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Abstract

This thesis is concerned with the correspondence between the max algebra and
non-negative linear algebra. It is motivated by the Perron-Frobenius theory
as a powerful tool in ranking applications. Throughout the thesis, we consider
max-algebraic versions of some standard results of non-negative linear algeb-
ra. We are specifically interested in the spectral and stability properties of
non-negative matrices. We see that many well-known theorems in this context
extend to the max algebra. We also consider how we can relate these results
to ranking applications in decision making problems. In particular, we focus

on deriving ranking schemes for the Analytic Hierarchy Process (AHP).

We start by describing fundamental concepts that will be used throughout the
thesis after a general introduction. We also state well-known results in both

non-negative linear algebra and the max algebra.

We are next interested in the characterisation of the spectral properties of mat-
rix polynomials. We analyse their relation to multi-step difference equations.
We show how results for matrix polynomials in the conventional algebra carry
over naturally to the max-algebraic setting. We also consider an extension of
the so-called Fundamental Theorem of Demography to the max algebra. Using
the concept of a multigraph, we prove that a number of inequalities related
to the spectral radius of a matrix polynomial are also true for its largest max

eigenvalue.

We are next concerned with the asymptotic stability of non-negative matrices
in the context of dynamical systems. We are motivated by the relation of
P-matrices and positive stability of non-negative matrices. We discuss how
equivalent conditions connected with this relation echo similar results over
the max algebra. Moreover, we consider extensions of the properties of sets
of P-matrices to the max algebra. In this direction, we highlight the central

role of the max version of the generalised spectral radius.

ix
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We then focus on ranking applications in multi-criteria decision making prob-
lems. In particular, we consider the Analytic Hierarchy Process (AHP) which
is a method to deal with these types of problems. We analyse the classical
Eigenvalue Method (EM) for the AHP and its max-algebraic version for the
single criterion case. We discuss how to treat multiple criteria within the
max-algebraic framework. We address this generalisation by considering the
multi-criteria AHP as a multi-objective optimisation problem. We consider
three approaches within the framework of multi-objective optimisation, and

use the optimal solution to provide an overall ranking scheme in each case.

We also study the problem of constructing a ranking scheme using a combi-
natorial approach. We are inspired by the so-called Matrix Tree Theorem for
Markov Chains. It connects the spectral theory of non-negative matrices with
directed spanning trees. We prove that a similar relation can be established
over the max algebra. We consider its possible applications to decision making

problems.

Finally, we conclude with a summary of our results and suggestions for future

extensions of these.
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Notations and Abbreviations

Notations:
Symbol Meaning
R The set of real numbers
R™ The set of all n-tuples of real numbers
NG The set of all n x n matrices with real entries
R, The set of non-negative real numbers
R? The set of all n-tuples of non-negative real numbers
R7*™ The set of all n x n matrices with non-negative real entries
int(IR"} ) The set of all n-tuples of positive real numbers
& The maximum operation
® The usual multiplication operation
Rinax, % The max algebra semiring
AT The transpose of A
AF The usual k" power of A
Al The k™ max power of A
AC The critical matrix of A
A* The Kleene star of A
1 The n x n identity matrix
P An n x n permutation matrix
X An n x n diagonal matrix
1, An n x 1 vector with every entry equals to one
1,17 An n x n matrix with every entry equals to one
T An n x n transitive matrix (Chapter 5)
x; The *" entry of the vector x
aij The (i, 7)™ entry of the matrix A
ay; The (i, 7)™ entry of the matrix A,
az(f) The (i, 7)™ entry of the matrix A*
A; The i** row of A
A, The i*" column of A
p(A) The spectral radius of A
w(A) The largest max eigenvalue of A
D(A) The weighted directed graph of A
N(A) The set of vertices in D(A)
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E(A)
DE(A)
NE(A)
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M(¥)
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a(D(4)
exp(A)
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V(A)
V*(A)
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Ti

Abbreviations:

Symbol

AHP

g.c.d.

l.c.m.
PC-matrix
SR-matrix
EM

RST

The set of edges in D(A)

The critical graph of A

The set of critical vertices in D(A)

The set of critical edges in D(A)

The multigraph associated with the set ¥

A cycle in a graph

Weight of the cycle I

Length of the cycle I’

The diameter of D(A)

The exponent of A

The cyclicity index of A

The set of max eigenvectors of A associated with p(A)
The set of subeigenvectors of A associated with p(A)
A directed spanning tree of D(A) (Chapter 6)

The set of edges in T

The set of all directed spanning trees of D(A) rooted at i

Meaning

Analytic Hierarchy Process
greatest common divisor

least common multiple

Pairwise comparison matrix
Symmetrically reciprocal matrix
Eigenvalue Method

Rooted Directed Spanning Tree
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CHAPTER

Introduction

In this chapter, we briefly discuss non-negative matrices and their relevance to
applications. We then proceed to describe the max algebra, which is the main
focus of our later work, and discuss some motivating examples. After outlining the
structure of the thesis, we conclude by summarising the principal contributions of

the work.

1.1 Introductory Remarks

Throughout this thesis, we shall deal with non-negative matrices over the max
algebra. We first discuss non-negative matrices and then describe informally

some aspects of the theory and applications of the max algebra.

1.1.1 The Class of Non-negative Matrices

Non-negative matrices are square matrices in which all the elements are greater
than or equal to zero. Non-negativity appears naturally in applications in

science and engineering. We list a few examples below.

Probability theory. Non-negative matrices are frequently used in the theory

of Markov chains. Markov chains are applied widely in communications,

1




Chapter 1. Introduction

economics, population dynamics and information retrieval [Sen06]. A
Markov chain is characterised by a transition probability matrix. This
is usually a row stochastic matriz, a non-negative matrix all of whose
rows sum to one. For more background on this theory and applications,
see [Sen06].

Economics. Non-negative matrices also arise in mathematical models of eco-
nomics. A very classical example of this is the Leontief input-output
economic model [Mey00]. The relationships between industries in an
economy are represented by the consumption matrix. This is usually a
column stochastic matriz, a non-negative matrix all of whose columns
sum to one. For a discussion of the use of non-negative matrices in

Economics, see [BP94].

Demography. In Demography, the famous Leslie distribution model is used
to predict the future female population in a given society [Mey00]. The
Leslie matrix in this model is non-negative and can be made irreducible
and primitive! under certain conditions. For an analysis of the model in

the context of non-negative matrix theory, see [Mey00].

Mathematical Programming. Non-negative matrix theory has an impor-
tant role in certain types of Linear Complementarity Problems (LCPs).
The LCP is a powerful framework for combinatorial optimisation with
numerous applications in game theory, economics and numerical analysis
[BP94]. In particular, P-matrices, matrices all of whose principal minors
are positive, play a key role in characterising the solution of an LCP.
Look at [BP94] for more information on the connection of LCPs with

non-negative matrices.

Numerical analysis. Non-negative matrix theory is closely related with ite-
rative numerical methods, such as those used in the solution of Dirichlet
boundary value problems (see Varga [Var62] for example). In the nume-
rical solution of such boundary value problems, discretisation methods

typically lead to a large set of linear equations. A typical approach to

TA matrix A is said to be irreducible if and only if its directed graph is strongly con-
nected. A is said to be primitive if and only if, for some positive integer k , a;;’ is positive
for all 4, j.



1.1. Introductory Remarks

the solution of these is to consider an iterative method in which the

iteration matrix is transformed to be non-negative.

Web search engines. The most common example demonstrating the impor-
tance of non-negativity is provided by Google’s PageRank algorithm.
The algorithm constructs the Google matrix by using the hyperlink
structure of the web. By applying two modifications to this matrix,
it is made row stochastic, irreducible and primitive. [LLMO6] is among
the many references that describe the relation between the PageRank

algorithm and non-negative matrix theory.

Operations research. Non-negative matrix theory plays a key role in con-
nection with the Analytic Hierarchy Process (AHP) [Saa77a, Saa80,
Saa88]. The AHP is a widely used technique in multi-criteria decision
making problems. In the AHP, pairwise comparison matrices are posi-
tive matrices, i.e., matrices with positive elements. We dedicate Chapter
5 to the application of the max algebra in ranking schemes in the multi-
criteria AHP.

Since the class of non-negative matrices is important in applications, the pro-
perties of this type of a matrix have attracted the interest of many researchers.
In this direction, the Perron-Frobenius theory plays a central role in the cha-
racterisation of the dominant eigenvalues and eigenvectors of non-negative
and related matrices. Moreover, it has an important role in characterising the

asymptotic behaviour of the matrix powers.

The classical Perron-Frobenius theory was derived by Oscar Perron in 1907
[Per07]. It establishes results on the spectral and asymptotic properties of
positive matrices. Shortly after that, these results were generalised to certain
type of non-negative matrices by Georg F. Frobenius [Frol2]. In the past
decades a wide range of books have been written on non-negative matrix
theory [Ganb9, LT85, HJ90, BP94, BRI7, Mey00, Sen06]. Given the extensive
usage of the classical Perron-Frobenius theory, the basic theory was generalised
to infinite dimensional operators [Jen12] and nonlinear maps [Nus88, Lem06].
In a sense, the max-algebraic spectral theory is a special case of nonlinear
Perron-Frobenius theory [Gun03, GG04, AGL11].

3



Chapter 1. Introduction

1.1.2 The Max Algebra

The maz algebra is the main focus of this thesis. By the max algebra, we mean
an algebraic structure on the non-negative numbers under the maximum and
multiplication operations. It is isomorphic to the max-plus algebra via the
natural isomorphism x — log(x). In this thesis, we only deal with the max
algebra setting. While we later describe key results in detail, we now provide

a concise historical overview of the development of the field.

One of the first appearances of using such algebraic structures is in Stephen
C. Kleene’s paper on the theory of finite automata in 1956 [Kle56]. The
first extensive analysis on the fundamentals of the theory and applications is
contained in the lecture notes of Raymond A. Cuninghame-Green [CGT9).
In this context, another well-know manuscript is [BCOQ92|, which speci-
fically focuses on modelling and characterising of discrete event dynamical
systems with the max-plus algebra. One of the recent textbooks in the
field is Peter Butkovi¢’s book [Butl0], which provides a broad analysis of
the max-algebraic spectral theory with illustrative examples, as well as des-
cribing the latest developments. Several variations of the max algebra have
been used in applications by different authors. Examples include the max-
plus algebra [BCOQ92, GP97, HOvdW06, ABG07, But10], the min-plus al-
gebra [BCOQ92, Pin98] and the max-min algebra [Gav97, Gav00]. Moreover,
these variations have been rediscovered independently under different names
such as extremal [Vor(67, Zim77], tropical [Sim78], exotic [GP97], idempotent
[KMO97, LMS01, Kri05].

Such settings provide a natural framework for analysing a broad class of dis-
crete event dynamical systems. Typical examples include the design and ana-
lysis of bus and railway timetables [HOvdW06], scheduling of high-throughput
industrial processes [CDQVS&5], solution of combinatorial optimisation prob-
lems [Bap95, BB03, But03] and the analysis and improvement of flow systems
in communication networks [DCMSMO06]. So far, they have appeared in several
branches of mathematics such as functional analysis, optimisation, stochastic
systems and dynamic programming [BCOQ92, GP97, But03, ABG07]. In par-
ticular, tropical geometry is a recently evolving area [Mik06, BSS07, Ser09c,
JK10].



1.1. Introductory Remarks

The max algebra setting arises directly in applications such as the Viterbi
algorithm [BCOQ92] and is used to construct ranking schemes for the AHP
[EvdD04, EvdD10]. An attraction of the max algebra is that nonlinear prob-
lems can be described in a linear manner. Moreover, it provides us important
tools to characterise the properties of non-negative matrices. Many key results
in this context relate to extensions of the classical Perron-Frobenius theory
over non-negative linear algebra to the max algebra setting. Very early results
in this direction were obtained by [Vor67]. For a recent reference focussing
specifically on the Perron-Frobenius theorem for this setting, see [Bap98],
wherein several proofs of this fundamental theorem were presented. One of
the proofs here highlights the key role played by the so-called critical graph.
This connection with graph theory is an instance of the strong relationship

between the max algebra and combinatorics [But03].

The classical power method was modified to obtain the max eigenvalue and
max eigenvectors of non-negative irreducible matrices in [EvdD99, EvdDO01].
Conditions guaranteeing convergence of the power method were also given in
these papers. More detailed results on the behaviour of the max-algebraic

powers are contained in [Ser(09a, Ser09b, But10)].

Problems including matrix scaling in the max algebra were described in [BS05,
SSB09, Serll] in connection with the max-algebraic spectral theory. Re-
sults relating classes of matrix norm, the maximal cycle geometric mean and
asymptotic stability for a single matrix in the max algebra were presented in
[Lur05]. This line of research was then further extended to sets of matrices in

[Lur06, Pep08] and to infinite dimensional positive operators in [Pep09].

1.1.3 Motivating Example

We discuss the AHP to which both the classical Perron-Frobenius theory and

the max-algebraic spectral theory was applied.

The AHP is a framework designed to deal with decision making problems

involving more than one criterion. We give three basic examples below.

Buying a car: The criteria may be cost, reliability, speed, comfort and
safety. How do we choose the best car among multiple alternatives with these

in mind?
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Choosing a university: The criteria may be teaching quality, research suc-
cess, accommodation, social life and location. How do we decide the best

university with respect to all these criteria?

Planning a vacation: The criteria may be cost of the trip, sight-seeing
opportunities, entertainment, method of travel and eating places. Which one
of these is the most important in selecting a vacation plan? (We will revisit

this example in Chapter 5.)

In the AHP, a decision problem is represented in a treelike structure consisting
of three layers. From top to bottom, these represent an overall goal, a set of
criteria and alternatives. The general principle in the AHP is to compare
alternatives in pairs with respect to each criterion and the set of criteria with
respect to the main goal. At each step a positive matrix is constructed to

represent these pairwise comparisons.

The AHP was introduced by Thomas L. Saaty in 1977 [Saa77a]. After this, it
has successfully been used in several real life problems arising in manufacturing
systems, finance, military, traffic, politics, education, business, industry and
many others [Zah86, SV0O1, FGO1, VK06, TL11]. Tt is a flexible and compre-
hensive framework due to its hierarchical structure. It is also straightforward
to apply once pairwise comparisons are constructed. That’s why the AHP

applications are so extensive.

The main target in the AHP is to rank the alternatives depending on mul-
tiple criteria in a decision problem. Saaty suggested using the Perron vector
[SaaT7a, Saa80, Saa86a, Saa99] of the pairwise comparison matrices. Other
approaches are also possible, for instance the Least Squares method [Chu98,
FLRO03] and the Logarithmic Least Squares method [WC80, Cra87]. These are
largely based on the idea of approximating the pairwise comparison matrix
by a transitive matriz 2. A max-algebraic approach, using the max eigenvec-
tor, was proposed by Ludwig Elsner and Pauline van den Driessche in 2004
[EvdD04, EvdD10]. Recently, it has received a considerable attention as an

alternative approach [Trall].

2A positive matrix A is said to be transitive if aijajr = a; for all 4, j, k and a;; = 1.

6



1.2. Thesis Overview

1.2 Thesis Overview

The overview of this thesis is as follows.

e In Chapter 2, we provide essential mathematical background on non-
negative linear algebra and the max algebra. We formally define the
eigenvalue problem and recall the Perron-Frobenius theory in each case.
Also, we discuss numerical approaches to compute the eigenvalues and

eigenvectors of a non-negative irreducible matrix.

e In Chapter 3, we consider the Perron-Frobenius theory for matrix poly-
nomials over the max algebra. We study the connection between max
matrix polynomials and multi-step difference equations. An important
result of this chapter is a max version of the Fundamental Theorem of
Demography (Theorem 3.1.3) which characterises the behaviour of the
solution of multi-step difference equations in the max algebra. Further,
we define a set of inequalities on the largest max eigenvalue of a max

matrix polynomial in terms of an n X n non-negative matrix.

e In Chapter 4, we consider asymptotic stability over the max algebra.
In this context, we introduce the class of P,,,,-matrices and discuss a
number of its equivalent properties. Particularly, we discuss the relation
between the P,,..-property and the stability of delayed difference equa-
tions in the max algebra. Moreover, we extend these concepts to sets
of non-negative matrices and introduce P,,,,-matrix sets. A main result
of this chapter describes a number of equivalent results for P,,,,-matrix
sets and answers some stability questions for a finite set of non-negative

matrices and for discrete inclusions in the max algebra (Theorem 4.4.1).

e In Chapter 5, we explain the max algebra approach for the single crite-
rion AHP. We discuss its extension to the multi-criteria case to derive an
overall ranking scheme for the alternatives. Inspired by this, we intro-
duce a novel approach in the framework of multi-objective optimisation.
Basically, we are concerned with three types of optimal solutions for the
considered optimisation problem. A key result of this chapter shows
that Pareto optimal solutions are guaranteed to exist over the positive
orthant (Corollary 5.5.8).
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e In Chapter 6, we consider a max version of the Matrix Tree Theorem
for Markov Chains. Specifically, we relate the max-algebraic spectral
theory of an irreducible max-stochastic matrix to the weights of directed
spanning trees in its associated digraph. A fundamental result in this
Chapter establishes the relation between a max eigenvector of the mat-
rix and the maximal weight of rooted directed spanning trees (Theorem
6.2.1). We also discuss possible applications of this result to ranking

problems.

e In Chapter 7, we summarise our results and discuss a number of open

questions related to the work of previous chapters.

1.3 The Contributions

This thesis contributes to the characterisation of the spectral and stability
properties of non-negative matrices over the max algebra. The results are
relevant to the analysis of multi-step difference equations, discrete inclusions

and ranking schemes for decision making problems.

The following journal publications were prepared during the Ph.D. study.

1. B. Benek Gursoy, S. Kirkland, O. Mason and S. Sergeev, On the Markov
Chain Tree Theorem in the Max Algebra, Electronic Journal of Linear
Algebra 26 (2013) 15-27.

2. B. Benek Gursoy, O. Mason and S. Sergeev, The Analytic Hierarchy
Process, Max Algebra and Multi-objective Optimisation, Linear Algebra
Appl. 438 (2013) 2911-2928.

3. B. Benek Gursoy and O. Mason, P} and Sy... properties and asymp-

totic stability in the max algebra, Linear Algebra Appl. 435 (2011) 1008~
1018.

4. B. Benek Gursoy and O. Mason, Spectral properties of matriz polynomsi-

als in the mazx algebra, Linear Algebra Appl. 435 (2011) 1626-1636.

The following conference and workshop abstracts were presented regarding the

study in publications.
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1. B. Benek Gursoy, O. Mason and S. Sergeev, Application of the Maz Al-
gebra to Ranking Schemes in AHP, Workshop of the LMS Joint Research

Group: Tropical Mathematics and its Applications, 2012, Birmingham,
UK.

2. B. Benek Gursoy and O. Mason, Pl and S, properties and asymp-
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CHAPTER

Fundamental Concepts

In this preliminary chapter, we introduce the general notation, definitions and some
fundamental results that will be frequently used throughout the thesis. We first
define certain types of non-negative matrices and recall the celebrated Perron-
Frobenius theorems. Then, we introduce classical concepts from graph theory and
present preliminary results on the relation between graphs and non-negative mat-
rices. The chapter concludes with some formal definitions in the max algebra and

extensions of some known results of non-negative linear algebra to the max algebra.

2.1 Non-negative Linear Algebra

To start with, we provide a basic mathematical background on the spectral
theory of non-negative matrices. We also recall a number of necessary defini-

tions concerning graph theory.

2.1.1 General Notation

R denotes the set of real numbers; R™ stands for the vector space of all n-tuples
of real numbers; R"*" stands for the space of nxn matrices with real entries.
For z € R” and 1 < i < n, z; denotes the i component of x. Similarly, for
A e R™™ and 1 <1i,j <n, a; refers to the (i, 7)™ entry of A.

10




2.1. Non-negative Linear Algebra

Further, Ry = [0,00) denotes the set of all non-negative real numbers; R"

denotes the set of all n-tuples of non-negative real numbers such that
RY ={z cR"|x; > 0,1 <i<n}. (2.1)

R is called the non-negative orthant. R}*" stands for the set of all n xn

matrices with non-negative real entries such that

R = {A € R™™ | q; > 0,1 <4,/ < n}. (2.2)

We use 27 and AT for the transpose of x € R® and A € R™ " respectively.
For 1 < i < n, A; denotes the i*" row of A and A, denotes the i* column of
A. A* represents the k'™ power of A for some k € R. We use [ for the n x n

identity matrix and X = diag (z1,z2,...,x,) for an n x n diagonal matrix

given by
0 0 ... xz,

where z; € R (i = 1,2,...,n). Moreover, 1n1£ represents a matrix with every

entry equals to one where 1, € R} is the vector of all ones.

A vector x € R" is said to be positive if x; > 0 for 1 < i < n. This is denoted
by x > 0. If z; > 0 for 1 < i < n, we say that x is non-negative and write
x> 0orzelR].

A matrix A € R™" is said to be positive if a;; > 0 for 1 < ¢,7 < n. This
is denoted by A > 0. We say that A is non-negative and write A > 0 or
A e R if a;; > 0 for 1 < 4,5 < n. Notice that A > 0 doesn’t mean
A e RY™ and A # 0. In particular, we adopt the following notation.

(i) For z,y € R" we define x >y ifxr —y >0and x >y if x —y > 0;

(ii)) For A, B € R"™" we define A > Bif A—B >0and A > Bif A—B > 0.

2.1.2 Some Special Types of Non-negative Matrices

Here, we briefly define a number of special types of matrices in non-negative

linear algebra. We will recall these matrices throughout the section in the

11



Chapter 2. Fundamental Concepts

context of graph theory.

A matrix P € R™ " is said to be a permutation matriz if it is obtained from
the identity matrix, I € R™" by interchanging its rows and columns. An

example of a permutation matrix can be given by

s

I
—_ o o
o o =
o~ o

By multiplying a general 3 x 3 matrix A by P, we get
Qg1 Q22 d23
PA=1 a3 azx as
ai; Gr2 a3
Note that multiplication of A by P from right swaps the columns of A in a

similar fashion.

For n > 2, a matrix A € R™*" is said to be reducible if there exists a permu-

tation matrix P € R™*™ such that

B C
0 D

PTAP =

where B and D are square matrices. If B or D is reducible, we can apply

proper permutations to these matrices until we obtain the following form

0 Ay ... A
A (2.3)
0 0o ... A,

so that each block matrix A;(1 <1 < r) can not be reduced further. (2.3) is
called the Frobenius normal form of A [BRI1].

If A is not reducible, it is said to be an irreducible matriz. The following is

an immediate result on irreducible matrices [HJ90, BP94].

Theorem 2.1.1. For A € R}*", the following are equivalent.

(i) A is irreducible;

12



2.1. Non-negative Linear Algebra

(ii) AT is irreducible;

(iii) (I + A)"1>0.

A matrix A € R is said to be primitive if and only if there exists some
positive number k such that AF is positive. In this context, we define the
exzponent of A as follows [HJ90, BRI1, BP94].

exp(A) = min{k | A* >0,k € R, } (2.4)

The following result describes an upper bound for exp(A) which is also known
as the Wielandt bound [WMG7].

Theorem 2.1.2. If A € RY*" is primitive, then exp(A) < n* — 2n + 2.

2.1.3 The Perron-Frobenius Theory

We next recall the Perron-Frobenius theory for non-negative matrices. It pro-
vides a characterisation for the spectral properties of non-negative matrices.

We start by introducing the spectral radius of a matrix.

For an n x n matrix A, the eigenequation is given by
Az = Mz (2.5)

where A\ is an eigenvalue and x is an eigenvector of A (z # 0). We call z
a right eigenvector associated with A. Moreover, y satisfying y7A = \y”
called a left eigenvector associated with A\. Any nonzero linear combination of

eigenvectors corresponding to A is also an eigenvector of A.

The eigenvalues of A can be determined by finding the roots of the characte-
ristic equation of A:
det(A — \I) =0. (2.6)

We can represent (2.6) as an n'"' degree polynomial of the form H (A= X)m™
for k < n. Here, m; is said to be the algebraic multiplicity of \; for z =1,..., k.
The number of linearly independent eigenvectors corresponding to A; is said

to be the geometric multiplicity of \; for i =1, ..., k. The set of eigenvalues is

13
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called the spectrum of A and denoted by o(A). The mazimum absolute value

of the elements in the spectrum is called the spectral radius of A:

p(A) = max{\] | A € o(4)}. (2.7)

p(A) plays an important role in characterising the convergence of matrix po-
wers in the sense of dynamical systems. In this context, it is well-known that
lim A* = 0 if and only if p(A) < 1 [HJ90].

k—o0

Next, we describe some bounds and inequalities for the spectral radius of
A € R™™ that are taken from [HJ90]. It is well-known that p(A4) < ||A|| for

any matrix norm on R"*" and the following hold.

p(A) = lim p(A")E (2.8)

k—o0
p(A) = Jim [[4%]|%
k—o0
The second equation was introduced by Israel M. Gelfand (1913 — 2009) in

1941 [Gel41]. It is known as the Gelfand formula. It provides a link between
powers of the matrix A and p(A).

