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KYBERNETIKA — VOLUME 52 (2016), NUMBER 4, PAGES 497-513

CHARACTERIZING MATRICES WITH X-SIMPLE IMAGE
EIGENSPACE IN MAX-MIN SEMIRING

JAN PLAVKA AND SERGEI SERGEEV

A matrix A is said to have X-simple image eigenspace if any eigenvector x belonging to the
interval X = {z: z < 2 < T} is the unique solution of the system A ® y = x in X. The main
result of this paper is a combinatorial characterization of such matrices in the linear algebra
over max-min (fuzzy) semiring.

The characterized property is related to and motivated by the general development of trop-
ical linear algebra and interval analysis, as well as the notions of simple image set and weak
robustness (or weak stability) that have been studied in max-min and max-plus algebras.

Keywords: max-min algebra, interval, weakly robust, weakly stable, eigenspace, simple
image set

Classification: 15A80, 15A18, 08A72

1. INTRODUCTION

This paper is concerned with a problem of max-min linear algebra, which is one of the
sub-areas of tropical mathematics. In a wider algebraic context, tropical mathemat-
ics (also known as idempotent mathematics) can be viewed as a mathematical theory
developed over additively idempotent (a ® a = a) semirings. Note that the operation
of taking maximum of two numbers is the simplest and the most useful example of an
idempotent addition.

Idempotent semirings can be used in a range of practical problems related to schedul-
ing and optimization, and offer many new problems to pure mathematicians. There are
several monographs [I3] 14} 15, [16] and collections of papers [I8, 9] on tropical mathe-
matics and its applications. Let us also mention some connections between idempotent
algebra and fuzzy sets theory [8 9].

In the max-min algebra, sometimes also called the “fuzzy algebra” [10] [I1], 23] the
arithmetical operations a & b := max(a,b) and ¢ ® b := min(a,b) are defined over a
linearly ordered set. As usual, the two arithmetical operations are naturally extended
to matrices and vectors.

The development of linear algebra over idempotent semirings was historically moti-

vated by multi-machine interaction processes. In these processes we have n machines
(k)
of

%

which work in stages, and in the algebraic model of their interactive work, entry x
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a vector () € B(n) where i € {1,...,n} and B is an idempotent semiring, represents
the state of machine ¢ after some stage k, and the entry a;; of a matrix A € B(n,n),
where i,5 € {1,...,n}, encodes the influence of the work of machine j in the previ-
ous stage on the work of machine 7 in the current stage. For simplicity, the process is
assumed to be homogeneous, like in the discrete time Markov chains, so that A does
not change from stage to stage. Summing up all the influence effects multiplied by the
results of previous stages, we have xEkH) = @j a;j @ x§k). In the case of @& = max this
“summation” is often interpreted as waiting till all the processes are finished and all the

necessary influence constraints are satisfied.

Thus the orbit =, A®«x, ... A*®@z, where A* = A®...® A, represents the evolution of
such a process. Regarding the orbits, one wishes to know the set of starting vectors from
which a given objective can be achieved. One of the most natural objectives in tropical
algebra, where the ultimate periodicity of the orbits often occurs, is to arrive at an
eigenvector. The set of starting vectors from which one reaches an eigenvector of A after
a finite number of stages, is called attraction set of A (see [2[29]). In general, attraction
set contains the set of all eigenvectors, but it can be also as big as the whole space. This
leads us, in turn, to another question: in which case is attraction set precisely the same
as the set of all eigenvectors? Matrices with this property are called weakly robust or
weakly stable [3].

In the special case of max-min algebra which we are going to consider, it can be argued
that an orbit can stabilize at a fixed point (A ® x = ) [0], but not at an eigenvector
with an eigenvalue different from unity. Therefore, by eigenvectors of A we shall mean
the fized points of A (satisfying AQ x = x).

In terms of the systems A ® x = b, weak robustness (with eigenvectors understood as
fixed points) is equivalent to the following condition: every eigenvector y belongs to the
simple image set of A, that is, for every eigenvector y, the system A ® x = y has unique
solution = = y.

In the present paper, we consider an interval version of this condition. Namely,
we describe matrices A such that for any eigenvector y belonging to an interval X =
[z, 7] == {z € B(n); x < < T} the system A ® © = y has a unique solution z = y
in X. This is what we mean by saying that “A has X-simple image eigenspace”.
In Theorem [3.8] which is the main result of the paper, we show that under a certain
natural condition, A has X-simple image eigenspace if and only if it satisfies a nontrivial
combinatorial criterion, which makes use of threshold digraphs and to which we refer as
“X-conformism” (see Definition [3.3)).

