A) and A® = %(Z—A), then we can
define A alternatively as

A= [A%:Aﬂ - [AC—AA,AC+AA].

3



Definition 1.2 (interval vector). An interval vector v € IR™ can be defined
as a special case of interval matrixz for m =n' and n = 1, just as ordinary vector.

Now let us take a look at how the interval arithmetic works. For any bi-
nary operation * that is defined on the real numbers, we can define the interval
extension of the given operation as follows:

axb={axb| aca,becb}
For our common operations we can rewrite this definition into an explicit formula:

c at+b=la+ba+b
ca—-b= [Q—E,a—@}

e a-b=[min(5), max(9)], where S = {Q-b, -b, @- b, 6-5}

IS

e a/b = [min(S), max(S)], where S = {%, 2 5 %} if0¢bd

What is important to notice, is that if we have an arithmetic expression with
interval variables a we evaluate it using interval arithmetic, then if every variable
is present at most once, then what we get is the exact smallest interval containing
all the possible solutions. (Thus if the soultion is interval, then we get exactly
that one and nothing more.) This fact will see use e.g. in proofs of Propositions
or B.Al

Often in interval computation, the problem of testing the interval for cer-
tain property is reduced to testing just finite number of instances of the interval

for the property, as can be seen for example in [9] or [10]. This method we will
use in subsections [3.1.1) 4.1.1] or [5.1.1]

[ISIS]]

1.3 Useful matrix classes

Here we shall introduce some later usefull matrix classes.

Definition 1.3 (P-matrix). Let A € R™*". We say that A is a P-matriz, if all
its principal minors are positive.

Definition 1.4 (interval P-matrix). Let A € IR™™". We say that A is an interval
P-matriz, if VA€ A: A is a P-matriz.

Definition 1.5 (Z-matrix). Let A € R™"™. We say that A is a Z-matriz, if all
its off-diagonal elements are non-positive.

Definition 1.6 (interval Z-matrix). Let A € IR"". We say that A is an interval
Z-matriz, if VA € A : A is a Z-matriz.

Definition 1.7 (circulant matrix). Let A € R™*". We say that A is a circulant
matriz, if all its rows are each cyclic permutations of the first row with offset
equal to the row index minus one, hence if it takes the following form.:

Co Ci + Cp—2 Cp-1
Chn-1 Co e Cn—2
Co .o
C1 Co +++ Cp—1 Co



2. Real B-matrices and their
generalizations

2.1 B-matrices

In this section we will introduce real B-matrices. Subsection 2.1.1] shows us
possible characterizations derived by Pena in [3], while in subsection we
will mention some fundamental properties of B-matrices and facts about them.
In the last subsection, we will focus on closure properties of B-matrices.

Definition 2.1 (B-matrix). Let A € R"*". Then we say that A is a B-matriz,
if Vi € [n] the following holds:

CL) Z Qjj > 0
j=1
: 1 &
b) Vk e [n]\{i}: gzai]’ > Qi
j=1
Remark 2.2. From Definition [2.1] it can be deduced that every B-matrix A must

fulfill following condition for all ¢ € [n]:

Qi > T’;r

2.1.1 Characterizations

Following results are taken from Pefia [3], therefore we will not state the proofs,
those are shown in the original work.

Proposition 2.3. Let A € R™". Then A is a B-matriz if and only if Vi € [n]
the following holds:

n
> ay>n-rf
j=1
Proposition 2.4. Let A € R™". Then A is a B-matriz if and only if Vi € [n]

the following holds:
Qi — T’,L-Jr > Z (T’l+ — aij)
J#

2.1.2 Fundamental properties

Following result is shown in Pefa [3] as Corollary 2.6. However it is quite funda-
mental for the meaning of this thesis, so we will state it here as well:

Proposition 2.5. B-matrices are P-matrices as well.
Corollary 2.6. B-matrices are non-singular.

Proof. This is a corollary of Proposition [2.5] It comes from the fact that every
singular matrix has zero determinant, therefore it is not a P-matrix, therefore
it cannot be a B-matrix, because Proposition tells us that every B-matrix is
P-matrix. X



Corollary 2.7. Let us have two B-matrices A, B € R"™" and let C € R"™"
matrix which satisfies the following:

Then C' is a B-matriz.

Proof. In Definition we can see that there are no conditions intertwining
the rows, so each row is inspected on its own. The only thing needed to know,
is which of its element is diagonal, thus what row it is. Therefore every row is
independent on all the other rows, so if we combine some rows, which satisfy
the conditions (where rows of A and B clearly satisfy the conditions, because
the matrices are B-matrices), while keeping the order of the rows, hence ensuring
that elements that were diagonal still are, then we surely get a B-matrix. X

Next we will introduce a result shown and proved in Pena [3] as Proposi-
tion 2.8:

Proposition 2.8. Let A € R™™" be a Z-matriz. Then the following is equivalent:
1) Ais a B-matriz,
2) The row sums are positive.

3) A is strictly diagonally dominant by rows with positive diagonal entries.

2.1.3 Closure properties

Proposition 2.9. Let A,B € R™™ be B-matrices, o € RT, D € R*"™™" be
a positive diagonal matriz. Then following holds:

a) A+ B is a B-maltriz,

b) «A is a B-matriz,

c) D-Aisa B-matriz and

d) principal submatrices of A are B-matrices

Proof. Points a) and b) can be rather straightforwardly checked from Defini-
tion . Part ¢) holds from combination of part b) and Proposition . For proof
of d) see Pena [3], Proposition 2.5.

X

Remark 2.10. Of course, the B-matrices are not closed under the multiplication
by negative scalar, or zero, because then the diagonal would be non-positive,
which cannot be, as stated in [2.2]

Proposition 2.11. A matriz product of two B-matrices is not necessarily a B-
matriz.

Proof. Let



It can be easily seen that both A and B are B-matrices. Nevertheless their

product, which is
1 1
(1)

is not a B-matrix, where the problem is in the first row, which violates the b) con-
dition from the Definition R.1]

X
Proposition 2.12. An inverse of a B-matriz is not necessarily a B-matriz.
Proof. Let
1 L 1
2 2
A=10 1 0
0 01
It can be easily seen that A indeed is a B-matrix. However its inverse, which is
1 1
1 =35 —3
A7t=10 1 o0 [,
0 0 1

is not a B-matrix, because of the first row, which violates the a) condition
from the Definition 2.1]

X
Proposition 2.13. A power of a B-matrix is not necessarily a B-matriz.
Proof. Let
1 L 1
2 2
A=|(0 1 %
0 0 1
It can be easily seen that A indeed is a B-matrix. But its second power, which is
5
1 3
A*=1(0 1 1],
0 01

is not a B-matrix, because of the first row, which violates the b) condition
from the Definition 2.1]
X

2.2 Doubly B-matrices

This section will introduce real doubly B-matrices as defined in [4], in subsection
we will inspect some for us interesting properties and in subsection we
will take a closer look at what closure properties they posses.

Definition 2.14 (doubly B-matrix). Let A € R™". Then we say that A is
a doubly B-matriz, if Vi € [n] the following holds:

a) ag;>r;’

b) el fi} s (a— 1) (ag —17) > (Z (ri - )) (Z (r - ajk))

ki k]
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2.2.1 Fundamental properties

Proposition 2.15. Let A € R"™". If A is a B-matriz, then A is a doubly
B-matriz.

Proof. If A is a B-matrix, then, from Proposition[2.4] the following holds for every

i € [n]:
ai —ri >Z(ri+—a,-j) >0
J#
From that follows that Vi, j € [n],j #

o=t o =7) > (07 o) (S 67 -)).

ki k£j

which is exactly the b) part of the Definition [2.14] The a) part of the definition
is obtained from Remark [2.2] Therefore A is a doubly B-matrix.

X

Remark 2.16. We can now show that the opposite implication does not hold.
As a counterexample we can take e.g. matrix

a= (5 3

The matrix A is a doubly B-matrix, but it is not a B-matrix.

The following proposition is stated in Pena [4] as Theorem 2.5 where it is also
proved. Nevertheless it holds importance to the essence of this thesis, so we will
introduce it here too:

Proposition 2.17. Doubly B-matrices are P-matrices as well.
Corollary 2.18. Doubly B-matrices are non-singular.

Proof. This is a corollary of Proposition 2.17] It comes from the fact that every
singular matrix has zero determinant, therefore it is not a P-matrix, therefore it
cannot be a doubly B-matrix, because Proposition tells us that every doubly
B-matrix is P-matrix. X

Proposition 2.19. Let A € R™™ be a doubly B-matriz. Then exactly one
of the following applies:

a) Either A is a B-matriz, or

b) there exists a unique j € [n] that
aj; — r;-“ < (rj — ajm)

and for every otheri € [n]\ {j} :
ag—r > (7"1+ — aim> :

(I.e. there is only one row that does not satisfy the condition stated in Corol-

lary[2.4))



Proof. Let a) hold, so A is a B-matrix and thus from Corollarty Vi € [n] :
CLZ‘Z‘—T;_ > Z (T:_ _az‘m>7
m£i
thus b) does not hold.

Now let a) not apply, so A is not a B-matrix. Then it contains a row,
which does not fulfills the condition stated in Corollary [2.4] (Else it would fulfill
the characterization stated ibidem, thus it would be a -matrix, hence we obtain
a contradiction.) We will show that there cannot exist two such rows.

For contradiction, let there be two such rows j and j’ that

aj; =1 < (T;r —ajm)
mj

+ +
Qjrjr — Tj/ S Z (Tj/ - aj/m) .
m#j'

(It should be noted that because A is a doubly B-matrix, then from Definition
we get that 0 < aj; —r; and 0 < ajiy —75;.) Then

=17 o =17) = (07 o)) (5 -m))

but that leads us to a contradiction with the Definition because A should
have been a doubly B-matrix. Therefore such a row which breaks the condition

from Corollary is exactly one, all the others have to satisfy this condition.
X

Definition 2.20 (proper doubly B-matrix). Let A € R™*" be a doubly B-matriz.
Then we say that A is a proper doubly B-matriz, if it is not a B-matriz.

and

The next proposition shows us easily testable class of both B- and doubly
B-matrices.

Theorem 2.21. Let A € R™™ be a circulant matriz. Then the following are
equivalent:

1) A is a B-matriz.

2) Ais a doubly B-matriz.
3) ay —ry > T — ay
) a1y — 7 %;1 ( 1 1])
Proof. ”1) = 2)”: See Proposition [2.15]
”2) = 3)”: A is a doubly B-matrix, hence for arbitrary j # 1 :

(o= 7) (s 72) > [ (o — o) (z (vt - ajk)) o
o ey
2
= (a11 — rf)Q > 1> (Tf — alk) &
)
& (all - rf) > 1> (rf - alk)
)




The first equivalence holds, because the A is circulant, whereas the second one
comes from the fact that both sides of the resulting inequality are non-negative,
which is based on following:

For left side: A is doubly B-matrix = Vi € [n] : a; > r;" (From condition a)
of Definition [2.14])

For right side: From definition of r;*: Vi € [n] Vj # i : 7 > a;.

Therefore the implication holds.

”3) = 1)”: Because A is circulant, the following implication holds:

ail — Ti_ > Z (TT — a1k> = Ay — le‘r > Z (T’;’— — aik)
k£ ki

Thus from Proposition [2.4] A is a B-matrix.

2.2.2 Closure properties

Unlike B-matrices, doubly B-matrices aren’t in general closed under the operation
of addition, however it can still be shown that they are closed under multiplication
by a positive scalar and that their principal submatrices are doubly B-matrices
too.

Proposition 2.22. Let A € R™™ be a doubly B-matriz, o € RT. Then oA is
a B-matriz.

Proof. Let A € R™ "™ be a doubly B-matrix, o € R™. First we should mention
that (aA);; = a - a;; and max{0,« - a;;|j # i} = a-max{0,a;|j # i} = a-r]

so the property a) from Definition holds. (Both sides of the inequality are
multiplied by the same positive number.) Then Vi, j € [n],j # @

(oz-aii—oz-rf)(a-ajj—awj) =

= (]{2 (a“‘ — Tj_) (ajj — ’I"]+) >

e (z (v - )) (z (vt - ajk)) _

g ki oy
_ (kzﬁ(a.r;_a.aik)) (gj(a.ﬁ_a.%)) |

The inequality is obtained from the fact that A is a doubly B-matrix. Therefore
the b) condition of the definition of doubly B-matrices is satisfied as well. Ergo
aA is a doubly B-matrix.

X

Proposition 2.23. Let A € R™" be a doubly B-matriz, then principal subma-
trices of A are doubly B-matrices too.

Proof. Let A € R™" be a doubly B-matrix and let A € R™" be its principal
submatrix. So 35" C [n] : A was formed from A by deletion of rows and columns
indexed by the elements of S’. Let S = [n]\ S’. Then Vi € [n] 3 a unique k; € S
such that A4; corresponds to the row Ay, (without the entries from the columns

10



from S’). Then, because be removing elements from the set, we cannot increase
its maximum, Vi € [n] : 7 < 7“,;. Thus Vi, j € [n],j #i:

v
/N
=
&

|
)

&

3
~——~
/N

=
=
|

)

3
~—~

v

vV
[
~
=
=%
B}
3
N—
(]
/N
Sy
<
3
N—

The third, strict inequality comes from A being a doubly B-matrix.

X
Proposition 2.24. A sum of two doubly B-matrices is not necessarily a doubly
B-matriz.
Proof. Let

1 -2 1 0
A_<O 1) and B—<_2 1).

It is easy to check that these two matrices are doubly B- matrices. But their sum,

which is
2 =2
A+B—<_2 2),

is not a doubly B-matrix, because it is singular and so, as stated in Remark [2.18],
cannot be one.
X

Proposition 2.25. A matriz product of two doubly B-matrices is not necessarily

a doubly B-matriz.
. 1 i J B— 10
B Y A (Y

It can be easily seen that both A and B are B-matrices, therefore also a doubly
B-matrices, as shown in Proposition [2.15| Nevertheless their product, which is

1 1
AB = ,
<—i 4)

is not a doubly B-matrix, because of the first row, which violates condition a)

from the Definition 2.14]

Proof. Let

X

11



Proposition 2.26. An inverse of a doubly B-matriz is not necessarily a doubly

B-matriz.
Proof. Let
1 =2
=4 7))
It can be easily seen that A indeed is a doubly B-matrix. However its inverse,
which is
3 6
—1 _
=09,

is not a doubly B-matrix, once again because the first row violates condition a)
from the Definition 2.14]
X

Proposition 2.27. A power of a doubly B-matrixz is not necessarily a doubly
B-matriz.

Proof. Let
1 L 1
2 2
A=10 1 5
0 01

It can be easily seen that A is a B-matrix, therefore also a doubly B-matrix,
as shown in Proposition But its second power, which is

113
A’=101 1],
001

is not a doubly B-matrix, because of the first row, which violates the a) condition
from the Definition
X

2.3 Bfi-matrices

In this section we shall introduce real BE-matrices as defined in [I1]. Subsection
will show us a characterization of BE-matrices, in subsection we shall
inspect some for us interesting properties and in subsection we will focus
on the closure properties of Bf-matrices.