Next, we state the so-called Perron Theorem. It was proven by Oscar Perron
(1880 — 1975) in 1907 [Per07]. It provides a characterisation of eigenvalues

and eigenvectors of positive matrices [HJ90, Mey00].

Theorem 2.1.3. (The Perron Theorem) For A > 0, the following are

true.

(i) p(4) > 0;
(ii) p(A) € a(A);
(iii) p(A) has algebraic and geometric multiplicity one;

(iv) There exist positive right and left eigenvectors x,y > 0 such that Ax =
p(A)z and y" A = p(A)y";

k

(v) lim (i) = ay? where Az = p(A)z, yTA = p(A)y? and 27y = 1.
k—o0 p(4)

Briefly, if A is positive, then p(A) is the only eigenvalue of A in the spectrum

and there is a positive and unique eigenvector (up to a scalar multiple) cor-

responding to it. p(A) is called the Perron root and x is called the Perron

vector.
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Theorem 2.1.4. (The Perron Theorem for Non-negative Matrices)
For A € RY*", the following are true.

(i) p(A) € o(A);
(ii) There exist non-negative and nonzero right and left eigenvectors x,y €

R” such that Az = p(A)z and y*A = p(A)y”.

The Perron Theorem was extended to irreducible matrices by Ferdinand G.
Frobenius (1849—1917) in 1912 [Fro12]. In the following, we state the so-called
Perron-Frobenius theorem [HJ90, Mey00].

Theorem 2.1.5. (The Perron-Frobenius Theorem) For an irreducible
A e R, the following are true.

(1) p(A) > 0;
(ii) p(A) € a(A);
(iii) p(A) has algebraic and geometric multiplicity one;

(iv) There ezist positive right and left eigenvectors x,y > 0 such that Az =
p(A)z and y" A = p(A)y";

(v) If there exist h distinct eigenvalues {Ao, ..., \n_1} each with algebraic
multiplicity one and absolute value p(A), then \; = p(A)eiQ% for j =
0,1, h—1;

(vi) If h > 1, then there exists a permutation matriz P such that A can be

reduced to the following form:

0 Ap 0 ... 0
0 0 Ay ... 0
PTAP = : : A :
0 0 Ap_1n
A 0 0 |

The term h in Theorem 2.1.5 is said to be the index of imprimitivity of A. It
equals to the number of eigenvalues whose absolute value equals to p(A). If
h =1, then A is a primitive matrix. For primitive matrices, the result (v) of
Theorem 2.1.3 holds in addition to Theorem 2.1.5 (i)-(iv) [HJ90].
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Theorem 2.1.6. If A € RY*" is primitive, then

A k
lim [ — | =azy? >0

where Ax = p(A)z, yTA = p(A)y’, z,y >0 and 2Ty = 1.

2.1.4 Graph Theory

In this section, we recall various concepts in graph theory that will be used

later on.

An undirected graph is a pair denoted by G = (N, E') that consists of

e N : finite set of vertices;

e F : a set of edges between vertices in N.

If there exists an edge between the vertices u,v € N, we write e = {u,v}. In
this notation, u and v are called endpoints. If two end points are same, then

the edge connecting them is called a loop.

A directed graph (digraph) is an ordered pair G = (N, E) consisting of a finite
set of vertices N and a set of directed edges E between vertices in N. The

edges in a directed graph are given by ordered pairs of vertices e = (u,v).

A multigraph is undirected or directed graph where there are multiple edges

between vertices. The edges in the multigraph are called multiedges.

G is called a weighted directed graph if some positive numbers are assigned to
the edges in E. Each number is said to be the weight of the corresponding
edge.

Finally, a graph consisting of a subset of vertices NV and edges E of G is said
to be a subgraph of G. We illustrate these concepts in Figure 2.1.

Non-negative Matrices and Digraphs:

For A € R}*", we denote the weighted directed graph associated with A by
D(A) = (N(A), E(A)). Formally, D(A) consists of the finite set of vertices
{1,2,...,n} and there is a directed edge (7, j) from ¢ to j if and only if a;; > 0.
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v \ \
VA T \ 7 > z
u u P u /
(a) Undirected Graph (b) Directed Graph (¢) Multigraph
; \ . \1\
\ : 2‘&4\ :
/ / 3
u u 1 Vo< > 3
(d) Multigraph (e) Weighted Digraph (f) Subgraph of (e)
Figure 2.1: Types of Graphs
A directed path (i = i1,19,...,5 = j) is a sequence of distinct vertices bet-

ween any two vertices ¢,j in D(A), where (i,,i,41) is an edge in D(A) for
p=1,...,k — 1. The length of a path is the number of edges on the path.
The weight of a path (i = 4y,i9,...,9% = j) of length £ — 1 is given by
Qiyiy Gigig * * * ip_yip- A cycle of length k in D(A) is a closed path of the form
(11,79, ..., i, 11) Where iy, 19, ..., 1 are in {1,2,...,n} and distinct. Note that a
loop (i;,7;) (1 < j <n)isa cycle of length 1 with weight a;;;;. Moreover, the

cycles (i1,49, ..y ik, 81), (12,83, cey 81, 92)s -y (Ty 91, -y Tp—1, i) are identical.

Let I" denote the cycle (iy, is, ..., ik, i1). Then, we adopt the notation

i. m(T') = aiyi,Qiyig - - - @44, for the weight of the cycle I

ii. [(I') = k for the length of the cycle I'.

For such a cycle the cycle geometric mean is given by G iyinQigig " Vigiy -

Two vertices i,j € N(A) is strongly connected if there exists a directed path

from ¢ to 5 and from j to 7. This defines an equivalence relation on the
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set of vertices. The corresponding equivalence classes are called the strongly
connected components of D(A) [BRI1].

D(A) is called strongly connected if and only if there is a directed path between
any two vertices 7,7 in D(A). It is standard that A is an irreducible matrix
if and only if D(A) is strongly connected [HJ90]. For an irreducible matrix,
the index of imprimitivity of A corresponds to the greatest common divisor
(g.c.d.) of the lengths of all of the cycles in D(A). Specifically, if it is one,
then we say that A is a primitive matrix [HJ90]. If A is not irreducible, then

there exist more than one strongly connected components in D(A).

The distance between any two vertices ¢ and j is the length of the shortest

path between ¢ and j. Formally,
d(i,7) = min{l | there exists a path of length [ from 7 to j}.

In particular, d(7,7) = 0. For an irreducible A € R}*", the diameter of D(A)

is the maximum value of the distance over all pairs of its vertices given by

d(D(A)) = max{d(i, ) | i,j € N(A),i # j}. (2.9)

Non-negative Matrices and Multigraphs:

Given ¥ = {A,,..., A} C RY*", we write aj; for the (i,7) entry of A, for
1 <p < m. We write M(¥) for the multigraph associated with the set W.
Thus M (V) consists of the vertices {1,...,n} with an edge of weight a}; from
1 to 7 for every p for which afj > (. In an abuse of notation we shall identify
the edge with its weight af; in this case. A path in the multigraph M (W) is
then a sequence of vertices (i1, 7o, . . ., %) and edges aﬁ?ij+1 >0,1< 7 <ksuch
that i1,...,4 are in {1,2,...,n} and distinct and py,...,p are in {1,...m}.
A cycle in the multigraph M (W) is a closed path of the form (i1, s, ..., ik, i1)
where iy, 9, ..., i arein {1, 2, ..., n} and distinct. Definitions of the path length,
weight and the cycle geometric mean are analogous to the case of a directed

weighted graph.

2.2 The Max Algebra

We next provide necessary mathematical background in the max algebra to

understand the results presented in the following chapters.
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2.2.1 General Notation

In this section, we recall general notation and basic algebraic properties of the
max algebra. The max algebra denoted by Ry, « is an algebraic structure
consisting of the set of non-negative numbers equipped with the two basic

operations:

a @ b= max(a,b) (2.10)
a®b=ab

Riax,x = (R4, @, ®) forms a semiring (a ring with no additive inverse) of non-
negative numbers with the operations: @ and ®. The identity element for &
isOie,a®0=0@a=aforall a € R,. Moreover, @ is idempotent, i.e.,
a P a = a and there is a usual order on the max algebra semiring such that
a®b = bimplies a < b for all a,b € R;. The multiplication ® is commutative,
i.e.,, a ®b=b®a and has an identity element 1,i.e., a®1=1® a = a for all
a,beRy.

For a brief list of well-known semirings, see Table 2.1 [GP97].

Rumax.x | (max, X) semiring (R4, max, x)
Rinax (max, +) semiring (RU {—o0}, max, +)
Riunin (min, +) semiring (RU {400}, min, +)
Riaxmin | (max, min) semiring (RU {£o00}, max, min)
Ry, Maslov semiring (RU{—o0}, ®p, +)
a @y b= hlog(exp(a/h) + exp(b/h))

Table 2.1: Some well-known semirings

The max algebra is isomorphic to the max-plus algebra, which is an algebraic
structure on R U {—o0} together with max and +, by the map a — In(a)
(See Table 2.2). The name was used for the max-plus algebra setting in
several works [BSvdD93, MP00, But03, BCGG09]. However, we will only be
concerned with the max and x setting in this thesis and follow the conventions
in [Bap9g].

Operations of the max algebra, @ and ®, extend to vectors and matrices in the
same way as in conventional linear algebra [CG79, BCOQ92, Bap98, But10].
For A, B € R}*", we denote the sum by (A @& B);; = max(a;j,b;;) and the
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Max algebra Max-plus algebra

a,b In(a), In(b)
a®b: max(a,b)  max(In(a),In(b))
a®b: ab In(a) 4 In(b)

identity for &: 0 —00
identity for ®: 1 0

Table 2.2: The isomorphism between the max and max-plus algebra

product by (A® B);; = max (a;bg;) for 1 <i,j < n. For instance, consider

the following matrices

8§ 3 1 719
A=15 4 2|,B=]|6 2 6
4 5 9 8 4 1
Then,
8 3 9 56 8 72
A®B=|6 4 6 |, AB=|35 8 45
8 5 9 72 36 36

For z € R%, the matrix-vector product is defined by (A ® z); = nax (a;jz;)
Isn

for 1 < i < n. Moreover, we denote the k™ max power of A € R’f% l_)y

AL =ARA®..®A

k times

in the max algebra. Multiplication by a scalar o € Ry is given by (aA);; =
aa;; for 1 <4, j < n. The identity matrix is the same as in conventional linear

algebra.

2.2.2 Max Version of the Perron-Frobenius Theory

Next, we describe an extension of the Perron-Frobenius theory to the max

algebra.

For an n X n non-negative matrix A, the eigenequation in the max algebra is
given by
ARz =\x (2.11)
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where A > 0 is a maz eigenvalue, x > 0 (x # 0) is a max eigenvector.
We call x a right maz eigenvector associated with A. Moreover, y satisfying

y' @ A = \yT is called a left maz eigenvector associated with .

For A in R*", the largest maz eigenvalue is denoted by p(A). It is the mawi-
mum cycle geometric mean in D(A) over all possible cycles [CGT79, BCOQ92,
Bap98, Lur05, But10]:

p(A) = max{/n(I') | ' € D(A) with [(T') = k,1 < k <n}. (2.12)

In a sense, this is still true in the case where D(A) contains no cycles and
n(A) = 0.

A cycle in D(A) whose cycle geometric mean equals to pu(A) is called a critical
cycle. Vertices that lie on some critical cycle are known as critical vertices.
The set of edges belonging to critical cycles are said to be critical edges. The
critical matriz [EvdD99, EvdD01] of A € R™", denoted by A, is formed from
the submatrix of A consisting of the rows and columns of A corresponding to

critical vertices as follows.

a;; if 7,7 lies on a critical cycle,

0  otherwise.

DC(A) is used to designate the weighted directed graph of the critical matrix
and denoted by DY(A) = (NY(A), E¢(A)) where N(A) stands for critical

vertices while E¢(A) stands for critical edges. It is said to be the critical

graph of A. We now illustrate these concepts with an example.

Example 2.2.1. Consider the following matrix

1 025 0.2 0.5

4 0.2 1
A 0 0

1 0 05 0

0 025 1 1

There are ten cycles in D(A) as follows.

° Fl = (1, ].) with 7T(P1) = a1 = 1 and Z(Fl) =1
o I'y =(2,2) with 7(I'y) = age = 0.2 and {(I'y) =1
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0.

2
4 2 1 1
W mﬂ
0.5 4
1 1 0.5
K (v
! 3

Figure 2.2: D(A)

o I's = (3,3) with 7(I's) = ag3 = 0.5 and [(['3) =1

o 'y =(4,4) with 7(T'y) = ayy =1 and I(T'y) =1

o 'y =(1,2,1) with 7(['s) = ajpas; = 1 and {(T'5) = 2

o I's =(1,3,1) with m(I's) = a13a3; = 0.2 and [(I'g) = 2

o I'; =(2,4,2) with m(I'7) = aggase = 0.25 and [(I'7) =2

o 'y =(1,4,2,1) with 7(I's) = ay4a40a2; = 0.5 and {(I's) = 3

o I'g =(1,4,3,1) with 7(I'g) = ajsaszas; = 0.5 and {(I'y) = 3

o g =1(1,2,4,3,1) with 7(I'yp) = a12as4a43a3; = 0.25 and [(I'10) = 4

Then, pu(A) = max(1,0.2,0.5,/0.2,1/0.25, v/0.5, v/0.25) = 1. Thus, I';, T’y and

['s are critical cycles. We get the following critical matrix and critical graph
of A (Figure 2.3).

1 025 0
A=14 0 0
0 0 1
11— 2 4 o1
A L

Figure 2.3: DY(A)

Next, we state the max version of the Perron-Frobenius theorems [CGT79,
BCOQ92, Bap98, But10].
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Theorem 2.2.1. For A € RI*", the following are true.

(i) n(A) = 0;

(ii) There exist non-negative and nonzero right and left eigenvectors x,y €
R such that A® x = p(A)z and y© ® A = p(A)y’.

Theorem 2.2.2. For an irreducible matriz A € RY", the following are true.

(i) w(A) > 0;
(ii) u(A) is the unique max eigenvalue of A;

(7ii) There exists positive right and left eigenvectors x,y > 0 such that AQz =
p(A)z and y" ® A = p(A)y’;

(iv)  and y are unique (up to a scalar multiple) if and only if DC(A) is

strongly connected.

Briefly, if A is irreducible, then p(A) is the unique max eigenvalue of A and
there is a positive max eigenvector corresponding to it. The eigenvector may

not be unique if the critical matrix of A is not irreducible.

Maximum Cycle Geometric Mean:

The maximum cycle geometric mean, p(A), can be characterised as follows:
max{\ € R, | 3z € R",z # 0 such that A® z = Az}.

We have the following immediate results for A, B € R}*™:

(i) If A< B, then p(A) < p(B) [EvdD04];
(i) u(A) @& u(B) < w(A & B);
(i) p(ad) = ap(A) for a € Ry [Ser09b, But10].

If u(A) =1, then A is called a definite matriz [But03]. If u(A) > 0, we can

normalise A to obtain a definite matrix. We will adopt the following notation.

A
p(A)
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Theorem 2.2.3. Let x be a maz eigenvector of A € RI*™ associated with
1(A). Let u(A) be positive. Then, x is a maz eigenvector of A associated with

the mazx eigenvalue 1.

Proof: It is straightforward from the max eigenequation of A that
Az =p(A)zifand only if A® z =z

since u(A) > 0. O

Similar to non-negative linear algebra, the max eigenvalue is closely related to
the behaviour of the max powers of a non-negative matrix. In keeping with
[Lur05], A € RY*" is said to be asymptotically stable if kh_)rgo AL = 0. The
following is a well-known result on the stability of non-negative matrices in
the max algebra [Car71, Lur05].

Theorem 2.2.4. For A € R}*", klggo AL =0 if and only if p(A) < 1.

In the following, we present a series of inequalities for u(A) that describe its
relation with p(A) and matrix norms. For the remainder of this section, note
that A* denotes the usual k" power of a matrix and A’é denotes the k™ max
power of a matrix for some k¥ € R,. Further, we denote the k** Hadamard
power of the matrix A by A% such that (A%);; = (a;;)* for all i, .

Let [|.|| be a vector norm on R. Following [Lur05], define a matrix norm
associated with ||.|| and A € R over the max algebra as follows.
AR
(A =sup 28I — a4 64 .14
w20 ||| /=1

It is shown in [Lur05] that p(A) < 7 /(A) and the following hold.

u(A) = lim p(AE)¥ (2.15)
p(A) = Tim sup (1 (45))*
p(A) = lim [|AE]|*

Note that the third equation in (2.15) is a max version of the Gelfand formula

in (2.8) and it is true for any matrix norm on R*" [EvdD99, Lur05].

24



2.2. The Max Algebra

Moreover, it is shown in [EvdD99] that

p(A) = lim p(AE)¥ = lim p(A%)F. (2.16)

k—o0

It is known from [EJDdS88] that u(A) < p(A) < nu(A) and from [Frig6]

that klim p(A’é)% = p(A) for A € R, Further information on the relation
—00

between p(A) and p(A) is given by the following fact from [Bap98].

p(A) = lim p(AM)E. (2.17)

k—o0

2.2.3 Kleene Star and Kleene Cone

In this section, we introduce two important matrices that are used in optimal
path problems in graph theory such as finding the shortest path in a given
graph [BCOQ92, HOvdWO06]. Moreover, they enable us to characterise max

eigenvectors and subeigenvectors in the max algebra.
Kleene Star:
For A € R}, consider the following series.

A=T®dABALD .. ®AL® ... (2.18)
At =AR A"

For u(A) < 1, the series in (2.18) converge to the following matrices respec-

tively.

A =ToA® AL ®..0 AL (2.19)
At=Ao A Ao .. 0 AL

From a graph theoretic view, the (i, ;)™ entry of A’é denotes the maximum
weight of a path in D(A) from i to j of length & (k > 1) [Car71, Bap9s,
HOvdWO06]. Tt equals to 0 if no such path exists. It follows that, a;; is the
maximum weight of a path from ¢ to j of any length for 1 < 4,7 < n when
1 # j and a;; is the maximum weight of a path from ¢ to j of any length for

all 7, 7.

A* in (2.19) is said to be the Kleene star of A when u(A) < 1. It was
introduced by Stephen C. Kleene (1909 — 1994) in 1956 [Kle56]. It is also
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called the strong transitive closure of A [But10]. A" in (2.19) is said to be a
metric matrix [CG79], the weak transitive closure of A [But10] or the shortest
path matrix [BCOQ92].

The Kleene star of A has the following fundamental properties.

(i) aj; < oo for all i, j since p(A) < 1;
(i) I <A*and aj; =1for 1 <i<m;
(i) A*® A* = A* for u(A) = 1;
(iv) (A*)* = A* for p(A) = 1;
(v) If A e RY*" is irreducible, then A* > 0.
The following result is well-known from [CG79, BCOQ92, Bap98, EvdDO1,
EvdD04, HOvdWO06, But10].

Theorem 2.2.5. Let A € RY*™ be an irreducible matriz with p(A) = 1.
Assume that DY (A) has r strongly connected components. Then, the following

are true.
(i) A% is a right maz eigenvector associated with u(A) for i € NY(A) (AT
is a right maz eigenvector associated with u(A) for al; = 1);

(it) Fori,j € NC(A) (i #j), A% and A% are scalar multiples of each other

if i and j belong to the same strongly connected component in D (A);
(iii) There exist r linearly independent (in a max-algebraic sense) right max
eigenvectors of A associated with u(A).
We next illustrate Theorem 2.2.5.

Example 2.2.2. Consider the matrix given in Example 2.2.1. Then, the
Kleene star of A is given by

1 025 05 0.5

4 1 2 2
A* =

1 025 1 0.5

1 025 1 1
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It follows from Figure 2.3 that there are 2 strongly connected components in
the critical graph and N¢(A) = {1,2,4}. The vertices 1 and 2 belong to the
same strongly connected component. Thus, A* and A% are scalar multiples
of each other. They are scaled so that the diagonal entry equals to one. Thus,
the first max eigenvector is [ 1 411 }T. The vertex 4 belongs to the
second strongly connected component. Thus, A% corresponds to the second

T
max eigenvector: | 0.5 2 0.5 1} .

Kleene Cone:

Next, we define max convex cones which are analogous to convex cones in the
conventional algebra. Following the notation in [BSS07], let S = {z1, z9, ...,z }
be a subset of R?. A vector y € R is a called a maz combination of

{z1, 9, ...y Ty } if

Y= @aixi, a; eR., x;€ 8. (2.20)
i=1

The set of vectors {x1, o, ..., } is called linearly independent in a max-
algebraic sense if none of them can be expressed as a max combination of
others. The set of all max combinations of the vectors {x1, s, ..., 2., } is de-

noted by Span(S). In particular, we adopt the notation
spang(A) = P a;Ad;, a; €Ry, A RP” (2.21)
i=1

for the max-algebraic column span of A. y € R is a called a maz convex

combination of {x1,xs, ...,y } if
Yy = @aixi, a; € Ry, @ai =1, z;€85. (2.22)
i=1 i=1

S is called a mazx convexr cone if it is closed under the max and x operations

as follows

Paz; €S, oeRy, z€S8 (2.23)
=1

The set of all eigenvectors of A € RY*" associated with u(A) is called an
eigencone of A [SSB09, Ser09a, Ser09b]. It is denoted by V(A) and given by

V(A) = {z€R" | A®z = n(A)z}. (2.24)
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For A € RY™ with p(A) =1, V(A) is described by

V(A) = { @ ;A% | o € ]R+} (2.25)

ier(A)

where 7(A) contains exactly one index from each strongly connected compo-
nent in DY(A) [SSB09]. (Recall from Theorem 2.2.5 (i) that if i, j € N°(A)
belong to the same strongly connected component in DY(A), then A% and A%

are scalar multiples of each other.)

For an n x n non-negative matrix A, consider the following inequality
A®v < p(A)v. (2.26)

v € R” is called a subeigenvector of A associated with p(A) [Gau92, SSB09.
The role of subeigenvectors in resource optimisation has been discussed in
[Gau95b]. In addition, they have applications in discrete max-plus spectral
theory [AGWO05]. The set of subeigenvectors of A € R}*" associated with
p(A) is called a subeigencone of A [SSB09, Ser09a, Ser09b]. It is denoted by
V*(A) and given by

Vi(A)={veRl | A v < u(A)p}. (2.27)

It was shown in [SSB09] that if u(A) = 1, each column of A* is a subeigenvector
of A. For A € R with u(A) =1, V*(A) is described by

VA =S P adie P oAy |ao eRy (2.28)
ier(A) JENC(A)

where N¢(A) is a set of non-critical vertices in D(A). Theorem 2.2.3 implies

A

that V(A) = V(A) and V*(4) = V*(A). The following are known results on
some geometric properties of V(A) and V*(A) [SSB09, Ser09c¢].

Proposition 2.2.6. For A € R}*", the following are true.

(i) V*(A) and V(A) are max convex cones;
(ii) V(A) is a maz subcone of V*(A);
(ii) V*(A) is a convex cone in the conventional algebra while V(A) is not.
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Proposition 2.2.7. Let A € RY*" have pi(A) = 1. Then, V*(A) = V(A*) =
spang (A*).

A max convex cone is called a Kleene cone if it can be represented as a max-
algebraic column span of A* [SSB09, Ser09¢|. In the light of Proposition 2.2.7,
the authors of [SSB09] call V*(A) a Kleene cone.

2.2.4 Visualisation Scaling

Next, we recall diagonal similarity scaling of non-negative matrices and its con-
nection with the max algebra. A diagonal similarity scaling of A € RT™" is a
matrix given by B = X 'AX where X = diag (z1, %o, ..., ) and x1, 19, ..., T,,
are some positive numbers. This scaling preserves many spectral properties
of A € RY*". In particular, ;1(A) = p(B) and there is a one-to-one correspon-
dence between V(A)(V*(A)) and V(B)(V*(B)) [BS05, SSB09, But10].

Diagonal similarity scaling has been studied by a large number of authors
since the sixties [Afr63, Afr74, FP67, FP69, ES73, ES75]. Tt has motivated
many works on matrix scaling problems in non-negative linear algebra and
the max algebra. In this context, the characterisation of max-balanced flows
on networks was considered in [SS90, SS91, RSS92]. In [BS05] the role of the
max algebra in finding solutions of a number of matrix scaling problems was
presented. In this direction, visualisation scaling over the max algebra was
introduced in [SSB09, But10].

A matrix A € R*" is called visualised (strictly visualised) if

a; = pu(A) for all (i,5) € E°(A) (2.29)
ai; < p(A)(ay; < p(A)) for all (i, j) # E(A).

Visualisation scaling can be thought of as a Fiedler-Ptak scaling in a way that
the scaled matrix X "' AX is visualised if x is a subeigenvector associated with
wu(A) [Serll]. Tt is well-known from [Afr63, Afr74, FP67, FP69, BS05, SSB09,
But10] that max combination of columns of A* can be used to obtain a visu-
alisation of a definite matrix A € R}*". Further, positive linear combination
of columns of A* can be used to obtain a strict visualisation of a definite

matrix A € R}, A well-known work on these results in the max algebra
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in connection with the Kleene cone and its relative interior is [SSB09]. In

particular, we state the following result taken from this paper.

Proposition 2.2.8. For A € R and x € V*(A), a;;x; = p(A)x; for all
(i,5) € EC(A).

