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Abstract

The aim of this paper is to address the system AX =Y, where A = (a;;) € M,,xn(5), Y € 8™,
and X represents an unknown vector of size n, with S being an additively idempotent semiring.
Should the system possess solutions, we aim to comprehensively characterize a particular solution
as it is the so-called maximal solution with respect to an order that is induced by the addition of
the semiring. Additionally, in the specific scenario where S is what we call a generalized tropical
semiring, we offer a thorough characterization of its solutions along with an explicit estimation of
the computational cost involved in its computation.

1 Introduction

A semiring (S, +, ) is a set S with two internal operations, +, - where (S, +) is a commutative monoid,
and (S, -) is a monoid, being both internal operations connected by a ring-like distributivity. We also
assume that for both operations, there exists an identity element; 0 for + and 1 for -. In addition, a
semiring (S, +,,0,1) is said to be additively idempotent if x + x = z for all x € S.

One of the most important examples of semirings are the tropical semirings. The semiring (R, min, +)
appeared in optimization problems such as Floyd’s algorithm for finding shortest paths in a graph [5].
However, a systematic study of the tropical semiring began only after the Simon’s work (see [3]) and
since then the study has significantly increased due to the huge number of applications.

The first paper [4] about linear algebra on such a semirings appeared in 2005. However, solving
linear systems was a major task from the beginning of tropical algebras, but it was not until the work
of Viro [6] that the problem actually took a most present role in mathematics. Moreover, this problem
has already proved to be very interesting from the algorithmic point of view as it is known to be in
NP N coNP [T].

Letting (S, +, -) be an additively idempotent semiring, we want to solve the system AX =Y, where
A = (aij) € Myxn(S), Y € S™ and X is an unknown vector of size n. In the context where the system
AX =Y admits solutions, we can compute the maximal one. Moreover, within the specific framework
where S is a generalized tropical semiring (see Definition 1.1.1), we present a complete characterization
of all its solutions, with an explicit polynomial computational cost.

2 Preliminars

We will recall some basic background and introduce the notation we will use through this work.

*The full version of this work can be found in [I0] and has been submited to Funzy set and Systems. This research is
supported by the Department of Mathematics, University of Almeria.

'Email: a0s073Q@inlumine.ual.es. Research of supported by Department of Mathematics, University of Almerfa.

fEmail: danielcp@ual.es. Research supported by Ministerio de Ciencia e Innovacién PID2022-138906NB-C21..

SEmail: jlopez@ual.es. Research supported by Ministerio de Ciencia e Innovacién PID2020-113552GB-100 and FQM
0211 Junta de Andalucia..



Discrete Mathematics Days, Alcald de Henares, July 3-5, 2024

Definition 1. A semiring (R,+,-) is a non-empty set R together with two operations + and - such
that (R,+) is a commutative monoid, (R,-) is a monoid and the distributive laws hold:

a(b+c¢) =ab+ac
(a+b)c = ac+ be
We say that (R, +,-) is additively idempotent if a + a = a for all a € R.

Example 2. From the work of J. Zumbragel [13], the following additively idempotent semiring with 5
elements can be obtained:

o 1 2 38 4 5 1o 1 2 3 4 5
0lo 1 2 3 4 5 00 0 0 0 0 0
1111111 5 1lo 1 2 8 4 5
212 1 2 1 2 5 210 2 2 0 0 5
313 1 1 3 38 5 310 8 4 3 4 3
J14 1 2 58 4 5 Jlo 4 4 0 0 3
515 65 5 5 5 5 510 5 2 5 2 5

Example 3. In [T]|], a classification of all additively commutative semirings with two elements is
presented. In that article, we can see that the set {0,1} endowed with the following operations results
in an additively idempotent semiring:

Definition 4. Let R be a semiring and (M,+) be a commutative semigroup with identity Opr. M is a
right semimodule over R if there is an external operation - : M x R — M such that

1 0
0 010
1 111

—~ o+
S OO

1

(m-a)-b=m-(a-b)
m-(a+b=m-a+m-b
(m+n)-a=m-a+n-a

Opr-a =0y

for all a,b € R and m,n € M. We will denote m - a by the concatenation ma.