Definition 2.28 (Bf-matrix). Let A € R™", let m € R" such that 0 < }}_, m; <
1 and let R € R™ be a vector formed by the row sums of A (hence Vi € [n]: R; =
Sy aij). Then we say that A is a BE-matriz, if Vi € [n] :

a) R, >0
b) Vke[n|\{i}: m-R; > ay
T
Remark 2.29. We can observe that for 7 = (%, ce %) the previous definition
gives us B-matrices, thus, just as the doubly B-matrices, the BZ-matrices are
in a certain sense a generalization of the class of B-matrices.

Now that we established a relation between B- and Bf-matrices, we might
want to do the same for BE- and doubly B-matrices. But for that we might need
a characterization stated in Proposition [2.30}

12



2.3.1 Characterizations

The following proposition is stated and proved in [I1] as Observation 3.2, yet it
shows us a characterization of which matrices A € R™" are BE-matrices for some
7 and its proof shows us a way to find such a 7 € R", thus we will state both.

Proposition 2.30. Let A € R™"™ be a square matriz with positive row sums
and let R € R™ be a vector formed by the row sums of A (hence Vi € [n] : R; =
D1 Gij > 0). Then there exists a vector m € R" satisfying 0 < i1 < 1 such
that A is a BE-matriz if and only if

Zmax{aij 27&]} <1
j=1 i

Proof. "=": A is a BE-matrix for some 7 satisfying the property, hence Vj €

[n] : max{ i # j} < ;. But then
n aij| . ' n
Zmax —|i # <Z7rj§1.
j=1 R j=1
"<=": Let

gi%j}>0

ezl—ZmaX{
j=1

i # j} + <. Then Ais a Bl-matrix.
X

and for every j € [n] set the 7; = max{ &

Remark 2.31. As shown in the proof, if for any matrix A € R"*" the condition
from the Proposition [2.30| is satisfied, then we can construct a vector 7 € R”
satisfying 0 < >°7_; m; < 1 such that A is a Bf-matrix in the following manner:

1) We define € € R as

e=1-— max{j

Z%J}

and then

2) for every j € [n] we define 7; as

T = max{

C;Zi;«éj}—l—

Of course instead of = in the second step we can use any constant 0 < ¢ < &,
or we might use a vector £ € R*™" such that 0 < 27218 < € and define 7; as

T :max{

Qij | . .

ﬁz i # J} + &

(It is easy to verify that this holds from Definition because thus defined
7 meets condition b) for the above mentioned definition and also satisfies that

13



Now let us return and show the relation of Bf-matrices to the class of doubly
B-matrices.

Remark 2.32. BE-matrices and doubly B-matrices are two distinct classes of ma-
trices, even though with nonempty intersection (at least B-matrices are in the in-
tersection). Let us show the following two examples of why this holds:

Ezample. Doubly B-matrix, that is not a Bf-matrix:

1 -2
0 1
(It does not have positive row sum of the first row, and therefore it cannot be

a Blf-matrix.)

Example. BE-matrix, that is not a doubly B-matrix:

11

01
(It fulfills the Definition for m = (35, %)", hence is a Bf-matrix, but it is not
a doubly B-matrix, because it does not fulfill the condition a) from Definition

2.14] which is that Vi € [n] : a; > max{0, a;;|j # i}.)

2.3.2 Fundamental properties

The following proposition is stated in [I2] as Theorem 1. Nevertheless it holds
importance to the essence of this thesis, so we will introduce it here too:

Proposition 2.33. Bf-matrices with # > 0 are P-matrices as well.

Remark 2.34. We can show an example of BE-matrix with some 7; < 0, which is
not a Bff—matrix for any v > 0. (To verify this fact, reader may use the properties
of Bf-matrices stated in the next proposition, more precisely part 1).)

3 _1>
A=|2
e

It is easy to check that A is a BF-matrix for 7 = (2, —1)T. (And, for interest, is
clearly not a P-matrix nor doubly B-matrix.)

Example.

Ergo for the purpose of this thesis, we are interested only in such BE-matrices
that have m > 0. What does it mean for example for Proposition Almost
nothing, just that not only do we have to calculate the characterization, but we
also have to check, which exact 7 is the certificate of the matrix being a BE-matrix
(as shown in Remark . Even though we will continue to state and prove
the results for general 7, from now on in places where it will seem to be needed
we will state how is the given result related to the subclass of Bf-matrices with
m > 0.

The next proposition and its corollary, which are stated and proved in [13]

as Proposition 2.1 and Corollary 2.2, show us some properties that relates entries
of 7 with that of a corresponding BX-matrix.

14



Proposition 2.35. Let 7 € R" such that 0 < 377, 7; < 1 and let A € R™™" be
a BE-matriz, where R € R™ is the vector of row sums of A. Then the following
holds:

1)Yien]: ay>m- R,

2)Vi,jenl,j#i: m>m = ay > a,

3) let k = argmax{m; |i € [n] }, then Vj # k: aw, > ay; and
4) Vi, jen|,j#i: m <0 = a; <0.

Corollary 2.36. Let m € R™ such that 0 < Z;‘:l T, <lwithm=..=m,=r
and let A € R™" be a BE-matriz, where R € R" is the vector of row sums of A.
Then the following holds:

1) Vi,jen],j#1: a;>a; and
2) trA>r- > R,
i=1

The following result was shown alongside its proof in [13] as Theorem 2.3.

Proposition 2.37. Let A € R™" be a Z-matriz and let 7 € RT" such that
0 < X5y m < 1. Then the following is equivalent:

1) A is a BR-matriz,

2) the row sums of A are positive,

3) A is strictly diagonally dominant by row with positive diagonal entries and
4) Ais a B-matriz.

The next two propositions were again introduced and proved in [I3] as Propo-
sition 2.5 and 2.6, respectively.

Proposition 2.38. Let 7 € R™ such that 0 < 37 m; < 1 and let A € R"™"
be a Bf—matm’x. If a € R™ such that 0 < Z?:l aj <1 and a > m, then A is
a BE-matriz.

Proposition 2.39. Let P = perm(iy,...,i,), where iy,..., i, = [n]| be the per-
mutation matriz of order n defined by

1 meg == iml,

P = (pm1m2); Pmime = { 0 otherwise.

Let 7 € R such that 0 < ¥7_ m; < 1 and let A € RV be a BE-matriz. Let
o= (my,...,m,)" . Then PAPT is a BY -matriz.

15



2.3.3 Closure properties

In this section we will inspect what closure properties the BE-matrices posses.
And because in this thesis we are interested in P-matrices, we will try to show
eventual counterexamples from the subclass of Bf—matrices for m > 0.

The following closure properties are shown and proved in [I3] as Theorem 2.7,
Corollaries 2.8 and 2.9 and Proposition 2.12.

Proposition 2.40. Let a, 3 € R" such that 0 < }°7_;a; <1 and 0 < 37, B <
1 and let 1 € R" defined by Vi € [n] : m = max{wa;,;}. Let A,B € R™"
be a BE-matriz and a Bg-matrix, respectively. If 350 m; < 1, then A+ B is
a BETQ_matriz.

Remark 2.41. We can see that for o, 8 > 0, we again get m > 0, therefore even
the subclass of Bf—matrices for m > 0 is closed in the same manner as above.

Corollary 2.42. Let m € R" such that 0 < 3% m; <1 and let A, B € R™™" be
a BE-matriz and a BY-matriz. Then A+ B is a BE%-matriz.

Corollary 2.43. Let m1 € R" such that 0 < ¥7_ m; < 1 and let s,t € Ry
with s +t > 0. Let A, B € R™" be a BE-matriz and a BS-matriz, respectively.
Then s - A+t- B is a BEH 9 matriz.

Proposition 2.44. Let m € R" such that 0 < >>7_;m; < 1 and let A € R™"
be a BE-matriz. Let D € R™™ be a positive diagonal matriz. Then D - A is
a BY -matriz.

The next corollary can be derived from multiple previous statements, more
precisely from Corollary and Proposition

Corollary 2.45. Let a € R™, m € R™ such that 0 < ¥7_,m; < 1 and let
A € R™™ be a BE-matriz. Then « - A is a B*®-matriz.

Now what about other operations:

Proposition 2.46. An inverse of a BE-matriz is not necessarily a Bf;—matm'x
for any 1.

Proof. Let

A:

O =
O o=
= O

0
It can be easily seen that A indeed is a BE-matrix (it satisfies Proposition [2.30)),

its m might be, for example, (%, %, %)T However its inverse, which is
1 1
(Y 2 2
A7 =10 1 0 [,
0o 0 1

is not a Bﬁ-matrix for any 1, because of the first row, which violates the a) con-
dition from Definition 2.28

16



Proposition 2.47. A power of a BE-matriz is not necessarily a Bﬁ—matm’x
for any pst.

Proof. Let

It can be easily seen that A indeed is a Bf-matrix for example for 7 = (1, 1)7,
But its second power, which is
1 -1
2 _

is not a BfZ—matrix for any 1, because of the first row, which violates the a) con-
dition from Definition .28

X

Corollary 2.48. A matriz product of two BE-matrices does not have to neces-
sarily be a Bg—matm’x for any 1.

Corollary 2.49. A matriz product of a BE-matriz and a Bﬁ-matm’x s not nec-
essarily a BY-matriz for any ¢.

17



3. Interval B-matrices

In this chapter we will generalize B-matrices into interval B-matrices. In section
we shall introduce some characterizations, whereas in section we will
try to derive necessary conditions and sufficient ones to help us recognize this
matrix class even more efficiently. And in section [3.3| we will take a closer look
at which operations are the interval B-matrices closed under.

Definition 3.1 (interval B-matrix). Let A € IR™". Then we say that A is
an interval B-matriz, if VA € A: A is a (real) B-matrix.

Remark 3.2. Because for every interval B-matrix A holds that VA € A: A is
a B-matrix, thus even matrix A’, defined as

a2 e A1y
a21 Qg9 e [
/ . . . .
A= : : . : )
A(n—1)1 e Ap-1)(n—1) Qn—1)n
(251 T an(n—l) Qpp

is a B-matrix, thus it must hold (from Remark that

Vien]:  a; > max{0,a;lj #i}.

Next we should mention a simple corollary of Proposition and our defini-
tion:

Corollary 3.3. Every interval B-matriz is an interval P-matrix.

Proof. 1t holds for every instance, hence it holds for whole interval matrix.
(Every instance is P-matrix by Proposition and that is exactly the defini-
tion of interval P-matrix.)

X

Corollary 3.4. Let us have two interval B-matrices A, B € R™™" and let C €
R™ ™ matrix which satisfies the following:

Then C is an interval B-matriz.

Proof. From Definition [3.1]and from Corollary [2.7] we can see that it holds for ev-
ery instance, thus it holds for whole interval matrix. X

18



3.1 Characterizations

Let us start with stating a few characterizations to help us with recognition
of interval B-matrices in finite time. Thereafter in subsection [3.1.1] we will try
to derive a characterization through reduction of Definition to finite number
of instances to check for the property of being a B-matrix.

Theorem 3.5. Let A € IR™™". Then A is an interval B-matriz if and only if
Vi € [n] the following two properties hold:

a) > a;>0
=1

b) Vken\{i}: D a;>(Mn-1) ay
ik
Proof. The most important thing, we need for the following proof, is to realize
that for every interval [a, @] and every o € [, @] the following applies: a < a < @.

As shown in Definition [2.1, square real matrix A is a B-matrix, if for its every
row ¢ holds that the row sums are positive (marked as condition a)) and every
non-diagonal element of the ith row is bounded above by the corresponding row
mean (b) condition).

The a) condition is surely satisfied VA € A, because of the a) condition of
Proposition, whereas the a) condition of Proposition always holds true for an in-
terval B-matrix A because A € A, thus A is a B-matrix and fulfills the condition
a) of Definition

Now let’s take a look at conditions b). The b) condition of the Definition
can be for every k # i rewritten as follows:

1.
— Z Qjj > Qi =
n =
n
4 Z ajj > Nagx, <=

7j=1
<~ Zaij>(n—1)-aik
J#k
In the last inequality, we can see there is no element twice. Consequently, if we use
intervals in this inequality, by substitution (of specific values from the intervals)
we obtain exact values, not a superset. So now we can see that the condition b)
of real case applies for every A € A iff it holds for g;; on the left side and @,

on the right side, which is exactly the b) condition of Proposition.
X

Remark 3.6. This characterization has time complexity O(n?), which is the same
as the time complexity of the characterization for real case from Definition [2.1]
(And even though there are characterizations like the one in Proposition [2.3]
which might seem to have O(n) complexity, it is vital to realize that for every
i € [n] we have to compute sum of n elements, therefore the complexity is O(n?)
as well.)

Corollary 3.7. Let A € TR™™". Then A is an interval B-matiz iff A with the di-
agonal fized on lower bounds (a; = a;;) is an interval B-matriz.
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Proof. In the characterization given in Theorem |3.5| we see that every time any a;;
occures, it occures in form of a;;, hence we are not interested in any other value
of a;;. (So the reduced matrix has to fulfill exactly the same conditions as the ma-
trix A)

X

Corollary 3.8. Let A € IR™™" and let
S = {(@}j) |47 € [n]: 3k €n]\{i,j}:ai; <ap A Gy Saz‘k}‘

We have that A is an interval B-matiz iff A with every element, whose indices
are in S, set to its lower bound (¥(i,j) € S : aj; = a;;) is an interval B-matriz.

Proof. The only time, when for every ¢ and j # 4 the @;; occures in Theorem ,
is the b) condition. Let us show that in the case that (¢,5) € S this condition is
not necessary and is substituted by one of the others.

Let (i,7) € S arbitrary and let k € [n] \ {i} : a; < ay A Gy < .
Because (7, j) € S, then surely such k exists. Then:

Z Qim Z Z Qim > (n - 1) " Qik Z (n - 1) : Eij

First inequality is obtained from a;; < a;, and the third from @;; < @;;,. The sec-
ond one holds, if condition b) holds for (i, k), so we see that if the condition holds
for (i, k), then it holds for (7, j) as well. Thus the implication ”<” holds.

The second implication is trivial, because A is a superset of the reduced
matrix.

X

Although the next corollary is obtained rather straightforwardly from the pre-
vious proposition, we will state it, as it will prove to be a useful step in the deriva-
tion of characterization of interval B-matrices that will help us clarify the relation
between interval B- and doubly B-matrices.

Corollary 3.9. Let A € IR™". Then A is an interval B-matriz if and only if
Vi € [n] the following holds:

VEk € [n]\ {i} - > a;; > max{0, (n — 1) - @ + a;.}
=1
Proof. "="
A is interval B-matrix, so A satisfies both conditions from Theorem [3.5
Thus for arbitrary k # i:

7k

n
=4 ZQ@' > (n— 1) @ + a,
j=1

And combined with condition a) from Theorem we get that this implication
clearly holds.
77<:77
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We will show that if matrix fulfills condition stated in this corollary, then it
fulfills the conditions of Theorem B.5] as well.

The condition a) holds trivially.

b) condition:

Vk #i:

ZQZ‘J‘ > max{0,(n —1) -Tx +ay} = (n—1) ap+ay
1

<.
Il

7k
So the b) condition holds too.
Thus this implication also holds.

By realignment of the previous corollary, we get subsequent one.

Corollary 3.10. Let A € IR™™". Then A is an interval B-matriz if and only if
Vi € [n] the following holds:

a) zn:aij >0
b) Vken|\{i}: a;—ay> 27; (ﬁz‘k - @z'j)

Proof. Obtained by realignment of inequalities from Corollary [3.9]
X

Or we might realign it in a different way and obtain our future connection
to interval doubly B-matrices.