2.2.5 Max Powers of an Irreducible Matrix

We briefly discuss the behaviour of the powers of an irreducible matrix in the
max algebra. In this context, we recall necessary and sufficient conditions for
the convergence of the max-algebraic powers. We say that the sequence of
matrix powers {A%}kzo converges to a matrix A when

klim |az(f) — a;;| = 0 for all ¢, 5.
—00

The Cyclicity Index of A:

Let DY(A) have r strongly connected components. If » = 1, then A is
irreducible. Further, let h be the index of imprimitivity of A°. Then, the
cyclicity index of A: cyc(A) = h. In this case, (A°)" is a direct sum of h
primitive matrices [EvdD99, EvdD01, HOvdWO06]. If » > 1, each strongly
connected component in D®(A) corresponds to an irreducible block matrix.
Assume that each matrix has the index of imprimitivity equal to h;, i =
1,2, ...,7. Then, the cyclicity index of A is the least common multiple (1.c.m.)
of these indices:

cyc(A) = Lem.(hy, ha, ..., hy). (2.30)

After a suitable permutation, (A)¥*() can be written as a direct sum of
> h; primitive matrices [EvdD99, EvdD01, HOvdWO06].
i=1

The following result highlights the role of the cyclicity index of an irreducible

matrix in the behaviour of the max-algebraic powers.
The Cyclicity Theorem:

It is well-known that the max-algebraic powers of irreducible matrices are
ultimately periodic. This fact is known as the cyclicity theorem [CDQVS85].
See also [BCOQ92, Sch00, HOvdW06, BCG07, Ser09b]. The cyclicity theorem
establishes a relation between the cyclicity index of an irreducible matrix and

the periodicity of its max powers.
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Theorem 2.2.9. Let A € RY™ be an irreducible matriz. Then, there exist

positive integers ¢ and ko such that

Alre = p(A)AE for all k > k. (2.31)

The least ¢ > 0 satisfying (2.31) is said to be the period of A. It is standard
that the ultimate period equals to cyc(A). Moreover, the smallest value for
ko in (2.31) is called a transient time of A [HOvdWO06, Ser09b].

The following results on the behaviour of the max powers of irreducible mat-
rices are taken from [EvdD99, EvdDO01].

Theorem 2.2.10. Consider A € RI"™ with pu(A) = 1. Assume that its critical
matriz, A®, is the direct sum of primitive matrices. If either A is irreducible
or NY(A) = N(A), then k‘lggo Ak exists and A¥, = A for sufficiently large k.

Theorem 2.2.11. Consider an irreducible matriz A € R with pu(A) =1

satisfying the following conditions:

(i) NC(A) = N(4);

(ii) A€ is the direct sum of primitive matrices.
Then, A = kh—>Holo AL = A% where p is given by

Here, r is the number of strongly connected components in DC(A), d; is the
diameter of the i strongly connected component (See (2.9)) and o; is the
exponent of the corresponding irreducible block matriz (See (2.4)) for i =
1,2,...,r.

Note that Theorem 2.2.11 (ii) is enough to ensure the convergence. However,
(i) is needed for the definition of p in (2.32) [EvdDO1]. The following result,
which is Corollary 2.6 of [EvdDO01], describes an upper bound for p.

Corollary 2.2.12. Let A € RY™ be an irreducible matriz with p(A) = 1
satisfying the conditions (i) and (i) in Theorem 2.2.11. Then, A = A% where
p<n?—1.
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We next illustrate Theorem 2.2.11.

Example 2.2.3. Consider the following irreducible matrix

1 1/2 1 1/4
1/3 1
S| 13 0 0
1 0 1 5/6
1 0 1 1

For A, u(A) = 1, there are three strongly connected components in D(A)
and NY(A) = N(A). (See Figure 2.4)

1

1@1\—};3@1 2 L 4 o1

Figure 2.4: DY(A)

Denote the index of imprimitivity of each strongly connected component by
h; (i =1,2,3). Then, hy = g.c.d.(1,2) = 1 and hy = hy = 1. Using that, we
get cyc(A) = lLeam.(1,1,1) = 1. By applying the permutation matrix

to A¢ =

o O O =
o = O O
o O = O
_ o O O
S = O =
o O = O
S = O =
_ o O O

we get the following matrix written as a direct sum of three primitive matrices,

each of which corresponds to the i*! strongly connected component in D (A).

1100
1100 1
PA“PT = = + 14 1.
0010 1
0001

Since both conditions in Theorem 2.2.11 are satisfied, we find p =5 as r = 3
and d; = 1 for all i. Thus, A = A%. It follows from Theorem 2.2.9 that the
least value for k at which AET = A% is the transient time (¢ = cyc(A4) = 1).

It is easy to obtain by matrix multiplication that it equals to 3.
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2.2.6 Numerical Computation of Max Eigenpairs

Next, we recall some numerical algorithms to find the largest max eigenvalue
and max eigenvectors of an irreducible matrix. In the conventional algebra, the
power method is one of the most popular algorithms to find the spectral radius
and the eigenvector corresponding to it [Var62, Ste98, BF05]. Convergence of

the power method is guaranteed when the matrix is primitive.

The power method was extended to the max algebra by [BO93, EvdD99,
HOvdWO06]. Basically, we start with an initial vector z(0) and repeatedly
multiply z(k) by A such that z(k+ 1) = A® z(k) (k=0,1,...). We search
for some ¢ where z(k + ¢) is a multiple of z(k). ¢ is the period of A in the
cyclicity theorem. In particular, if ¢ is one, then z(k) is a max eigenvector
for some k € R,. Otherwise, z(k) enters into a periodic regime: {z(k),z(k +
1),..,x(k +c—1)} for some k € Ry [HOvdWO06]. We require the critical

matrix to be a direct sum of primitive matrices to conclude convergence.

We summarise the max power method in Algorithm 1 below. Note that the
algorithm has O(n?) time complexity to calculate p(A) and a max eigenvector
corresponding to it. We only get one max eigenvector which depends on the
selection of the initial vector [EvdD99]. We illustrate Algorithm 1 in Example
2.2.4.

Algorithm 1 Calculate u(A) and a max eigenvector associated with p(A)
A € RV drreducible, z(0) € R, z(0) # 0
for k=0,1,2,... do
zk+1)=A®xk)
for c=1to k do
if z(k+1) = az(k+1— c¢) for some o > 0 then
1
p(A) = az
t=k+1-c
c—1 .
— a(t+i)
v=x(t) ® @ Ly
end if
end for
end for
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Example 2.2.4. Consider the following irreducible matrix

1 12 1 0
13 0 0 1
1 1/2 1 1
1/4 1 5/6 1/4

For z(0) = [ 0.091 0.202 0.460 0.707 }T, we obtain the following sequence:

0.460 0.707 0.707
0.707 0.383 0.707

z(1) = 2(2) = 2(3) =
0.707 0.707 0.707
0.383 0.707 0.589

0.707 0.707

0.589 0.707

v(4) = 2(5) =
0.707 0.707
0.707 0.589

The algorithm stops at the 4% iteration when z(3) = x(5). Then, cyc(A) = 2,
T
p(A) = 1 and the max eigenvector is x(3) ® z(4) = [ 1111 } .

In [EvdDO1], Elsner and van den Driessche propose a new algorithm to calcu-
late 1(A) and the max eigenvectors corresponding to it. In order to find pu(A),
they implement the well-known Karp algorithm which has O(n?) time com-
plexity. The key result is the following [Kar78, BCOQ92, EvdD01, HOvdWO06].

Theorem 2.2.13. Let A € R}Y*" be an irreducible matriz. Then,

(A%H)ij>m .

(ALY, (2.33)

The algorithm in [EvdDO01] can be used to obtain all max eigenvectors asso-

ciated with p(A). However, it doesn’t have an optimal time complexity.

The Floyd-Warshall algorithm is preferred to find max eigenvectors of an irre-
ducible matrix [GM84, PS98, ORE99, EvdD04]. Basically, the Floyd-Warshall
algorithm constructs paths of maximum weight from ¢ to j in D(A) for all 4, j.
It has O(n?) time complexity. We summarise it in Algorithm 2 and illustrate

in Example 2.2.5. Remark that the algorithm computes the A" matrix.
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Algorithm 2 Calculate A"

A € R irreducible
Calculate p(A)
if u(A) <1 then

Ay =A
else

Ay = A/p(A)
end if

for k=1,...,n do
fori=1,...,n do

forg' =1,....,ndo
o = (o, ot afl )
end for
end for
end for

Example 2.2.5. Consider the matrix given in Example 2.2.4. By using Al-

gorithm 2, we get

11
e | 0833 1
11
0.833 1

It follows from Theorem 2.2.5 (i) that

1 1
0.833 1
1 1
0.833 1

the first max eigenvector is A =

T
At = [ 1 0.833 1 0.833 } and the second max eigenvector is AL = AT, =

T
[ 1111 } . Other max eigenvectors can be obtained by max combina-

tions of these.

2.3 Concluding Remarks

In this chapter, we introduced fundamental concepts and preliminary results

in non-negative linear algebra and the max algebra, thereby provided a mat-

hematical background for the following chapters. In particular,

e we recalled the celebrated Perron-Frobenius theorems;

e we described a number of definitions from graph theory and highlighted

some connections with non-negative matrices;

e we discussed fundamentals of the max-algebraic spectral theory.
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CHAPTER

Spectral Properties of Max

Matrix Polynomials

In this chapter, we consider max matrix polynomials of the form P(\) = Ay @
ML &N LA, where Ag, A1, ..., Am_1 € R}*"™. We show how the Perron-
Frobenius theory for the max algebra extends to such polynomials. Applications of
this result to the convergence properties of multi-step difference equations over the
max algebra are also described. Additionally, we present a number of inequalities,
echoing similar results over the conventional algebra, for the largest max eigenvalue

of a matrix polynomial.

3.1 Motivation and Mathematical
Background

In this section, we briefly provide mathematical background on matrix poly-
nomials with non-negative coefficients over the conventional algebra. In par-
ticular, we investigate their spectral properties and discuss some applications

in the context of dynamical systems.
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3.1.1 Introduction

Matrix polynomials are polynomials with real or complex matrix coefficients
[GLR82]. They have important applications in the study of higher order
differential /difference equations arising in wide variety of fields such as sys-
tems theory [Fuh87], economic modelling [RD00], queueing theory [BLMO02]
and population dynamics [LS02]. In particular, the spectral theory of matrix
polynomials was extensively studied. In [TMO00], the relevance of eigenvalues
of quadratic matrix polynomials to problems in acoustics, electronics and elec-

trical circuits was highlighted.

Matrix polynomials were considered in connection with scheduling problems
and timetable analysis over the max-plus algebra [HOvdWO06]. The spectral
properties of such polynomials have important implications for the stability of
timetables with respect to the propagation of delays. This theory was applied
to the modelling of the Dutch railway system [Gov05, HOvdWO06].

The motivation of our study of matrix polynomials comes from their close
connection with multi-step difference equations. In this direction, the layout of
this chapter is as follows. First, we briefly review results over the conventional
algebra. Inspired by the work of Psarrakos and Tsatsomeros [PT04], in Section
3.2, we are concerned with extending spectral properties of matrix polynomials
with non-negative coefficient matrices to the max algebra. In Section 3.3, we
consider their relation with multi-step difference equations. Finally, in Section
3.4, we discuss the characterisation of the largest max eigenvalue of a max
matrix polynomial using an n X n non-negative matrix. The work contained
in this chapter has resulted in the publication: [BGMI11b].

3.1.2 Perron Polynomials

Following the notation of Psarrakos and Tsatsomeros [PT04], consider a mat-

rix polynomial of the form
L) =I\N" — Ay X™H— L — A\ — Ay (3.1)

where A; € R*" for 0 < ¢ < m. L(A) is called Perron polynomial of degree
m. The eigenvalue problem for L(\) is defined by

LNz =0 (3.2)

37



Chapter 3. Spectral Properties of Max Matriz Polynomials

where \ is an eigenvalue of L(A\) and x is a right eigenvector associated with it.
A vector y satisfying yT L(\) = 0 is a left eigenvector associated with \. The
set of eigenvalues is called the spectrum of L(A) and denoted by o(L())). The

eigenvalues can be determined by finding the roots of the following equation
det(L(N)) = 0. (3.3)

A classical approach to obtain the spectrum of L(\) is called linearisation
[GLR&2]. A key idea of linearisation is to associate L(\) with a linear matrix
polynomial IA — Cy, where C7, is called the companion matriz of L(\) and has

the following form

0 0
0 0
Cpo=1| :+ & i " : e R, (3.4)
0 0 .. O I
LAy Al Aps Ap |

An important result shown in [PT04] is that o(L()\)) = o(CL). Moreover,
there is a one to one correspondence between the eigenvectors of L(\) and Cf,
[PTO04].

Next, we state the Perron-Frobenius theorems for Perron polynomials [PT04].
Remark that the spectral radius of L(\) can be defined in the same way as for
a matrix. (Recall (2.7).)

p(L(N)) = max{|Ai] | A € o(L(A))} (3.5)
In this section, we will denote it by p.

Theorem 3.1.1. Let L(\) be a Perron polynomial defined in (5.1). Then, the
following are true.

(i) p € a(L(N));

(ii) There exist non-negative and nonzero right and left eigenvectors x,y €

R" such that L(p)z = 0 and y" L(p) = 0.

The next result is for the irreducible case [PT04].
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Theorem 3.1.2. Let L(\) be a Perron polynomial defined in (3.1) and Cp, be
the corresponding companion matriz. Suppose that Cp, is irreducible. Then,

the following are true.

(i) p>0;
(ii) p € o(L(A));
(iii) The algebraic and geometric multiplicity of p are one;

(iv) There exists positive right and left eigenvectors x,y > 0 such that L(p)x =
0 and y"L(p) = 0.

3.1.3 Multi-step Difference Equations

Matrix polynomials are closely related to multi-step difference equations. In
[PT04], this relationship was exploited to derive a multi-step version of the
Fundamental Theorem of Demography for the conventional algebra. For a re-
ference highlighting the role played by the classical Perron-Frobenius theory in
the Fundamental Theorem of Demography and other key results of population

dynamics, see [LS02].

Consider the multi-step difference equation of the form
Uk4+m = Am_luker_l + -+ AlukH + Aouk (/{3 = 0, 1, ) (36)

where A; € RY" forall0 <i¢ <m — 1.

T
For an initial condition v(0) = [ Ug Up <+ Up_q } € R}, the solution
is given by uy = [ I 0 -0 } C¥v(0),k > 0 [PT04]. Motivated by this, a
generalisation of the Fundamental Theorem of Demography is stated as follows
[PTO04).

Theorem 3.1.3. Let L(\) be a Perron polynomial defined in (3.1) and C, be
the corresponding companion matriz in (5.4). Suppose that Cy, is primitive.

Further, let x,y > 0 be right and left eigenvectors of L(X) corresponding to p,
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normalised as follows

T

[YTE(p) - Y Ena(p) YT p:‘” .

m—1

p"
where En,(A) = I and E;_1(A\) = AE;(A\) — Ay fori = m,m —1,...,2 and
A > 0. Let {ug,uy,...} be the solution of (3.6). Then,

lim =% — y" <Z Ez(ﬂ)ui1> x.

=1
3.1.4 Rational Matrix Functions

Another concept discussed in [PT04] is the rational matrix function associated
with L(A) of the form

1
N =A _ —A,_
SL() m1+)\ m—2 + +)\m71

where A; € RY*" for all 0 <4 <m — 1 and A > 0. The next result presents

Ao (3.7)

a number of bounds for the spectral radius of the Perron polynomial L(A) in
terms of Sp(1) [PT04].

Proposition 3.1.4. Let L(\) be Perron polynomial given in (3.1) and Sp(\)
be given in (3.7). Then, the following hold.

(i) p(SL(1)) < p < p(SL()Y™ if p(Sp(1)) < 1
(ii) p(SL)™ < p < p(SL(1)) f p(SL(1) = 1;
(iii) p <1 if and only if p(SL(1)) < 1;
(iv) p=11if and only if p(SL(1)) = 1.
Note that functions of this type were studied for non-negative compact opera-

tors in [FN91, Rau92]. The following is one of the results in these papers that

can directly be applied to Perron polynomials as follows.

Theorem 3.1.5. Let the spectral radius of L(\) in (3.1) be positive. Further,
let Cp, and Si(N\) be given in (3.4) and (3.7). Then, p = p(CL) = p(SL(p)).
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3.2 Matrix Polynomials in the Max Algebra

In the spirit of Psarrakos and Tsatsomeros [PT04], we now consider max-
algebraic matrix polynomials and their associated companion matrices. We
argue that there is a perfect correspondence between the max-algebraic eigen-
values and eigenvectors of the polynomial and those of the companion matrix.
This allows us to apply the Perron-Frobenius theorem for the max algebra
introduced in Section 2.2.2 to obtain a corresponding result for max matrix

polynomials.

Formally, we consider polynomials given by
PN =A @M, @ - DN 1A, (3.8)

where Ay, Ay, ..., A1 are in RY™. We refer to P()\) as a max matriz poly-
nomial of degree m — 1. In analogy with the definitions for the conventional

algebra presented in Section 3.1.2, we say that

(i) K > 0 is a right maz eigenvalue of P(\) with corresponding right max

eigenvector x > 0 if

P(k)®@x = r"x. (3.9)

(K, x) is then a right maz eigenpair of P(\).

(ii) 7 > 0 is a left max eigenvalue of P(\) with corresponding left max

eigenvector y > 0 if

' ® P(r) = yT . (3.10)

(7,y) is then a left maz eigenpair of P(\).

The key result of this section, which allows us to directly apply the Perron-
Frobenius theorem for the max algebra to obtain corresponding statements
for max matrix polynomials, is Proposition 3.2.1 below. Essentially, as was
explained in Section 3.1.2 for the conventional algebra, this establishes a one

to one correspondence between the max eigenpairs of the polynomial P()\) in
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(3.8) and the max eigenpairs of the companion matriz of the form

o I 0 .. 0
o 0 I .. 0
Cp=| : = . | e Rp, (3.11)
0 0 .. 0 I
Ay Ay Apy Ay |

Proposition 3.2.1. Consider the max matriz polynomial P(\) given by (3.8)
and the corresponding companion matriz given by Cp in (3.11). Then (k,x) €
Ry x R% is a right maz eigenpair of P(X) if and only if (k, %) € Ry x RP™ is

a right max eigenpair of Cp, where
&= o (3.12)

Moreover, (1,y) € Ry x R% is a left max eigenpair of P(X) if and only if

(1,9) € Ry x R is a left mazx eigenpair of Cp, where

[ 1A @y ]
(=45 & ;A7) ®y

: (3.13)

NJY
Il

(Al o AT @@ AT )y
y

Proof: It is a straightforward calculation to verify that Cp ® & is given by

RI

/{21‘

Pr)®@x
Hence, if (k, x) is a right max eigenpair of P(\), it is immediate that Cp @7 =
KZ.
For the converse, it is clear that any right eigenvector of C'p must be of the
form (3.12). Then equating the last rows of Cp ® & = kZ, we have

PR)®r =420 rkA 1D - ®r™ A, @2 = k".
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For the left eigenpair statement, we have §7 ® Cp given by

Al @y
(FAT e AT) @y

PO oy
Since (7,y) is a left max eigenpair of P()), it follows that 7 ® Cp = 797 For
the converse, equating the last columns of §7 ® Cp and 747, we see that

P(r)

7-mfl

' ® =yl =y ® P(r) = Ty

O

It follows from Proposition 3.2.1 that the largest right and left max eigenvalues

of the polynomial P(\) coincide. We now define

1= u(P(N) (3.14)

to be the largest right (or left) max eigenvalue of P(X). p will be used for
u(P(X)) throughout this chapter. Then, p = p(Cp), the maximal cycle
geometric mean of D(Cp). The following results, which extend the Perron-
Frobenius theorems to matrix polynomials over the max algebra now follow

easily from combining Proposition 3.2.1 with Theorems 2.2.1 and 2.2.2.

Theorem 3.2.2. Consider the max matriz polynomial P(X) given by (3.8)
and let Cp be the corresponding companion matriz in (3.11). Further, let u

be the largest mazx eigenvalue of P(X). The following are true.

(i) > 0;

(ii) There exist non-negative and nonzero right and left eigenvectors x,y €
R such that P(p) @ x = p™x and y* @ P(p) = p"my".

It has been pointed out in [PT04] that Cp will be irreducible if Ag is irre-
ducible. Note that the irreducibility of C'p only implies that the eigenvalue
(v is unique. However, in contrast with the conventional algebra, there may
be multiple eigenvectors corresponding to p. The following result describes
the extension of Theorem 3.1.2 to max matrix polynomials for the situation

in which the eigenvector is also unique.
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Theorem 3.2.3. Consider the maz matriz polynomial P(\) given by (3.8) and
let Cp be the corresponding companion matriz (3.11). Further, let p be the
largest max eigenvalue of P(X). Suppose that Cp is irreducible. The following

are true.

(i) p>0;
(ii) w is the unique maz eigenvalue of P(\);

(iii) There exists positive right and left eigenvectors x,y > 0 such that P(pu)®
x=p"r and y" @ P(p) = pmy";

(iv) x and y are unique (up to a scalar multiple) if and only if DC(Cp) is

strongly connected.

3.3 Multi-step Difference Equations in the
Max Algebra

In this section, we investigate the implications of the results of Section 3.2
for the convergence of multi-step difference equations in the max algebra.
We pursue the association of matrix polynomials with multi-step difference
equations over the max algebra. As noted in Section 3.1.1, equations of this
type have been previously studied in the max-plus setting with the view to

applications to time scheduling.

Consider the multi-step difference equation over the max algebra:
Uptm = A1 @ Ugrm1 D DA Quer1 DAg®@ur, (k=0,1,...) (3.15)

where Ag, Ay -+, A1 € R are coefficient matrices and wug, uq, ..Uy, 1 €
R? are initial values. As with multi-step difference equations for the con-
ventional algebra [PT04], the system (3.15) is equivalent to the single-step

difference equation given by

v(k+1)=Cp@u(k) (k=0,1,..). (3.16)
Up,
o . Up+1
This is seen by setting v(k) = _ e RT™.
Uk+m—1
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(3.16) is a result of the following matrix equation:

0 T 0 .. 0 0
u u
o 001 .. 0 0 *
Uk+2 Uk+1
* = : : : . : . ® +
0 ... ... .. 0 1
Uk+m Uk+m—
v(k+1) v(k)
Cp
T
For a given initial condition v(0) = [ Up U v Uy | € RY™, the solu-
tion of (3.16) is
v(k) = Cp, ®v(0) k> 0. (3.17)
Hence, the solution of (3.15) can be written in the following form:
up=[10 - 0]|&Ck ®v(0) k>0 (3.18)
eRian

It can be seen from (3.18) that the the behaviour of the solution depends on

the asymptotic properties of the max powers of Cp.

Throughout this section, we will assume that Cp is irreducible and that the
critical matrix C'§ is primitive. Therefore, it follows from Theorem 3.2.3 that

P(X) has unique left and right max eigenpairs.

Under the above assumptions, it follows from Theorem 2.2.10 that the max
powers of the normalized companion matrix u—l,cClli ., converge in finitely many
steps to a matrix C. In fact, Theorem 2.2.10 establishes that for any ir-
reducible A € R} with A® primitive, there is some K € R, and some
A € R such that for Vk > K,

Ak .
= A (3.19)
pu(A)
The following lemma restates the above convergence result in terms of the

normalised max eigenvectors of A.

Lemma 3.3.1. Let A € R'™ be irreducible and A€ be primitive. Then there
exists some K > 0 such that
A% T
=r®y, fork>K 3.20
(A (3:20)
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where x > 0 and y > 0 are the unique right and left maz eigenvectors of A
satisfying A@ x = p(A)x, AT @ y = u(A)y and 27 @ y = 1.

Proof: It follows from (3.19) that there is some K > 0 and a matrix A such
k — —
that —2- = A for all k > K. Now calculate A ® A:

_ AK AK+1
ARA=A® —2— = p(A)—=2

paye — My = #AA

It follows immediately that the columns of A are right max eigenvectors of A

and hence that A = z ® v7 for some v € R%.

On the other hand,

ro o gro AT (AT ADER
Aedt = A yE A R T A = A

But, A = z ® v” and hence,

AT@uvea’ = p(Ave s’ = AT @ v = u(A)w.

Thus, v = Ay for some A € R,. It is explicit that A ® A = A. Since
A=) x®y" , we have

Neoy ey’ = oy’ = =1
1

Therefore, we conclude that v =y and A =2z ®y?. O

A generalisation of the so-called Fundamental Theorem of Demography was
presented in Section 3.1.3 in the conventional algebra. In the following result,

we present a max-algebraic version of this fact.

Theorem 3.3.2. Let P(\) be the maz matriz polynomial given by (3.8) and
Cp be the corresponding companion matrixz in (3.11); let C'p be irreducible and
C$ be primitive. Let x and y be the unique right and left maz eigenvectors of

P(\) corresponding to p, normalised so that

X
T
[Tod yo@ed '] = 1. (3.21)
/Lm_lﬂf
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Write ug, k = 0,1,... for the solution of the multi-step difference equation
U

u
(3.15) corresponding to a nonzero initial vector v(0) = _1 e RT™.