The next section will be occupied by some definitions and notation of the max-min
algebra, leading to the discussion of weak X- robustness and X-simple image eigenvec-
tors. Section 3] is devoted to the main result (characterizing matrices with X-simple
image eigenspace), and its rather technical combinatorics.

Let us conclude with a brief overview of the works on max-min algebra to which this
paper is related. The concepts of robustness in max-min algebra were introduced and
studied in [25]. Following that work, some equivalent conditions and efficient algorithms
were presented in |20, 23] 26]. In particular, see [26] for some polynomial procedures
checking the weak robustness (weak stability) in max-min algebra.
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2. PRELIMINARIES
2.1. Max-min algebra and associated digraphs

Let us denote the set of all natural numbers by N. Let (B, <) be a bounded linearly
ordered set with the least element in B denoted by O and the greatest one by I.

A max-min semiring is a set B equipped with two binary operations & = max and
® = min, called addition and multiplication, such that (B, ®) is a commutative monoid
with identity element O, (B, ®) is a monoid with identity element I, multiplication left
and right distributes over addition and multiplication by O annihilates B.

We will use the notations N and M for the sets of natural numbers not exceeding n
and m, respectively, i.e., N ={1,2,...,n} and M = {1, 2, ..., m}. The set of n x m
matrices over B is denoted by B(n,m), and the set of n x 1 vectors over B is denoted by
B(n). If each entry of a matrix A € B(n,n) (a vector z € B(n)) is equal to O we shall
denote it as A =0 (x = 0).

Let x = (21,...,2,) € B(n) and y = (y1,...,Yn) € B(n) be vectors. We write
<y (z<y)ifx; <y; (z; <y;) holds for each i € N.

For a matrix A € B(n,n), its entries will be denoted by a;; for 4,5 € N. The symbol
G(A) = (N, E) stands for a complete, arc-weighted digraph associated with A, i.e., the
node set of G(A) is N, and the weight (capacity) of any arc (4, j) is a;; > O. For given
h € B, the threshold digraph G(A, h) is the digraph with the node set N and with the arc
set £ ={(i,7); i,j € N, a;; > h}. A path in the digraph G(A) = (N, E) is a sequence
of nodes p = (i1, ..., ig41) such that (i;,i;41) € E for j =1, ..., k. The number k is
the length of the path p and is denoted by I(p). If i1 = ig41, then p is called a cycle
and it is called an elementary cycle if moreover i; # 4., for j,m = 1,..., k. Notation
(k,1) € p means that edge (k,!) is lying in p.

2.2. Orbits, eigenvectors and weak robustness

For A € B(n,n) and z € B(n), the orbit O(A,z) of x = 2(*) generated by A is the
sequence

2O 1 2@ )

geeey goeeey

where (") = A” ® (9 for each r € N.

The operations max, min are idempotent, so no new numbers are created in the
process of generating of an orbit. Therefore any orbit contains only a finite number of
different vectors. It follows that any orbit starts repeating itself after some time, in other
words, it is ultimately periodic. The same holds for the power sequence (A*; k € N).

We are interested in the case when the ultimate period is 1, or in other words, when
the orbit is ultimately stable. Note that in this case the ultimate vector of the orbit
necessarily satisfies A®xz = x. This is the main reason why in this paper by eigenvectors
we mean fixed points. (Also observe that if z is not a fixed point but a more general
eigenvector satisfying A ® © = A ® z, then A ® x is already a fixed point due to the
idempotency of multiplication.)

Formally we can define the set of fixed points (eigenvectors) V' (A) and the attraction
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set attr(A) as follows
V(A)={zeB(n); A x=ux}

and

attr(A) = {z € B(n); O(A,z) NV (A) # 0},

respectively.

The present paper is closely related to the following kind of matrices.

Definition 2.1. Let A € B(n,n) be a matrix. Then A is called weakly robust (or
weakly stable), if attr(A) = V(A).

Observe that in general V(A) C attr(4) C B(n). The matrices for which attr(A4) =
B(n) are called (strongly) robust or (strongly) stable, as opposed to weakly robust
(weakly stable). The following fact, which holds in max-min algebra and max-plus
algebra alike, is one of the main motivations for our paper.