Corollary 3.11. Let A € IR™™". Then A is an interval B-matriz if and only if
Vi € [n] the following holds:

a) Y a;>0
j=1

b) Vken\{i}: a;—aw> ; (aik - Qz‘j)
ik

Proof. Obtained by realignment of inequalities from Corollary [3.9

3.1.1 Characterization through reduction

Proposition 3.12. Let A € IR™" and let A; be matrices defined as follows:

a otherwise.

a. ) mq ) mo = 7
Ai = (amlmg); Amymy = { e f % ’ 7
Yinimeo

Then A is interval B-matriz if and only if Vi € [n] : A; is a B-matriz.
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Proof. ”=" This holds trivially, because Vi € [n] : A; € A
77<:77

a)Vi € [n] : 3274 a;; > 0, because A; is a B-matrix and (4;),, = (4),,, thus
the row sums of A are positive.
b)Vi € [n]|Vk #i: Ay is a B-matrix = (From Proposition [2.3})
@i + ZQZ‘J‘ = (Ak)z‘j > n-rf > n-(Ay)y = n-ap
7k =1
=
Z@ij > (n—1)-ay
Jj#k
= A fulfills the conditions of Theorem 3.5l = A is an interval B-matrix.
X

Proposition 3.13. The characterization of interval B-matrices through reduction
given by Proposition is minimal in inclusion.

Proof. 1f we ditched any A; for arbitrary ¢ € [n], then we can construct a coun-
terexample, e.g. a unit matrix with interval [0, 1] on position (j,¢) for arbitrary
j # 1. Then Vk # 1 : Ay = I,,, which surely is a B-matrix, but A; does not fulfill
b) condition from Definition in jth row. (Sum of the jth row is equal to 2, so
we get 2/n > 1 = (A;);;, which does not hold for n > 2.)

X

Remark 3.14. This reduction reduces the problem of verifying, whether any given
interval matrix is an interval doubly B-matrix, into testing n matrices, whether
they are real doubly B-matrices.

3.2 Necessary or sufficient conditions

Here in this section we will derive a few necessary or sufficient conditions that
might help us with even quicker recognition of a class of interval B-matrices.
First, we will introduce a simple consequence of Remark [3.2}

Corollary 3.15. Let A € IR™ ™. We have that A is an interval B-matriz only
ifVien]: a; > max{0,a;lj #i}.

Theorem 3.16. Let A € IR"™" be an interval Z-matriz. Then the following is
equivalent:

1) A is an interval B-matriz,
2) Vi€ n|: i@zj>07
j=1
) Vien]:  ay;> Y |al
JF

4) A is a B-matriz.
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Proof. 1) = 2)”: From Theorem
"2) < 3) < 4)”: From Proposition 2.8
"3)=1)""VAc A: Vien|:

a; > a; N Vj€E [n] \ {Z} : ’aml < ’awl

ai > ay > Y lagl > Y layl > 0
J#i J#
=
A is strictly diagonally dominant with positive diagonal. Thus, according
to Proposition 2.8 A is a B-matrix.
And because that applies VA€ A = A is an interval B-matrix.
X

The following results hold both, an information about some properties of in-
terval B-matrices, as well as a necessary condition for B-matrices.

Proposition 3.17. Let A € IR™™ be an interval B-matriz. Then Yi € [n]
the following two properties hold:

1) a; > Yjeslayl, where S ={j € [n]|a; <0} and

2) Vi€ n]\{i}: a; > max{[a;l, |a;|}
Proof. 1) Let us distinguish the following two cases for arbitrary i € [n]:

L Vjen\{i}: a;<0
Then it follows directly from Theorem [3.5 condition a). (Because it
holds that Vj € [n] \ {i} : —a;; = |a;;].)

Il 35 € n]\{i}: a;>0
Let us take k£ € argmax {gij |7 # z} Then, according to Corollary|3.10],
the following applies:

Qi — Qi > Z (az‘k - Qij) .

JF#i

And because
Qi > Qg — g, N V] F 0 — a; > 0
(because of the presumption of this case and definition of k), then
Qi > Qi — Qi > Z (aik - Qij) > Z (azk ) Z —Q;; = Z ‘Qij"
j#i Jjes Jes
2) For arbitrary j # i, let us distinguish two cases:

L Ja;;| > [ai]

= a;; <0, thus from property 1. of this proposition:

Qi > Z | = lagl,
keS

because j € S.
IL faij| > ay|

= @; > 0, thus from Remark = ay > G = 4]
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3.3 Closure properties

In this section, we shall expand our understanding of what operations the class
of B-matrices is closed under into interval environment, plus we will add how it
is with multiplication of B-matrix by positive interval.

So let us start with an extension of facts already known from section [2.1.3;

Corollary 3.18. Interval B-matrices are closed under following operations:
1) matriz addition,
2) multiplication by positive scalar and
3) matriz multiplication from the left by a real positive diagonal matriz.

Also it holds that for interval B-matrices, their principal submatrices are interval
B-matrices as well.

Proof. All four properties of interval B-matrices come directly from Proposition
2.9/and Definition[3.1] For example we will show the proof of closure under matrix
addition, the rest is analogous:
Let A, B € IR™™" be interval B-matrices. Then VA € A\VBe€ B: A+ B is
B-matrix, by Proposition [2.9] Therefore A + B is an interval B-matrix.
X

Remark 3.19. Because the real B-matrices are not closed under the following
operations (see Propositions [2.11} [2.12| and [2.13]), then surely even interval B-
matrices are in general not closed under them. Such operations are:

e matrix product,
e matrix inverse and
e matrix power.

Now, that we have dealt with the legacy of real B-matrices, comes time
for the interesting part, which is a behaviour of a multiplication of B-matrices
by intervals.

Remark 3.20. As direct corollary of Remark [2.10, we can see that multiplying
by an interval containing non-positive number can not be an operation that in-
terval B-matrices might be closed under.

Proposition 3.21. Interval B-matrices are in general not closed under multipli-
cation by positive interval.
2 1

and a = [1,2]. Tt is easy to verify that such A is an interval B-matrix. But matrix

en- (4 1)

Proof. Let

™
W

24



contains a (singular) non-B-matrix instance, namely matrix
2 2
2 2)°

Well that was rather anticlimactic. But let us try to derive some conditions,
under which B-matrices, or rather interval B-matrices will be closed under a pos-
itive interval multiplication.

X

Lemma 3.22. Let A € IR™ ™ be an interval B-matriz and o € TR be an inter-
val, such that:

1) Vie|n]:

Q- Z A > O Z —Qj

J:a;;>0 J:a;;<0

and

2) Vi€ n] Vken\{i}:

a- Z Q;; + Q- Z aij>{

J:a;;>0 J:a;;<0
J#k J7Fk

. (TL— 1) ~Qe if @i >0,
-(n—1)-a; otherwise.

o 2l

Then matriz o - A is also an interval B-matriz.

Proof. We can observe that the first condition can be rewritten as

(a-A)ij >0

1

J

and the second one as

%(a . A)Z,j >n—1) (- A),.

Consequently, interval fulfills exactly those conditions, thanks to which o - A

still meets the characterization shown in Theorem [3.5]
X

Lemma 3.23. Let A € IR™ ™ be an interval B-matriz and o € TR™ be an inter-
val, such that:

1) Vi€ |n]:

a- Y oay>a- Yy, —a

j:gij>0 j:gij<0
and
2)Yien] Vken]\{i}:

>0 = a- > ag;+ta- Y, a;>a-(n—1)-ay.
j:gij>0 j52¢j<0

j#k J#k
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Then matriz o - A is also an interval B-matriz.

Proof. We will prove this lemma by showing that its conditions are equivalent
to those stated in Lemma [3.22] Then if for a given interval B-matrix an in-
terval fulfills the condition of this lemma, we know that it fulfills the condition
of the previous lemma as well, so we know that the interval times the matrix is
an interval B-matrix.

What we can observe is that the conditions in this lemma are subset of con-
ditions from Lemma [3.22] So let us see, what is different:

The first condition of this lemma is the same as in the previous case, so that
one is trivial. Now for the second one. If @; > 0, then the condition is again
the same. If @;; < 0, then necessarily even a;, < 0. In addition, let us WLOG
assume that the first condition holds. (Otherwise it is unnecessary to check
the second one...) Then:

o - Z Qij+a‘ Z Q55 >

j:gi]->0 j:gij<0
J#k J#k

> a- ) ata- ) oa; >
j:gij>0 j:gij<0

> 0 > a-(n—1)-ay

The first inequality holds, because we are adding a non-positive number to the left
side. The second inequality holds because of the first condition of this lemma
and the last one is a result of @;; < 0 and a being positive.
Thus « implicitly meets even the last condition from Lemma [3.22]
Therefore, from the above mentioned lemma, a - A is an interval B-matrix.

X

Proposition 3.24. Let A € IR™" be an interval B-matriz and o« € IR™ be
an interval, such that:

j Z<0 —
_ Jiai; }
a/a > max | —————]i € [n]
a, .
j:azzj:>07”
. Z<0 —a;; + (n—1) - i
]:gij
U Itk - i€ nl,ken]\{i}:a>0
j:gij>07”
ik

Then matriz oo - A is also an interval B-matriz.

Proof. The condition is obtained by rearranging and grouping of the conditions
from Lemma [3.23] (Because for interval B-matrix always holds that Vi € [n] :
a;; > 0, then Vi € [n] :

Z (7 > Z Q;j > ay > 0.

j:ai;>0 j:gij>0
J#k
Thus the expressions in the definitions of the sets are correct, because we never
divide by zero.)
X
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Now Proposition [3.24] gives us for every interval B-matrix a ratio of boundaries
of interval, which, if it is sufficed by any given interval, guarantees that the interval
B-matrix multiplied by the interval is still an interval B-matrix. That may come
in handy, if we have one of the boundaries given, respectively fixed, and want
to found an interval, which we can multiply given interval B-matrix by, while still
remaining in space of interval B-matrices.

Next we shall show a second approach to the problem: We have a given
(positive) center of the interval and for a given matrix want to find out the possible
width of the interval.

Lemma 3.25. Let A € TR™" be an interval B-matriz and o = [ac + aﬂ €
IR", such that:

1) Vie|n]:

n n
<. Zgij > o Z ’Qijl
=1 j=1
and

2)Vien]: Vkeln\{i}:

(Z% (n—1) aik) >at- (Z |aij|+(n_1)'|aik|) :

i#k itk

Then matriz o - A is also an interval B-matriz.

Proof. In the proof we just need to realize the following fact: V5 € R : 3 -
V¢ £ = [8-7° £ 8] - 7]

Now if we count in Theorem [3.5, we get our conditions. Because if we want
the a) condition of Theorem to hold for a - A, then our first condition must
hold. (Because (o - A)ij = (a : Ql-]) =a% q; —a® - al.)

Analogically, if the b) Condition should hold, then our second condition have
to hold. ((a - A)ij =a% aq; —a® oyl AN (o A)y =a% a4+ a® - |agl.)

X

Proposition 3.26. Let A € TR™™" be an interval B-matriz and o = [ac + ozA} €
IR", such that:

a3 ay
o® <min | { —2—|i e n]
> lal
j=1
(z 4 — (n—1) )
U i7k € [n],k € [n] \ {i}

2 lai;| + (n = 1) - [au]
J7#k

Then matriz o - A is also an interval B-matriz.
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Proof. Obtained by rearranging and grouping of conditions from Lemma [3.25
(Because for interval B-matrix always holds that Vi € [n] : a;; > 0, then Vi € [n] :

n
Dolayl > Dlayl > eyl > 0.
=1 J#k
Thus the expressions in the definitions of the sets are correct, because we never
divide by zero.)
X

Now we have shown how to ensure, that after multiplication of a B-matrix
by positive interval, we still have a B-matrix. Next we will show that something
similar applies to multiplying just one row of the matrix by an interval. For that
we shall use the previous propositions as well as Corollary [3.4]

Proposition 3.27. Let A € IR™" be an interval B-matriz, i € [n] and a € TR™
be an interval, such that:

X —ay
a/a@ > max Jiais <0
B >y
j:ai]->0
) Z<(] aij + (TL — 1) . Gik
Q5
o ke i} ag >0
S 4 n]\ {i} : @y >
j:gij>071j
Jj#k

Let A(a, i) be defined as follows:

Alagi)pw=a- A N Ve n\{i}: A(a,i)j.= A,
Then A(a, i) is also an interval B-matriz.
Proof. Let us define I(A,,,1) as follows:

I(Ai, i) =Aun N Vien\{i}: I(Ai, )= In)

Surely I(A;., 1) is an interval B-matrix. (It is trivial to verify that I,, is a B-matrix
and because A is an interval B-matrix from assumtion, then from Corollary
it follows that I(A;, %) is an interval B-matrix too.)

Now let us take a look at what the conditions from Proposition on interval
a and matrix I(A,,, 1) are:

j: Z<0 —4
a/a >  max 0, A
/ 24
]:aij>0
) > _Qij‘f'(n—l)'aik
]:g‘ij<0
u{ o, 2t keln)\{i}:an>0%]|,
X Gy
]5Q¢j>0
J#k
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where the zeros in both sets are what we get for rows j # i. We can observe
that the fact that our a fulfills the conditions from assumption is equivalent to «
fulfilling these conditions. (Among other things because a = [a, @] € IR™, so
necessarily @ > o > 0) Thus a - I(A;,, 1) is an interval B-matrix.

Now what remains is to realize that A(a, i) can be defined even as follows:

Ala, i)y = (- I(An,i),, A Ve \{i}: Ala i) =A,.,

hence it is combination (in the meaning of Corollary [3.4) of rows of the two
B-matrices, therefore it itself is an interval B-matrix.
X

Proposition 3.28. Let A € IR™" be an interval B-matriz, i € [n] and a@ =
[ac + aﬂ e IR be an interval, such that:

Let A(a, i) be defined as follows:

Alagi)pw=a- A N Ve n\{i}: Aa,i)j.=Aj,
Then A(a,i) is also an interval B-matriz.
Proof. Let us define I(A,,1) as follows:

I(Ai, i) =Ain N YVjen|\{i}: I(Au i) = (I))«

Surely I(A;., 1) is an interval B-matrix. (It is trivial to verify that I,, is a B-matrix
and because A is an interval B-matrix from assumtion, then from Corollary
it follows that I(A,1) is an interval B-matrix too.)

Now let us take a look at what are the conditions from Proposition [3.24]
on interval e and matrix I(A;,,17):

L — >ke[n]\{z} ,

where the a® in both sets is what we get for rows j # i. We can observe that
the fact that our a fulfills the conditions from assumption is equivalent to «
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fulfilling these conditions. (Among other things because o = {ozo + ozA} c IR™,

so necessarily a® < o) Thus a - I(A,,, i) is an interval B-matrix.
Now what remains is to realize that A(a,7);x can be defined even as follows:

A(avi)i* = (a ) I(AZ*77’))1* N V)€ [n] \ {Z} : A(a’ i)j* = Aj*’

hence it is combination (in the meaning of Corollary of rows of the two
B-matrices, therefore it itself is an interval B-matrix.
X
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4. Interval doubly B-matrices

In this chapter we shall generalize real doubly B-matrices into interval doubly
B-matrices. In section we shall introduce some characterizations, whereas
in section we will try to derive necessary conditions and sufficient ones to help
us recognize this matrix class even more efficiently. That comes quite handy here,
because the characterization of interval doubly B-matrices has time complexity
O(n%). And in section we will take a closer look at which operations are the in-
terval doubly B-matrices closed under.