Um—1

Then there is some positive integer K such that for all k > K

m 7j—1 A,
v oD (D55 ®ua
=1 \i=o W7

Proof: Let  and ¢ be the right and left max eigenvectors of Cp given by

® . (3.22)

Uy,
— =

(3.12), (3.13) respectively. Lemma 3.3.1 implies that there is some integer
K > 0 such that for all £ > K,

=247
pee
X
wx
= ©lyTod o ed) .oy |
,Um_lﬂf
[ zeyTeie @y’ ® (4o 4L) @y’
| omeyTelr ey e (el pz @ y"
L lr eyt el prleeyTe (el o prlrey”
The solution of (3.15) is given by uy = {I 0o --- 0}@6’1’3@@@(0). It

immediately follows from the above calculation that for all £ > K|

U Cf_:‘,@
E:{I 0 - 0]® " ® v(0)
Up
u
=[s0y" 8% coy’e(Ben) - 2oy |0
Um—1

A Ay A
=x®(yT®70®uo@yT®(M—§@ﬁ)®u1@---@yT®um_1).
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Using the fact that y7 = y7 ® % =yT'® (f—,% ® H,ﬁil S A”Zjl), we find
that for all £ > K,

j—1 A,
v o DD 5] ®wa
=1 \i=o V7"

Note that the above result implies that

m j—1
.Uk |7 g A; .
it e (B (874) o )

which is a direct generalisation of Theorem 4.2 of [PT04].

Uy,
— =

X x

as claimed. O

® 1. (3.23)

In population dynamics, the spectral radius of matrix polynomials determines
the growth or decay rate of the considered population model [LS02]. In par-
ticular: if it is less than one, the population converges to zero; if it is greater
than one, the population grows to infinity; otherwise, the population stays
finite. Similar facts can be interpreted for the max-algebraic models based on
the value of p. Essentially, the solution uy is given by ¥ times a constant
vector once k is large enough. This means that in the max algebra, p com-
pletely characterises the rate of convergence or divergence of the solution for

any initial condition. The following is a direct implication of Theorem 3.3.2.

0 if p<1,
. T m (i1 A, .
il =3 || (& (@ ) o )| @0 ita1
o0 j=1 \\i=0
00 if > 1.
where ||.|| denotes the infinity norm of a vector on R, i.e, ||z|| = max ; for

some z € R [PT04].

3.4 Some Bounds on u(P()\))

In this section, we derive a number of inequalities for the largest max eigen-
value of a max matrix polynomial in terms of the largest max eigenvalue of a
fixed matrix naturally associated with the polynomial. First, consider a max
version of the rational matrix function in (3.7) given by
Sp(N) = A, @ lAm—Q D---D !
A Am—1
48
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3.4. Some Bounds on p(P(X\))

Following similar notation for the max eigenpairs of P()), we say that

(i) k > 0 is said to be a right max eigenvalue of Sp(A) with corresponding

right max eigenvector x > 0 if
Sp(k) ® x = Kkx. (3.25)
(k,x) is then a right maz eigenpair of Sp(\).

(ii) 7 > 0 is said to be a left maz eigenvalue of Sp(\) with corresponding

left maz eigenvector y > 0 if
y' @ Sp(r) =Ty’ (3.26)

(7,y) is then a left maz eigenpair of Sp(\).

Next, we show the relation between the spectral radius of a matrix polynomial

and the corresponding rational function over the max algebra.

Proposition 3.4.1. Consider the max matriz polynomial P(\) given by (3.8)
and the corresponding mazx rational matriz function given by Sp(\) (3.24).
Then (k,z) € Ry x R} is a right max eigenpair of P(\) if and only if (k, x)
is a right maz eigenpair of Sp(X\). Moreover, (1,y) € Ry x R is a left max

eigenpair of P(X) if and only if (1,y) is a left mazx eigenpair of Sp(A).

Proof: It is a straightforward calculation to verify that

Sp(\) = Nj_lpm.

For the right max eigenpair, take A = xk and multiply the above equation
by x from right. The equality is immediate from the definition of right max
eigenpair of P(A) and Sp(A) respectively. Similarly for the left max eigenpair,
take A = 7 and multiply the above equation by y” from the left. Using the
definition of left max eigenpair of P(\) and Sp(\) respectively, we can verify

the equality. [

Using the equality of max eigenpairs of P(A) and Sp(A), Theorem 3.1.5 can

directly be extended to the max algebra as follows.
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Corollary 3.4.2. Let P()\) given in (3.8) be a max matriz polynomial. As-
sume that p is positive. Further, let Cp be given in (3.11) and Sp(X\) be given
in (3.24). Then, p = pu(Cp) = p(Sp(n)).

In particular, we denote Sp(1) by S where S € R}*". We explore the rela-
tionship between the largest max eigenvalues of the max matrix polynomial
(3.8) and

S=A DA D - D A1 (3.27)

We next present a number of results relating  and p(S) that are similar to
those given in Proposition 3.1.4 for matrix polynomials over the conventional
algebra. For the remainder of this section, given a set of coefficient matrices
Ao, ..., A1 associated with P()), we write

\I’ - {Ao,Ah...,Am,l}. (328)

Let M (V) denote the multigraph associated with the set W. The maximal
cycle geometric mean in M (W) is denoted by u(M(W)) analogously to the
case of a simple graph. Critical cycles are defined for M (V) in the obvious

manner.

Lemma 3.4.3. Let u(M(V)) denote the mazximal cycle geometric mean of
the multigraph associated with VU in (3.28) and let pu(S) be the mazimal cycle
geometric mean of D(S) associated with S in (3.27). Then p(M(¥)) = u(S).

Proof: First it is immediate that any cycle in D(.S) is also a cycle in M (V).
This implies that p(S) < p(M(¥)). On the other hand, if 'y, is a critical
p

p1 p2 k . . . .
iy oy - - @yl it s clear that (dy,dg, . . ., i = i1)

cycle in M (V) with product a

is also a cycle in D(S). Moreover, from the definition of S,

L .. . p1 D2 p
SZ1Z2522Z3 Slkll Z ail’iga”igig . 'a’ikil'

This implies that p(S) > (M (V)). Hence pu(S) = pw(M(V)) as claimed. O

Before proceeding, note that the argument used above also shows that p(M(V))
= 0 if and only if u(S) = 0.

The following result plays a central role in the proof of the main result of this

section. It shows that there is a one to one correspondence between cycles in
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the multigraph M (W) and cycles in the directed graph D(Cp). In the proof

of this result we write ¢; ; for the (i, 7)™ entry of Cp.

Lemma 3.4.4. Let T'y; be a cycle in the multigraph M (V) with cycle product
m(Car) and length j. Then there exists a cycle ¢ in D(Cp) of length k > j
such that m('¢) = w(Tyr). Conversely, for every cycle I'c in D(Cp) of length
k, there exists a cycle Ty of length j in M(WV) with cycle product 7(I'y) =
m(C¢) and length j < k.

Proof: Let I'y; be a cycle in M (V) with product

_ P11 P2 pj
Tr(PM) — aili2ai2i3 “ee azﬂl

Note that for 1 < s < j, the entry a}*; ., corresponds to the entry in the
companion matrix Cp given by c(m—1)n+i, pontiss,- INOW note that the form of
Cp means that for any p with 0 < p < m —1, and any ¢ with 1 <1 < n, there
exists a simple path in D(Cp) from the vertex pn+1i to (m—1)n+i. Further,
all the entries of C'p used to construct this path are equal to one. It follows
immediately from this that there exists a cycle I'c in D(Cp) whose product
is equal to 7(I'y;) but whose length k& may be greater than j (as extra edges

of weight 1 may have been added to define the cycle in D(Cp)).

For the converse, note that any cycle I'c of length &k in D(Cp) must contain at
least one vertex corresponding to an index ¢ with (m — 1)n+1 <i < mn (an
index from the bottom n rows of C'p). Suppose the product m(I'¢) contains j

terms from the bottom n rows of C'p and is given by

C(mfl)nJril,p1n+igc(m71)n+i2,p2n+i3 et C(mfl)nJrij pjn+i
(where we have omitted terms equal to one from the product).

Then the cycle 'y in M (W) consisting of the vertices iy,...,4;,4;41 = i; and

the edges with weights

D1

p2 pj
ail 729

Qigigs -+ - » Wiy

has length j with j < k and moreover, it is immediate that 7(I'y;) = 7(T¢).
U

Again, note that the above argument shows that (M (¥)) = 0 if and only if
i = 0. Hence, from Lemma 3.4.3, u(S) = 0 if and only if p = 0. As all of
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the following results are trivial in the case where p = u(S) = 0, we henceforth

assume that p # 0.

Corollary 3.4.5. Let i denote the largest max eigenvalue of the max matrix
polynomial given by (3.8) and let u(S) denote the largest max eigenvalue of
the matrixz S given by (3.27). Then, there exist integers ji, jo, ki, ko with 0 <
g1 < k1, 0 < jo < ko such that

p(SYEE < < (SR (3.29)

Proof: First let I'y; be a critical cycle in M (¥) of length j;. Then the product
of Ty is given by u(M(¥))’t. From Lemma 3.4.4 there is a corresponding
cycle, not necessarily critical, I'c in D(Cp) of length k; > j; with the same
cycle product. It follows from the definition of p that p(M(¥))/k < pu.

On the other hand, let I'c be a critical cycle in D(Cp) of length ky. Then
as above the cycle product of I'c is p*? and there exists a (not necessarily
critical) cycle in M (V) of length jo < ko with the same cycle product. This
implies that

P < p(M(W)).

Rearranging this, we see that
< p(M(W))2rk,
As p(M(V)) = p(S) from Lemma 3.4.3 the result follows. [
Next, we present a numerical example to illustrate the result in Lemma 3.4.4.

Example 3.4.1. Let P()\) be given by

e[ 3]e[2 1)

Then, the corresponding companion matrix and S are as follows.

3

0 1],
5

0

4 5

o o o o o o
A= = o O O
I
1
o
w
I

_ O O O O =
NN DO = O
w o O = O O

_ w O O O
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Consider the cycle Iy in M(¥) whose product is 7(T'y;) = alyad; = s1989; =
12 with [(I'p;) = 2. We get the following cycle in D(Cp):

e I'c =(5,2,4,6,3,5) with 7(I'c) = cs2caucasco3css = 12 and I(I') =5

Next, consider the cycle I'c in D(Cp) whose product is m(I'¢) = cs4cs6c65 = 6
with [(I'¢) = 3. Then, we get the following cycle in M (¥):

o I'y = (1727 ]-) with Tr(PC) = a%zagl =6 and l(l"l) =2
We are now able to state the main result of this section, which provides a max

algebra version of Proposition 3.1.4.

Theorem 3.4.6. Let P(\) be the max matriz polynomial in (3.8) and S be
given in (3.27). Further, y is the largest mazx eigenvalue of P(\) and pu(S) is
the largest max eigenvalue of S. Then, the following hold.

(i) u(S) <1 if and only if u < 1;
(ii) w(S) > 1if and only if u > 1;

(7ii) 1(S) =1 if and only if p = 1.

Proof: This result follows immediately from the identity
(S < < p(S)*

established in Corollary 3.4.5. O

The following Corollary is obtained immediately from Corollary 3.4.5.

Corollary 3.4.7. Let i denote the largest max eigenvalue of the max matrix
polynomial given by (3.8) and let p(S) denote the largest mazx eigenvalue of
the matriz S given by (3.27).

u(S) > 1= p < p(S) (3.30)
p(S) < 1= p> u(S)
u(S) =1= p=pu(S)
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Theorem 3.4.6 shows that p = p(S) when p(S) = 1. In the next result, we
give a necessary condition for p = u(S) when p(S) # 1.

Corollary 3.4.8. Let v denote the largest max eigenvalue of the mazx matrix
polynomial given by (3.8) and let u(S) denote the largest max eigenvalue of
the matriz S given by (3.27). If u(S) # 1 and p = u(S), then p = p(Apn_1).

Proof: Consider = pu(S).

Case 1: Let pu(S) > 1. Using Corollary 3.4.5, we have p < pf2/k2 = pl=iz/kz <
1. This is only possible when j, = ky. This means that there is some critical
cycle in D(Cp) whose product only contains terms from the last n rows of Cp.
This immediately implies that all the terms in this product are in A,, 1, so in

this case p = pu(Am,_1).

Case 2: Let ju(S) < 1. As above, using Corollary 3.4.5, we have p//F < i =
1 < p'=7v/k1 This is only possible when j; = k;. As in Case 1 this implies
that p = p(Ap-1) O

As a final point, we note that the converse of the previous result does not hold.

Specifically, the example below has p = p(A,;,—1) with m = 2 but p # u(5).

Example 3.4.2.

0 0 1 0 0]
0 0 1 0
0 0 0 0 1
Cp= = u=2.8231
02 1 01 1 05 3
2 1 02 15 01 1
1032 2 2 5 06|
1 05 3
Ai=115 01 1 | = pu(4)=28231
2 5 06
113
S=121 1|=uS) =31072
2 5 2
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3.5. Concluding Remarks

3.5 Concluding Remarks

Our main goal in this chapter was to extend the spectral theory of non-negative

matrix polynomials to the max algebra. In this context,

e we extended results on Perron polynomials to the max algebra;

e we derived convergence results for the solution of multi-step difference

equations over the max algebra;

e we proved a number of results giving inequalities for the largest max

eigenvalue of a max matrix polynomial.
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CHAPTER

Asymptotic Stability in the
Max Algebra

In this chapter, we introduce the class of P,,q,-matrices for the max algebra and
derive some properties of these that echo similar results for P-matrices in the con-
ventional algebra. We obtain results elucidating the relationship between the Py, .-
property, Spaz-property and the stability of delayed difference equations. Moreover,
we define P,,4.-matrix sets, the row-P,,..-property and the Sy,q.-property of a fi-
nite set of non-negative matrices. We describe a number of equivalent results for
Pp..--matrix sets and relate these concepts to stability questions for sets of matrices

and discrete inclusions with delay.

4.1 Motivation and Mathematical
Background

In this section, we are concerned with P-matrices over the conventional al-
gebra. We define the row-P-property and S-property of sets. We briefly
recall some results on the stability of positive switched dynamical systems

and discrete linear inclusions.
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4.1.1 Introduction

A principal submatrixz of order i of an n X n matrix A is a matrix formed
by deleting n — i rows and the corresponding n — i columns (with the same
indices) of A (i € {1,2,....,n}). A principal minor of order i of A is the
determinant of a principal submatrix of order ¢ of A. A € R™ " is said to be
a P-matriz (Py-matriz) if the principal minors of order ¢ are positive (non-
negative) for 1 < ¢ < n. In other words, A is a P-matrix (Py-matrix) if all of its
principal submatrices have positive (non-negative) determinant. P-matrices
were introduced by Fiedler and Pték in [FP62].

For a complex number A\, we adopt the notation Re(A) for the real part of
A. Then, we say that A is positive-stable if Re(\) > 0 for all A\ € o(A)
[HJ90]. The results to be presented in this section relate most directly to
characterisations of P-matrices in terms of matrix stability within the class
of so-called Z-matrices. A is a Z-matriz if a;; < 0 for all 4,5(i # j). It
is well-known that for a Z-matrix A, the following conditions are equivalent
[FP62, HJ90, BP94].

Theorem 4.1.1. Let A € R™" be a Z-matrixz. Then, the following are equ-
twalent.

(i) A is a P-matriz;

(i) A is positive-stable;

(iii) For every non-zero x € R™ there is some i with x;(Ax); > 0;

(iv) Every principal submatriz of A is positive-stable;

(v) There exists some v > 0 with Av > 0.
Property (i) above is usually referred to as the P-property while Property (v)

is referred to as the S-property of the matrix [FP62, FP66]. A Z-matrix with
Property (ii) is said to be an M-matriz [HJ90].

The class of P-matrices has been extensively studied due to its importance
in fields such as statistics, optimisation and dynamical systems [Par83, HS98,

Sou06, CPS09]. The relevance of such matrices to the linear complementarity
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problem is well documented and details can be found in [CPS09]. P-matrices
are also intimately connected with the stability theory of positive linear sys-
tems, with the long-term behaviour of Lotka-Volterra systems in ecological
modelling [HS98] and with chemical reaction systems [BDB07]. Yet another
context in which P-matrices play a role is in the study of globally univalent

functions, motivated by applications in Economics and Biology [Par83, Sou06].

Results on asymptotic stability of a non-negative matrix in the max algebra
were discussed in [Lur05]. The analyses in this work was then extended to
sets of non-negative matrices in [Lur06, Pep08]. Here, a max algebra version
of the generalised spectral radius for sets of matrices was defined and results
were presented in the context of stability and convergence properties of discrete
linear inclusions. More recently, the class of Z and M-matrices were considered
in connection with the solution of matrix equations over the max algebra

[BSS12].

Inspired by Song, Gowda and Ravindran [SGR99], we shall be concerned with
extending results concerning P-properties of single matrices and sets of mat-
rices to the setting of the max algebra. In this direction, the layout of this
chapter is as follows. First, we briefly give the main results over the conven-
tional algebra. In Section 4.2, we show that equivalences analogous to (i) -
(v) in Theorem 4.1.1 also hold in the max algebra. Moreover, we explore the
connection between matrix stability in the max algebra and max-algebraic dy-
namical systems. In Section 4.4, we extend the results for sets of matrices in
[SGR99] to the max algebra. The work contained in this chapter has resulted
in the publication: [BGM11al.

4.1.2 P-matrix Sets, Row-P-property and S-property

Song, Gowda and Ravindran extended the P-property and S-property of a
single matrix to sets of matrices in [SGR99]. Specifically, they introduced
the row-P-property and showed the relation between the row-P-property and
S-property of a set.

Throughout this chapter, ¥ denotes a set of non-negative matrices in R}*".
We recall the notation from (3.28) that

U= {A}, Ay, ., Ay} (4.1)
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4.1. Motivation and Mathematical Background

where each A; > 0 and A; # 0 for some ¢ € {1,2,...,m}.

Following the notation in [SGR99] we define the row representative set of W

as follows

U = {M e Ry | for 1 < j <n there exists A;, € ¥ with M; = (4;,);.}
(4.2)

where M;. denotes the j™ row of M. Briefly, the matrices M € U are formed
by choosing corresponding rows from some A;; € ¥ where 1 < 4; < m. This

is illustrated by the following simple example.

Example 4.1.1. Consider the matrices in R3*? given by

2/3 0
1 5/8

4 1/2 1/3 4y
L 4/5 1/4 |

For W = {A;, Ay}, it is easy to see that U = {Ay, As, My, My} where

[ 1/2 1/3 ]
M1: / / MQI
1 5/8

2/3 0
4/5 1/4

Note that the results of Song, Gowda and Ravindran [SGR99] are for a set
of general n x n matrices. However, we recall the following definitions for

U given in (4.1). The row-P-property and S-property of ¥ are described as
follows [SGR99].

(i) ¥ has the row-P-property (row-Py-property) if every matrix in U is a
P-matrix (Py-matrix);

(ii) U has the S-property if there is v > 0 such that Av > 0 for all A € .

Note that ¥ C ¥. Thus, if ¥ has the row- P-property (row-Fy-property), each
matrix in W is automatically a P-matrix (Py-matrix). In this direction W is
called a P-matriz set (Py-matriz set) [SGRI9].

The following result demonstrates that Theorem 4.1.1 (iii) holds uniformly for
all matrices in ¥ [SGR99].

Theorem 4.1.2. Let ¥ C R}*" be given in (4.1). Then, ¥ has the row-P-
property if and only if for every non-zero x € R’} there is some i € {1,2,...,n}
with x;(Az); >0 for all A € V.
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Chapter 4. Asymptotic Stability in the Max Algebra

The following result states the equivalence of the row-P-property and S-

property for a compact set of Z-matrices [SGR99].

Theorem 4.1.3. Let W C RY*" be given in (4.1) and be a set of Z-matrices.

Then, the following are equivalent.

(i) ¥ has the row-P-property;

(ii) There exists some v > 0 such that Av > 0 for all A € V.

4.1.3 On the Stability of Positive Switched Linear

Systems

The results on P-matrix sets in [SGR99] echo similar results on the existence
of a common linear copositive Lyapunov function in the context of switched

dynamical systems.

Let a continuous-time linear system be given by
t(t) = Az(t), 2(0) = 20,0 < t < 00 (4.3)

where x € R" is called the state vector and A € R™*"™ is referred as the system
matrix. (4.3) is said to be a positive system if x(t) € R for all t > 0 for any
zo € R%. It follows from [FRO0] that (4.3) is positive if and only if A is a
Metzler matriz | i.e., a;; > 0 for all 4, 7 when 7 # j. It is well known that the
asymptotic stability of the positive system (4.3) is characterised by whether
or not the matrix A is Hurwitz (meaning that all of its eigenvalues lie in the

open left half plane) [GSM07, MS07, KMS09].

A positive switched linear system is formed by a set of continuous-time positive
linear systems and a switching mechanism that arbitrarily switches between
them. More generally, one can consider positive differential inclusions of the

form
z(t) € {At)x(t), A(t) € {A1, As, ..., A}, 2(0) = 20,0 <t < 0 (4.4)

where A; is a Metzler matrix for 1 < ¢ < m. It is well known that Lyapunov
theory is a powerful tool for stability analysis of the systems of this type.

In particular, the authors of [MS07] studied the existence of common linear

60



4.1. Motivation and Mathematical Background

copositive Lyapunov functions for a pair of continuous-time positive linear
systems. Their results were then extended to a finite set of continuous-time
positive linear systems in [KMS09]. Following [MS07], the function V(z) =
vTx is a common linear copositive Lyapunov function for (4.4) if and only if

v € R” satisfies the following

(i) v > 0;
(i) ATv <Oforalll1 <i<m.
The existence of such a Lyapunov function is a sufficient condition for the

stability of (4.4). The following result, which is essentially a special case of

Theorem 4.1.3, defines an equivalent condition for its existence [KMS09].

Theorem 4.1.4. Let Ay, A, ..., Ay, € R™™ be Metzler and Hurwitz. Then,

the following are equivalent.

(i) Any matriz in the row representative set of { AT, AT ... AT} is Hurwitz;

(ii) There exists some v > 0 such that ATv < 0 for all 1 <i < m.

4.1.4 Generalised Spectral Radius

The generalised spectral radius plays a key role when extending the results in
[SGR99] to the max algebra.

Two different concepts have been proposed to generalise the spectral radius to
sets of matrices: the generalised spectral radius [D1.92] and the joint spectral
radius [RS60]. They are respectively defined for a bounded set of nxn complex
matrices (there exists an upper bound on the norms of the matrices in the set)
denoted by >~ as follows.

=

p(> ) = lim sup ( sup p(A)) (4.5)

k—oo Aezk

=

p(Y) = Jim ( sup. HA||) (4.6)
Aey”
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Chapter 4. Asymptotic Stability in the Max Algebra

Here, Y% denotes the set of all products of matrices from 3" of length k& > 1 and
||.|| is any matrix norm on C"*". Note that (4.5) and (4.6) are generalisation
of the fundamental formulae relating the spectral radius of an n x n matrix in
(2.8). It has been proven by [BW92] that p(3°) = p(X°) for any bounded set 3°.
These concepts have been studied by several authors in [BW92, HS95, LW95,
Gur95, Wir02]. They have various applications in wavelet theory [HS95] and
discrete inclusions [Wir(2]. In particular, the role of the generalised spectral
radius in the stability analysis of discrete inclusions was investigated in [Gur95,
Wir(2]. Following the notation in these papers, consider the discrete linear

inclusion of the form
x(k+1) e {A(k)x(k), A(k) € Z}, z(0) = 29,k =0,1,.... (4.7)

A sequence {z(k)}r>o is said to be a solution of (4.7) starting with an initial
condition x(0) = x¢ if for all £ > 0 there exists some A(k) € > such that
z(k+1) = A(k)xz(k). Then, we obtain xz(k) = A(k — 1)A(k — 2)...A(0)z for
some k. The convergence of the solution to the origin can be characterised as
follows: klg& A(0)A(1)...A(k — 1) = 0 for all £ > 0 if and only if p(}°) < 1
[Gur95, Wir02].

A max algebra version of the generalised spectral radius, which plays a cen-
tral role in determining stability and convergence properties of discrete linear
inclusions and nonhomogeneous matrix products over the max algebra was
introduced in [Lur06]. Subsequent work showing the connection between the
max version of the generalised spectral radius and the conventional spectral

radius of Hadamard powers was presented in [Pep08].

Let W be given by (4.1). Then, the max version of the generalised and joint

spectral radius of ¥ are respectively given by

p(¥) = lim sup <£1£,§ M(A)> ' (4.8)
p(vY) = lim <§‘r£>,g n.(A)> E (4.9)

where WX denotes the set of all products of matrices from ¥ of length k > 1

in the max algebra. Formally,
Uk ={A; ® - ®A;, 5 €{1,2,..,m} for 1 <i<k}. (4.10)
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4.2. The class of Ppaz-matrices

Since all vector norms are equivalent on a finite dimensional space, i(V) =
1

%
lim (max ||AH> for any matrix norm ||.|| [Lur05]. Note that (4.8) and (4.9)

k—oo \ AcWk

are gengrzflisations of the formulae relating the largest max eigenvalue of an
n X n non-negative matrix in (2.15). It has been shown in [Lur06] that pu(¥) =
[(¥) is true for the finite set W. Moreover, some of the inequalities for the
largest max eigenvalue discussed in Section 2.2.2 can be extended to the max
generalised spectral radius. For instance, u(¥) < p(¥) < nu(¥) [Lur06]. The
following result shows the connection between the max generalised spectral

radius and the asymptotic behaviour of products of matrices from ¥ [Lur06].