Theorem 2.2. ( Plavka and Szabé [25], Plavka et al. [3]) Let A € B(n,n) be a matrix.
Then A is weakly robust if and only if (Vo € B(n))[A® z € V(A) = z € V(4)].

Let us conclude this section by recalling some information on the greatest eigenvector
and constant eigenvectors in max-min algebra.
Let A = (a;j) € B(n,n) be a matrix. Define the greatest eigenvector z®(A) =

(P (A),...,22(A))T corresponding to a matrix A as
2% (A) = @ x.
zeV(A)

It has been proved in [30] for a more general structure (distributive lattice) that
the greatest eigenvector z®(A) of A exists for each matrix A € B(n,n). The great-
est eigenvector ¥ (A) can be computed by the following iterative O(n?logn) proce-
dure ([5]). Let us denote z!(A4) = @D, cnaij for each i € N and T (A) = A®
zF(A) forall k€ {1,2,...}. Then 2*+1(A) < 2%(A) and 29(A) = 2"(A). Observe
that 2§ (A) < @D ey aij for all i.

Next, denote

ma = @ aij, c(A)= ® @aij, c*(A) = (c(A),...,c(A)T € B(n).

1,JEN iEN jEN

It can be checked that A® c¢*(A) = ¢*(A), since every row of A contains an entry that is
not smaller than ¢*(A). In fact, this condition is necessary and sufficient for a constant
eigenvector to be an eigenvector of A. Therefore any constant vector that is smaller
than ¢*(A) is also an eigenvector, and ¢*(A) is the largest constant eigenvector of A.
However, as ¥ (A) is the greatest eigenvector of A, we have ¢*(A4) < z®(A).
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2.3. Weak X-robustness and X-simplicity

In this section we consider an interval extension of weak robustness and its connection
to X-simplicity, the main notion studied in this paper. We remind that throughout the
paper,

X =[z7={xeBn):z<z<7T}, wherez,T¢cB(n).

Consider the following interval extension of weak X-robustness.

Definition 2.3. A € B(n,n) is called weakly X-robust if attr(4) N X C V(A).

The notion of X-simplicity, which we will introduce next, is related to the concept
of simple image set [I]: by definition, this is the set of vectors b such that the system
A ® z = b has a unique solution, which is usually denoted by |S(A,b)] = 1 (S(4,b)
standing for the solution set of A ® x = b). If the only solution of the system A ® x = b
is x = b, then b is called a simple image eigenvector.

If X = B then the notion of weak robustness can be described in terms of simple
image eigenvectors:

Proposition 2.4. Let A € B(n,n). The following are equivalent:

(i) A is weakly robust;

(i) (Vo € V(A)[IS(A, z)| = 1];

(ili) Each x € V(A) is a simple image eigenvector.
Proof. We will only prove the equivalence between the first two claims (the other
equivalence being evident). Suppose that there is z € V(A) such that |S(4,z)] > 1
(notice that |S(A,z)| > 1 for each = because of © € V(A)). Then there is at least one
solution y of the system A® y = x and y # z. Using Theorem we get A® (A®y) =

AR x=xand A®y = x # y, this is a contradiction.
The converse implication trivially follows. O

This motivates us to consider an interval version of simple image eigenvectors.
Definition 2.5. Let A € B(n,n) and X = [z,Z] C B(n) be given.

(i) An eigenvector x € V(A) N X is called an X-simple image eigenvector if x is the
unique solution of the equation A ® y = x in the interval X.

(ii) Matrix A is said to have X-simple image eigenspace if any z € V(A) N X is an
X -simple image eigenvector.

Definition 2.6. Let A € B(n,n) and X = [z,7] C B(n) be given. We say that X is
invariant under A if x € X implies A® z € X.
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Theorem 2.7. Let A € B(n,n) and X = [z,T] C B(n) be given.
(i) If A is weakly X-robust then A has X-simple image eigenspace.

(ii) If A has X-simple image eigenspace and if X is invariant under A then A is weakly
X -robust.

Proof. (i) Suppose that A is weakly X-robust and x € V(A) N X. If the system
A ®y = x has a solutions y # x in X, then y is not an eigenvector but belongs to
attr(A) N X, which contradicts the weak X-robustness.