Definition 4.1 (interval doubly B-matrix). Let A € IR™™ ™. Then we say that
A is an interval doubly B-matriz, if VA € A: A is a (real) doubly B-matriz.

Corollary 4.2. Fvery interval doubly B-matriz is an interval P-matriz.

Proof. 1t holds for every instance, thus it holds for whole interval matrix.
(Every instance is P-matrix by Proposition and that is exactly the defi-
nition of interval P-matrix.)

X

4.1 Characterizations

Let us start with introducing a characterization to help us recognize interval dou-
bly B-matrices in finite time. Thereafter in subsection we will try to derive
a characterization through reduction of Definition [4.1]to finite number of instances
to check for the property of being a doubly B-matrix.

Theorem 4.3. Let A € IR™™". Then A is an interval doubly B-matriz if and
only if the following two properties holds:

a) Vien|: a; >max{0,a;|j #1i} and
b) Vi,j € [n],j #i,Vk,l€n],k#i,l+7:

L (@ —aw) (a5, — a5) >

max < 0, > <5ik—Qz’m) max § 0, > (aﬂ _Qjm)

m#i m#j
m#k m#l
Il a; (gjj - Ejl> > <max {O, — n%:éiaim}> max ¢ 0, mz#j (Gﬂ - Qjm)
m#l

Q

i a;; - a;; > (max{o,— > aim}> (max{o,— > ]m}>
m#i m#£j

Proof. Let us recall the Definition [2.14] which we will be using in this proof:
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Let A € R™™. Then we know that A is a real doubly B-matrix, if Vi € [n]
the following holds:

a) ai; >r;

b) Vjen|\{i}: (aii — rj) (ajj — r;r) > (Z (r:“ — aik)> (Z (r;r - ajk))
k#i k#j

"="VA € A: Ais (real) doubly B-matrix, hence:

Our "interval” condition a) holds because of "real” condition a) from Defini-
tion for matrix A" € A with all diagonal elements set on their lower bounds
and all the off-diagonal elements set on their upper bounds.

As for "interval” condition b) let us fix arbitrary i, j € [n], j # i, and arbitrary
k #£1i,1 # j. Then:

I. Let A € A, such that

[ if (ml,mg) = (Z, k),
Amimg — Eﬂ if (ml,mg) = (j, l),
Qpnym, Otherwise.

Then for this A :

(@ —a) (a; —an) = (aw—rf) (a5 -1f) >
. (z (r;_am)> (z (T;_ajm)) >

m#i m#j

> max { 0, Z (Eik —gim) max { 0, Z (dﬂ — Qjm)

m#i m#j

m#£k m#l
The first inequality comes trivially from @;; < r;” and analogically for j and .
The second one is obtained from the fact that A is a doubly B-matrix (because
A € A and A is an interval doubly B-matrix). The third and last inequality
is a direct result of the following facts: Vm # i : a;, < r (from the definition
fact is that what we drop from the sum, i.e. the "k member”, is a non-negative
element of the sum. And finally r;" > a; = G A @i > @z, Again, for j,1 it is
analogous.

II. Let A € A, such that

of ), so r" — a;, > 0, thus whole D ometi (r* - aim) is non-negative. Another

Qpmym, Otherwise.

_ { ji if (m1,ma) = (4,1),
am1m2 -

Then for this A :

vV
/N
=
o
4
——
=
|
IS

3
———
N——

=
o
4
=
—~
L
/2

3

~—
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The second inequality comes from the same fact as above, i.e. A is a doubly
B-matrix. And the last one holds as well because of similar reasons as above
plus because, in case of "i part” of the expression, we drop n - r;", which is some
non-negative quantity.

II]. Let A=A € A. Then for this A :

+ +
Q- Q5 2 (aii_ri>(ajj_rj> >

- (S (S an)

ooz ez
m#i m#j

Again these inequalities hold from the reasons stated above.

Ergo this implication holds.

"<" Let A € A.

Condition a) from Definition follows trivially from our ”interval” condi-
tion a).

Let us pick arbitrary 4,5 € [n],j # i. Now let us distinguish the following

cases:

1) rirf >0

2)

Then Elk#i,fll%j:rf:aik/\ﬁrzaﬂ- So

(au‘ - T’QL) (ajj - T;r) Qi azk - a]l >
> max < 0, Z (azk i, max < 0, Z aj; — ) =
m#£i m#£j
m#k m#l
= Z (aik: - Qim) ajl
m#i m#]
m#k m#l
Z Z (TZ - azm) a]m
m m#J
m#k m#l
— Z (’I";r — alm)) Z 7“;_ — ajm
m#i m#j

The second inequality holds because A € A (thus because of the assump-
tions of the implication, more specificaly because of point I. of condition
b)). The next equality follows from @ > r; > amm > a;,, for m # i,
because that implies that the sums are non-negative. (Analogically for j
and [.) The same chain of inequalities can be used to verify the fourth in-
equality. And the last equality arises from the fact that r;" = ag, /\7";-r = aj.
Thus from Definition 2.14] A is a doubly B-matrix.

ri=0ATr] >0
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Then 31 # 5 : rj = aj. So

+ + _
o) (e 7) -

_ + _
= Q4 (ajj - ) >y (ij - ajl) >

> (maX{O,—Zaim}) max OZ(aﬂ am) =

m#i m#j
mel

_ (— Zaim) > (@ —am) | =

m#i m#£j
m#l
> (Z (r:r - aim)) > (rj — ajm) -
m#i m#j
m#£l
_ (Z (rf - aim>) > (7 = ajm)
m#i m#j

The reasoning for the ”j part” of the expressions in the inequalities is
the same as in the previous case, so let us focus on the 77 part”: The third
inequality holds, because A € A, so the point I1. of condition b) applies.
The fourth equality comes from the following: Vm # i : a;,,, < @i < 17 =
0 = — >4 Qm > 0. Therefore again from Definition A is a doubly
B-matrix.

3) rif >0Arf =0
By swapping i for 7 we get the previous case.
4) rfrf =0

i T

(an - r*) (aﬂ — r* > ay-a; >
> maX{O —Zalm}) max{ ,—Z'ajm}) -
mi mj
QR
mZi m;éa
> n%;l (rf )) (m# (r — ajm))

Now the logic behind this chain of inequalities is the same as in the previous
cases. Thus once again from Definition A is a doubly B-matrix.

Ergo this implication holds as well.
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Remark 4.4. This characterization has time complexity O(n*), which is two or-
ders of magnitude higher then for the real case, given the O(n?) complexity
of the characterization from Definition 2.14]

Corollary 4.5. Let A € IR™™". We have that A is an interval doubly B-matix iff
A with diagonal fized on lower bounds (a; = a;;) is an interval doubly B-matriz.

Proof. In the characterization given in Theorem {4.3| we see that every time any a;;
occures, it occures in a form of a;, hence we are not interested in any other
value of a;. (So the reduced matrix has to fulfill exactly the same conditions

as the matrix A)
X

Corollary 4.6. Let A € IR™™" and let
S=A0,4)li,j € [n]: Ik € [n]\{i} - a; < ay}-

We have that A is an interval doubly B-matix iff A with every element, whose
indices are in S, set to its lower bound (V(i,j) € S : a;; = a;;) is an interval
doubly B-matriz.

Proof. The only time, when for every ¢ and k # ¢ the @;; occures in Theorem
[1.3] are some of the inequalities "I.” in the b) condition. (And symmetrically
as (7,0) in ”I1.” and "II1.” in the b) condition, but that is analogous, so we will
prove just the first case, where it pops up as (i, k).) Let us show that in the case
that (i, k) € S the inequalities ”1.” are not necessary to check because they are
substituted by some of the others.

Let (i,k) € S arbitrary and let ¥ = argmax{a,,,|m € [n]\ {i}}. Because
(1,k) € S, then surely @;; < a;s. (And thus even a;; < a; and @, < @) Let
us take any arbitrary j, 1 € [n],l # j. Then:

(Qn‘ - 5¢k> (ij - ajl) > (Qu' - aik’) (ij - 5jl> >

> max ¢ 0, Z (Eik/ — Qim) max ¢ 0, Z (Ejl — Qjm> >
m#i m#£j
m#k' m#l
> max 07 Z (a’Lk - sz) max OJ Z (ajl - Qjm)
m#t m#j
m#k m#l

So the inequality ”I.” for (i, k) holds only if the inequality ”I.” for (i, k") holds.
(The last inequality in the previous chain of inequalities holds, because a;;, < @
and @ > @y, so we subtract more and add less.)

The second implication is trivial, because A is a superset of the reduced
matrix.

X

Proposition 4.7. Let A € IR™". If A is an interval B-matriz, then it is an in-
terval doubly B-matriz as well.
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Proof. 1t holds for every instance, therefore it holds for whole interval matrix.
(Every instance is doubly B-matrix by Proposition and that is exactly
the definition of an interval doubly B-matrix.)
X

Proposition 4.8. Let A € IR™ " be an interval doubly B-matriz. Then exactly
one of the following applies:

a) FEither A is an interval B-matriz, or

b) there exists a unique j € [n] that j-th row breaks the condition stated
in Corollary while for all others i € [n]\ {k} this condition holds.

In other words there exists a unique j, for which holds either

n

m=1
or
Jeem\ U} ay—an <Y (@Gr— ),
m#j
m#£k

and for all the others i € [n]\ {j} hold both

n

Qim >0
m=1
and
Ve e I\ {i}:  ay—an > Y. @ — am),
m#k

Proof. Let a) hold, so A is an interval B-matrix and thus from Corollarty
Vi€ [n]:

n

Aim >0
m=1
and
Vk e ]\ {i}: @y —an > Z (@it — Qi) »
m£i
m#£k

thus b) does not hold.

Now let a) not apply, so A is not an interval B-matrix. Then it contains
a row, which does not fulfills the condition stated in Corollary . (Otherwise
it would fulfill the characterization stated ibidem, thus it would be an interval
B-matrix — contradiction.) We will show that there cannot exist two such rows.
For contradiction, let there be two such rows j and j’ that breaks the condition.
Let us distinguish the following cases:

1) Let it hold that

n

m=1



and
n
> @i <0,
m=1

Then

e S S N A D A7
mtj mj’

and because A is an interval doubly B-matrix, then

Vien]: a; > max{0,ay,|m #i} >0

<:>0<a”§—2ajm A\ O<aj/j/§—2aj/m)

m#£j m#£j’
(see Theorem [4.3] part a)) and so the following is true:

Qjj - Gyrjr S (— ajm) (— > %"m) =
m#j m#j’
= (max {0, — Z ajm}) (max {0, — Z aj/m})
m#j m#j’

But that is a contradiction with the assumption that A is an interval doubly
B-matrix, because it violates the b) condition, part I11. of characterization
of interval doubly B-matrices stated in Theorem

Let it hold that

n

m=1
and
e\ gy =T < Y (@G — apm)-

m##j’

m#£k
Then

Qg < - Qim
m#j

and because A is an interval doubly B-matrix, then

Vi€ [n]:  a; > max{0,a,|m # i}

-y my
m#k

(see Theorem part a)) and so the following is true:

a;i(ayy — ) < (— ajm) > (@ —am) | =
mj

m#j'
m#k
= (max {O’ — Z ajm}) max ¢ 0, Z (Ej/k - Qj/m)
m#j mj’
m#k
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But that is a contradiction with the assumption that A is an interval doubly
B-matrix, because it violates the b) condition, part /1. of characterization
of interval doubly B-matrices stated in Theorem

3) Let it hold that

el \(): a-an s 3 (B0 gn)

and
n
m=1
Then by swapping j and j* we convert it to the previous case.

4) Let it hold that

Jkem\ G} gy —ar <Y (@ —am)
m#j
m#k

and
Elk/ € [n] \ {jl} . Qj’j’ — aj’k/ S Z (@W — Q]’m) .

m
m#k’

Then because A is an interval doubly B-matrix, then

Vien]:  a; > max{0,a,|m # i}

m#

( = 0<a;—au < Y (@~ 4jm)
m#k

m#j’
m#£k

AN 0< Qjrjr — Qik < Z (aj’k - Qj/m) )

(see Theorem part a)) and so the following is true:

(Q] - d]k> (Qj’j' — aj’k’) S

< Z (Ejk - Qjm) Z (aj’k’ - Qj/m) =
m#j -y
m#k m#k’

= | max{0, Y (@ —agn) ¢ | | max{0, 3 (@w - aj)

] mf
m#k m#£k’

But that is a contradiction with the assumption that A is an interval doubly
B-matrix, because it violates the b) condition, part I. of characterization
of interval doubly B-matrices stated in Theorem
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Thus, we have shown that there exists exactly one row, which breaks the con-
dition from Corollary [3.11] which finishes the proof.
X

Definition 4.9 (proper interval doubly B-matrix). Let A € IR™™" be an interval
doubly B-matriz. Then we say that A is a proper interval doubly B-matrix, if it
is not an interval B-matrix.

4.1.1 Characterizations through reduction

Proposition 4.10. Let A € IR™™" for n > 4 and let us define Ay, € R™"
as follows:

[ if (m1,ma) = (4, k),
A(i,k),(j,l) - (am1m2) ) Amime = ajl Zf (m17m2) = (]7 l)a

Qpmym, Olherwise.

Then A is an interval doubly B-matriz if and only if Vi,j € [n],j > i,Vk,| €
],k #i,0# j: Aur,Gy s a doubly B-matriz.

Proof. 7=-" Trivial, for all such matrices: A ) € A.

"«<" We will prove that the conditions of Theorem hold:

a) Vi € [n],Vk #1i: a; > max{0,a;}, because for any arbitrary j, ! the ma-
trix Agp),j) is @ doubly B-matrix. Thus Vi € [n] :  a;; > max{0, G|k # i}.

b) Let us fix arbitrary i,j € [n],j # ¢ and arbitrary k,l € [n],k # i,] # j.
WLOG j >i. (If j < i, we swap their values and we swap the values of k and [
too.) Let A = A, j). Then:

I.
(@i =)y —an) = (aa =) (a5 =) >

. (z(r;_aim)> (2(7«; ajm)) .

m#i m#£j

> max < 0, Z (Gik — Qim) max < 0, Z (Ejz — Qjm)
m#i m#j
m#k m#l

The second inequality holds, because A is a doubly B-matrix.
II.

+ +
a;; (a]] aﬂ > au - ) (ajj =7 ) >

> - azm - Cij) Z
m# m#J

> (max {0, — Z aim}) max { 0, Z (aﬂ - Qjm)

m#i m#j
m#l

The second inequality holds because of the fact that even A, , ;) for any x # i
and y # x is a doubly B-matrix.
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II1.
Qi - Qjj > (aii - Tz+> (ajj - TJ+> =

- (Sl (S5 -0m)

m£i m#j

- oo g ooz
m#i m#j

The second inequality holds because of the fact that even Ay ) (. for any
x,y,u,v, such that * # i,x # j,y # z,u # t,u # j,u # v and v # u is
a doubly B-matrix.
So, as we have shown, the A fulfills both the conditions of Theorem [4.3]
therefore it is an interval doubly B-matrix.
X

Remark 4.11. Proposition [4.10] could work even for n > 3, but we would have
to add requirement that A is a doubly B-matrix too. Or it could work even
for n > 2, but again we would have to add requirements that A is a doubly
B-matrix and Vj € [n],l # j: Ay is a doubly B-matrix, where

Qpnym, Otherwise.

a; if ) = .7l )
AGay = (@mims); {a’l if (i, ma) = (5,1)

These requirements are needed for proof of "I1.” and "II1.” of b) condition
of the second (right-to-left) implication. But we can show an example that they
are not just formal requirements:

—

Ezample. Let A € TR**® such that A,; = 1’11] =1 it = Js
[—3,0]  otherwise.