Theorem 4.1.5. Let V be given by (4.1). Then, the following are equivalent.

(i) klim A ®--®A;, =0 where j; € {1,2,....m} for1 <i<k;
—00

(i) p(b) < 1.

4.2 The class of P, ,,-matrices

In this section, we define the class of P,,,,-matrices. Further, we demonstrate
the relationship between these matrices and the stability properties of matrices
and difference equations in the max algebra. The results presented here echo

similar facts presented in Theorem 4.1.1 for the conventional algebra.

We deal with the permanent of a matrix in order to form the analogue of P-
matrices since the notion of a determinant does not directly extend to the max
algebra because of the minus sign [Bap95, But03]. Note that the max version
of the permanent plays an important role in the linear assignment problem
[BB03].

Let S,, denote the set of all permutations of the numbers 1,2,...,n and ¢ be a

permutation in S,,. Formally, the max permanent is given by
Permax(A) = max Q) ;g (). (4.11)

Simply, for A = du iz

a1 Q22



Chapter 4. Asymptotic Stability in the Max Algebra

A € RY™ is said to be a P4, -matriz if perma(B) < 1 for all principal sub-
matrices B of A. We next relate the P,,,,-matrices with the matrix stability
over the max algebra. The specific notion of matrix stability considered here
is that explored in [Lur05] and corresponds to asymptotic stability of the

discrete-time system
r(k+1)=A®x(k),z(0) =20,k =0,1,.... (4.12)

We say that (4.12) is asymptotically stable if all solutions (k) converge to zero
as k tends to co. As with discrete-time systems in the conventional algebra,
the largest max eigenvalue is intimately related to the asymptotic stability

of (4.12). As stated in Theorem 2.2.4, asymptotic stability is equivalent to
n(A) < 1.

The following theorem presents some equivalent conditions for A € R*" to

be a P,,q-matrix.

Theorem 4.2.1. Let A € R*". Then, the following are equivalent:

(i) A is a Ppaz-matriz;
(ii) A is asymptotically stable, that is, u(A) < 1;

(7it) For each x # 0 in R}, there exists ani € {1,2,...,n} such that (A®zx); <

Ziy
(iv) For all principal submatrices B of A, n(B) < 1;

(v) There exists a vector v > 0 such that A® v < v.

Proof:

(i) <= (ii) Assume that we have perpy.x(B) < 1 for all principal submatrices
B of A. Let (iy, s, ..., ik, 91) be a critical cycle in D(A). (If there is no cycle in
D(A) then p(A) = 0 and we are done.) Further, let B € R*** be the principal

submatrix of A corresponding to iy, s, ..., 7x. Then we have

Qi Qi - Qigi; = 01,6(1)02,0(2) B0 (k) < DETmax(B)

for some permutation o € Si. It follows immediately that p(A) < 1.
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4.2. The class of Ppaz-matrices

For the converse, assume u(A) < 1. So, all cycle products of any length in
D(A) are less than 1. Let a principal submatrix B € R¥** of A be given with
PeTmax(B) equal to b;, o(,)big,0(is)---biy 0 (i) for some 1 <y, dg, ..., 49, < n. Since
o € S is a permutation and can be written as a product of cyclic permuta-
tions, it follows that perp.x(B) can be decomposed into cycle products. It is

immediate that pery..(B) < 1.

(ii) <= (iii) Let u(A) < 1. Suppose that there exists  # 0 in R’} such that
(A® x); > x; for each i € {1,2,...,n}. Then A® = > x. This implies that
A’é ® x > x for some x # 0 in R?}. Thus, as k — oo, the k" power of A
doesn’t converge to zero which contradicts (A) < 1 (Theorem 2.2.4).

Conversely, assume (iii) and let iy,1is, ..., 9, ix41 = 91 be a cycle of length k
with the cycle product a;,,aiyis...0i4, in D(A) for iy, s, ....5 € {1,2,....,n}.
(If D(A) contains no cycles, then u(A) = 0 and we are done.) Define 2 € R}

as follows:

Tiy = 1
Z;.
j—1 —
ZL‘Z‘J. = ] = 3, . ,]{3
Qij_yi;
Ty,
Tiy =
Qg iy

.’L'p = 0,]9 # {il,ig, 7Zk}

By assumption there exists some index i with (A ® x); < z;. Clearly i must

be in {iy, s, ..., i }. Consider the following two cases.

® i =11 = @i, Ti; D Wi iyTiy O ... ;3 T, < T,. Since x;, = = # 0,

it easily follows from the second term in the left side that a;,;,z;, < z;,.
Hence,
ZL‘Z‘k IL‘Z‘2

Qi1 Ting < = = Qo Qigig - Wiy iy < 1.
Qipiy Qigig Qigiy - Aigiy

o | = Z](l < j < k) = Qjziy Tiy @D Qjjin T D..PD Qjzip, T, < Tij- S1m1larly, it
follows from the (j + 1) term that

i<m =1<1
. i :

41

Wijiji1Lijy < Tij = A

3ij+1
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Chapter 4. Asymptotic Stability in the Max Algebra

The second condition is not possible. As a result, we have a;,;,;,is...a;,.;, < 1.
As this is true for any cycle in D(A), it follows that p(A) < 1.

(ii) <= (iv) First, let u(A) < 1. Then, all cycle products in D(A) are less
than one. Let a principal submatrix B* of A be given and let I" be a critical
cycle in D(B*). Since I' also defines a cycle in D(A), n(I') < 1. As I' was
arbitrary, u(B*) < 1.

For the converse, let u(B) < 1 for all principal submatrices B of A. Since A

is a principal submatrix of order n, it is immediate that u(A) < 1.

(i) <= (v) First, suppose pu(A) < 1. Let 1, € R denote the vector of all
ones. We can choose € > 0 so that u(A + €1,17) < 1. Since A + €1,17 is an
irreducible matrix, it follows from Theorem 2.2.2 on the max version of the
Perron-Frobenius theorem that there is some v > 0 with (A + €1,17) @ v =

(A +€1,1)v < v. Tt follows immediately that

Av< (A+el, 1)) ®@v <.

For the converse, assume that there exists v > 0 satisfying A ® v < v. As

above, choose € > 0 so that
(A+e1,1) v < v.

As (A + €1,17) is irreducible, A + €1,1% has a positive left max eigenvector
w > 0. Multiplying both sides of the above equation with w? from the left,
we see that

w' @ (A+e1,1) @v < w! ®@v.

Since w is the left max eigenvector of A + €1,1L it follows that u(A +

€1, 10w @ v < w? @ v. :
But w? ® v > 0 which implies directly that

w(A) < p(A+e1,10) < 1.
This completes the proof. [

We call Property (i) in Theorem 4.2.1 the P,q.-property and Property (v)
the Spuz-property of a matrix in the max algebra. The following example
illustrates Theorem 4.2.1.
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Example 4.2.1. Let a 3 X 3 matrix be given by

1/2 1/3 0
A=| 0 3/5 1/4
1/5 1/6 2/3

There are three first order principal submatrices: ay; = 1/2, age = 3/5 and
azs = 2/3 all of which are less than one. Thus, automatically all have max

permanent less than one.

There are three second order principal submatrices:

[ 1/2 1/3 ]
Ajp = _ (/) 3§5 _ , PeTmax(A12) = 3/10 < 1;
A /20 _ (A;3)=1/3<1
= y P€T"max = ;
13 _ 1/5 2/3 | p 13
[ 3/5 1/4 |
Ayy = , PeTmax(Aaz) = 2/5 < 1.
23 _ 1/6 2/3 | p ( 23) /

The third order principal submatrix is A where perp.x(A) = max(aiiasass,

a11G23A32, A12A21A33, B12A23431, @#13A21432, a13a22a31) = 1/5 < 1.

Hence, A is a P,,,-matrix. For A, u(A) = 0.667 and pu(B) < 1 where B €
T
{an, a99, 433, A12, A137 A237 A} Moreover, forv = [ ]_/5 1/3 1/4 } s A®U <

v.

We are next concerned with the relation of the P,,,.-property to the stability of
delayed difference equations over the max algebra. In [HS00], it was shown for
the conventional algebra that off-diagonal delays had no effect on the stability
of a differential equation if and only if —A is a P-matrix where A is the system
matrix. We shall prove a corresponding fact for difference equations in the

max algebra without restricting diagonal delays to be zero.

Consider the delayed system of difference equations given by

zi(k+1) = EB%% —Tii),k>0,i=1,2,...,n (4.13)

where A € R}Y*™ and 7;; > 0 are non-negative integers for all 1 <i,j < n.

Theorem 4.2.2. Consider the system of delayed difference equations (4.153)

where 7;; > 0 for all i,j. The following are equivalent:
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(i) A is a Ppaz-matriz;

(11) (4.13) is asymptotically stable for all 7;; > 0;

(111) (4.13) is asymptotically stable for some 1;; > 0.
Proof: We shall prove that (i) implies (ii) and that (iii) implies (i). The
implication (ii) = (iii) is trivial.

(i) = (ii): Assume that A is a P,,-matrix. Define the state vector by
T

x(k) = [ x1(k) xo(k) -+ x,(k) } € R%. Let 7,; > 0 be any set of non-

negative integer delays and suppose that the delays 7;; take values in the set

{0,1, ..., Tax} for all 1 <, 5 <n, where 7,,x = maxm;.
7/7-7

As all delays are non-negative integers less than or equal to 7,.,, We can write

the delayed system in (4.13) in the following form
zk+1)=A@zk) A x(k—1)®...0 A, Qu(k — Thnax) (4.14)

where the matrices A,(p = 0,1, ..., Tmax) in RY*™ are defined as follows. The

(i,7)™ entry of A, is equal to a;; if 7;; = p and all other entries of A, are zero.
Note that
A=A A D.. DA, ..
By setting (k) = { (k= Tmax) Tk — Tmax +1) -+ x(k) }T € ]RZ(T““”‘H),
we see that the stability of (4.13) is equivalent to the stability of
[k —Toe+ 1] [ 0 T 0 o 0 07 [ 2(—7m) |
x(k — Tmax + 2) 0 o I .. 0 O x(k — Tmax + 1)
: = : SO S S 02 :

z(k) 0O .. .. .. 0 I x(k—1)
I x(k+1) | | Ara A Ay | | z(k) |

#(k+1) c 2 (k)

where C' € RTT"‘&XH)X"(T"‘“H) is the companion matrix associated to (4.13).

As A is a Pp4-matrix it follows from Theorem 4.2.1 that u(A) < 1. Since
A=ADAd...0A,,,,, it follows from Theorem 3.4.6 that x(C) < 1. Thus,
the system (4.13) is asymptotically stable. As this is true for any delays
7;; > 0, we conclude that (ii) holds.
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(ili) = (i): Now assume that for some integer values of 7;; > 0, the system
(4.13) is asymptotically stable. Then we can proceed as above to write the
system in the form (4.14). By assumption the companion matrix C' associated
with the system will have u(C) < 1. It then follows from Theorem 3.4.6 that
i(A) < 1 and hence that A is a P,,,,-matrix by Theorem 4.2.1.

This completes the proof. [

4.3 The class of P’ -matrices

max

In this section, we define the class of P? -matrices. Recall that Py-matrices
are introduced in [FP62] in the conventional algebra. They are also described

in [HJ90, BP94] in the context of matrix stability.

We say that A € RP*" is a PY

max

-matriz if perya.(B) < 1 for all principal
submatrices B of A. Equivalent conditions for P,,,,-matrices stated in Theo-

rem 4.2.1 can also be stated for P? -matrices that echo similar results over

the conventional algebra. We next present these conditions in Theorem 4.3.1

below. Notice that Property (iii) in this theorem shows that a P -matrix

can be converted into a P,,,,-matrix by a small perturbation.

Theorem 4.3.1. Let A € R*". Then, the following are equivalent:

(i) Ais a PY_ -matriz;

(ii) 1n(A) < 1;
(iii) @A is a Ppa-matriz for all0 < a < 1;

(iv) Foreachx # 0 in R’ there exists ani € {1,2,...,n} such that (A®z); <

Ly
(v) For all principal submatrices B of A, n(B) < 1;

(vi) There exists a vector v > 0 such that A®@v < v.

Proof:

(i) <= (ii) Assume that we have perp..(B) < 1 for all principal submat-
rices B of A. Following the same approach in the proof of Theorem 4.2.1,
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let (i1,1s,...,1,41) be a critical cycle in D(A) and B € R ¥ be the prin-
cipal submatrix of A corresponding to i1, s, ...,%. Then, a;i,iyis-..0ii, =
b1,0(1)b2,0(2)---Ok,o(k) < PeTmax(B) for some permutation o € S;. We automati-
cally get pu(A) < 1.

Next, assume that p(A) < 1. Let B € R** be a principal submatrix of
A where permax(B) = i, o(i1)bis,o(is)--bip 0@ for some 1 < iy, ig, .0 < n.
Similar to the proof of Theorem 4.2.1, pery.,(B) can be written as a union
of several cycles products in D(A). Since all cycle products of any length in
D(A) are less than 1, it follows immediately that pery..(B) < 1.

(i) & (iii) Assume that A € R}*™ is a P%_ -matrix. Then, pu(A) <1 from
(ii). Let a be in (0,1). Then, u(aA) = au(A) < p(A) < 1. Thus, oA is a

P az-matrix from (ii) in Theorem 4.2.1.

For the converse, assume that A € RY*" is a P,,,,-matrix for any a € (0,1).
Similarly, it is immediate from (ii) in Theorem 4.2.1 that au(A) < 1. Let
a converge to one. Then, we automatically have pu(A) < 1. Thus, A is a

PY  -matrix from (ii).

(i) <= (iv) Assume that A € R}*" is a P} -matrix. Then, a4 is a Pq,-
matrix for all 0 < a < 1 from (iii). It follows from Theorem 4.2.1 (iii) that
for each « # 0 in R, there exists an i € {1,2,...,n} such that (cA®x); < ;.

By letting o converge to one, we get (A ® z); < ;.

Next, let for each x # 0 in R’}, there exists an ¢ € {1,2,...,n} such that
(A®x); < z;. Let a be in (0,1). It is straightforward that (0Ad ® z); <
(A® x); < x; implies (0A ® x); < z;. Then, aA € RY™ is a P,q,-matrix
for any a € (0,1) from Theorem 4.2.1 (iii). Thus, A € R}*" is a P2 -matrix

from (iii).

(i) <= (v) First, let A € R""isa P?  -matrix and B € R ** be a principal
submatrix of A for 1 < k < n. Then, aA € R}Y*" is a Py,q,-matrix for all
a € (0,1) from (iii). Moreover, aB € R¥** a principal submatrix of a4
for 1 < k < n since a is a scalar. It follows from Theorem 4.2.1 (iv) that
plaB) < 1 for all k € {1,2,...,n}. By letting o converge to one, we get

p(B) <1 for all principal submatrices B of A.

The converse is immediate.

70



4.4. The Row-Pya,-property and Smaq-property of Sets of Matrices

(i) <= (vi) Assume that A € R is a P?_-matrix. Then pu(A) <1 from

(ii). We choose € > 0 and define a positive matrix B € R}*" as follows

€ if (07F} :0,
bij = ’

a;; otherwise.

for all 7, j so that u(B) < 1. Since B is irreducible, it follows from Theorem
2.2.2 on the max version of the Perron-Frobenius theorem that there is some
v >0 with Bv = pu(B)v < v. As A < B, it follows immediately that
ARv <.

Now assume that there exists v > 0 satisfying A ® v < v. Let a be in (0,1).
Then, cA®v < A®wv < v. Since aA ® v < v for some v > 0, oA is a
Prnap-matrix from (v) in Theorem 4.2.1 and A is a P2 -matrix from (iii).

O

4.4 The Row-P,,.-property and
Smar-property of Sets of Matrices

In the spirit of the results recalled in Section 4.1.2, we extend the P,,,.-
property of a matrix to sets of non-negative matrices. We derive analogous
results to the equivalence of (i), (ii), (iii) and (v) established in Theorem 4.2.1.
Further, we are concerned with the relation between the row-P,,,.-property
for sets of matrices, the S,,..-property and the stability of discrete inclusions

in the max algebra.

Let U C R}*" denote the finite set of n x n non-negative matrices defined in
(4.1) and ¥ ¢ R denote the row representative set of U given by (4.2).

The following two definitions play a central role in what follows.

(i) W has the row-Pyq.-property (row-PY -property) if every matrix M € 0

max

is a P,,q,-matrix (P2 -matrix).

(ii) W has the S -property if there is v > 0 such that A; ® v < v for all
i€ {1,2,....,m}
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Following the notation in Section 4.1.2, if ¥ has the row-P,,,,-property (row-
PY .-property), then each A; € ¥ is also a P,4,-matrix (P2, -matrix). In

max

this case, U is said to be a Py,,,-matrix set (P? -matrix set).

In our main result, Theorem 4.4.1 below, we shall present some facts relating
P,...-matrix sets and the stability of discrete inclusions in the max algebra.
The generalised spectral radius for the max algebra will play a key role in

what follows. Formally, we consider a max version of the inclusion given in
(4.7) as follows:

xk+1)e{4,®@z(k),p=1,2,....m},z(0) = xo, k= 0,1, ... (4.15)

associated with the set of matrices ¥ given in (4.1). We say that (4.15)
is asymptotically stable if all solutions z(k) converge to zero as k tends to
00. As with discrete linear inclusions in the conventional algebra, the max
generalised spectral radius is intimately related to the asymptotic stability
of (4.15). As stated in Theorem 4.1.5, asymptotic stability is equivalent to
p(¥) < 1.

Before stating our main result, we make the following definitions. Given V¥ in
(4.1), we recall the notation from (3.27) that

S=A0A40..0A,. (4.16)

Moreover, we consider the max convezr hull of ¥ given by

COmax(¥) = {P di | a; > 0,1 <i<mand Pao,; =1} (4.17)
i=1 i=1
We say that COp.x (V) is asymptotically stable if u(A) < 1 for all A €
COmax(¥). In particular, we are interested in relating the asymptotic sta-
bility of COpax(¥) with the S,,..-property of V.

The next result shows the relationship between the row-P,,,.-property, the
Smaz-property and the stability of discrete inclusions with delay for the max

algebra.

Theorem 4.4.1. Let U be a set of n X n non-negative matrices given by (4.1)
and U be the row representative set of U given by (4.2). Then the following

are all equivalent:
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(i) ¥ has the row-P..-property;

(i) The max generalised spectral radius p(V) < 1;
(iii) The max generalised spectral radius p(¥) < 1;
(iv) U has the Spaz-property;

(V) COmax (V) is asymptotically stable;

(vi) The delayed difference inclusion given by

zi(k+1) e {P afjw;(k—;5),p = 1,2, ..,m}, k> 0,i=1,2,..,n (4.18)

J=1

is asymptotically stable for all 7;; > 0 for 1 <1i,5 <n.

Before proving this result, we shall state two key propositions. First, we relate
the stability of the matrix S given by (4.16) to the S,,q..-property of the set
0

Proposition 4.4.2. Let S be the matriz given by (4.16) and v > 0 be given.
Then, S ® v < v is equivalent to M @ v < v for all M € 0.

Proof: Let v > 0 be given and let M be a matrix in U. From the definition
of \if, for each j € {1,2,...,n} there exists some A;; € ¥ with 1 <1i; < m such
that M; = (A;.);. It is explicit that for all j, if S ® v < v, then

15

Hence, M @ v < v for all M € 0.

For the converse, if M ® v < v for all M € \if, A, ®@v < v forall A; € ¥ since

every matrix is also a row representative of itself. Thus, we observe that
m m
@Ai®v<@v:>5®v<v.
i=1 i=1
O
The next proposition is a restatement of a result of [Gau95a] for the max-plus

algebra, which was phrased in the language of discrete event systems. In the

interests of clarity and completeness we have provided a direct max-algebraic
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proof below. It is an important result stating that the max generalised spectral
radius of a finite set in R7*"™ can be calculated using the largest max eigenvalue

of an n X n non-negative matrix.

Proposition 4.4.3. Let ¥ be a set of n X n non-negative matrices given by
(4.1). Let S be the matriz given by (4.16). Then, (V) = u(S).

Proof: We shall first show that x(¥) < u(S). Consider some ¢ € Uk, It is
explicit that ¢ < SE. Then, we have p() < p(SE). Since this is true for any

Y, we can write
max 1u(y)) < p(SE).

k
perk

Taking k™ root and lim sup of both sides, we obtain
k—o0

e

lim sup(max 1(¢))¥ < limsup p(S5)* = p(S),

k—o0 1/16\11% k—s00

where the final equality follows from (2.15). Thus, we have u(¥) < pu(S).

To complete the proof, we show that p(S) < p(V). Let I' be a critical cyc-
le of length p in D(S) with product 7(I') = 8;,i,8ii5---Sipi (41,72, -0, 1p €
{1,2,...,n}). Since S = A; ® Ay @ ... ® A,,, it follows that there are indices
J1s 92, - Jp € {1,2,...,m} such that

w(S)YP =x(l) =al', a? ..a” < (Aj, ® A}, @ ... Q@ Aj )iy -

1192 1213 " ipll

Write M = A;, ® Aj, ® ... ® A;,. Then, M € ¥§. For all r > 1,

(Mé)im Z M(s)pr

Note that Mg € Vg and the above relation implies that max u(¢)7 > u(S).
we\I/@f

Let k = pr. If we take lim sup of both sides, we obtain

k—o0

lim sup(max 1u(1))* > p(S).

k—o0 1/16‘11%

Thus, we have pu(S) < pu(¥).

So, u(S) = pu(¥) as claimed.
U

Proof:(Theorem 4.4.1) We will show that each of the conditions from (i)
to (vi) is equivalent to u(S) < 1.
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(i) : First, denote the multigraph associated with the set ¥ by M (¥). Recall
that it consists of the vertices {1,2,...,n} with an edge of weight afj from i
to j for every A, € ¥ with 1 < p < m for which af; > 0. With analogous
definitions to the case of a simple graph, p(M(¥)) denotes the maximal cycle

geometric mean of M (V).

Now, assume that W has the row-P,,,,-property. Then, u(M) < 1 for all
M € . This implies that all cycle products in M (W) are less than one. It
follows from Lemma 3.4.3 that pu(M(¥)) = u(S). So, we obtain that u(S) < 1.

For the converse, assume that p©(S) < 1. Then, from Theorem 4.2.1 there
exists a vector v > 0 such that S ® v < v. It automatically follows from
Proposition 4.4.2 that u(M) < 1 for all M € 0. So, every M € ¥ is a
P a.-matrix. Thus, ¥ has the row-P,,,,-property.

(77) : It is immediate from Proposition 4.4.3 that pu(V) < 1 if and only if
wu(S) < 1.

(iii) - Let u(¥) < 1. Then, for all M € ¥, we get u(M) < 1 since p(¥) =

u( @ M) from Proposition 4.4.3. Thus, every M € U is a P,..-matrix
Meb
from Theorem 4.2.1. Hence, ¥ has the row-P,,,,-property. From (i), we

automatically have u(S) < 1.

For the converse, let u(S) < 1. From the definition of ¥, for each j €
{1,2,...,n} there exists some A;; € ¥ with 1 <4; < m such that M; = (A);..
Then, for every M € \i/ we have M < S. By taking max sum of both sides
so that (W) = u( @ M), we obtain p(¥) < u(S) < 1.

MeW

(iv) : First, assume that ¥ has the S,,,,-property. Then, there exists a vector
v > 0 such that A; @ v < v for 1 <i < m. As 111 the proof of Proposition
4.4.2 if we add both sides from 1 to m such that 69 A,Qu < G} v, we obtain

S®wv <wv. Thus, u(S) < 1.

For the converse, assume that ;(S) < 1. Then, there exists a vector v > 0
such that S ® v < v from Theorem 4.2.1. It implies that A, @ v < S®v < v
for 1 <i < m. Thus, ¥ has the S,,,,-property.

(v) : Let COpax (W) be asymptotically stable. Notice that S € COypax (V). We
immediately see that p(S) < 1.
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Now, let p(S) < 1. Since A < S for all A € COpax(V), COpmax (V) is asymp-
totically stable.

(vi) : Following the same procedure as in Theorem 4.2.2, we can define Ty, =

max 7;; and rewrite (4.18) in the following form
irj

v(k+1)e{Bl@xk—q)}k>0,pe{l,2,...,m},q€{0,1, ..., Tmax} (4.19)

where the matrices B? in R*" are defined as follows. The (i, j)™ entry of B?

is equal to af; if 7;; = ¢ and all other entries of BY are zero. Note that

A,=BieoBl®..0o B

Tmax

for 1 < p < m. By setting 2(k) = (2(k — Tmax), T(k — Tmax + 1), ..., 2(k))T €

RTT‘““H), we see that the inclusion (4.19) is equivalent to the inclusion

Tk+1)e{C, @2k}, k>0,pe{l,2, ... ,m} (4.20)
where i i
0
0 0
C, = : N S
0O .. .. .. 0 I
| Br .. .. .. B} Bj
for 1 <p<m.