(ii) Assume that A has X-simple image eigenspace and z is an arbitrary element of
attr(A) N X. As X is invariant under A, we have that A¥ ® 2 € X for all k. Then
A* @ 2 € V(A) for some k implies A* 1 @z = Ak @z € V(A), ..,z € V(A). O

As A is order-preserving, the invariance of X under A admits the following simple
characterization:

Proposition 2.8. X is invariant under A if and only if AQz >z and AT <TZ.

Thus the X-simplicity is a necessary condition for weak X-robustness. It is also
sufficient if the interval X is invariant under A4, i.e., z < A®z and A®RT <7T.

3. X-SIMPLE IMAGE EIGENSPACE AND X-CONFORMISM

The purpose of this section is to define a nontrivial combinatorial condition for matrix
A (namely, A being an “X-conforming matrix”) and show that this condition describes
a class of matrices for which every eigenvector z € V(A) N X is an X-simple image
eigenvector (in other words, the matrices with X-simple image eigenspace).

We first introduce the property of level-a permutation, which (as argued in Lemma
gives rise to a necessary condition for A having an X-simple image eigenspace.

Definition 3.1. A matrix A = (a;;) € B(n,n) is called a generalized level-a permuta-
tion matrix (abrr. level-a permutation) if digraph G(A4, ) is a set of disjoint elementary
cycles containing all nodes.

Let us also define the following quantity:

Y(A,T) = min(c(A), minZz;), v (A4,7) = (v(4,%),...,v7(A,T)). (1)

i€N
Since v*(A,T) is a constant vector such that each row of A contains an entry not

smaller than v(A,T), we obtain A @ v*(A,T) = v*(4,7) (i.e.,7*(4,T) € V(A)).

Lemma 3.2. Let A = (a;;) € B(n,n) and X = [z,7] C B(n) be given and conditions
z < ¢*(A) and max;ey z; < min;en Z; be fulfilled. If A has X-simple image eigenspace
then A is level-y(A, T) permutation.
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Proof. For a contrary suppose that, under the given conditions, A is not level-y(A,T)
permutation. We shall look for two solutions of A ® y = v*(A,Z). One solution is
v*(A,7) € V(A) N X. Since A is not level-v(A,T) permutation and each row of A
contains at least one element a;; > ~v(A,T) we shall consider two cases.

Case 1. (Fk € N)[maxsen asi < 7(A4,T)]. The second solution y’' € X is

), iti =k
vi= v(A,T), otherwise,

since we have as, < (A4, 7) for all s, implying that the terms as, ® y;, are unimportant
and y;, can be set to any admissible value.

Case 2. The remaining case is when (Vk € N)[maxsen ask > (A, T)]. Recall that we
have at least one entry greater then or equal to 7(A,Z) in each column of A. By the
definition of C(A) and (A, %) we also have at least one such entry in each row. However
A is not level-y(A, T) permutation hence there is a row with at least two such entries,

e., (3i,5,k € N)[a;; > v(A,7) and a;, > (A, T)]. Then there is v € N such that
(Vi € N)[max;en (v} @5 > Y(A,T)] and the second solution 3" € X can be defined as
follows

;)= ifi=wv
L v(A,T), otherwise,
since attainment of the maximum value in every row of A ® y by other terms than
asy ® Yy, makes these terms redundant, so that g, can be replaced by any admissible
value y! < y,.

In both cases we obtained a contradiction with A having X-simple image eigenspace.
a

We now define what an X-conforming matrix is. This is the key notion of the
paper building upon the definition of level- ’y A T) permutation matrix given above and
requiring the notation introduced below in (2))-(4) and the properties assumed in @
and in Definition . See also Example [3.5| 5 111ustrat1ng the notion.

For a given level-y(A,T) permutation matrix A = (a;;) € B(n,n) and X = [z,7] C
B(n) assume that

cy = (i, ...,y ) are elementary cyclesin digraph G(A,v(A4,7)), 1 <u <k, (2)

ex = (e1,...,en)’, where ¢; = max &, foricc,, 1 <u<k, (3)
fe=(f1,--, fa)', where f; = ?élcgf” @aP(A) foric€e,, 1<u<k 4)

and that
z < c*(A) and max z; < {Iél]{rll‘z, (5)

ai;“i?+1 > ’}/(A,f), 1 < j < Su — 1, 1 <u< k. (6)
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Notice that e = €ju_ , fiv u = fzu for nodes 77,4 ; lying in the same cycle ¢, and also
{zl,...,él,.. il,.. f}
Definition 3.3. Let A = (a;;) € B(n,n) and X = [z,Z] C B(n) be given and A be

level-y(A, T) permutation fulfilling and @ Then, matrix A is called X-conforming
if

(1) gi}LH < 61';_t+1 = ai;k < 61; for k 7& Z.}L_,'_l, k € N,

(i) z; o, TG, Gtk < e for k # iy, k€N,

(iii) geiv, = ming ee, Gl = :C i, ( )= fz v, = Ty, S ;LH(A),

in terms of the notation introduced in f and 1 <u <k.