In an additively idempotent semiring (R, +, ), an order can be induced by the addition operation,
by:
a < bif and only if a + b = 0. (3)

This order respects the operation in R and enables us to define a partial order in R™ for every positive
integer n.

X=(z1,...20) >2Y = (y1,...,yn) ifand only if x; > y; Vi=1,... n. (4)

In addition, note that this order also respect the multiplication by a square matrices of order n whose
entries are in R.
Let AX =Y be the system of linear equations in R with indeterminates x1, ..., z,,
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ail ai2 A1n Y1
asi a2 azn Y2
z1 + : To+ o+ : =1 |, (5)
A(m—1)1 A(m—1)2 A(m—1)n Ym—1
am1 Am2 Amn Ym
with a;;,y; € R for all ¢ = 1,...,n 5 = 1,...,m. Let A; be the j — th column of A, A; =
(@1j,a2j, ..., am;), then, the previous system can be written as
Ajzy + Agwg + -+ + Ay, =Y. (6)

Definition 5. Let R be an additively idempotent semiring, and let AX =Y be a linear system of
equations. We say that X is the maximal solution of the system if and only if the two following
conditions are satisfied

1. X € R" is a solution of the system, i.e. AX =Y,
2. if Z € R™ is any other solution of the system, then Z < X
The following result depicts a method to compute the maximal solution of such a system of equations.

Theorem 6. Given (R,+,-) an additively idempotent semiring, let W; = {x € R : zA; +Y =Y}
Vi=1,...,n. Suppose that these subsets have a maximum with respect to the order induced in R

C; = max W;. (7)
If XA =Y has as a solution, then X = (C1,...Cy) is the maximal solution of the system.

Proof. If there is a solution Z = (z1,..., z,), then, it is enough to proof that z; - Ay +Y =Y for all
k =1,...,n, and therefore we can show that z; € Wj. As a consequence, X > Z. Finally, we show
that X is a solution, and therefore, it is the maximal solution. O

In [I0, example 3.19], an example of a direct application of this theorem can be found.

3 Particular cases

An important example of the considered semirings is the so-called tropical semiring, which is the
semiring given by (R U {oco}, max,+). The following definition is a generalization of this concept.

Definition 7. Let (R,+,-) be a semiring. We say that R is a generalized tropical semiring if
a+b=aora+b=>ofallabecR.

It is straightforward that the tropical semiring is the tropicalized of R with the usual operations.

Using the argument given in the proof of the preceding theorem to this specific case, allows us to
provide the following result. A complete proof of theorems [8| and @] can be found in [0, Theorem 3.6]
and [10, Theorem 3.12] respectively.

Theorem 8. Let (R,+,-) be a generalized tropical semiring where (R,-) is a group. Then the linear
system A- X =Y has at least one solution.

Tropical lineal algebra over tropical semirings appears naturally in several problems of graph theory
(c.f. [12] or [I1]). The following result shows a characterization of all solutions of the linear system
AX =Y.
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Theorem 9. Let R be a generalized tropical semiring, and let AX =Y be a system of equations with
Y = (y;) € R™ and A = (a; j) € Matpxm(R). X = (21,22, ..., T,) is solution of the system if and only
if

Loaj;-xi+yj=y; Vj=1,...,m,

2.Vj=1,...,m3he€{l,...,n} such that ajp -z =y; .

Another significant case is that of finite idempotent semirings, which has garnered renewed interest in
the scientific community due to its potential applications in cryptography. As an example, [§] provides
a characterization of all finite commutative simple semirings, among which one of the five possible cases
is the additively idempotent semiring.

Then, due to the finiteness of the semiring we get that

Theorem 10. Let R be an additively idempotent finite semiring, and let AX =Y be a system of
equations, with Y € R™ and A = (a; ;) € Mat,xm(R). Then, the system is compatible, W; = {x € R :
x-A;+Y =Y} is finite and

X = (x1,...,2n) such that z; = Z x (8)
zeW;

s the maximal solution of the system.
An important consequence of this result is that we are able to provide a cryptanalysis of the key

exchange over finite semirings that are congruence simple and that is introduced in [2] and that it is
published in [9].
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