Then By Proposition 4.4.3, (4.20) is asymptotically stable if and only if u(Cy @
Co®...D Cm) < 1.

Define C =C, ® Cy @ ...  C,, and write

0 I 0 .. 0 0]
0 0 I .. 0
C=|
0 0 I
B o B, B

Then for i = 0,..., Tmax, B; = é BP. Tt follows from Theorem 3.4.6 that
p=1

wu(C) < 1 if and only if
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However

Tmax Tmax M

B = PpB
=0 =0 p=1

™M Tmax

- Hdm

p=1 i=0
— DA, =5
p=1

Thus we have shown that (4.20) is asymptotically stable if and only if u(S) <
1. This completes the proof.
]

The above result establishes that W has the S,,,,-property if and only if
w(M) < 1 for all M in ¥, thus furnishing a max-algebraic version of The-
orem 4.1.3 on the relation of row-P-property and S-property in the conven-
tional algebra and Theorem 4.1.4 on linear copositive Lyapunov functions.
The equivalence of (ii) and (v) shows that asymptotic stability of the inclu-
sion (4.15) is equivalent to the asymptotic stability of the max-convex hull of
the set W. Note that as in Theorem 4.2.2, point (vi) above is also equivalent

to the asymptotic stability of (4.20) for some 7;; > 0.

We illustrate Theorem 4.4.1 below.

Example 4.4.1. Consider the set ¥ = {A;, Ay} C R>*? and the row repre-
sentative set U = {A;, Ay, My, My} € R?*? given in Example (4.1.1). Since
w(A;) <1 and u(M;) < 1 fori=1,2, ¥ has the row-P,,,,-property.

T
For v = [ 1/2 2/3 } , A;j®@v < v fori = 1,2. Thus, ¥ has the S,,,.-property.

2/3 1/3

L5/ where u(S) = 2/3. Since () = p(¥) = u(S),

Moreover, S =

(ii) and (iii) hold.

Example 4.4.2. Consider the set ¥ = {A4;, Ay} C R¥** where

1/2 4 2
R A i A
0 1/4 1 5/8
1/2 4/3 o
with p(A;) <1 fori=1,2. For M; = [ { 5;8 € U, u(M;) £ 1. Thus,

the row-P,,q.-property doesn’t hold. (v) implies that the max convex hull of
VU is not asymptotically stable. Indeed, pu(A; ® 0.845) £ 1.
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Finally in this section, we present a max-algebra version of Theorem 4.1.2.

Proposition 4.4.4. Let U be a set of n X n non-negative matrices given by
(4.1). W has the row-Ppe,-property if and only if for any x # 0 in R, there
exists an index k(1 < k < n) such that (A;@x), < xy, for every matriz A; € U
(1 <i<m).

Proof: Let ¥ have the row-P,,,,-property. Assume that there exists an x* # 0
in R?} such that for every index j with 1 < j < n there is A;; € U satisfying
(Ai; ® x); > 2. It is obvious that (S ® z*); > x}. For each j, there exists
an index k € {1,2,...,n} such that sjx; > 23. Since sj = aj}, for some
ij € {1,2,...,m}, we have (A;;); ® r* > x}. We can then construct M € ¥ by
setting M = (A;,);. and it is clear that M ® * > x*. This contradicts the

assumption that every matrix in ¥ is a P,,,-matrix.

Conversely, let M € ¥ be given and let # # 0 be in R}. Then, there is some

k such that (A; ® x)x < xx, Vi € {1,2,...,m}. Since it is true for all A; € ¥,

we also have (S ® x), < xp. It implies that (M ® z), < x,. Hence, M is a

P, o.-matrix. Thus, ¥ has the row-P,,..-property. This completes the proof.
O

4.5 Concluding Remarks

Our main goal in this chapter was to extend the class of P-matrices and
P-matrix sets to the max algebra and investigate the relationship between
these concepts and the asymptotic stability of delayed difference equations

and inclusions over the max algebra. In this context,

e we defined P,,,,-matrices (P -matrices) over the max algebra;

e we extended a number of properties of P-matrix sets to the max algebra;

e we derived some stability results for sets and discrete inclusions over the

max algebra.

78



CHAPTER

The AHP, Max Algebra and

Multi-objective Optimisation

In this chapter, we are interested in the application of the max algebra to the A-
nalytic Hierarchy Process (AHP). We consider a novel approach to derive a single
ranking scheme for alternatives in the multi-criteria AHP. In particular, we extend
the single objective optimisation problem based on the max algebra to the general
multi-criteria AHP. In this context, we consider three optimisation problems associ-
ated with a set of error functions corresponding to a set of symmetrically reciprocal
matrices (SR-matrices). Respectively: we relate the existence of globally optimal
solutions to the commutativity properties of the matrices; we show that min-max
optimal solutions are intimately related to the generalised spectral radius; and we
prove that Pareto optimal solutions are guaranteed to exist. We present a practical
example to compare the rankings generated by these Pareto solutions to those of
the classical AHP.

5.1 Motivation and Mathematical
Background

In this section, we explain the classical Analytic Hierarchy Process (AHP) and

illustrate Saaty’s Eigenvalue method (EM) [Saa77a]. Moreover, we recall the
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max algebra approach suggested by Elsner and van den Driessche [EvdD04,
EvdD10].

5.1.1 Introduction

The AHP is a method widely used for decision making problems involving
more than one criterion. It was originally developed by Thomas L. Saaty
in the early 1970s [Saa77a]. It is used to rank the alternatives in a decision
problem. It consists of a three layer hierarchical structure: the overall goal is
at the top; the criteria are in the next level; and the alternatives are in the

bottom level. See Figure 5.1.

I

Criterion 1 Criterion 2 Criterion 3
/‘ %\ z Eg% §A§ ; x\,
Alternative 1 Alternative 2 Alternative 3 Alternative 4

Figure 5.1: Hierarchical structure of the AHP

The AHP has a quite large number of interesting applications. One of the ear-
liest applications, which was developed by Saaty, involved deciding a strategic
plan for the future of Sudan’s transportation system [Saa77bh]. Since then,
the AHP has been applied to various resource allocation problems. See for
instance [RG95] for its consideration in the allocation of energy resources.
Another application of the AHP describes how it can be used in the process
of selecting questions from a database for an examination system in educa-
tion [MNO95]. One application in which the AHP was used for selecting the
best web site for online advertising is described in [Nga03]. Some of the re-
cent applications of the AHP appear in the banking sector. For instance,
it was used to evaluate the performance of Turkish banks with respect to
both financial and non-financial factors [SBK09]. For more applications, see
[Zah86, SV01, FGO1, VK06, ILL11] and references therein.

The essence of the AHP can be described as follows. Given n alternatives we

construct a pairwise comparison matriz (PC-matrix), A > 0 for each criterion,
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in which a;; indicates the strength of alternative 7 relative to alternative j for
that criterion. In the AHP, a;; is assigned from the fundamental 1 — 9 scale
[Saa77a]. See Table 5.1.

Table 5.1: 1 — 9 Scale

Strength Definition
1 Equal Importance
3 Moderate Importance
D Strong Importance
7 Demonstrated Importance
9 Extreme Importance
2,4,6,8 Intermediate values

Furthermore, ratios arising from the 1 — 9 scale can be assigned to a;;.

A PC-matrix with the property that
a;ja;; =1 for all ¢, j(i # j) and a; = 1 for all ¢ (5.1)

is called a symmetrically reciprocal matriz (SR-matrix) [Far07]. Given n al-
ternatives, n(n — 1)/2 pairwise comparisons are required to construct such a
matrix by a decision maker. An example of an SR-matrix is given in (5.2).
Here, the first alternative is slightly more important than the second, ex-
tremely important compared to the third and the third alternative is strongly

more important than the second.

1 2 9
A=1{1/2 1 1/5 (5.2)
1/9 5 1

Note that the SR notation was used for strongly regular matrices in the max
algebra by Butkovi¢ [But94]. Here, we follow Farkas’ notation in the AHP con-
text [Far07]. We would also like to note that there is an additive version of an
SR-matrix which is anti-symmetric in the sense that a;; = —a;; for all 4, j(i #
j) and a;; = 1 for all ¢ [Trall]. However, we are only interested in the multi-

plicative version (5.1) throughout this chapter.

Once an SR-matrix is constructed, the next step in the AHP is to derive a

vector (wy,...,w,) of positive weights, which can be used to rank the alter-
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natives, with w; quantifying the weight of alternative ¢. For two alternatives
i,7 €{1,2,...,n},

o if w; > wj, then i is preferred to j. This is denoted by ¢ > j;

o if w; < wj, then j is preferred to 7. This is denoted by j > i;

e if w; = wj, then ¢ and j are equally preferred. This is denoted by i = j.

Example 5.1.1. Let w be given by [0.8 1 0.5]7. Since wy > w; > ws, we
get the ranking: 2 > 1 > 3.

The ideal situation is where the SR-matrix describing pairwise comparisons
is of the form a;; = w;/w; for all i, j. In this case A is said to be a transitive

matriz. Formally, this means
a;ja;, = ai for all 4, j, k(i # j,i # k,j # k) and a; = 1 for all 4. (5.3)

In the matrix form,

1 wy/wy - wy/wy,
we /W 1 <o wa/wy,

2/ W1 2/ (5.4)
Wy Jwy Wy fwy - 1

For a general SR-matrix A, a;; > 1 and a;;, > 1 does not imply a;; > 1.
This creates a problem in ranking the alternatives. It is then necessary to
approximate A with a transitive matrix 7', where t;; = w; /w; for some positive

weight vector w = (wy, ..., wy,).

The problem in the AHP is then how to derive w or T given A. Several
approaches have been proposed including Saaty’s suggestion to take w to be
the Perron vector of A [Saa77a] or the approach of Farkas et al. [FLR03], which

chooses w to minimise the Euclidean error Z(% x;/x;)?. Other variant of

this idea is to take the entrywise logarlthmlc transformatlon of the Euclidean

error and minimise Y- (log a;; — log z; + log z;)* with respect to z [Cra87]. A-
Z?]
nother well-known approach which was proposed by Dahl in [Dah05] is to select

w as a solution of the following optimisation problem: inf max “*.. A recent
T Z7j g
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approach introduced by Elsner and van den Driessche [EvdD04, EvdD10] is to
select w to be the max-algebraic eigenvector of A. This is similar in spirit to

Saaty’s approach [Saa77a] and also uses the same error measure as [Dah05].

Our motivation in this chapter comes from the max algebra approach for the
single criterion AHP described in [EvdD04, EvdD10]. Instead of mimicking
Saaty’s Eigenvalue Method (EM), we consider a different approach cast in the
framework of multi-objective optimisation and max-algebraic spectral theory.
In this direction, the layout of this chapter is as follows. First, we briefly review
the EM with an illustrative example and discuss the max algebra approach
for the one criterion case. In Section 5.2, we address the ranking problem by
considering the multi-criteria AHP as a multi-objective optimisation problem.
In Section 5.3, we investigate the existence of a single transitive matrix with
a minimum distance to all matrices in the set of SR-matrices simultaneously.
We remark that this amounts to finding a common subeigenvector of the
given matrices. As this will not in general be possible, we consider two other
questions. The first in Section 5.4 is concerned with obtaining a transitive
matrix that minimises the maximal distance to any of the given SR-matrices.
In this section, we also extend the results in [EvdD04, EvdD10] for an SR-
matrix to the set of SR-matrices. The second question in Section 5.5 concerns
the existence of a transitive matrix that is Pareto optimal for the given set of

matrices. The work contained in this chapter has resulted in the publication:
[BGMS13].

5.1.2 Saaty’s Eigenvalue Method

For a transitive matrix 7" given in the form of (5.4), the following eigenequation

is satisfied by w:
Tw = nw. (5.5)

All eigenvalues of T are zero except n. Moreover, it follows from Theorem
2.1.3 (The Perron Theorem) that there exists a unique eigenvector (up to a
scalar multiple) associated with n. In this direction, p(T") = n and w is the

Perron vector of T.

Saaty’s rationale was as follows [Saa86b, Saa90, Saa99]. A small perturba-

tion of a positive matrix generates a small perturbation of the eigenvector
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corresponding to an unrepeated eigenvalue. He suggested therefore that the
Perron vector of an SR-matrix corresponding to the Perron root can be used

as a weight vector:

Aw = p(A)w. (5.6)

As A is positive, w in (5.6) is unique (up to a scalar multiple) (Theorem
2.1.3). He also proposed a way to measure the inconsistency of the pairwise
comparisons in the SR-matrix. The difference between p(A) and n is used
to calculate a ratio called the consistency ratio [Saa08, Saa90]. If it is bigger

than a desired value, then the pairwise comparisons are reconsidered .

For the classical AHP involving multiple criteria, the Eigenvalue Method (EM)
is as follows. A set of SR-matrices is constructed: one for each criterion. One
additional SR-matrix is constructed based on comparisons of the different cri-
teria. Once weight vectors are obtained for each individual criterion, these
are then combined using the entries of the weight vector for the criteria-
comparison matriz. As an illustration, we take the following numerical ex-
ample from [Saa77a] and show how the Perron vectors of the SR-matrices are

used to construct an overall weight vector.

Example 5.1.2. The problem is to decide where to go for a one week vacation

among the alternatives:

1. Short trips;
2. Quebec;
3. Denver;

4. California.

Five criteria are considered:

1. cost of the trip;
2. sight-seeing opportunities;
3. entertainment;

4. means of travel;
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5. dining.

The SR-matrix for the criteria and its Perron vector are given by

1 1/5 1/5 1 1/3 [ 0.179
5 1 1/5 1/5 1 0.239
C=15 5 1 1/5 1 and w= | 0.431
1 5 5 1 5 0.818
3 1 1 15 1 | 0.237 |

The above matrix C' describes the pairwise comparisons between the different
criteria. For instance, as co; = 5, criterion 2 is rated more important than
criterion 1; c3y = 5 indicates that criterion 3 is rated more important than
criterion 2 and so on. The vector w contains the weights of the criteria; in
this method, criterion 4 is given most weight, followed by criterion 3 and so

on. Thus, we get the ranking: 4 > 3 > 2 > 5 > 1 for the criteria.

The SR-matrices, Ay, ..., As, for each of the 5 criteria, their Perron vectors and
corresponding ranking schemes are given below. For instance, for criterion 1,
the first alternative is preferred to the second as the (1,2) entry of A; is 3.
Similarly, for criterion 3, the 4th alternative is preferred to the 1st as the (4, 1)
entry of Az is 2.

For the cost of the trip:

1 3 79 0.877
1 .
. /31 67 . wd = 046 , 1>2>3>14
/7 1/6 1 3 0.123
/9 1/7 1/3 1 0.064
For the sight-seeing opportunities:
1 1/5 1/6 1/4 0.091
5 1 2 4 0.748
Ay = . w? = ., 2>3>4>1
6 1/2 1 6 0.628
4 1/4 1/6 1 0.196

85



Chapter 5. The AHP, Max Algebra and Multi-objective Optimisation

For the entertainment:

1 77 1/2 0.57
1/7 1 1 1/7 0.096
5 / / . w® = , 4>1>2=3
/7 1 1 1/7 0.096
2 77 1 0.81
For the means of travel:
1 4 1/4 1/3 0.396
1/4 1 1/2 3 0.355
Ay = / / . wW = ., 3>1>4>2
4 2 1 3 0.768
3 1/3 1/3 1 0.357
For the dining:
1 1 7 4 0.722
1 1 6 3 5 0.642
5 = . w® = ., 1>2>4>3
/7 1/6 1 1/4 0.088
1/4 1/3 4 1 0.242

Next, a matrix is constructed such that the i*" column correspond to the
weight vector w associated with the SR-matrix A; (i = 1,2,...,5). It is then
multiplied by the Perron vector of C'.

[ 0.179 |
0.877 0091 057 0396 0722 ] | 0.919
046 0.748 0.096 0.355 0.642 0'431 | 0745
0.123 0.628 0.096 0.768 0.088 0'818 | 0.862
0.064 0.196 0.81 0.357 0.242 ' 0.757
| 0.237 |

Then, the overall weight vector gives the ranking: 1 > 3 >4 > 2.

5.1.3 Max Algebra Approach

The max algebra approach to the AHP was first suggested by Elsner and
van den Driessche in 2004 [EvdDO04]. Specifically, w is taken to be a max
eigenvector of the SR-matrix A corresponding to p(A):

A w = p(A)w. (5.7)

86



5.1. Motivation and Mathematical Background

This is similar in spirit to Saaty’s approach and also generates a transitive
matrix that minimises the maximal relative error max la;; — x;/z;/ai;. As
noted in [EvdD10], minimising this functional is equi\’falent to minimising
ealx) = 12’@,1?;(”&@']'56]'/372‘- (5.8)
We next make a number of observations on the max-algebraic spectral pro-
perties of SR-matrices. Notice that an SR-matrix A is irreducible. Thus, p(A)
is positive and unique from Theorem 2.2.2. Moreover, there exists a positive
max eigenvector (not necessarily unique) corresponding to it. Since a; = 1 for
all i € {1,2,...,n}, we get u(A) > 1. Further if all cycle products of length 3
equal to 1 (a;jajpar; = 1for all4, j, k € {1,2,...,n}), then all cycle products of
any length are 1. In this case, u(A) = 1 and A is a transitive matrix [EvdD04].
Note that for a transitive matrix, its max eigenvector and Perron vector are

the same.

While our interest is in SR-matrices and the AHP, we shall describe results
for general irreducible matrices where appropriate. Some of these results can
be generalized to reducible matrices. Results of this type, obtained by Sergei
Sergeev, are in [BGMS13].

For notation, we denote the set of all n-tuples of positive real numbers by
int(R}) ={z € R" | z; > 0,1 <i<n}. (5.9)
For an irreducible matrix A € R}*" and a real number r > 0, we will consider
the following set, which was introduced in [EvdD10]
Car ={z€int(R}) | A®x < ra}. (5.10)
For the special case of r = (A), Ca 4 is denoted by C4 [EvdD10]
Ca={rvcint(R}) | A® 2 < u(A)x}. (5.11)

Not only does a max eigenvector w minimises (5.8) but also any vector from
the set C4 minimises it. Thus, (5.11) is said to be a minimum error requirement
set for A and the following holds [EvdD04, EvdD10].

w(A) = min eas(z) = es(w) for any w € Cu. (5.12)

z€int(R7})
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Note that (5.12) was introduced in [CG79] in the context of linear program-

ming. It was recently studied in [Kri05] for idempotent linear algebra.

We next recall the definition of the normalised set of C4, from [EvdD10]
Dyyr={xcint(R}) |z €Cayp,x1 =1} (5.13)

As above, Dy is used to denote the special case where r = p(A).

The relations between the sets C4 ., the error function (5.8) and p(A) were

clarified in [EvdD10] and are recalled in the following propositions.

Proposition 5.1.1. Let A € RY*" be an irreducible matriz. Then:

(Z) CA,r 7& @ <~ T Z M(A);

(i) x € Ca, <= eu(x) <r.

In particular, C4 # 0 for an irreducible matrix A. However, it may not in
general be possible to obtain a unique ranking scheme from the set C4. The
following result defines a necessary and sufficient condition for the uniqueness.
Recall that A denotes the critical matrix and N¢(A) denotes the set of
critical vertices in the critical digraph D (A).

Proposition 5.1.2. Let A € RY*" be an irreducible matriz. x € Ca is unique
(up to a scalar multiple) if and only if A€ is irreducible and N(A) = N(A).

In particular, C4 is the same as V*(A) defined in (2.27) since A is irreducible.
Recall from Section 2.2.3 that V*(A) is a subeigencone of A associated with
p(A). In addition, it follows from Proposition 2.2.7 that V*(A) = span@(fl*)
where A = ﬁ and A* is the Kleene star of A. Throughout this section,
we use the notation Cy of [EvdD10]. It follows from [EvdD10, BS05] that z
is in C4 if and only if there exists a vector x(0) € R%, x(0) # 0 such that

r=A"® x(0). We can calculate such a vector x by using Algorithm 3 below.

We next revisit Example 5.1.2 and highlight some issues that arise in the max-
algebraic setting; in particular, the issue of non-unique ranking is raised. In

the next Chapter, we discuss some ideas on how to deal with this issue.
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Algorithm 3 Calculate x € C4
A+ SR-matrix, x(0) € R}, 2(0) # 0
fort=1,...n—1do
(i) = 3y @ x(i — 1)
end for
r=z0)®z(l)®..dzx(n—-1)

Example 5.1.3. Let C, Aq,..., A; be as in Example 5.1.2. By following the
same way in Example 2.2.1, we find D(C'). We see that C¢ is irreducible and
NCY(C) = {1,2,3,4}. Since all vertices are not critical, there exist multiple
vectors in Co from Proposition 5.1.2. It follows from Theorem 2.2.5 that there

exists a unique max eigenvector. It is given by
1 1495 2236 3.344 0.897 | with the ranking 4 >3 >2>1> 5,

By using Algorithm 3, we can find others vectors in Co giving at least three
more rankings: 4 >5>3>2>1,4>3>2>5>1land4>3>5>2> 1.

For 1 <i <3, NY(4;) = N(4;) and A is irreducible. Thus, there exists a
unique vector in C4, which is the max eigenvector of A4;. We list each w® e A,

and the corresponding ranking below.

w® =1 0522 0.136 0.071 | with the ranking 1>2>3>4.

w® =] 1 8801 7.746 2.272 | with the ranking 2>3>4>1.

w® =11 0181 0.181 1.587 | with the ranking 4>1>2=3.
g

For Ay, NY(Ay) = {1,2,4} and AY is irreducible. For A5, N°(As5) = {1, 3,4}
and A5C is irreducible. There exist multiple vectors in C4, and C4,. A4 and

As have unique max eigenvectors. We list these eigenvectors as follows.

w® =[1 0825 1.211 0.909 | with the ranking 3>1>4>2.
w® =[1 0.760 0.108 0.329 | with the ranking 1>2>4>3.

Then, we construct the following coefficient matrix in the same way as in

Example 5.1.2. As a weight vector for A, we choose the vector that produces
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the same ranking with the Perron vector of C' from the set Ce¢.

1
1 1 1 1 1 3.344
1.495
0.522 8801 0.181 0.825 0.76 13.161
® | 2.236 | =
0.136 7.746 0.181 1.211 0.108 5344 11.583
0.071 2.272 1.587 0.909 0.329 1114 3.549

The overall weight vector gives the ranking: 2 >3 >4 > 1. [t was 1 > 3 >
4 > 2 for the EM. Although both approaches can produce same schemes for

local rankings, the overall ranking scheme can be different.

5.2 Multi-criteria AHP and Multi-objective
Optimisation

The application of the max algebra to the AHP is motivated in [EvdD04,
EvdD10] by the following considerations. First, it is observed that, for an
SR-matrix A, vectors in the set C4 minimise the function (5.8) and hence the
relative error. Based on this observation, these vectors are used to construct
transitive matrices to obtain an overall ranking of the alternatives in the deci-
sion problem. In light of the properties of C4, this is justified by the fact that
the transitive matrices constructed in this way are closest to the original SR-
matrix A in the sense of the relative error. Thus, the approach to construct
a ranking vector for a single SR-matrix taken in [EvdD04, EvdD10] amounts
to solving the following optimisation problem.

mirfllti(%ﬁ){efl(:c)}. (5.14)
Throughout this chapter, we are concerned with extending the max algebra
approach to the general AHP with n alternatives and m criteria within the
framework of multi-objective optimisation. Formally, we are given m SR-
matrices; one for each criterion. Let W in (5.15) denote the set of these matrices
by (Recall the notation from (4.1))

\I]: {Al,AQ,...7Am}. (515)
For each A; € W, there is an error function ey, : int(R%) — Ry defined as
in (5.8). In contrast to the approach taken in the classical AHP, we view
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the construction of a ranking vector for the m criteria as a multi-objective

optimisation problem for the error functions ey, 1 < i < m.

5.3 Globally Optimal Solutions

To begin with, we seek a vector that simultaneously minimises all of the
functions ey, for A; € W. Such a vector is said to be a globally optimal
solution for the multi-objective optimisation problem.

min ){eAi(x)},i =1,2,...,m. (5.16)

z€int(R7}

For each A; € W, the set of vectors that minimise e,, : int(R%}) — Ry is

precisely C4, in (5.11). Formally,
Ca, = {r € int(R}) | Ajx < p(Ay)x}, i=1,2,...,m. (5.17)

Hence, the problem of finding a vector z € int(R’}) that simultaneously mini-

mises all the error functions e4, amounts to determining when
m
[ Ca, # 0.
i=1

Equivalently, = simultaneously minimises all the error functions if and only if
it is a common subeigenvector of A; for all i € {1,2,...,m}. The remainder
of this section is divided into two parts: we first consider the existence of
common subeigenvectors for arbitrary non-negative irreducible matrices in
the next subsection; we then specialise to sets of SR-matrices and globally

optimal solutions of the optimisation problem (5.16).