Remark 3.4. Observe that f; < €D,cy ai; for all i, since the same holds for z¥(A)
(the end of Section [2.2]).

Example 3.5. Let us consider B = [0,10], A = 10 and

SIS OIS

L 00 MO A

[SURRSCIEN QN

W W
)

Il
BN W N
S
Il
Ut © ~1

Matrix A is level-5 permutation with ¢; = (i},id) = (1,4), o = (i2,i3) = (2,3) and
z®(A) = (5,7,7,5)T. Vectors e; and fz have the following coordinates

e1 =eq =max(x;,z,) =4, ea = e3 = max(z,,x3) = 3,

fi=fi=min(@ @2, 7y @2]) =5, fo = f3 =min(T @ 2y, T3 @2 ) = 6,

thus e, = (4,3,3,4)T and fz = (5,6,6,5)7.
Now, we shall argue that A is X-conforming,

i%zl,iézll; Ty < el = aq; <eq (v.]#l),
iy=4,i1=1; zy=es=ay; < e (Vj#4),
1=2,15=3; z,=e2= a3 <esg (Vj#2),
22:3,21: ; Zg < ez = agj < €2 (V]?é-?))
and
a4 =5= min_~ ay =25(A) =Ty =5<27(A) =5, a4 =7> min  ag =5,
(k,l)€c1=(14) (k,l)€c1=(14)
a9z =7 = min__ ay =25 (A) = T3=6<27(A) =7, a3 =8> min  ap =7

T (k) Eca—(23) (k1) Eco=(23)

Hence matrix A is X-conforming.
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The purpose of Lemma below is to establish useful inequalities for e;, v*(A,T)
and f, and to elucidate the structure of V(A) N X.

Lemma 3.6. Let A = (a;5) € B(n,n), X = [z,7] C B(n) be given and A be X-
conforming. Let ¢, for u = 1,...,k be the elementary cycles of G(4,v(A4,T)).

(i) z <ep <Y (A7), v (A7) < fr <Tand e, fr e V(A) N X,
(i) (Vze XNV(A)les <z < fz,
(iii) V(A NX ={(21,...,2,)T 2 Jaq,...,qp s.t. Vi x; = € [es, fi] fori € ¢y, 1 <
u <k}

Proof. Let us first recall that since A is X-conforming it is also a level-y(A,Z) per-
mutation matrix.

(i) The inequalities z < e, < 7*(4,7) follow from the conditions z < ¢ (A)7
max;en &; < min;en Z; and the definition of e,. To obtain v*(4,7) < fz < T, re-
call that x®(A) > v*(A,T) as 29(A) is the largest eigenvector, and that 7 > v*(4, )

by (1), implying fz > 7*(A, 7).
To show that e, fz € V(A) we need to prove that A®e, = e,, AR fz = fz. As matrix
A is level-y(A, T) permutation, for each i € N there is j € N such that a;; > (A, 7).
To prove A ® e, = e, observe that

(A®e£)i:®ait®et@aij®ej:aij®ej:ej:ei
t£;

because i, j lie in the same cycle (e; = e;) and a;; > V(A,T) > e; > ay for all t # j by
the definition of X-conforming matrix.
To prove A ® fz = fz observe that

(A® fz)i = @azt@)ft—azg@fj fi=fi

teN

because of 4,5 are lying in the same cycle (f; = f;), aij = @enai > P (A) >
T, @xy(A) > f; and ayy < (A, T) < f; = fj for t # 5.