Then VAq ko : V2,2 € B2 #z:rf =1} =0, so:

(azz — rj) (azxz/ — rj) =1-1=1

and

N | —

(Z (ri—azm>) (z (r;—az,,rg) <

m#£z m#£z!

Thus every A ;) is a doubly B-matrix.
But for A: Vz,2/ €[3],2/ #z:

(azz — r:) (azxzx — rj) =1-1=1

(S 60 (£ 050 = (3 3) 1.

m#£z
So A is not a doubly B-matrix, thus A cannot be an interval doubly B-matrix.

Proposition 4.12. The characterization of interval doubly B-matrices through
reduction given by Proposition |4.10 is minimal in inclusion.
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Proof. If we ditched A () for any arbitrary 4,7, k,1 € [n],j # i,k # i,1 # J,

then we can construct a counterexample, e.g. a unit matrix with interval [0, %]

on positions (i,k) and (j,1). Then Vx,y,u,v € [n],u # x,y # x,v # u, such

that (z,y,u,v) # (4,k,7,1) : Azy),(uw) s @ doubly B-matrix. That holds because

Vz,2 € [n], 2/ # 2z X
+ +

(azz - rz) (az/z/ - 7;,) Z 3

(3 6 o) (3 -0 =0

m#£z m#£z!

But A, is not a doubly B-matrix, because

(aii —r;“) (ajj —r;r) = ;

and

(G-3)rtn-2-(-0) = ("3

2
and for n > 3 it does not hold that % > ("7_2) . (And in Proposition we assume
n>4.)

Hence the whole interval matrix cannot be an interval doubly B-matrix.

X

Whereas the previous proposition, Proposition |4.10} reduces the Definition 4.1

to O(n*) matrices (more precisely for its basic version for n > 4 it reduces
n

the problem to (2)

approach and achieves to reduce the definition to O(n?) (respectively to O(n?) +
O(n?), and even more precisely to n? - (n — 1) + n? = n3) matrices.

- (n — 1)? real instances), the following uses a bit different

Proposition 4.13. Let A € IR"" and let us define Agpy ) and Ay € R™”
as follows:

dik Zf (ml, mQ) = (’l, k’),

AGr),e) = (@mimse) s Gmyme = Gl if mog =1Amy #iAmy #1,
Qmym, Otherwise.
and
a ifme=1Amy#1iAm [
iA(*’l) = (a:nlnm) ; a’mlm2 — m1l f 2 . 1 7é 1 7é
Qmym, Otherwise.

Then A is an interval doubly B-matriz if and only if Vi, 1 € [n] : ((Awy s a doubly

)

B-matriz N Vk € [n]\ {i} : Aup),0) @5 a doubly B-matriz).
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Proof. 7=" Trivial, for all such matrices are in A.

"«<" We will prove that the conditions of Theorem 4.3 hold:

a) Vi € [n|,Yk #i: a; > max{0,a;}, because for any arbitrary [ the matrix
Afi k), (=0 is a doubly B-matrix. Thus Vi € [n] :  a;; > max{0, a;|k # i}.

b) Let us fix arbitrary i, j € [n], 7 # ¢ and arbitrary k,l € [n], k #i,1 # j :

I. Let us take A = A ), (+,)- Then:

(a azk)(” aﬂ) > (a,;,-—r;r) (ajj—rj) >
- (S0 (S5 -0m)

m#i m#£j

> max {0, (aik —@im) max {0, } (aﬂ aﬂm)

m#i m#j
m#k m#l

II. Let us take A = iA(*7l)' Then:

+ +
Qi (an a]l > aii - ) (ajj = ) >

> - azm ajm) 2
m;éz m;éj

> (max {0, -3 aim}) max {0, ) (61'1 - Qjm)

m#i m#j
m#l
III. Let us take A = z‘A(*J)‘ Then:
Qi - Qj; 2 (az‘i - Tj) (ajj - T;r) >

- (Sl (S5 -0m)

m£i m%£j

oo g ooz
m#i m#j

So, as we have proved, the A fulfills both the conditions of characterization stated

in Theorem [4.3], thus it is an interval doubly B-matrix.
X

4.2 Necessary or sufficient conditions

Here, in this section, we will derive a few necessary or sufficient conditions
that might help us with even quicker recognition of a class of interval doubly
B-matrices.

Let us start with two necessary conditions, one through reduction to some
instances, the other through properties the matrix must have.
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Proposition 4.14. Let A € IR"*" Vi € [n] : k; € argmax{a;;|j # i} and let us
define ;Amax € R™™ as follows:

a ifmi#£iAmg =k
iAmaX = (amﬂnz) i Amymy = { T S 7 2 mys

Apym,  Otherwise.

Then A is an interval doubly B-matriz only if A and Vi € [n] : ;Amax are doubly
B-matrices.

Proof. 1t holds that A € AAVi € [n] : ;Anax € A. X

Proposition [4.14 gives us quite nice necessary condition through reduction,
but to compute it, we have to verify n + 1 matrices whether they are doubly
B-matrices, which takes us verifying O(n?) inequalities for each. Hence together
the time complexity would be O(n?). So let us state an equivalent condition
with better time complexity, more precisely with O(n?) complexity.

Proposition 4.15. Let A € IR"*". Then A is a doubly B-matriz only if the fol-
lowing hold:

a) Vien|: a; >max{0,a;|j #1i} and
b) Vi,j € [n],j # i,k € argmax{@;,|m # i},l € argmax{a;m,|m # j} :

L (@ >0 A @;>0) =

(Qii - aik) (ij - ajl) > m%:éz (aik - Q@'m) mZ#j (ajl - Qjm)
m#k m#l

11 (Eik <0 A aj; > O) =

Qi (ij - aﬂ) > <— m%léz aim) mZ# (@‘l - @jm)
m=#l

111 (Eik <0 A aj < O) =

m#£ m#£j

Proof. We asssume that VA € A : A is a doubly B-matrix. Therefore our condi-
tion a) follows from condition a) from the Definition for Ac A:

. amlml lf my = My,
A= (am1m2)’ Amimy = {

Qpnym, Otherwise.

To prove condition b), let us take arbitrary i, € [n],j # i and let k €
argmax{@,|m # i}, € argmax{@;,,|m # j}. Then:
I. Let @, > 0,a@; > 0. Let us take such A € A, that

[ if (mq1,ma) = (4, k),
A = (am1m2); am1m2 = dﬂ lf (ml, mz) = (], l),
Qmym, Otherwise.
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Then 1 = Gy, ri = aj;, so the following holds:
(0a =) (0 —an) = (ou=r!)(an-rf) >
. (z (T;_aim)) (Z (r;_ajm)) _

m#i m#£j

= ) (Gik - Qz‘m) > (@‘l - @jm)

The last equality arises from the fact that a; = 7}, so r;” — ay = 0, and that

Vm # i :r} > a4, (And of course analogies of that hold for j as well.)
I1. Let a; < 0,a;; > 0. Let us take such A € A, that

aj if (ml, m2) - (ja l)7

Qpnym, Otherwise.

A= (amlmz); Amimy = {

Then 7 = 0, r;f = @j;, so the following holds:

ai(ay;—an) = (aa—r)(ay—rf) >
() () -
- () (g e

mj
m#l

IIT. Let @y, < 0,@; < 0. Let us take A = A € A. Then rf = 0,7’;-r =0, so
the following holds:

Qi+ Qg5 = (az‘i - Tj) (ajj - TJJF) >
> (Tnz#:l (T:r - aim)) (Tnz?;j (T;r - a]m)) =

-zl
m#i m#j

Thus if A is an interval doubly B-matrix, then our conditions hold.
X

Remark 4.16. The above mentioned semantic equivalence between Propositions
and can be seen from the fact that in the proof of the second one we
can use the matrices defined in the first:

In proof of the point /. of the b) condition: For given i, j, if we had taken
+Amax for some x # i,z # j instead of the matrix that we used, it would have
worked even so. (If we restrict our view on the two rows ¢ and j, which we are
interested in, the two matrices are the same.)

The same reasoning applies for the case that in the point /1. of the b) condition
for given 7, j we would have used ;A ax.
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And as for the last part, the point I71. of the b) condition, there we are
already using one of the matrices from Proposition and that is A.

Ergo it can be seen that the conditions of Proposition [4.15|are together exactly
just the rewritten condition of the real case (from Definition for the matrices
from Proposition [4.14]

Now let us take a closer look on varied sufficient conditions for being an in-
terval doubly B-matrix.

First, let us demonstrate, for which matrices are the previous necessary con-
ditions sufficient ones too. Then we shall look at a link between interval B-
and doubly B-matrices, which will be analogous to Proposition [2.15] And af-
ter that we will show that for interval Z-matrices, it is quite easy to recognize,
whether they are or are not interval doubly B-matrices.

Proposition 4.17. Let A € IR™", n > 3, such that it fulfills the following
condition:

Vi€ [n] 3k; € [n] \ {i} Vj € [n]\ {0, ki} - @iy < ag,

Then A is an interval doubly B-matriz if and only if it fulfills the necessary
condition stated in Proposition [{.1J).

Proof. 7=" Trivially from Proposition [4.14]

"<=" Vi € [n] be k; from the assumption. Then VA € AVi € [n] : (r” > 0=
ri <@g, A= ag,).

Let A € A arbitrary.

a) From assumption it holds that Vi € [n] :  a; > a;; > max{0,a;;|j # i} >
max{0, a;;|j # i}.

b) Let us take arbitrary i, 7 € [n], j # i. Let us distinguish the following cases:

1) rf>0A7r] >0

Thus from assumption, 0 < @,,0 < @jk,, 77 = ik, 5 = a;i, and so, be-
cause , Apnax for some x # i, x # j is a doubly B-matrix from the assumption

of this implication, the following applies.

=) o =r1) > ) o) >

> > (aiki - Qim) > (aﬂfj N Qjm) =
m#£i m#j
m#k; m#k;

S ] | DS
m#£i m#£j
m#£k; m#k;
m#i m#£j

2) 7 =0AT >0

Thus from assumption, a;,, < 0,0 < Ejkj,r;-r = aji; and so, because ; Apax

is a doubly B-matrix from the assumption of this implication, the following
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applies.

IV
~ S/\ —
b
— —
=< )
s <3y .
|
. i
3
N—
~
3
i
—
=
.
|
Q
<.
3
N—
Il

3) rif >0Arf =0

By swapping i for j we get the previous case.

4) rF =0Ar; =0

Thus from assumption, a;, < 0,a;, < 0 and so, because A is a doubly
B-matrix from the assumption of this implication, the following applies.

(a,-,- — 7”1+> (ajj — T’;_) > ay A >
SR

m#i m#j
(g ()

Therefore we have shown that in each case the matrix A is a doubly B-matrix,

thus A is an interval doubly B-matrix.
X

Theorem 4.18. Let A € IR™™" interval Z-matrixz. Then A is an interval doubly
B-matrixz if and only if A is a doubly B-matriz.

Proof. 7=" Trivially, because A € A.

"«<" Let A € A. Then

a) From assumption it holds that Vi € [n] : a5 > a; > max{0,a;|j #
i} =0 =max{0,a;;|j # i} > max{0,a;;|j # i}, because A is a doubly B-matrix
and also a Z-matrix.

b) Let i,j € [n],j # i arbitrary.



The first inequality uses just the fact that r;” = 0, r;-“ = 0 and that Vi,j € [n] :
ai; > a;;, the second one holds, because A is a doubly B-matrix and because it is
a Z-matrix too. And the last inequality is again completely trivial using the same
facts, as the first one.

Hence we have proved that every A € A is a doubly B-matrix, therefore A is

an interval doubly B-matrix.

X

Next we will take a look, what sufficient conditions are there for non-negative
interval doubly B-matrices, and then we shall try to at least partially generalize
them to general interval matrices.

Proposition 4.19. Let A € TR ™" Vi € [n] : k; € argmax{a;;|j # i} and let us
define A € TR™™ as follows:

~ amlk:ml Zf mo = kmp
A= (amlmg) ; Amime = Ay Zf mo = My,
0 otherwise.

If A is a doubly B-matriz, then A is an interval doubly B-matriz.

Proof. Let A € A,i,j € [n],j # i arbitrary. Then the a) condition of Definition
[2.14] is satisfied trivially (a; > max{0, @y, } = @) and as for the b) condition:

(aii =) (a5 =) = (e —7n)(ay —an,) =
- ) > (e a) (S e -

m#i m#]

= A || X | = (-2 an)((-2) ) 2

miAi mZj
m#£k; m#k;
(e Dlo-n) 2 (S -w) (56 -on)

(Where 77 is ;" due to the matrix A.)

The third inequality holds, because of the assumption that the A is a dou-
bly B-matix. The last inequality arises from the assumption that A € TR{ e
and from the consequential fact that Vi € [n|3l; # i : ay, = ri. Plus the Ak, 1S
the largest off-diagonal element in its row, so r;" < @y,.

Hence we have shown that every A € A is a doubly B-matrix, thus A is

an interval doubly B-matrix.
X

Proposition 4.20. Let A € IR;" " Vi € [n] : ki € argmax{a;|j # i} and
Vi € [n] : kj € argmin{a;;|j # i}. Let us define A € IR™™™ as follows:

a777/119777‘1 Zf m2 = km17
A= (am1m2) ) aTnlm2 = Qnymy Zf mo = my,

I otherwise.

Ifﬁ is a doubly B-matriz, then A is an interval doubly B-matriz.
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Proof. Let A € A i,j € [n],j # i arbitrary. Then the a) condition of Definition
2.14| is satisfied trivially (a; > max{0, @, } = @;x,) and as for the b) condition:

(i —rf) (0 =) = (@i —aw) (e —an,) =
= (aa—7)(a;-7) > (Z (7 - am)) (Z' (7 - ajm)) -

= | S ) || S (- a) | =
m#i myéj
m#£k; #k;

= (=2 (@ —aw)) (0= 2)- (@, —aey)) 2
; (rg (7 = am) ) (m#j c ajm>>

(Where 7 is 75" due to the matrix A.)

The third inequality holds, because of the assumption that the A is a dou-
bly B-matix. The last inequality arises from the assumption that A € TR e
and from the consequential fact that Vi € [n]3l; # i : ay, = r;"” plus from the def-
inition of k! and A. Plus the @y, is the largest off-diagonal element in its row, so
ri <.

Hence we have shown that every A € A is a doubly B-matrix, thus A is
an interval doubly B-matrix.

X

Proposition 4.21. Let A € TR "™ Vi € [n] : k; € argmax{a;;|j # i} and let us
define A € TR™™ as follows:

_ amlkml Zf meo = k}mN
A= (Amymy) s Gmgmy = Loy if mg = my,
Min{ Ay my s Ak, § - OhETWISE.

If;l 1s a doubly B-matriz, then A is an interval doubly B-matrix.