5.3.1 Common Subeigenvectors of Irreducible

Matrices

First of all, we consider the general problem of finding a common subeigenvec-
tor for a set of non-negative irreducible matrices (not necessarily SR-matrices).
Our results are clearly related to the work in [KSS12] concerning the inter-
section of eigencones of commuting matrices over the max and non-negative

algebra.
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We adopt the following notation (Recall the notation from (4.16)).

S=A0A40..0A,. (5.18)

Note that S is irreducible if at least one A; is irreducible and w(S) > 0 if
at least one p(A4;) > 0. In an abuse of notation, we denote the max sum of

Ai:ﬂ(AAii) (1<i<m)by

S =@ A. (5.19)

=1

Theorem 5.3.1. Consider the set W C RY*™ in (5.15). Assume that each

A; € U is irreducible. Then, the following are equivalent.

(i) u(S) =1;
(7i) There exists some x € int(R%) with A; @ x < p(A;)x for all A; € V;

(i) 1Ay, © - ® Ay,) < pl(Ay) - pi(Ay,) where 1< jy < m for 1 <i < k.
(We say that p is submultiplicative on W ).

Proof: (i)=(ii): First, assume that ;(S) = 1. Then, there exists = € int(R?)

such that S ® = = z since S is irreducible. Thus, 4; ® 2 < S ® 2 = z for all

A; € U. Hence, A; @ © < p(A;)x for all 4.

(ii)=(iii): Suppose that there exists some x € int(R%) with A; ® x < p(A;)x
for all A; € ¥. Pick some ¢ € UX such that ¢y = 4;, ® 4;, ® --- ® Aj, where
1<j;<mfor1<i<k. Then,

< M(Ajk)Ajl ® AjQ ®..Q0 Ajkﬂ ®x

IA

(Ajk)/ﬁ(Ajkﬂ)"'M(Ab)AJ& T

1
P A ) (A ) pu( Ay ) (A, )

IA

Writing r = p(Aj,)p(Aj,)....1(Aj,), we see that z € Cy, from the definition
(5.10). Hence, Cy, # 0. Point (i) in Proposition 5.1.1 implies that r > u(¢).
Thus, N(Ajl):u(Ah)“':u(Ajk) = M(Ajl ®A;p®..Q Ajk)'
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(ili)=-(i): Consider the set of normalised matrices
U, ={A, Ay, ..., A} (5.20)

where p(A;) = 1 for all i € {1,2,...,m}. Pick some ¢ € ¥,X. As p is
submultiplicative on W, it is automatically submultiplicative on ¥,,. Thus, we

have () < 1. As this is true for any v € W% it follows that

max (1) < 1.
PeWnE,

Taking the k'™ root and lim sup of both sides, we see that the generalised
k—o0
spectral radius

p(Vn) < 1.

Proposition 4.4.3 then implies that p(S) < 1. Furthermore, since pu(S) >
w(A;) =1 foralli € {1,2,...,m} we obtain u(S) =1. O

Following Theorem 5.3.1, we simply list steps for deriving a common subeigen-

vector.

Algorithm 4 Find a common subeigenvector of Aq, As, ..., A,
A; © SR-matrix, i € {1,2,...,m}
Calculate 1i(A;) for all A; € ¥ by using Karp’s algorithm.
Normalise each matrix and obtain A; for all 4.
Find S = %1 A; and calculate 1(5).

A

if ©(S) =1 then

z € Cg is a common subeigenvector. (use Algorithm 3)
else

There is no subeigenvector.

end if

Example 5.3.1. For two irreducible matrices (SR-matrices) given by

1 8 1/4 7 1 4 5 9
U 7L S Y N S YE R I V.
4 1/6 1 4 1/5 8 1 1/8
17 4 1/4 1 1/9 1/9 8 1

By using Algorithm 4, we get x = [ 1 0.721 0.693 0.667} is common

subeigenvector.
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Note that the equivalence (i) and (ii) in Theorem 5.3.1 can be regarded as a
special case of [HS03] Theorem 2.5 in the context of simultaneous non-negative
matrix scaling. See also [BS05] Theorem 3.5 for an extension. The problem
in these works is to find a diagonal matrix X > 0 such that XA, X! < B; for
i =1,...,m. In this context, our problem amounts to finding X = diag ()
where z € int(R?) such that

XA X < pu(A)1,1E for all i (5.21)
(X TA X)) = p(A;) for all 4 and (k,1) € E€(4;).
In the terminology of [SSB09, Butl0], this yields a simultaneous visualisa-

tion of all matrices in ¥ (See Section 2.2.4 for the definition of visualisation

scaling. ).

The following result represents a relation of the critical graphs of two non-

negative irreducible matrices in the context of simultaneous visualisation.

Proposition 5.3.2. Let A, B € R}Y*" be irreducible with p(A) = pu(B) = 1.
If u(A® B) =1, then

(i) aij = by for all edges (i,j) € EY(A) N EY(B);

(1) a;bji =1 for (i,7) € EY(A) and (j,i) € E°(B).

Proof: As, u(A) = w(B) = 1, it follows that A = A and B = B. Thus,
S = A@® B. From the assumption, we obtain ;(S) = 1. It now follows from
Theorem 5.3.1 that there exists some x € int(R"}) with A®z <z, Bz < .
Let X = diag (z) and consider the diagonally scaled matrices

X'AX, X !'BX.
From the choice of X it is immediate that

X1'Ax <117, X'BX <1,1%. (5.22)

(i): Let (i,7) € EY(A) N EY(B) be given. It follows from Proposition 2.2.8

that A;;T; = T and bijxj =XT;.
al-jxj . bijxj —1
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Hence
and this completes the proof.

(ii): Let (i,5) € E°(A) and (j,i) € EY(B). From Proposition 2.2.8, we get

A T; = T and b]Z.CL’Z = Tj.

and hence

O

We next recall the following result, which was established in [KSS12] and shows
that commutativity is a sufficient condition for the existence of a common

eigenvector for irreducible matrices.

Proposition 5.3.3. Consider the set ¥ C RY*" in (5.15). Assume that each

A; € VU is irreducible and moreover that

Then there exists some x € int(R7}) with A; @ v = u(A;)x for 1 <i < m.

The next corollary is an immediate consequence of Proposition 5.3.3 and the
fact that for an irreducible matrix A, the set C4 is the subeigencone V*(A),

which coincides with the eigencone V/(A*).

Corollary 5.3.4. Consider the set W C R}*" in (5.15). Assume that each
A; € VU is irreducible and moreover that

A A

A Ar =A@ A; for1<ij<m. (5.24)

)

Then there exists some x € int(R7}) with A; ® v < p(A;)x for 1 <i <m.

5.3.2 SR-matrices and Globally Optimal Solutions

In the remainder of this section, we will only focus on SR-matrices. We first

present the following corollary of Theorem 5.3.1 which develops the concept
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of simultaneous visualisation for SR-matrices. Before stating it, we define the

anticritical graph of an SR-matrix to consist of the edges Ea(A) given by:

(i,7) € E(A) & (j,4) € E°(A). (5.25)

Corollary 5.3.5. Consider the set W C R*" in (5.15). Assume that each
A; € U is an SR-matriz. If any of the equivalent statements of Theorem 5.5.1
holds, then there exists some x € int(R%) such that for X = diag (x) and

1 <i<m, we have
(A 1,17 < XTTAX < p(4y) - 1,18 (5.26)
In particular,

(XM AX ) = pu(Ay) for all (k1) € E(A;) o7
(XA X)) = p (A for all (k1) € EC(A,). (5:27)
Proof: (We drop the subscript for the ease of use.) Let Theorem 5.3.1 (ii) hold
for all A € W. Then, there exists some z € int(R"}) such that A ® z < p(A)x
for all A € W. The right-hand side inequality of (5.26) follows by setting
X = diag (z). For the remaining left-hand side inequality of (5.26), we observe
that z; 'a;;z; < p(A) is equivalent to z; " a;;'w; > 1 (A) for all A € U. Then,

we apply a;jl = aj; since A is an SR-matrix.

Let (k,1) € E¢(A) for some A € . Then, it directly follows from Proposition
2.2.8 that ayz; = p(A)zg. Since (k,1) € ES(A), (I,k) € E°(A) from (5.25).
Similarly, using the SR-matrix property, we get apzp = p(A;) tx;. Then,
(5.27) follows by setting X = diag (z). O

Remark 5.3.1. We note that two distinct SR-matrices A, B in R3** cannot

have a common subeigenvector. Let

A:[ 1 a]’B:[ 1 b]
1/a 1 1/b 1

and assume that A # B. Clearly, u(A) = u(B) = 1 and S = A® B. If
a > b, then 1/a < 1/b and u(8) = a/b > 1. If b > a, then 1/b < 1/a and
1(S) = b/a > 1. In both cases, u(S) # 1. Hence by Theorem 5.3.1, A and B

do not have a common subeigenvector.
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Remark 5.3.2. Consider a 3 x 3 SR-matrix A. It is immediate that all cycle
products of length one and two in D(A) are equal to 1. Further, there are two
possible cycle products of length 3 in D(A): ajpassas; and ajzassas;. As A is

an SR-matrix, it follows that

1

a12G23031 = —— -
a13a32021

Since u(A) > 1, at least one of the above products must be greater than or
equal to 1 and D(A) must contain either (1,2,3,1) or (1,3,2,1). In this case,
one of the cycles of length three is critical, and the other cycle is anticritical.
We conclude that N9(A) = N(A) and AY is irreducible. It follows from
Proposition 5.1.2 that A has a unique subeigenvector (up to a scalar multiple)

in C4 which is its max eigenvector.

Proposition 5.3.3 shows that commuting irreducible matrices possess a com-
mon max eigenvector. We now show that for 3 x3 SR-matrices, commutativity

is both necessary and sufficient for the existence of a common subeigenvector.

Theorem 5.3.6. Let a set {A, B} C RY*® of SR-matrices be given. Write
S=A®B. The following are equivalent.

(i) w(S) = 1;
(ii) A and B commute;

(iit) There exists a vector x € int(R}) with A® x < pu(A)x, Bz < u(B)x.

Proof: The equivalence of (i) and (iii) follows immediately from Theorem

5.3.1 so we will show that (ii) and (iii) are also equivalent.

(ii) = (iii) follows immediately from Proposition 5.3.3. We prove (iii)=>(ii).
First note that it follows from Remark 5.3.2 that for distinct 4, j, k, the edges
(1,7), (j, k) are either both critical or both anti-critical for A. The same is
true for B. Calculating X 'AX and X !BX where X = diag (), it follows
from Theorem 5.3.1 and Corollary 5.3.5 that a;;b;x = bijajx = p(A)u(B)z;/xy,
or a;jbjr = bijajx = p(A)p=(B)x;/zy for any distinct 4, j, k. Thus,

aijbjk = bijajk (528)
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for any 4,7,k € {1,2,3},k # i, k # 7, 1 # j. It now follows from (5.28) that
for i # j

(A® B)ij = aibi; ® a;jbj; & aixby;
= bijaj; @ bia;; D bigag;

= (B® A)y

where k # i, k # j. Rewriting (5.28) as a;;by, = bj;ai, it follows readily that

birari = ai;bj; and a;pby; = bijaj;. It now follows that for 1 <¢ < 3,

(A® B)ii = aybi; @ aibj; ® aby;
= biay; @ bijaz; @ bipay;
=(B®A);

Thus, A® B=B® A as claimed. O

It is straightforward to extend the above result to an arbitrary finite set of

SR-matrices in R3*?.

Theorem 5.3.7. Let a set {Ay,..., A} C R¥® of SR-matrices be given.
Write S = A, @ -+ ® A,,. The following are equivalent.

(i) u(8) =1;

(ZZ) Az ® Aj = Aj ® Az fO’f’ CL” ’i,j,’

(tit) There exists a vector x € int(R") with A; @ x < pu(A;)zx for all .
Proof: As above, the equivalence of (i) and (iii) follows immediately from
Theorem 5.3.1 so we will show that (i) and (ii) are also equivalent.

(ii) = (i) follows immediately from Proposition 5.3.3. To show that (i) = (ii),

suppose u(S) = 1. Then it follows that for all 7, 7,

Ai@wA; <8
and hence that u(A; @ A;) < 1. As u(A; @ A;) > 1, it is immediate that
A @ Ay) =1
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for all 4,7 in {1,...,m}. It follows immediately from Theorem 5.3.6 that
A A=A 04
for 1 <14,5 <m as claimed. O

We note with the following example that commutativity is not a necessary

condition for 4 x 4 SR-matrices to possess a common subeigenvector.

Example 5.3.2. Consider the SR-matrices given in Example 5.3.1. They have
a common subeigenvector. However, it can be readily verified that A ® B #
B ® A.

5.4 Min-max Optimal Solutions

In general, given a set of SR-matrices, it will not always be possible to find a
single vector x that is globally optimal in the sense considered in the previous
section. With this in mind, we next consider a different notion of optimal
solution for the multiple objective functions ey, : mt(Rﬁ) - Ry, 1< < m.
In fact, we consider the following optimisation problem.

min { max eA.(x)} : (5.29)

zeint(R?) (1<i<m

We are seeking a weight vector that minimises the maximal relative error
where the maximum is taken over the m criteria. Note that since we later
show that there always exists such a minimum point, we use min notation
instead of inf. In the following, we first consider extensions of the results in
Section 5.1.3 for an irreducible matrix to a set of irreducible matrices. We

then relate min-max optimal solutions to the max generalised spectral radius.

5.4.1 Max Generalised Spectral Radius

Inspired by the approach to the single criterion problem, we associate a set
Cy, with a set ¥ of irreducible matrices and show how the properties of C4

in (5.10) for a single irreducible matrix extend to this new setting.

For r > 0, define

Cy, = {z € int(R}) | ea,(x) <7 forall A; € U} = () Ca,,. (5.30)

i=1
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We also consider the set of normalised vectors:

D\p’r = {ZL‘ € C‘I’ﬂ" | xr1 = 1} (531)

We will use the notations Cy for Cy ,(w) and Dy for Dy ) where p(V) is the
max generalised spectral radius of W. The following result shows that the set
Cy, and the set Cg, are equal. This will allow us to readily extend algebraic

and geometric properties of C4, established in [EvdD10] to sets of matrices.

Theorem 5.4.1. Consider the set W C RY™ given by (5.15). Assume that
A; is irreducible for 1 <i < m and let S be given by (5.18). Then:

C\I/,r = CS,T-

Proof: Let x be in Cy, be given. Then, ey4,(x) < r which implies A; @z < rz
for each A; € ¥ from (ii) in Proposition 5.1.1. Taking the maximum of both
sides from 1 to m, we see that S ® v < rx. It follows that € Cg,. Thus,
Cy, CCgy.

Now choose some = € Cg,. Then eg(z) < r from (ii) in Proposition 5.1.1.
Since ey, (z) < eg(x) < rfor all 1 < i < m, we obtain z € Cy,. Thus,
Cs, C Cy,. Hence Cy, =Cg,. O

)

The following corollary extends Proposition 5.1.1 to a set of irreducible mat-
rices W. Noting that p(¥) = u(S) from Theorem 4.4.3, it is an immediate

consequence of Theorem 5.4.1.

Corollary 5.4.2. Consider the set W C R}*™ given by (5.15). Assume that
A; is irreducible for 1 <i < m and let S be given by (5.18). Then:

(Z) C\I/,r 7& @ T Z M(\I/)f

(ii) x € Cy, <= eg(x) <r.

Since Theorem 5.4.1 establishes that Cy , = Cg,, it is immediate that we also
have Dy, = Dg,,Cy = Cs and Dy = Dg. Therefore, studying these sets for a
collection of irreducible matrices reduces to studying the sets associated with

the single matrix S. This fact means that the properties of C4, discussed in
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Theorem 1 of [EvdD10] can be directly extended to Cy,. We use the following
notation.
2 = (2], ...,27)" where x € int(R),j € R.
zoy = (T1Y1, ..., Tnyn)" where z € int(R"),y € int(R?).
G = (AT, AT, ATY.
Theorem 5.4.3. Assume that all matrices in the set W C RY*™ given in
(5.15) are irreducible. Let S be given by (5.18). Then:

(i) v € Cy, & a7t € Cyr,;

(ii) If x,y € Cy, then

=)

v+ (1 —7)y € Cy,Vy €0,1]. (Cy, is a convex cone.)

S

. 2oyt e Cy, Yy €10,1].
(2P +yP)VP € Cy, Vp €R,p #£ 0.

d. @y € Cy,. (Cy, is a max conver set.)

o

€. "L‘_l D y_l = (min('xia yl)) € C\I/,r-
(iii) Dy, is compact; Dy is a convex polytope.

(iv) The vector x = (x;) = (min(y;,y € Dy)) is in Dy. If in addition
1 € NY(S), then x is a max eigenvector of S.

(v) Foty = (y;) = (max(z;,z € Dy)), y~' is in Dyr. If in addition 1 €

NY(8), then y~! is a max eigenvector of ST.

(vi) Dy consists of only one vector if and only if S¢ is irreducible and

NC(S) = N(S).

Proof: We only prove statement (i). As Cy, = Cs, from Theorem 5.4.1, the

others are immediate from Theorem 1 of [EvdD10].
(i): From Proposition 5.1.1 (ii), =z € Cy, if and only if n}%xsijxj/xi =

Irllz}xs]ri(l/xi)/(l/xj) < r. Since ST = AT 9 AT @ ... AL, Cyr, = Cgr,

from Theorem 5.4.1. Thus, it is equivalent to 27! € Cyr,. O

We remark that the sets Cy, and Dy, have appeared under various names
like Kleene cones [SSB09] (See Section 2.2.3 for the definition of the Kleene
cone.), tropical polytropes [JK10], or zones [Min04].
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5.4.2 Minimum Error Requirement Set for

SR-matrices

First, we state the following immediate result on the relation of eg(x) and

ea,(x) fori=1,2,...,m.

Lemma 5.4.4. Let ¥ C R be a set of irreducible matrices given by (5.15).

o B
For x € mt(R?}), es(x) = max. ea,(x).

Proof: Using the definition of S in (5.18),

m

es(x) = n%z}x(ailj &) a?j D...P am)a:j/:ci
= n%z}x(max(ailj, a?j, e @33)) T4/
= max(rr%%x a;w;/x;, max az,xi ), ..., max a; v/ v;)
= max a;;z;/z; ® maxa;.x;/T; O ...  max allz;/z;
g dig 19 Qi 1 Yig
=€4,(2) D e, () D ... D ea, ()
0

Corollary 5.4.2 has the following interpretation together with Lemma 5.4.4 in

terms of the optimisation problem given in (5.29).

Proposition 5.4.5. Consider the set U given by (5.15). Assume that A; is
irreducible for 1 <1 < m. Then:

(i) w(¥) = min <max €Ai<l’)>;

z€int(RY) \1<i<m

(ii) x solves (5.29) if and only if x € Cy.

Proof: Corollary 5.4.2 shows that there exists some x € int(R) with

ax. ea,(z) <r

if and only if r > p(¥). (i) follows from this observation. The result of (ii) is

then immediate from the definition of Cy. O

Inspired by Proposition 5.4.5, we call Cy as a minimum error requirement set
for ¥. We illustrate Proposition 5.4.5 below.
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Example 5.4.1. Consider the SR-matrices given in Example 5.3.1.

1 859

1/4 1 6 9
S—Asp=| "

8 1 4

1/7 4 8 1

T
where 1i(S) = 8.3203. The vector z = [ 1 1 0.962 0.924 | isin Cy. We
see that eg(z) = 8.3203.

5.5 Pareto Optimal Solutions

Thus far, we have considered two different approaches to the multi-objective
optimisation problem associated with the AHP. In this section we turn our
attention to what is arguably the most common framework adopted in multi-

objective optimisation: Pareto Optimality [Mie99, Bew07].

As above, we are concerned with the existence of optimal points for the set
of objective functions ey, for 1 < ¢ < m associated with the set ¥ of SR-
matrices. A Pareto optimal point for ey, , ..., ey, has the property that any
other point that decreases one of the functions must increase the value of

another function.

5.5.1 Existence of Pareto Optimal Solutions

We first recall the notion of weak Pareto optimality.

Definition 5.5.1. w € int(R}) is said to be a weak Pareto optimal point
for the functions eyu, : int(R%}) — Ry (1 < i < m) if there does not exist
z € int(R?), x # w such that

€4; (SL’) < ey (w)

foralle=1,2,...,m.

The next lemma shows that every point in the set Cy is a weak Pareto optimal

point for e4,,...,e4,,.
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Lemma 5.5.1. Let ¥ C R*" given by (5.15) consist of irreducible matrices.

Any w € Cy is a weak Pareto optimal point for ea,,...,€a,, .

Proof: Let w € Cy be given. Then ey, (w) < pu(¥) for 1 < i < m. If there
exists some z € int(R7) such that ey, () < eq,(w) for 1 < i < m, then for
this

ea; () < p(W)

for 1 < i < m. This contradicts Proposition 5.4.5. [
We next recall the usual definition of a Pareto optimal point.

Definition 5.5.2. w € int(R") is said to be a Pareto optimal point for the
functions ey, : nt(R}) — Ry(1 < i < m) if x # w, eq,(x) < eq,(w) for

1 <i < m implies ey, () = ey, (w) for all 1 <i < m.

We later show that the multi-objective optimisation problem associated with
the AHP always admits a Pareto optimal point. We first present some simple

facts concerning such points.

Theorem 5.5.2. Let W C RY*™ given by (5.15) consist of irreducible matrices.
Then:

(i) If w € Cy is unique (up to a scalar multiple), then it is a Pareto optimal

point for ea,,...,ea, ;

(ii) If w € Ca, is unique (up to a scalar multiple) for at least one i €

{1,2,...,m}, then it is a Pareto optimal point for ea,,...,ea,,.

Proof: (i) Assume that w € Cy is unique (up to a scalar multiple). Pick
some z € int(R’}) such that es, (x) < eq,(w) for all i. Then, ey, (x) < pu(¥)
for all 7+ which implies that x € Cy. Thus, x = aw for some o € R,. Hence,

ea, () = e, (w) for all i and w is a Pareto optimal point.

(ii) Assume that for some A; € ¥, w € Cy, is unique up to scalar multiple.
Suppose x € int(R’) is such that ey, (z) < ey, (w) for all 1 < j < m. In
particular, € C4,, and this implies that x = aw for some o € R. Further,
it is immediate that for any other A; € W (i # j), we have ey, (x) = eq, (w).

Thus, w is a Pareto optimal point. [
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5.5. Pareto Optimal Solutions

By Theorem 5.4.3 (vi), condition (i) implies that N¢(S) = N(S) and S¢ is
irreducible. By Proposition 5.1.2, condition (ii) implies that N¢(4;) = N(4;)

and AY is irreducible for some A; € V.

Corollary 5.5.3. Let the set W C R given by (5.15) consist of SR-
matrices. For n € {2,3}, any w € Ca,(1 < i < m) is a Pareto optimal

point for ea,,...,ea, .

Proof: Notice that from Remark 5.3.2 for 3 x 3 case, there exists a unique
subeigenvector (up to a scalar multiple) in each C4, for 1 < i < m. This is
also true for the 2 x 2 case because N°(A) = N(A) and A® is irreducible.
The result directly follows from (ii) in Theorem 5.5.2. O

The following example demonstrates point (i) in Theorem 5.5.2.

Example 5.5.1. Consider the following matrices given by

19 1/4 2 1 1/2 4 1/8

1/9 1 6 3 2 1 2
a- | Y B= ]

4 1/6 1 1/4 1/4 1/3 1 5

1/2 1/3 4 1 8 1/2 1/5 1

The S matrix is given by

9 4
1 6
1/3 1
1/2 4

o = N =
_= Ot W N

By following the same way in Example 2.2.1, we find DY(S). We see that
NY(S) = N(S) and S¢ is irreducible. By Theorem 5.4.3, there is a unique
vector, w, (up to a scalar multiple) in Cy. We obtain this vector by using
Algorithm 3. Then, w=[ 1 0.758 0.861 1174 ] .

Figure 5.2 shows the values of es(x) and ep(z) at w and at several points
from the sets C4, Cp and from int(R’ ). Pareto optimality is observed at w
where es(w) = 6.817 and ep(w) = 6.817. In general, e4(w) and eg(w) are not
necessarily equal. We specifically choose this example to illustrate the role of
the Pareto optimal point. For instance, it can be seen from the graphic that

for any point = € Cg, eg(z) < eg(w) while eq(z) > es(w).
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Figure 5.2: Refer to Example 5.5.1

Our objective in the remainder of this section is to show that the multi-
objective optimisation problem associated with the AHP always admits a
Pareto optimal solution. We first recall the following general result giving
a sufficient condition for the existence of a Pareto optimal point with respect
to a set E C R" [Bew(7]. Essentially, this is a direct application of the fact

that a continuous function on a compact set always attains its minimum.

Theorem 5.5.4. Let E C R™ be nonempty and compact. Let a set {fi,

.oy fm} of continuous functions be given where
fi E— R+

for 1 < i < m. There exists w € E such that © € E, fi(z) < fi(w) for
1 <i<m implies f;(x) = fi(w) for 1 <i<m.

This result follows from elementary real analysis and the observation that
if w minimises the (continuous) weighted sum i a; fi(x) where o; > 0 for
1 <4 < m, then w must be Pareto optimal forZ:the functions fi,..., fin. A
point w satisfying the conclusion of the theorem is said to be Pareto optimal
for f1, ..., fm with respect to FE.