(ii) Suppose that (3z € X NV (A)[ey £ 2], i.e., there is at least one index ¢ € N such
that z; < x; < ;. Since A is level-y(A,T) permutation and ¢ € N, then there is a cycle
¢ = {i1,...,is} such that iy =i € ¢,

Qiipyy > V(A T) >e; > 25 and ¢, = _max -y, forr=1,...,s.
=t1y.05s

If s =1 we immediately obtain a contradiction with the definition of the vector e,.
Suppose now that s > 2, then for the eigenvector = (x1,...,2,) we have

=(A®x); @am@xt > Ay @ Tiy = Ty
teN
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because of a;,;, > v(A,T) > x;, and we obtain x;, > z;,,

=(A® ) @ iyt @ Ty = Qinig @ Tiy = Tig
teN

because of a;,;; > Y(A,Z) > x;, > x4, and we obtain x;, > z;,. Proceeding in the same
way for z;,,...,2;, we have z;, = -+ =z;, <¢;, = ... = ¢;,. However, this implies
Ty, < Ly, for some iy, which is a contradiction.

Suppose that (3z € XNV (A)[z £ fz, i.e., there is at least one index i € N such that
fi < x; <7T;. Since x is an eigenvector of A the equality EBte N Gut > Ty holds for each
v € N. Moreover using part (ii) of Definition and that A is X-conforming, we have
a;r < e; < fi < m; for each (i,t) ¢ {(i1,i2),...,(is,i1)}. Let i =41 € ¢ = {iy,...,is}.
Then

(A@ )i, =P ain @20 = aiyi, @ w3, = iy > @4,
teN

(A@ )iy = P aint @ 20 = aiyi, @ 23y = Tiy > @4,
teN
since a;,¢ < x4, for t # o and aiy < €5, < fi, = fiy < x;, for t # i3. Proceeding in the
same way for x;,,...,z;, we obtain that

s

xi1:-~:mis>fi1:...=fi5:k Enlnz(xk,x,?(/l)) forr=1,...,s.
ULy

This implies that z;, > =;, or z;, > mf?(A) for some 4;: in both cases, a contradiction.
(iii) By part (ii) each z € V(A) N X satisfies e, < = < fz, and it remains to show
that
T = (xl,...,xn)T; T, =, fori€c, and 1 <u<k.

As Ais X- Conformlng, A is also a level-y(A,Z) fulfilling (5) and @ and a,s < e, <

(A, T) for (r,s) ¢ UE_{(i,1%), . iy, 1 dy,), (6L 1T)
Suppose that = € V(A) NX. Then e, <z < fz by (ii), and without loss of generality
let us assume u = 1, that is, ¢; = (i},...,4l ).

s1
We shall consider two cases.
Case 1. z;1 = €;:. Then we have that

xi%(zel) (A®x); i1 f@allt@)xt @ai%t@)xt@ai%ié@xi% Zazh%@xl%
teN t#il

Hence we have that z;1 > x;; because of a;1;3 > ¥(A,T) > e;1 = x;1. For the index i3
we get

LL‘l— (A« 1—®a1t®xt @aiét@)mt@ai;ié@xiéZaiéié@)xié.
teN t#£il
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Hence we have that x;; > x;1 because of a;1;1 > 7(A,T) > e =z > x;1. Proceeding
in the same way we get zg =--- =z =en € [eg, fu].
S1

Case 2. ;1 > €;1. Then we get

vy = Pap @ v = Pag @ S ayy Gay = ayy Oy
teN t#i%

because inequalities x;1 > €;; > a;1, holds for each t # is since A is X-conforming.
Thus, we obtain z;1 = a;1;1 ® x;1 and hence x;1 < x;1. Similarly for z;1 we get
1 172 2 1 2 2

2y = P © v = P ay @ 1 S agy @ vy = agn Oy
-1
teN t#ig

because of z;1 > x;1 > ;1 > a;1, for each t # i3 and we obtain x;1 = a;1,1 ® ;1. Hence
2 1 1 1 2 273 3
z;3 < x;1. Proceeding in the same way we get z;p = --- = Ty =o€ [ei%,fi%]. |

Remark 3.7. By Lemma (iii) it follows that the structure of each eigenvector
z € V(A) N X of a given X-conforming matrix A depends on elementary cycles in
G(A,v(A, 7)) and all entries of  corresponding to the same cycle have an equal value.

The main result of the paper, given in the next theorem, describes an equivalent
condition for A having an X-simple image eigenspace and which immediately yields an
O(n?logn) algorithm for checking X-simplicity of image eigenspace. The proof of the
theorem technically works with the properties of X-conformism on the detail level of
vector coordinates.