Proof. Let A € A,i,j € [n],j # i arbitrary. Then the a) condition of Definition
2.14] is satisfied trivially (a; > max{0,a;,} = a@;,) and as for the b) condition,
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let Vi € [n] : [; € argmax{a;,,|jm # i}, then a;, = " and:
(aii - ’I"j_) (ajj — 7";_) > (Qii - aiki) (ij - ajk]) =
= (au - ?j) (ajj — 77;—) > (Z (7714- - azm)) (Z (77;_ - ajm)) =

m£i m#£j

- > (aiki - min{@iw@iki}) > (@‘kj - min{@jm»%kj}) =
m#i m#£j
m£k; m#k;

> > (aui - aim) > (aﬂj - ajm) -
m#i m#j
m#l; m#l
st (565-00)
m#i m#j

(Where 77 is ;" due to the matrix A.)

The third inequality holds, because of the assumption that the A is a doubly
B-matix. The fifth inequality is quite trivial too, it relies only on the following two
facts: @i, > ay, and for m =1; : @i = Min{a,, i, } < ap, < @i, And the last
equality holds, because Vi : ay, = ;.

Hence we have shown that every A € A is a doubly B-matrix, thus A is

an interval doubly B-matrix.

X

Theorem 4.22. Let A € IR"*",Vi € [n] : k; € argmax{ay;|j # i} and Vi € [n] :
k; € argmax{a;;|j # i}. Let us define A € IR"*" as follows:

_ amlkzml Zf mo = kmla
A= (am1m2) 3 Qmyme = Qpymy Zf mo = My,
MiN{ Ay mys Ak, § - OhETWISE.

IfVi € [n] : ayy > 0 and A is a doubly B-matriz, then A is an interval doubly
B-matriz.

Proof. Let A € A,i,j € [n],j # i arbitrary. Then @, > 0, because @, > @y >
0 from the assumption and the definition of k; (analogically for 7). And so the a)
condition of the Definition is satisfied trivially (a; > max{0,ay,} = au,)
and as for the b) condition, let Vi € [n] : [; € argmax{a;,|m # i}, then, because
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(a5 =) (a = r1) = (o — ) (- ) =
(a5 -7) > (Z(ﬁ*—@-m)) (Z(?j—ajm)) _

m#i m#j

= Z (aiki - min{@im7giki}> Z (ajk'j - min{gjm7gjkj }) Z
m£i m%£j

> Z (aili — aim) Z (aﬂj o ajm) -
m£i m#j
m#l; m#l;
m#i m#j

(Where 7 is ;" due to the matrix A.)

The third inequality holds, because of the assumption that the Aisa doubly
B-matix. The fifth inequality is quite trivial too, it relies only on the following
two facts: @w, > ay, > 0 and for m = I; : @y, = min{a;,, ap. } < g, < ap,.
And the last equality holds, because Vi : ag, = r;.

Hence we have shown that every A € A is a doubly B-matrix, thus A is

an interval doubly B-matrix.
X

Remark 4.23. Propositions [4.19, [4.20| and 4.21] are gradually stronger variations
of one another. Each deals with non-negative interval matrices, but each uses
a better matrix, in the meaning that it is closer to being an instance of the exam-
ined interval matrix, then the former one. Proposition [4.19| uses such a matrix,
whose examination whether it is a doubly B-matrix is computationally simple,
but which can be rather distant from any instance of original interval matrix.
Proposition 4.20] uses a bit better matrix, which can be however quite simple
to examine too, because in every row almost all the elements are the same even
though not necessarily zero, as in the first case. And the third proposition,
Proposition then uses much better matrix, although it can be a bit harder
to examine, because now in every row, every element can be different.

And then there is one more result, Theorem [4.22] which takes the approach
of Proposition [4.21] and generalizes it for much wider range of matrices, where
instead of complete non-negativity, we just require the existence of a non-diagonal
element, which is always non-negative, thus which is a non-negative interval.

Now, what we could be interested in, is for what matrices is the sufficient
condition from Theorem [.22] characterization as well. So let us take a look
at that.

Proposition 4.24. Let A € IR™™" such that ¥i € [n] 3k; € [n]\ {i} : @u, =
max{a;|j # i} N a, = max{0,a;|j # i}. Then the sufficient condition stated
in Theorem[4.23 is a characterization for A.
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Proof. ”A is a doubly B-matrix, then A is an interval doubly B-matrix”: Follows
from Theorem

”A is an interval doubly B-matrix, then Ais a doubly B-matrix”: From con-
struction of A and from assumtions of this proposition it follows that A € A.

X

Next we will show that if lower and upper bound matrices of an interval matrix
are circulant, then some nice properties applies.

Theorem 4.25. Let A € TR™ " such that A and A are circulant. Then the fol-
lowing is equivalent:

1) A is an interval doubly B-matrix
2) A is an interval B-matriz

3) It holds that

a) ap > —Zﬁlj

i#1
b) Yk \{1}: ay —aw > Y (G — ay)
1
J#k

Proof. "1) = 2)” A is a doubly B-matrix, thus it satisfies the characterization
given in Theorem [£.3] Let i € [n] and k # ¢ arbitrary. Se let us choose

. Ji+1 iti<n, ql— E+1 ifk<mn,
7711 ifi=n M7V if k=n.

(Then a;; = a;; and @; = @j, because both A and A are circulant.) Hence,
because A is an interval doubly B-matrix:

Qi * Qj; > (max {0, — Zaim}) (max {O, — Z ajm}> &
m#i m#£j
2
& Q?i > (max {0, — Zaim}) =
m%£i

maX{O,—ZaimH:maX{O,—Zaim} > — Qi =
m£i

= ;= |a;| >

n

= >0

Qim
m=1

Therefore the a) condition of Corollary is satisfied. Let us take a look
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at the second one, the b) condition:

(Qii - @'k) (ij - Gjl) >

> | max < 0, Z (dik — Qim) max < 0, Z (Gjl —Qjm) &
m#i m#j
m#k m#l
2
< (Qn‘ - aik)2 > | max < 0, Z (Eik _Qim) =
m#£k

= Qi — Qi = |Gy —aik] > max ¢ 0, Z (aik —@im> =

m#k
= max 0, Z (Eik —Qim) > Z (Eik _Qim) =
m£i m#i
= Qi — Qi > Z (az'k - Qim)
m#£k

Hence A fulfills the characterization of an interval B-matrix as stated in Corollary
B.11] thus it is an interval B-matrix.

72) = 3)” A is an interval B-matrix, so it satisfies the characterization given
in Corollary B.11] Hence for ¢ = 1 it follows from condition a) of the corollary
that our condition @) holds, and the same goes for the b) conditions.

”3) = 2)” From our a) condition we know that row sum of the first row
of matrix A is positive. And because A is circulant, all the row sums of this
matrix are the same, thus positive. = Vi € [n]: X7 a;; >0

And because both A and A are circulant and from our condition b), we get

Vi€ [n] Vk £ 13k £

Ay — Qg = G — Qig; N Z (alk - Qlj) = Z (aik,- - Qij)-
71 7
J#k J#ki

J#k
Therefore A is an interval B-matrix, because it fulfills the conditions of char-

acterization shown in Corollary [3.11}
72) = 1)” Trivial (see Proposition [4.7).

4.3 Closure properties

In this section, we will extend our understanding of what operations the class
of B-matrices is closed under into interval environment.

Corollary 4.26. Interval doubly B-matrices are closed under the multiplication
by a positive scalar.
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Proof. 1t holds for every instance, so it holds for whole interval matrix.
(Every instance multiplied by positive scalar is an interval doubly B-matrix
by Proposition and that is exactly the definition of interval doubly B-matrix.)
X

Corollary 4.27. Principal submatrices of interval doubly B-matrices are interval
doubly B-matrices as well.

Proof. 1t holds for every instance, so it holds for the whole interval matrix.
(From Proposition [2.23])
X

Remark 4.28. Because the real doubly B-matrices are not closed under the fol-
lowing operations (see Propositions [2.24] [2.25] [2.26| and [2.27)), then surely even
interval doubly B-matrices are in general not closed under them. Such operations
are:

» matrix sum,

e matrix product,

e matrix inverse and
e matrix power.

Remark 4.29. As direct corollary of Definition [2.14] condition a), we can see that
multiplying by an interval containing non-positive number can not be an opera-
tion that interval doubly B-matrices might be closed under.

Proposition 4.30. In general, interval doubly B-matrices are not closed under
multiplication by positive interval.

Proof. Let
2 1
()
and a = [1,2]. Tt is easy to verify that such A is an interval doubly B-matrix.
But matrix
_ (24 [1,2]
A= <[1,2] 2.4

contains a (singular) non-doubly B-matrix instance, namely matrix

23)
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5. Interval Bﬁ—matrices

In this chapter we will generalize Bf-matrices into interval BE-matrices. In sec-
tions [5.1] and we shall introduce some characterizations, whereas in section
.3 we will try to come to understanding of some fundamental properties of in-
terval BE-matrices. Then in section we will take a look at closure properties
of interval BE-matrices.

Definition 5.1 (homogeneous interval BE-matrix). Let A € IR™", 7 € R"
such that 0 < 377 m; <1 and R € IR". Then we say that A is a homogeneous
interval BR-matriz, if VA € A: 3R € R such that A is a (real) BE-matriz.

Here, the R in the definition can be perceived as the vector with its entries
corresponding to the intervals of row sums of matrices A € A, but in the interval
settings it is more of a symbol, than of any greater significance (unlike in the real
case). That is because if we have two interval BE-matrices A and B, we cannot
say that any two A € A and B € B are real Bff-matrices for the same R.
(Moreover in general it is much more likely that the vectors of the row sums of A
and B are different.)

Corollary 5.2. Every homogeneous interval BR-matriz with © > 0 is an interval
P-matriz.

Proof. Tt holds for every instance, hence it holds for whole interval matrix.
(Every instance is P-matrix by Proposition and that is exactly the defi-
nition of interval P-matrix.)

X

Definition 5.3 ((heterogeneous) interval BE-matrix). Let A € TR™" and R €
IR™. Then we say that A is a (heterogeneous) interval BE-matriz, if VA € A:
3R € R, 3 € R" such that 0 < Y7, m; < 1: A is a (real) BE-matriz.

Corollary 5.4. Every homogeneous interval BR-matriz is an interval BR-matriz.

Proof. Trivially follows from the definitions.
X

5.1 Characterizations of homogeneous interval
BE-matrices

Let us start with stating a characterization that will help us with recognition
of the class of homogeneous interval BE-matrices in finite time. Thereafter,
in subsection [5.1.1] we will try to derive a characterization through reduction
of Definition to finite number of instances to check for the property of being
a real BE-matrix.

Theorem 5.5. Let A € IR™", let m € R" such that 0 < X5_;7; <1 and R €
IR™ be a vector of intervals of the individual row sums in matriz A. Then A is
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a homogeneous interval BE-matriz if and only if Vi € [n] the following properties

hold:

a) R;>0
b) Vk e [n]\{i}:

1
(ﬂ'k>1 = ZQU > (—1)'aik> A

J#k

1
J#k

VAN =0 = 0 > (l,’k) A\

1
A <0 = > @y < (—1>-aik>

i#k Tk

Proof. For any A € R™" to be a Bff-matrix, it must, according to Definition
2.28 fulfill the following two conditions for every i € [n]:

(l) R, >0
b) Vke[n]\{z} - Ry > ag
Thus A € IR™™ is a homogeneous interval BE-matrix if and only if VA € A:
A fulfills the conditions above. From here we get that condition a) evaluated

for every A € A is equivalent to R, > 0. And as for the b) condition, it can be
for every k # i modified as follows (while notting that 7 - Ry = mp - 30 ag):

1) m > 1:
n
Tk Z Qij > Qi <=
J=1
“ 1
= Z Qijj > — Qi <=
=1 Tk

~ Za,]><1—1>alk

i#k Tk

We can observe that, because when 7, > 1, then <i — 1) < 0, the biggest

value of 7% — 1) - a;, is obtained by the lower bound of the a;,. Ergo

the condition above holds for every A € A if and only if the following

condition holds: )
> a; > <7T - 1) " Qi
ik k

95



2) 0<m <1
Wk-Zaij>aik ~
j=1
n 1
= Zaij>—-aik =
; Uy

& Zaw (—1) - Qg

j#k Tk

We can observe that, because when 0 < 7w, < 1, then (ﬂi — 1) > 0,

the biggest value of (— — 1) a;i, is obtained by the upper bound of the a;.
Ergo the condition above holds for every A € A if and only if the following

condition holds:
ZCL” > ( — 1) - ik
J#k

n
Wk-Zaij>aik 4

Jj=1

& 0> ay

The condition above holds for every A € A if and only if the following
condition holds:

0> a;
4) 7, < 0:
Tk Z Qij > Qi =
j=1
" 1
~ Z Qij < — Qi =
& Zam (—1) - g
j#k Tk
We can observe that, because when 7, < 0, then (— — 1) < 0, the smallest
value of (= — 1) a;, is obtained by the upper bound of the a;,. Ergo

the condltlon above holds for every A € A if and only if the following
condition holds:

Z a'Lj ( - 1) © Ak

i#k Tk

X

Remark 5.6. This characterization has time complexity O(n?), which is, surpris-
ingly, the same as a characterization from the definition of the real case, Definition
2.28| (although the interval case has undoubtedly higher implementational com-

plexity).
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Let us now introduce an analogy of Proposition for homogeneous interval
BE_matrices.
Theorem 5.7. Let A € IR™™" be an interval square matriz with positive row
sums intervals (hence Vi € [n] : 3%, a;; > 0). Then there exists a vector 7 € R"
satisfying 0 < >0y m; < 1 such that A is a homogeneous interval BE_matriz if
and only if

n Ui Qs
ij Wiy . .
E max { — i # 7 <1
j=1 Qi + Z,Qz’mj A+ > Qi

m#j m#j

Proof. "=": A is a BE-matrix for some 7 satisfying the property, hence every
A € A is a BE-matrix, thus even matrix A’ € A defined as follows:

_ - Amyj Ly g
a if j=mg A = L >
A/ _ (a/ ) a/ _ mim2 ] a‘mlj+ Z lem gmlj—"_ Z gmlm’
- mima /) mime ~ m#j m#j

Qpnym, Otherwise.