Theorem 3.8. Let A = (a;;) € B(n,n), X = [z,7] C B(n) be given fulfilling (5)). Then
A has X-simple image eigenspace if and only if A is an X-conforming matrix.

Proof. The “only if” part: As the matrix A has X-simple image eigenspace, it is also
a level-y(A, T) permutation fulfilling (5] and (6).

For the sake of a contradiction suppose that (Ju € {1,...,1})(F¥ € ¢, = (i¥,...,i%))
such that

Tiw <€, and a;ug > e for some k # iy, k€ N (7)

or
Ziw = eir,, and ag > ey for some k #4)' ,k e N (8)

or
Qiwin, | = (kr,?)iélcu ag; = m%ﬂ(A) = fi,, and Zpp | > :cf-?fﬂ(A). (9)

We shall consider three cases and for each case we shall construct an eigenvector
e e V(A)N X with |S(4,¢')NX]| > 2.
Denote dy, = MaX,,, <(A,7)itcc, veN Giv(= ai;v). The first two cases and will be
treated simultaneously.

Case 1. Tiw < eiv,, and aup > e (& Tiw, | < ein, =ey < Qiu).
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Case 2. ii:ﬁrl = ei?r‘!rl and awk > 62‘:: (<:> gi:ﬁr = 62’; = eig < awk).

1 +1

Define vector €’ as follows

o — dy, if i € ¢y
! v(A,T), otherwise.

We shall show that A ® ¢/ = ¢’. Since the matrix A is level-y(A,Z) permutation, the
equalities (A® ¢€'); = (A @Y (A, T)); = v(A,T) = €} hold for i ¢ ¢,, so it suffices to
show that

(A®e)u = e;? fort=1,...,5,.

Using the definition of d, and ¢’ we obtain

/ _ L !/ o / L _ _
(A ®e )7‘# - @ al}fj ® ej ® al?%ﬁ—l ® ei;‘_'_l < du 5] al{‘zy+1 ® du - du = ei?

I
and
/ _ L ! . / _ . _ !
(A@ )iy = P aips @ ¢ = aigiy,, @iy, = iy, ®du = dy = €y
jEN
In particular, we have
/ o _
Qiuiu, R e =e€mu, t=1,...,5,.

;U
tte41 tiya 17

To obtain a contradiction we shall show that the system A ® y = €’ has at least two
solutions, which will be denoted by y',4”. We have a;u > e;x and L < e, (case 1),

or aug > e;u and T | =eiv, (case 2), and Qjny = d,, for some indices p and v. Define
u

x, if 4 = 4%
/! o) = p+1
Yy =e€, yl - 12

e;,  otherwise.

We need to show that yi. > 3/ , to make sure that y’ and 3" are actually different
"pt1 "p+1
p P

in this position, and 3’ > y”. Next we also need to show that A ® y” > €', hence
ARy =€
To see the difference, observe that if p = r, ajup > e and Ty, < e, then

1 _ . _ . X _
Yir,, = Liv, < iy, = G < Qigk < du = Cir
ifp=r, Qjup > €ju and Tpw = e, then
Ve =2 =en . =eu < Qui <dy, =€
yz;‘+1 711:+1 (Y [ itk > Uy 1¢+17
and if p # r then
! /
yzg+1 S — ezszJrl Cig = Qigk <dy el; 1
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By the definition of d,, and ¢’ and since A is a level-y(A,T) permutation matrix, we
have (A® y")iw = aiﬁ:+le’ = e;? for each ¢ # p. For t = p we obtain the following

;U
Y41
inequalities

A2y )iy = B aw; @y S aym,, @yl | > aigo @€, > du =y,
JFl 1
where k # i)', | and e), > d,. This implies A® y” > ¢’ hence A®y" =¢'.

Case 3. Suppose that @ holds true and we will show that the system A ® y = fz has
at least two solutions: y' = fz and ¥ = (y7,...,y")T, where

e
n_ )T ifi =iy,
! fi  otherwise.