Therefore (if we denote R’ the vector of row sums of A’) it holds that

— !/
Vj € [n]: max{ — J — i# ] :max{”z'#j}<7r».
Tij + O Qi Qi+ 20 Qi R; J
mA mA
But then
n — n
Qg (¥ . .
max q — , 1F e <y m<1.
JZ::I Tij + 2 Qi G5+ D Qi 32:21 ’
mzi mj
"<=": Let
" El-j a;.;
e=1—) max{ — , = i#70>0
jzl ai; + > Qi Q5 + Z.Qz‘m
m#j m#£j
and for every j € [n] set the Wj:max{a_Jr%a - +2§a i%j}—i—;.Then
) =im =4 =im
m#j m#j

A is a homogeneous interval BE-matrix. That is because for any A € A

ﬁi]’ a;.;

max § — : —2 iFEIp 2
Aij + D Qi a;; + > Qi
m#j m#j
a/AA
> max a-~+§:a- +£7 > max{ —2—|i#jp,
v m;éjflm Z Qi
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thus for every A € A and for every k, j € [n],j # k, it holds that

R -z < maxy iFjp <
k Z Qe Z Qim
m=1 m=1
<  max o : — i # ] <
Qg5 + Z Qim ng + Z Qim
Mm#j m#j
< max{ — Y , & iA£je+— = m,
Aij + 2 Qi Qi+ >0 Qi n
m#j m#j

ergo 7 - Ry > ay;. Therefore every A € A is a Bf-matrix
X

Remark 5.8. And once again, analogously to what is shown in Remark
for the real case of BE-matrices (and partly just as shown in the proof of The-
orem [5.7)), if for any matrix A € IR™*" the condition from the Theorem is
satisfied, then we can construct a vector m € R™ satisfying 0 < >°7_; m; < 1 such
that A is a homogeneous interval BE-matrix in the following manner:

1) We define € € R as
Eij a

— i # j

Uij + X Qi @5+ X Qi
mtj mtj

e=1-— Z max
j=1
and then
2) for every j € [n] we define 7; as

Qi [
J— )
m#j m#j

€
T; = max LF
n

Of course instead of = in the second step we can use any constant 0 < ¢ < £,
or we might use a vector £ € R*™" such that 0 < 27218 < € and define 7; as

27 Qi . .
— ) ? 7£ J + 6
i i

T; = max

(It is easy to verify that this holds from Theorem because thus defined 7
meets condition b) for the above mentioned definition and also satisfies that 0 <
Yiam<1)

And just as in section 2.3] the fact that we are interested in such homogeneous
interval BE-matrices that have 7 > 0 means only that in addition to checking

the property from the characterization, we should try to find the corresponding
7 (using the method stated in Remark [5.8) and verify whether it is nonnegative.

o8



5.1.1 Characterization through reduction

Proposition 5.9. Let A € IR"™", let 7 € R" such that 0 < X7 ;7 < 1
and R € IR"™ be a vector of intervals of the individual row sums in matriz A. Let
Vi € [n] : A; € R™" defined as follows:

1) if m; > 1, then:
A=A

2) else if 0 < m; <1, then:

a ifm 1, Mg =1
Ai = (amlmz); Amyime = { e f ! 7£ e '

Qmym, Otherwise.

3) else if m; < 0, then:

a if my =1,

A' = |a s a = =mimz .
i = (Gmma)i - miom, Qmymy, Otherwise.

Then A is a homogeneous interval BR-matriz if and only if Vi € [n] : A; is

a BE-matriz, where R € R" is a vector of values corresponding to the row sums

Of Az

Proof. ”=-" This holds trivially, because Vi € [n] : A; € A (and the corresponding
ReR).

»

a)Vi € [n] : R; > 0, because A; is a Bf-matrix and (4;),, = (A),,, thus
the entries of R are positive. 7 7

b)Vi € [n] Vk #i: Ay is a BE-matrix = (From Definition [2.28})

1) T, > 1t
Tk Z (Ak)z] > (Ak)zk g
j=1
S me Y G > ay S
j=1
1
& Zaw > (— 1) Al
i#k Tk
2) 0<m <1

j=1
< Tk (azk+zaij) > Qi =
Jj#k
1 _
54 Z aij > ( - 1) alk
>y
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4) m < 0:

-~ Zazj<<1—1)-aik

Tk

= A fulfills the conditions of Theorem 5.l = A is an interval B-matrix.
X

Remark 5.10. This reduction reduces the problem of verifying, whether any given
interval matrix is a homogeneous interval Bf-matrix, into testing n matrices,
if they are real Bff-matrices.

5.2 Characterizations of interval Bff-matrices

In this section we intend to show one major claim and that is the fact, that,
in a sense, the classes of the interval BE-matrices and the homogeneous interval
BE_matrices are the same.

Proposition 5.11. Let A € IR™™". Then A is an interval BR-matriz only if it
has positive row sums intervals, ergo Vi € [n] : 3%_; a;; > 0.

Proof. A is a BE-matrix, hence every A € A is a BE-matrix for some 7 satisfying
the property, thus even matrix A € A. And from Definition m, part a) we get
that Vi € [n] : X7, a;; > 0.

X

Proposition 5.12. Let A € IR™"™. Then A is an interval BE-matriz only if

n s Qs
1] 2y . .
max q — 1#jp < 1.
jz_:l Tij + 2 Qi Q5+ 2 iy
m#j m#j

Proof. A is a BE-matrix, hence every A € A is a BE-matrix for some 7 satisfying
the property, thus even matrix A’ € A defined as follows:

_ . . Ay j lej
a ifmg=7 A = L >
Al _ ( / ) / _ mim2 J am1j+ Z gm,]_'m Qm1j+ Z gm1m7
= Wmymy )5 Qmymg = m#j m#j
Qpym, Otherwise.
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Therefore (if we denote R’ the vector of row sums of A’) it holds that

— !/
Vj € [n] : max = ; —2 i#j =max{ —2|i#j <7
j € [n] T Y g anF Y # R # j
m#j m#j
But then
n — n
Aij Q5 . .
max 7 < m < 1.
j_zjl Tij+ X Qi Qi+ 2 Qi 7 ]:221 o
mj mj

X

Corollary 5.13. Every interval BE-matriz is a homogeneous interval BR-matriz
Jor some 7 fulfilling 0 < 377, m; < 1.

Proof. Let A € IR™" be an interval square matrix with positive row sums in-
tervals. From the previous proposition, Proposition [5.12] we get the following
implication:

A is an interval BE-matrix =

[ Qi . .
= E max | — i#jp <1
j=1 Q5 + Z ) aim’ azg + Z Qim,
m#j m#j

And from the equivalence from Theorem we might use the following im-
plication:

n Qs Qs+
1] =7 . .
E max { — , 1#£jr<1l =
= Tij + 20 Qim Q5+ O Qi

m#j m#j

= dr: 0<X!,;m <1 A Aisa homogeneous interval BE matrix.

Ergo we can compose these two implications (because from Proposition m
we get that if A is an interval BE-matrix, then it has positive row sums intervals
as well, therefore fulfilling the assumptions of Theorem and thus obtain
the following:

A is an interval BE-matrix = 3J7: 0< Z?ZI ;<1 A Aisahomo-
geneous interval BE-matrix.

X

What we now obtained is the second inclusion we need to show the equality
among our two interval matrix classes, the class of the homogeneous interval
BE_matrices and that of the interval BE-matrices.

Theorem 5.14. Let A € IR™" be an interval square matriz with positive row
sums intervals. Then A is an interval BE-matriz if and only if 37 € R™ such
that 0 < 3°7_; m; <1 and that A is a homogeneous interval BE_matriz.

Proof. Follows from combining Corollaries and [5.13] X
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So we have proved that the two classes we have defined at the beginning of this
chapter are the same, hence it does not make any sense to differentiate the two.
Thus from now on we will refer to them as "interval BE-matrices”.

Definition 5.15 (interval BE-matrix). Let A € IR™" and © € R" such that 0 <
>iami < 1. Then we say that A is an interval BE_matrix if it is a homogeneous
interval BR-matriz.

Corollary 5.16. Every interval BR-matriz with 7 > 0 is an interval P-matrix.

Proof. Direct corollary of Corollary [5.2]
X

Remark 5.17. Because of this definition, the characterizations of the interval
BE_-matrices (and because of Theorem even of the BE-matrices) are the same
as the characterizations of the homogeneous interval BE-matrices, thus we may
use those stated in section [B.1]

5.3 Fundamental properties

In this section let us take a look at some fundamental properties the interval
BE-matrices posses, be it conditions their entries fulfill or some their interesting
subclasses, like an interval BE-matrices that are interval Z-matrices as well.

Proposition 5.18. Let 7 € R" such that 0 < 3°7_; 7; <1 and let A € IR™™" be
an interval BE-matriz. Then the following holds:

1) Yien]: ay;>max {m- (aii + ,Z{%-) s T <%- + Z,%‘) }
J#i Ji

2)Ni,j€n],jFi m>n; = ay > Gy,

3) let k = argmax{m; |i € [n] }, then Vj # k: a > ay; and

4) Yi,jen),j#i: mm; <0 = a; <0.

Proof. Let A € IR™™ be an interval BE-matrix for some 7 € R" such that
0<>i,m <L

1) Let A, Ay € R™" be defined as follows:
A=A

a;; if my =mq =1,

Apmym, Otherwise.

AQ = (amlmz); Amyime = {

Because A;, Ay € A, they are both BE-matrices, thus from Proposition
2.35], part 1) we get that this point holds.

2) Let A" € R™" be defined as follows:

Al = (a’ ) a ) 4y if my = mgy =1,
mima /) mima TUmym, Otherwise.

Because A’ € A, it is a Bf-matrix, thus from Proposition [2.35] part 2) we
get that this point holds.
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3) Direct consequence of the previous point.

4) Because A € A, it is a BF-matrix, thus from Proposition [2.35, part 4) we
get that this point holds.

X

Corollary 5.19. Let m € R" such that 0 < Z;‘:l m, <lwithm=...=m,=7
and let A € TR™" be an interval BR-matriz. Then the following holds:

1) Vi,j€[nl,j#i: ay;>a; and
2) trA>r- i (%‘i"‘ Zaij)'
i=1 J#i

Proof. 1) Direct corollary of Proposition [5.18} part 2).

2) Direct corollary of Proposition [5.18, part 1). What is good to notice (even
though not that important) is that for r = m; > 0 (which must hold,
if 0 < 3%, r) it applies that

max {m . (@n’ + Zaij) y T - (au‘ + Zaij) } -
J#i J#i

= ;- max {aii+2aij,aii+2aij} =T (aii+zaij> .

J#i J#i JF
X

Theorem 5.20. Let A € IR™ ™ be an interval Z-matriz and let m € RT" such
that 0 < 3°%_y m; < 1. Then the following is equivalent:

1) A is an interval BR-matriz,

2) A is an interval B-matriz,
3) Vi€ [n]: i@ij>0,
j=1
4) Vi€ n]: ay >3 lagl
JFi

5) A is a B-matrix.

Proof. "1) < 2)”: From Proposition [2.37, we get that VA € A : A is a Bff-matrix
< A is a B-matrix. Hence our equivalence holds.
"2) & 3) < 4) < 5)7: Follows from Theorem [3.16]
X

Proposition 5.21. Let m € R" such that 0 < }°7_; 7m; <1 and let A € IR™™™ be
an interval Bf-matm’x. If a € R™ such that 0 < Z?Zl a; <1 and o > 7, then A
is interval BR-matriz.

Proof. 1t holds for every instance of the interval matrix (see Proposition [2.38)),

thus it holds for the whole interval matrix.
X
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Proposition 5.22. Let P = perm(iy,...,i,), where iy, ..., i, = [n]| be the per-
mutation matriz of order n defined by

1 meg == iml,

P = (pm1m2); Pmima = { 0 otherwise.

Let m € R™ such that 0 < 377 7; < 1 and let A € TR™ ™ be an interval BE-

matriz. Let o = (mi,,...,m)". Then PAPT is a B¥ -matriz.

Proof. Tt holds for every instance of the interval matrix (see Proposition [2.39)),
therefore it holds for the whole interval matrix.
X

5.4 Closure properties

In this section, we shall establish our understanding of what closure properties
the class of interval BE-matrices posses.

Proposition 5.23. Let a, 8 € R" such that 0 < 37 a; <1 and 0 < 37, B <
1 and let m € R"™ defined by Vi € [n] : m = max{w;, B;}. Let A, B € IR™™" be
an interval BR-matriz and an interval Bg-matm'x, respectively. If 370, m; <1,
then A + B is an interval BE*Q-matrix.

Proof. It holds for every pair of instances of A, B (see Proposition [2.40)), thus it
holds for whole interval matrix A + B.
X

Remark 5.24. Just as in the real case, we can see that for o, 5 > 0, we again
get m > 0, therefore even the subclass of interval Bf—matrices for m > 0 is closed
in the same manner as above.

Corollary 5.25. Let 7 € R™ such that 0 < Y7 m; < 1 and let A, B € IR"™"
be an interval BR-matriz and an interval B2-matriz. Then A+ B is an interval
BE+Q_matrir.

Proof. Direct corollary of the previous proposition, Proposition [5.23]
X

Proposition 5.26. Let 7 € R" such that 0 < XJ_,7; < 1 and let 5,t € Ry
with s +t > 0. Let A, B € TR™" be an interval BR-matriz and an interval
BR-matriz, respectively. Then s - A +t- B is an interval B3BYQ _matriz.

Proof. Tt holds for every pair of instances of A, B (see Proposition [2.43)), thus it
holds for whole interval matrix s - A +t- B.
X

Proposition 5.27. Let m € R™ such that 0 < X5_,7; < 1 and let A € TR™™"
be an interval BR-matriz. Let D € IR™™ be a positive interval diagonal matriz.
Then D - A is an interval BE -matrix.

Proof. 1t holds for every pair of instances of D and A (see Proposition [2.44)),
thus it holds for whole interval matrix D - A.
X
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Corollary 5.28. Let a € R™, 7 € R" such that 0 < ¥7_,m; < 1 and let
A € TR™™ be an interval BR-matriz. Then o - A is an interval BoB-matriz.

Proof. Direct corollary of Proposition [5.26| or Proposition [5.2 X

Remark 5.29. Because the real Bff-matrices are not closed under the following
operations (see Propositions [2.46] [2.47] [2.48) and [2.49)), then surely even interval
BE.-matrices are in general not closed under them. Such operations are:

e matrix inverse,
e matrix power and
e matrix product.

In addition even a matrix product of an interval BE-matrix and an interval
BJf-matrix is not necessarily an interval BF-matrix for any ¢.
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6. Generating interval B-matrices
and interval doubly B-matrices

The time may come when we might find ourselves in a need for some arbitrary
interval B- or doubly B-matrices, be it for testing our hypothesis or anything else.
So here, in this chapter, we shall introduce a mean to generate them.

6.1 Generating interval B-matrices

Let us imagine the following situation. We have a real B-matrix A and we want
to inflate it, so it becomes an interval B-matrix. Then the solution is simple. Let
A = [A, A]. Then we are searching for such a > 0, that A and [1 £ o] fulfill
the conditions of Proposition [3.26]

Now let us assume, we don’t have any real instance, but want to generate
brand new interval B-matrix. First, we will generate a real B-matrix A, next we
will choose a positive real number o and decide, which way we want to inflate
this instance. Either we choose a - A to be a center of our new interval B-matrix,
thus using Proposition , or we determine « - A to be a lower / upper bound
of the interval B-matrix, thus using Proposition [3.24]

How do we generate some real B-matrix for this usage? First we might realize
that later we will scale it using a;, so we might just focus on matrices with non-
diagonal entries in absolute value less than or equal to 1. (Then by choice of «
we are able to get values of any arbitrary magnitude.) Hence let us introduce
the following lemmata:

Lemma 6.1. Let n € N. Let N € R,N > 2n — 1 arbitrary and let A € TR™™"
defined as follows:

B . | 2n—1,N] ifi=7j,
A = (ai); az‘j—{[_Ll] ifi 7]

Then A is an interval B-matriz.

Proof. We will show, that A satisfies the conditions of the characterization stated
in Theorem 3.5t
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Lemma 6.2. Letn € Nyn > 2. Let N € R, N > n arbitrary and let A € TR™"
defined as follows:

A = (aij); az’j—{ 1,551 fi#g.

Then A is an interval B-matriz.