Observe that the vectors y',y" are different in the 4;', ; th position:

Yo =Tin,, >xj (A) = fin,, = Y

A .
r41 eyt r41

Since A4 is level-y(A,T) permutation and fz > v*(A,T) we have (A®y")i» = aipiy, @
figﬂ = fiv for each t # r. As for the case of r, recalling that Qiuin, | = fi3+1 and
figﬂ < Ty, we obtain the following equalities

2 11 1 —
(A®y" )i = @ Qixk ® Y D Qinir, | O Yju = @ Gink ® fr ® Gipin | @ Tin

kil kil
= @ Qink @ fro ® (aiwin,, ® fin, ) @Tju, = @ Gipk @ fr = fiy-
kA keEN

Here we have used the equality Qipin, | = fiﬁ+1 and the inequality fig+
following from the conditions describing Case 3.

< jig-%—l , both

1

The “if” part: Suppose that A is an X-conforming matrix and we shall show that
(Ve € V(A) N X)[|S(A,z) N X| = 1]. For the contrary suppose that (3x € V(A) N
X)[|S(A,z) N X| > 1]. By Lemma [3.6| (iii) = = (21,...,2,)T, 2 = ay € [e;, fi] fori €
cu, 1 < u < k and there is a solution 3’ # x of the system A ® y = x. Then there is
j € N such that x; # y;. We shall consider three possibilities: (i) ¥} < e;, (i) f; <y},
(111) y; S [ej,fj].

(i) y; < e;. Since A is level-y(A,T) permutation there is p € N such that a,; >
(A, T), so that we can substitute p for ¢; and j for i, in Deﬁnition Asz; < yg <ej
by condition (i) of that definition we have that z; < e; = ap < e, = ¢; for t # j and
we obtain

r,=(A®Y), = @%t@yé@am‘ ®@y; < ep < ap,
oy

which is a contradiction.

(i) f; < yj. As Ais level-y(A, ¥) permutation there is p € N such that a,; > v(A,T),
and by Remark we have a,; = @cy apr > fp(= fj). We consider two possibilities:



510 J. PLAVKA AND S. SERGEEV

1. ap; > fp = f;. Then we obtain the following
(A®y @apk®yk@ap]®yj>am®y]>fp>xpa
k#j
and this is a contradiction.

2. apj = fp = fj. At first we shall prove the following claim.

Claim. If A is level-y(A,Z) permutation and zP(A) = a,s, (r,s) € ¢, then a,s =
ming iee, Gki-

Proof of Claim. For the contrary, assume that A is level-y(A,T) permutation,
ars =y (A) and a,s > ming yec, ki = Gag. Using

ot < ¢(A) < aap < aps = 27 (A) = 25(A), t#0,
we obtain
£2(A) = 22(A) = (A0 2°(A))a = a0p @ 25 (A) = ap < ar = 22 (A).

This is a contradiction. Note that the equalities & (A4) = w%a (A) = 2P(A) follow from
Lemma (since z®(A) is an eigenvector).

Now we will continue to analyze “(ii), Case 2”. The assumption a,; = f, = f; implies
that ap; = fp, < min(T,, x@(A)) < x?a(A). Moreover from the fact that z®(A) is an
eigenvector we obtain i > 9(A) = zP(A). Hence ap; = m?(A) = z(A) and by
Claim we obtain a,; = miny, l)Ecu agi- Then by Definition E we get

ap; = fj = x5 (A) = T; <2 (A).
We conclude the proof by the following contradiction

T; <o (A) = f; <y; <7

(iil) y; € [ej, f;]. As we also assumed z; # y;, we shall analyze two possibilities:
xj<y] andx]>y

Let z; > y Usmg Remark (3.4 and Lemma we obtain a,; = @pcn apr > fp >
Tp = x;. By Deﬁmtlonnwe have that apr < ep e; < yé < zj =) for k # j. These
inequalities imply

=AY )y =P apr @ vk © ap; DY) = ap; @Y =y < xp,
k#j

which is a contradiction.
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Let ; < y}. Using Remark Lemma (i) and the conditions y; € [e;, f;] and
r; < y;, we obtain that

ap; = P ak > fo(= f; 2 9 > wj = wp).
g

This implies that

xp:(A®y/)p:@apk®y;c@apj®y§Zapj®y9>xp®xp:$pv
k#j

which is a contradiction. O

Remark 3.9. Theorem implies that in the case when z < ¢*(A) and max;en z; <
min;ey T;, the complexity of checking that a given matrix A has X-simple image
eigenspace requires O(n?logn) arithmetic operations. It is based on the fact that we
need O(n?) operations to check parts (i) and (ii) of Definition [3.3|and O(n?logn) oper-
ations to compute the greatest eigenvector @ (A) (J5]).
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