Proof. We will show, that A satisfies the conditions of the characterization stated
in Theorem [3.5t

a)

=1
b) Wk #i:
1
dai=Mn—-2)-(-1)+n=2>1=(n-1)- =(n-—1)-a;
£k n—1

Lemma 6.3. Letn € N,n > 2. Let N € R, N > n arbitrary and let A € TR™™"
defined as follows:

A = (a;); aij—{ [=L,1] dfi # .

Then A is an interval B-matriz.

Proof. We will show, that A satisfies the conditions of the characterization stated
in Theorem [3.5

iw n—l-(_1)+n:(n—1)>0

= n—1
) Vk #£i
-1 292 2
T n—1 n—1
22 1
>nn_n1+=(n—1) (n—1)-a;

X

Therefore, because of Definition |3.1), we proved that in case we want to gener-
ate an interval B-matrix we can take any matrix A € R™*" which is of either one
of the following forms:

N R
A= (az])7 Qjj € { [_1’ 1] if ¢ 7é]
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or
[n,00) ifi=j,
A = (a); ij € ey
(@) ay {[—1%;] if i # 7.

or
n.oo) ifi=j,

A= (@) %6{ (= 1) it # .

1?

or whose rows are taken from such matrices and combined (see Remark ,
and use the process mentioned above.

Now let us try to define an even more general approach. Instead of using
Propositions [3.24] and one interval to multiply the whole matrix by, we will
use Propositions |3.27] and [3.28 and a different interval for each row.

So let us start by taking any real B-matrix A € R"*". (We can take any one we
already have or use one defined above.) Next for every i € [n] we randomly choose
a; € RT and decide, whether we want the «a; - A;, to be center of the i-th row
of our generated matrix, or its lower / upper bound. Then we use Propositions
and to obtain the respective intervals ay; and generate interval B-matrix
by multiplying the rows of A by relevant intervals. (L.e. i-th row by interval ;.)

6.2 Generating interval doubly B-matrices

As stated in Proposition 4.8, if we want a doubly B-matrix, we can either have
a B-matrix, or almost a B-matrix, in the meaning that only one row does not fulfill
the conditions of B-matrix. Let us start our generation by random choice, whether
we will generate an interval B-matrix, or a proper interval doubly B-matrix.
In the first case we will use the process described in the previous section. So
from now on, let us consider only generation of proper interval doubly B-matrices.

The approach we shall choose in attempt to generate proper interval doubly B-
matrices is the following. First we shall generate an interval B-matrix, for example
using methods stated in section [6.1} Then we will choose a random i € [n], which
will be the index of row that we are going to tweak in such a way that we might
possibly break its conditions on being a B-matrix. So let us assume we already
have an interval B-matrix A € TIR™" and ¢ € [n] and let us show, how to tweak
an i-th row.

Let z,T € R™ be two vector variables and let A(z,z,i) € IR"™" defined
as follows:

A(g, T, l)z* = [Az* +$T7Zi* + TT] N Vje [TL] \ {Z} : A(g, T, i)j* = Aj*'

We will construct such a linear program which gives us the most interesting values
for both  and Z (in the meaning that it has the maximum possible -7 | @, —
> 12, while both z; and 7; are zero, hence it does not change the diagonal
entry (otherwise we could increase the diagonal entry up to infinity) but results
in the biggest possible overall change) from whose results we can construct such
vectors z, T that A(z,7,i) is an interval doubly B-matrix:
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n n
maximize > Ty, — Y I,
m=1 m=1

subject to Ty < a;; — Qi for k # i
= 5 Zn S R+ Y i for j #1i:
m##i m#j*jm m##i
— 2 Qj, >0
mj
_ZCEmSZ:((__l))‘I- > i, for j # 1,0 # j :
m#i e I &jm m#i
m#l
> (@ —aj,) >0
ms«éj( i )
m#£l

(_Za:jjw—’—(n—Q)) Ty — 2 Ty <

mzi ;};,1
(22‘2'_61'1@)&“ . .. .
gi_za. — 2 (@ir — aim) for k #£1d,7 #1i:
mzi m7si
m#£k
-2 Qjpy > 0
mZi

emm) oy m - s, <
> (%‘l‘%‘m) mz

m#j m#k

m#l

< (“"{(’L).<i‘;f3” % (@) forkAiLjALIAS
G, m#£i

m#j m#k
m##l
> lag;—a.,) >0
maéj(]l jm)
m#l
z; =0
T2>0
z<0

Theorem 6.4. Let T, 2" be the output of the previous linear program, thus its
optimum. Then for any 0 < € <1 the matriz A(z* - (1 —€),T" - (1 —€),1) is still

an interval doubly B-matrix.

Proof. We will show that for any pair of Z, x which is a feasible solution of the lin-
ear program, the matrix A(z-(1—¢€),Z- (1 —¢€),4) is an interval doubly B-matrix.
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First we need to remember that if Z,x is a feasible solution, then it fulfills
the conditions of the linear program. And if we take a closer look at what it
means for vectors z- (1 —¢),Z- (1 —¢), we discover that those satisfy strictly sharp
versions of the conditions from the linear program (by which we mean the same
conditions, but with < instead of <), except for the last four, which are satisfied
in the original form.

Ergo we will show, that we can transform sharp versions of the conditions
of the linear program into subset of conditions on A(z,Z, ) from the characteriza-
tion stated in Theorem [4.3] where z, Z fulfill the sharp versions of our conditions.
(Plus there are some conditions which just tell us something about a shape of fea-
sible solutions, but we do not have to care about those here. They just ensure,
that A C A(z,7,7).) So what we are interested in, are the first five conditions
of the linear program. But first, we should mention some observations, which
come from the fact, that A is an interval B-matrix, more respectively from Re-
mark 3.2} Vj € [n] :  a;; > max{0,au|k # j}, thus Vj € [n] 1 a;; > 0AVE #
Jta; —ajp > 0.

Now let us take a look at the sharp versions of the conditions of our linear
program.

This we can rearrange to
VE#i: Qg+ 7T < a; = a; +
because x;(= T;) = 0 for any feasible solution. But that is equal to

Vk#i: Az, 7,1), < Alz,T,1) ..

7

And because A(z, T, z)“ = a;; and A is an interval doubly B-matrix, hence
a; > 0, then we get

Az, T,Z)ZZ > max {0, Az, T, 1), |k # Z} ,

which is condition a) of Theorem [4.3|for i-th row of A(x,7,4). (The resting
rows fulfill the a) condition as well, because Vj # i : A(z,7,1);. = Aj.
and A is an interval doubly B-matrix.)

2>_Z£m<_

a

—Siln 4 S g, for j # i such that — 30 Gy > 0.
m##i m£j &m o mti M7

This we can rearrange to Vj # i :
- Z A, >0 = a;-a; > (— Z (@i, +$m)> (_ ajm) .
mA mAj

But that is equivalent to Vj #i: — > A(z,7,4). >0 =

Jm




And because Vj € [n] : A(z, T, i)jj = a;; > 0 it leads to Vj # i :

A(&a T> Z)” ' A(z’ T’ Z> i

77

> (max {O, - > Alz,z, z)zm}) (max {O, - Az, x,i)jm}) :
m#i m#j

(If either of the sums is non-positive, then the product of the two maxima
is 0, which is surely less then the product of (positive) diagonal elements.
The remaining case holds as direct implication of the condition from the lin-
ear program.)

This is exactly condition b) of Theorem [4.3| part I11. for i-th and any other
row j of A(x,Z,i). (The resting rows fulfill this part of the b) condition
as well as we will show in the conclusion of the proof.)

— Yz, < a;i(a;;~a5) + Y a,,

m#i Z 1=, m#i
+ m;«é]( J J ) #
m#l
for j = 1,1 # j such that > (ﬁjz - Qjm) > 0.
s
This we can rearrange to Vj # i,V # 7 : Y (ajl - Qjm) >0 =
m#j
m#l

= Gy (ij - dﬂ) > (— > (@ +xm)) > (ajl - Qjm)
i 7

But that is equivalent to Vj # i, VI # 7 :
Z(Auw@ﬂ—A@@@m)>o N

m#j
m#l

= A(z,T,1) (A(x,x,i)“—A(x,:C,i)jl)>

1% JJ

> (_ Zwﬂﬂ) > <14(I7x77:)jl _’ij)

m£i m#£j
m=#l
And because Vj € [n] : A(@,T,i)jj = a;; > 0and Vj # i,Vl # j :

A(z,z,1). . — Az, T, i)jl = a;; —ay > 0 it leads to Vj # i, VI # j

33
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(If either of the sums is non-positive, then the product of the two maxima
is 0, which is surely less then the product of (positive) diagonal elements.
The remaining case holds as direct implication of the condition from the lin-

ear program.)

This is exactly one part of the condition b) of Theorem [4.3] part I1. for i-th
and any other row j of A(z,7,4). (The resting rows fulfill this part of the b)
condition as well as we will show in the conclusion of the proof.)

aA.
¢+(n_2) 'Tk_2£m<
- Z'Qjm mi

m#j m#k

<~ N (g — agy)

- Z Qjm m£i B

m#j m#k
for k # 4,5 # i : such that — >= a;,, > 0.
m#j
This we can rearrange to Vk # 4,Vj #i:— > a;, >0 =
m#j

= (Qn' — (@ + fk)) >

> <— Z ajm) Z ((azk +Tk> - (Qim +£m)>

m#j m##i
m#£k

But that is equivalent to Vk # i,Vj # i :
- > Az,z,i). >0 =
= jm
m#j

- A(g,T,i),(A(Lfaiy

) g

- A(gv T, Z)zk) >

> (_ Z A(:U,J;,z)m> Z (mm —Mm)

) J
m#£j

=
=
=

And because Vj € [n] : A(Q,T,i)jj =aj; > 0and Vk # i : A( )
A(z, @, i), (see the first condition), thus Vk # i : A(z,7,4) — Az, T, i),
0, it leads to Vk # 1,Vj # i :

Alz,z,i) (Alw,i), ~ Ale.T0),) >
> (max {O,— Z A(z,T,1) m}) .
m#j ?
max {0, > (A(g, z,1), — A(z, T,z)m)
m£i
m#£k
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(If either of the sums is non-positive, then the product of the two maxima
is 0, which is surely less then the product of (positive) diagonal elements.
The remaining case holds as direct implication of the condition from the lin-
ear program.)

This is exactly the second yet missing part of the condition b) of Theo-
rem[41.3] part I1. for any row j # i and the i-th row of A(z,7,7). (The rest-
ing rows fulfill this part of the b) condition as well as we will show in the con-
clusion of the proof.)

+(n—2) 'Tk_2£m<
> (ajl — Q]m) i
m#j m#£k

(Qn‘ - aik) (ij - ajl) _
> (sz - Qjm> " mX;é:z (sz sz)

e .
for k #i,j #i,1 # j such that 3 (@3 — aj,,) > 0.
s
This we can rearrange to Vk #4,Vj # ¢, ¥Vl #j: > (aﬂ — Qjm) >0 =
m#j
m#l

= (@ — @k +7) ) (a; —an) >

> Z ( (@i + Tr) — (@i + T,) ) Z. (dﬂ - @jm)
i i

But that is equivalent to Vk # i,Vj # 4, VI # j :

m#£j
m#l
= (A7), - A@.7,0),) (A(a:, z.i) — AT, ﬂ> >
> (A(l, z, Z)ik - A(ﬁ? T, Z)zm)
ik

And because Vk # i : A(z,T,4) . > A(z,T,1i);, (see the first condition), thus

7

Vk #1i: A(z,7,1) — Az, 7,1), > 0, and Vj # ,Vl # j : A(g,f,i),j —

% A=)
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max < 0, Z <A<I> T, i)jl o A(£7 T, Z)]m)
m#j
m=#l
(If either of the sums is non-positive, then the product of the two maxima
is 0, which is surely less then the product of (positive) diagonal elements.
The remaining case holds as direct implication of the condition from the lin-
ear programn.)

This is exactly condition b) of Theorem , part I. for i-th and any other
row j of A(z,Z,i). (The resting rows fulfill this part of the b) condition
as well as we will show in the conclusion of the proof.)

Now if we take any rows j, j’ # i of matrix A(z,7,17), then, because they are
both the same as in the original matrix A and because A is an interval B-matrix,
thus an interval doubly B-matrix, the whole condition b) (all three parts) holds
for them.

Hence we have shown that for any feasible z, T, matrix A(z*-(1—e), 7" (1—¢), 1)
fulfills all the conditions of characterization stated in Theorem [4.3] therefore it is
an interval doubly B-matrix.

X

Proposition 6.5. The above formulated linear program has a non-empty set
of feasible solutions.

Proof. As stated in the proof of the previous theorem, Theorem [6.4], by rear-
ranging the conditions from the linear program, we get a subset of conditions
on A(z,Z,i) being an interval doubly B-matrix from Theorem (plus four
conditions on domain of values of z and Z, but which are all satisfied by o).
Moreover, we know that A(o,0,i) = A and that A is an interval B-matrix, thus
even an interval doubly B-matrix (Proposition [4.7)). Hence it must fulfill the con-
ditions from characterization of interval doubly B-matrices stated in Theorem [4.3]

Therefore o is a feasible solution of the linear program.
X

Remark 6.6. Using this method, we have nothing to guarantee us, that what we
get in the end is a proper interval doubly B-matrix, it still might be an interval
B-matrix. But still, from the procedure it seems highly plausible, that if it is
possible to create a proper interval B-matrix from the specific A by tweaking
the specific row 4, then this method will achieve it.
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Conclusion

The main goal of this thesis was to achieve some understanding of a few easily
recognizable subclasses of P-matrices and to build on that to generalize these
subclasses into interval settings, i.e. to find their characterizations, necessary
conditions and sufficient ones and to inspect their properties.

Results of the thesis

We have achieved to widen our understanding of classes of B-matrices, dou-
bly B-matrices and BE-matrices (Chapter [2)), which are polynomially verifiable
subclasses of P-matrices. We introduced classes of interval matrices analogous
to these, them being interval B-matrices (Chapter |3)), interval doubly B-matrices
(Chapter [4)) and two classes corresponding to real BE-matrices, homogeneous in-
terval BE-matrices and (heterogeneous) interval BE-matrices, but for them we
have proved, that they are, in a certain sense, one and the same, and desig-
nated them as one class of interval BE-matrices (Chapter . Thus what we
attained is a widening of a group of polynomially recognizable subclasses of in-
terval P-matrices.

Not only have we found characterizations, but managed to state necessary
conditions as well as the sufficient ones (mosty for the class of interval doubly
B-matrices, which has computationally the most complex recognition). On top
of that, we inspected what operations these matrix classes are closed under
and what general properties they posses.

And as an icing on the cake we have derived methods to generate interval
B-matrices and interval doubly B-matrices too, which might, for example, help
to test some hypotheses one may have.

Open problems

There are several paths a curious mind might want to explore in order to expand
our knowledge in this region. One way is to inspect more properties to interval
case, for example try to adapt those introduced in [I4], or to look into sub-direct
sums of Bf-matrices as shown in [I3] and to analyze their analogies in the inter-
val settings. Another possibility is to generalize our three classes even further,
into parametric matrices, otherwise known as linearly dependent, shown for ex-
ample in [I5]. Or one might want to generalize another subclass of P-matrices,
which might be, for example, so called mimes, which stands for "M-matrix and In-
verse M-matrix Extension”, as they are introduced in [16].
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