In essence the above result shows that for any multi-objective optimisation

problem with continuous objective functions defined on a compact set, there
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5.5. Pareto Optimal Solutions

exists a point that is Pareto optimal with respect to the given set. To apply
the above result to the AHP, we first note that for a set W of SR-matrices, Dy
is compact from Theorem 5.4.3 (iii). Moreover, each function ey, is continuous
on Dy as it is a composition of continuous functions. We will also prove this

by using the definition of continuity.

Lemma 5.5.5. The error functions e, : int(R7}) — Ry (1 < i < m) are

continuous on Dy .

Proof: Take some A € U. (we drop the subscript to make the subsequent

k k

notation clearer.) Let the sequence x* € Dy satisfy klim ¥ = 2° where
— 00

2% € Dy. We must show that e (%) — eq(2°) as k — oo.

a;;xk a0
As Dy C int(R?%), for all i, j, == — —5* as k — co. Suppose that e4(z%) =

7

aijm? apqmg apqu; apqmg
max —t = 25¢ for some p,q € {1,2,...,n}. Then =5 — 2% as k — oo.
2,] i Tp Ty zp

Let € > 0 be given. Then there exists some N; such that for £ > Ny,

k 0
apq:cq > apq:cq

— €.
k=0
Ly Lp
Thus, for k > Ny,
k
Qg
Pq
ea(z’) > L > ey(2”) — e
x
P
.. a;; 29 apqr? a;jak a;;2°
On the other hand, for all 4, j, we know that —5* < =5, As —¢L — —5t as
] P 7 i

k — oo, there exists some N, such that for £ > N,

k 0
A5 QgL
Wy L P47
I /) te

p

Lo

for all 4,j. This implies that es(2*) < es(2°) + € for all k > N,. Choosing,
N = max{ Ny, No}, we see that for k > N,

ea(z?) — e < eq(z®) < eq(z?) + e

As e > 0 was arbitrary, we immediately see that klim ea(z®) = ex(2%). O
—00

We now show that any point in Dy that is Pareto optimal with respect to
Dy is also Pareto optimal with respect to the set int(R’" ). Although we don’t
specifically use the SR property in the following, we assume ¥ to consist of

SR-matrices as we are primarily interested in the AHP application.
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Lemma 5.5.6. Consider the set ¥ in (5.15) and assume that A; is an SR-

matriz for 1 <17 < m. Let w be a Pareto optimal point for ea,,...,ea, with
respect to Dy. Then, w is also Pareto optimal for eqa,, ..., ea, with respect to
int(R?).

Proof: Assume that w € Dy is a Pareto optimal point with respect to Dy.
Suppose x € int(R})\Cy. Then from the definition of Cy (5.30), it follows
that

ea,, (z) > p(¥) for some . (5.32)

Asw € Dy, e, (w) < u(¥) for 1 < i < m. It follows immediately from (5.32)
that for any x ¢ Cy, it cannot happen that ey, (z) < ey4,(w) for 1 <i < m.

Let z in Cy be such that
ea,(x) < ey (w) for1<i<m.

As eq,(Ax) = ey, (z) for all A > 0, 1 <7 < m, and w is Pareto optimal with
respect to Dy, it follows that e, (x) = eq,(w) for 1 <i<m. O

Our next step is to show that there exists a point x € Dy that is Pareto

optimal with respect to Dy.

Proposition 5.5.7. Consider the set W in (5.15) and assume that A; is an
SR-matriz for 1 < 1 < m. There exists x € Dy that is Pareto optimal for

€Ayy---,€a,, With respect to Dy.

Proof: First note that Dy # () since u(¥) > 0. Theorem 5.4.3 shows that
Dy is compact. Furthermore, the functions e, : Dy — R (1 < ¢ < m) are
continuous as shown in Lemma 5.5.5. Theorem 5.5.4 implies that there exists

w in Dy that is Pareto optimal with respect to Dy. U

Combining Proposition 5.5.7 with Lemma 5.5.6, we immediately obtain the

following result.

Corollary 5.5.8. Consider the set ¥ in (5.15) and assume that A; is an
SR-matriz for 1 < 1 < m. There exists x € Dy that is Pareto optimal for

€Ay, -4, with respect to int(R7).
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Corollary 5.5.8 means that there exists a vector x of positive weights that
is simultaneously Pareto optimal and also optimal in the min-max sense of

Section 5.4.2 for the error functions e4,, 1 < i < m.

5.5.2 Pareto Optimisation Problem

As has been discussed above, our approach to construct an overall ranking
vector for m given SR-matrices amounts to solving the following optimisation

problem.

min {eq,(z)},i=1,2,...,m. (5.33)

z€Dy

Recall that the solution of the following weighted sum

5211)1\11/ ,:21 aeq, (). (5.34)
where o; > 0 for 1 < i < m is a Pareto optimal solution for (5.33). This app-
roach is called the weighted sum method, which is one of the most commonly
used approaches for multi-objective optimisation problems [Mie99]. The idea
in the weighted sum method is to take a linear combination of the objective
functions with positive weights. This leads to a constrained optimisation prob-

lem with one objective function that can be solved using standard methods
and software such as MATLAB.

In (5.34), we choose « as a max eigenvector of the criteria-comparison matrix.
Recall from Section 5.1.3 that the max eigenvector of this matrix can be used
as a weight vector for the criteria with respect to the main goal. Thus, «; is
the weight of the criterion i for the error function ey, () associated with the
SR-matrix A; for 1 <7 <m.

To illustrate, we revisit Example 5.1.2.

Example 5.5.2. Let C, Ay,..., A5 be as in Example 5.1.2. We first observe
that

1(S) = 4.985.

So, there is no common subeigenvector for A;, 1 =1,2,...,5.
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5
For the solution of mli)n > agey, (), we first find a. We know from Example
€Dy j=1

5.1.3 that there is a unique max eigenvector of C' given by

1
1.495
a=| 2236

3.344
| 0.897

with the ranking 4 >3 >2>1> 5.

Next, we find the S matrix.

N ESNCNIRSS
—_ o 1 ©

7
1
2
7

~ O ot

Note that N¢(S) = {1,3,4} and S¢ is irreducible. It follows from Theorem
5.4.3 (vi) that there is not a unique vector in Dyg. In this case, we find
several Pareto optimal points giving at least two possible distinct rankings:
1>3>4>2and1>3>2>4.

Notice that the first ranking scheme is the same as the one obtained from the
classical EM used in Example 5.1.2. We see that ag and a4 are the two highest
weight factors that are applied to eq,(x) and e4,(x). Thus, they increase the
effect of these error functions which correspond to the SR-matrices A3z and Ay.
If we analyse the local rankings associated with these matrices in Example
5.1.2, we see that 4 > 2 for both matrices.

The second ranking scheme is also reasonable. Similarly, from the local rank-
ing schemes, we see that 2 > 4 for A;, As and A;. In particular, 2 is preferred

to all other alternatives for A,.

5.6 Concluding Remarks

Our main goal in this chapter was to develop a new approach for ranking
alternatives in the multi-criteria AHP based on the max algebra, thereby
combining the max-algebraic spectral theory and multi-objective optimisation.

In this context,
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e we presented results on the existence of a single transitive matrix with
a minimum distance to all SR-matrices in the set simultaneously and

related these with the commutativity properties of matrices;

e we proved that the generalised spectral radius provides a lower bound
on the maximal error in approximating a set of SR-matrices with a

transitive matrix;

e we showed that it is always possible to find a Pareto optimal point for

which the maximal error is minimal.
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CHAPTER

Max Eigenvectors, Directed

Spanning Trees and Ranking

In this chapter, we are concerned with the matrix tree theorem for Markov chains.
We consider its max-algebraic extension. In particular, we relate the max-algebraic
spectral properties of an irreducible max-stochastic matrix to the maximal weights
of rooted directed spanning trees (RST5s) in its associated digraph. We show that
the vector of maximal RST weights is always a max eigenvector of the matrix. We
also present some results relating this vector to the rows of the Kleene star. Finally,

we discuss possible applications of our results to ranking problems.

6.1 Motivation and Mathematical
Background

In this section, we provide a brief introduction to the so-called Markov Chain
Tree Theorem and introduce a number of definitions and results concerning

rooted directed spanning trees (RST5s) of irreducible matrices.
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6.1.1 Introduction

A Markov chain is a stochastic process over a set of states denoted by & =
{1,2,...,n} [Sen06]. It is considered as a process without memory so that the
probability of being in a state at a given time depends only on the previous
state. If we let a;; denote the probability of moving from state ¢ to state j, then
the chain can be represented by a matrix A € R}*" where n is the number
of the states in §. Given a vector x in which z; represents the probability
of being in state ¢ initially, x(¢) = A’z represents the probability of being in
state 7 at time ¢ for 1 < ¢ < n. The behaviour of the Markov chain as ¢ tends

to infinity is of particular interest.

The transition probability matrix A is generally a non-negative and row stoc-
hastic matrix. If A is irreducible, the chain possesses a unique stationary

distribution vector (Theorem 2.1.5) which is the solution of

gTA=a2" Y 2 =1 (6.1)

1<i<n
Recall from Section 2.2.6 that = can be found by the power method. The
classical matrix tree theorem for Markov chains provides an alternative way

to calculate the stationary distribution vector.

The original Matrix Tree Theorem goes back to the work of Kirchhoff [Kir47].
It provides a characterisation for the number of spanning trees in a graph
based on the determinant of an n x n matrix. Since then, variants of it have
been studied in the context of electrical networks. A version of this theorem for
irreducible Markov chains (referred to as the Markov Chain Tree Theorem)
relates the stationary distribution of an irreducible Markov chain with the
weights of directed spanning trees of its associated digraph. This core result
has appeared in a variety of different contexts. See [Shu75, KV80, FW8&4,
AT89, Bro89, Ald90, Son99, GP01, Wic09]. One of the earliest appearances of
this result is provided by Freidlin and Wentzell [F'W84] (Translation of Russian
ed., Nauka, Moscow, 1979). It was independently discovered by [Shu75] in
connection with flow-graph methods. It was also stated in [KV80] in the
context of biological modelling. For another reference which discusses its
extension to general, not necessarily irreducible Markov chains, see Leighton
and Rivest [LR82].
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The motivation of our study of the matrix tree theorem for Markov chains
comes from its connection with the spectral theory of non-negative matrices
and graph theory so that it provides a different characterisation of the Perron
vector of an irreducible matrix. In this direction, the layout of this chapter
is as follows. First, we describe necessary notation and preliminary results
related to RSTs of irreducible matrices. We also state the Markov Chain
Tree Theorem over the conventional algebra. In Section 6.2, we derive its
max-algebraic version. In Section 6.3, we discuss how to associate our main
result with the max-algebraic spectral theory. In particular, we consider its
connection with the Kleene star of an irreducible max-stochastic matrix. In
Section 6.4, we discuss the possibility of applying of these results to decision
making problems. The work contained in this chapter has resulted in the
publication: [BGKMS13].

6.1.2 Directed Spanning Trees

We denote the weighted directed graph of A € R by D(A) = (N(A), E(A)).
We say that the edge e = (7,7) is outgoing from i and write t(e) = i. A
spanning subgraph 7' = (N(A), Er) of D(A) is a directed spanning tree rooted

at i € {1,...,n} if the following conditions are satisfied:
(i) for every j # ¢ in {1,...,n}, there is exactly one outgoing edge e € Er
with t(e) = 7;
(ii) there is no edge e € Er with t(e) = i;
(iii) the subgraph (N(A), Er) contains no directed cycle.

We recall that directed spanning trees are also referred to as rooted branchings

or arborescences by some authors [BRI1].

Given a directed spanning tree 7' = (N(A), Er), the weight of T' is given by
the product of the weights of the edges in T and is denoted by 7(T"). We adopt
the notation 7; for the set of all directed spanning trees of D(A) rooted at i

for 1 <i < n. We demonstrate these concepts with the following example.
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Example 6.1.1. Consider the following 3 x 3 matrix

1 1/2 2/3
A=|1/4 0 1 |. (6.2)
1 1/3 1/9

There are three directed spanning trees rooted at 1 as shown in Figure 6.1.
Let 71 = {7V, T® 1,

[E=Y
=

==
=
~
N

N

> »
[™=)
=
w

1
2 3

Figure 6.1: 7, = {7V, 171?, 7®}

N
w

o 7{":(2,3),(3,1) with m(T{") = azaz = 1
o 7{¥: (3,2),(2,1) with 7(T{") = agsaz = 1/12

o T¥:(2,1),(3,1) with 7(T¥) = agrag; = 1/4
Directed spanning trees rooted at 2 and 3 are constructed in the same way.

For future use, we record the following simple facts concerning directed span-

ning trees.

Lemma 6.1.1. Let A € R}*" be irreducible. Then for every i € {1,...,n},

there exists a directed spanning tree rooted at i.

Proof: To begin with, let P; be a directed path of maximal length ending
at . If N(P;) = {1,...,n}, then P, is a directed spanning tree rooted at i.
Otherwise, choose j & N(P;) and let )1 be the shortest directed path in D(A)
from j to P;. Let P, be the union of P, and @;. Again, if N(P,) ={1,...,n}
then P, will be a directed spanning tree rooted at i. Otherwise, we repeat
the above procedure and as the number of vertices in D(A) is finite, we must

eventually arrive at a directed spanning tree rooted at i as claimed. [
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Lemma 6.1.2. Let A € RY*" be irreducible and let T = (N(A), Er) be a
directed spanning tree of D(A) rooted at i € {1,...,n}. Then for each j # i

in {1,...,n}, there exists a unique directed path from j toi in T.

Proof: Let j # i be given. There exists a unique edge (j,4;) in Ep outgoing
from j. If 4y # 4, there exists a unique outgoing edge from i, (i1, 2). Contin-
uing in this fashion, we construct a sequence of vertices j = ig, i1, 72, . .. such
that (i;,4;11) € Ep for j =0,1,.... As T is acyclic, the vertices i, i1, %2, . . .
are distinct. Hence, the process must terminate at some vertex ip, which has
no outgoing edge in Ep. Hence, ip = ¢ and j = ig,%1,...,ip = ¢ is a directed

path from j to 7. To see uniqueness, suppose there is a distinct path
j:j07j17"'7.jQ:i

from 7 to i. Let k be the smallest integer such that jp.q # iry1. As the
paths are distinct, such a k exists. But then i, = 7, has two outgoing edges

(iky k1), (ig, Jre1) in Ep, which is a contradiction.

6.1.3 Matrix Tree Theorem for Markov Chains

In this section, we state the matrix tree theorem for Markov chains, also known
as the Freidlin and Wentzell formula [F'W84, Son99]. This classical result links
the weights of directed spanning trees in the graph associated with an irre-
ducible chain to its stationary distribution. The stationary distribution of the
chain is essentially a normalised left eigenvector of the corresponding transi-
tion probability matrix. With this theorem, we see that it can be expressed

in terms of the weights of RSTs of its associated digraph .

Recall that a matrix A € R} is said to be a row stochastic matriz if all of

its row sums equal to one. Formally, > a;; =1for1 <i<mn.
1<j<n

The classical matrix tree theorem for Markov chains can be stated as follows.

Theorem 6.1.3. Let A € R be an irreducible (row) stochastic matriz.
Define w € R} by

wi =3 =(T). (6.3)

TET;
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w

Then ATw = w. In particular, “— is the unique stationary distribution of

Wy

=1
the Markov chain with transition matriz A.

6.2 Matrix Tree Theorem for Markov Chains
in the Max Algebra

In the main result below, we show via a direct combinatorial argument that

Theorem 6.1.3 extends to the max algebra.

Motivated by Theorem 6.1.3, we first consider an irreducible matrix A in R}*"
which is row stochastic in a max-algebraic sense. Formally, we assume that

for 1 <i <n, [0ax a;; = 1 or using the max-algebraic notation
<j<n

A®1, =1,.

In a convenient abuse of notation, we refer to matrices satisfying the above
condition as maz-stochastic. Our main result shows that Theorem 6.1.3 ex-

tends in a natural way to the max-algebra.

Theorem 6.2.1. Let A € R*" be an irreducible maz-stochastic matriz. De-

fine the vector w by

w; =P n(T), 1<i<n (6.4)
TeT;
Then
AT @ w = w.

Proof: We first show that AT ® w < w. To this end, let i € {1,...,n} be

given. Then as a; < 1, it is immediate that
a;w; < w;. (6.5)
Now consider 7 # i. We can write
Wi = @iy jy Qi ** * Ciy 11 (6.6)

where the edges (i1,71),- -, (4n_1,7n_1) correspond to a maximal directed

spanning tree T rooted at j. Then
jiW5 = iy gy Gingy Gy, (6.7)
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As j # 1, it follows that there is an outgoing edge from ¢ in 7". Hence, i = 1,

for some p € {1,...,n — 1}. Moreover a;,;, < 1 which implies that
ajiw; < @iy Qi gy Qipy gy " G yjmr - (6.8)

If aj; = 0, then it is immediate that aj;w; < w;. On the other hand, if a;; > 0,
the right hand side of (6.8) corresponds to the set of edges

E/ = {(.77 2)7 (ilajl)u v (ipflajpfl% (ierlaijrl)a ) (inflmjn*l)}'

Consider the spanning subgraph 7" = (N(A), E’). There is exactly one out-
going edge from every k # i in N(A) and no outgoing edge from i. Assume
that there is a cycle in 7”. It must contain the edge (j,%) otherwise it would
define a cycle in the original spanning tree T. However there is no outgoing
edge from 7 in 77. We get a contradiction. So, 7" is acyclic. Therefore, the
right hand side of (6.8) is the weight of a directed spanning tree rooted at 1.
From the definition of w, this immediately implies that ajw; < w; for every
j # 4. Combining this with (6.5) yields immediately that (AT @ w); < w;. As

this is true for any i, we see that AT ® w < w.

To complete the proof, we show that AT @w > w. Let i € {1,...,n} be given.
Then as w; is the weight of a maximal directed spanning tree, T}, rooted at i,

we can write
Wi = Qg jy Qiggo * * " Qjpy_qjp_q-

The edges in the spanning tree corresponding to the above expression are

Ei = {('L.lajl)a sy (in—lvjn—l)}'

As A is a max-stochastic matrix by assumption, we know that a;; = 1 for
some j. If j =i, then

Now suppose j # i. Consider the set S of indices

S:{ip|jp:i}-

As E; defines a directed spanning tree rooted at i, S is non-empty by Lemma

6.1.1. We need to consider two cases.
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First, suppose that j € S (i.e. there is an outgoing edge from j to ). Then

consider the set of edges

Ezl = {(i17j1)7 R (ipflajpfl)a <Z7.7>7 (ip+17.jp+1>7 R (influjn71>}

where we replace (j,7) by (i,7) in F;. We claim that E! defines a directed
spanning tree rooted at j. It is clear that there is exactly one outgoing edge
from each vertex other than j and that j has no outgoing edge. Moreover,
the digraph determined by E! is acyclic. To see this, first note that any cycle
in 7/ must contain the edge (i, j) as otherwise it would define a cycle in the
spanning tree T;. As there is no outgoing edge in E! from j, it follows that 77

must be acyclic as claimed. As a;; = 1, it follows that
(1)) = @irjy - Qip_ gy Qipprjpir G s - (6.9)
Moreover, as T is rooted at j, it follows that
w; =7 (T7)
and hence that

(AT @w); > aiw; = aiz,w; > ag,5,7(T}) = wi.
We still need to consider the case where j € S (i.e. the distance from j to i is
greater than one). As T} is a directed spanning tree rooted at , it follows from
Lemma 6.1.2 that there exists a unique 4, € S for which there is a directed
path in 7; from j to i,. Consider the set of edges E; where, as before, we
replace the edge (i,,j,) (where j, = ¢) with the edge (4,7). Let 7" denote
the associated spanning subgraph. Then there is exactly one outgoing edge
from each vertex other than 4, in 7" and there is no outgoing edge from 4.
Furthermore, if there exists a cycle in 7", it must contain the edge (i,j) as
otherwise it would define a cycle in 1. This would then imply that there exists
a directed path in 7" from j to 4, all of whose edges are also edges in T'. This
is impossible however, as the only such path in T contains the edge (ip,j,)
which is not an edge in T”. Therefore T” is indeed a directed spanning tree
rooted at i, whose weight 7(7”) is given by (6.9). As argued for the previous

case, w;, > m(1") and
(AT X w)l Z aipiwip = aipjpwip Z aipij(T') = W;.
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We have shown that

for any i € {1,...,n}. Hence AT ® w > w. This completes the proof. [

In [BGKMS13], we present an alternative proof for Theorem 6.2.1 using a pro-
cedure that can be seen as an instance of the Maslov dequantization [LM9S].
It was suggested and contributed by Sergei Sergeev. See [BGKMS13] for the
details.

The vector w defined in Theorem 6.2.1 will be called the maxz-spanning-tree
eigenvector of A. We next present some numerical examples to illustrate

Theorem 6.2.1 each will be referred later.

Example 6.2.1. Consider the following max-stochastic matrix

1 3/4 5/6 0

1/2 1 1/4 9/10
0o 0 1 78
1/3 0 1 4/5

A= (6.10)

[aN
~
]I\)
=
—~
\b

\3/_4,7 2 9/10 4/5 718
1/3 \ (y 1

4

Figure 6.2: D(A) for (6.10)

Let T; be the max-spanning-tree rooted at i for ¢ = 1,2, 3,4. Then,

[ ] T1 : (3, 4), (2, 4), (4, 1) w, = 7T<T1) = A34Q24041 — 21/80
L T2 : (37 4)7 (47 1)7 (17 2) Wy = 7T<T2> = 34041012 = 7/32
[ ] Tg . (1, 3), (2, 4), (4, 3) w3 = 7T(T3) — A13024Q43 — 3/4

o T,:(2,4),(1,3),(3,4) wy=m(Ty) = anaizazs = 21/32
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21/80
7/32

3/4
21/32

Hence, w = and AT @ w = w.

Example 6.2.2. Consider the following max-stochastic matrix
2/5 1 2/5 0
1 1/4 3/4 5/6

A= (6.11)
0 0 9/10 1
1/2 0 1 3/5
2/5 0/10
215 L
1 ﬂ 3/4 8

1 -— B =
\1—7 5/6 3/5 1
1/2\“ 1
4
Figure 6.3: D(A) for (6.11)

Let T; be the max-spanning-tree rooted at i for ¢ = 1, 2, 3,4. Then,

o T (374)7 (47 1)7 (27 1) w1 = 7T<T1) = A34041021 = 1/2
[ ] TQ . (3,4), (4, 1), (]_,2) w2 — 7T(T2) — a34a41a12 = ]_/2
o 75:(1,2),(2,4),(4,3) ws=7(T3) = a12a24a43 = 5/6
o T4:(1,2),(2,4),(3,4) wy=7(Ty) = a12a24a34 = 5/6
1/2
1/2
Hence, w = / and AT @ w = w.
5/6
5/6

6.3 Max-spanning-Tree Eigenvector and
Kleene Star

We have shown that the vector of maximal rooted spanning trees is always

a left max eigenvector of a max-stochastic matrix. However, in contrast to
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the conventional algebra, the irreducibility of A is not sufficient to guarantee
uniqueness (up to scalar multiple) of the max eigenvector. This naturally
leads to the question of how to identify the max-spanning-tree eigenvector
using tools of the max-algebraic spectral theory such as the Kleene star. We

next consider this question.

Recall that we denote the critical digraph of A € R*" by D(A) = (N¢(A),
EC€(A)) where NY(A) is the set of critical vertices and E¢(A) is the set of
critical edges. Moreover, recall that Theorem 2.2.5 shows the connection of
the max eigenvectors of A with columns of the Kleene star A*. By applying it
to AT, the same relation also holds between the left max eigenvectors of A and
rows of A*. Notice that N(A4) = N(AT), u(A) = p(AT) and (AT)* = (A*)T.
We adopt the notation A: for the i*® row, and the notation A% for the it}

column of the matrix A*.

We will now make a number of observations on the Kleene star of max-
stochastic matrices. Notice that a max-stochastic matrix has max eigenvalue
1, and a;; < 1 for all ¢,j. This implies that pu(A) = 1, and that a;; = 1 for
(i,7) € E°(A). Recall from Section 2.2.4 that such matrices are called visu-
alized. Note that the max-stochastic matrices have an additional property:

each vertex in D(A) has an outgoing edge with weight 1.

The Kleene star of a definite visualised matrix (and hence of a max-stochastic
matrix) has a very specific structure, as described, for example, in Proposition
4.1 of [SSB09], which we now recall. Before stating it, we recall a number of
necessary definitions from [SSB09]. Define D“*(A) to be the directed graph
formed by adding trivial graphs each consisting of just one non-critical vertex
to DY(A) (we add one such graph for each non-critical vertex). Let D*(A)
have r’ strongly connected components with vertex sets Ny, ..., N,» where N,
denotes the set of vertices corresponding to the component o of D¢ (A) for
1<a<y.

For 1 < a,f <1/, denote by A,s the submatrix of A formed from the rows
with indices in N, and from the columns with indices in Ng. Let Ard he the
' x 7' matrix with entries af§ = max{a; | i € N,, j € Ng}. We now state
Proposition 4.1 of [SSB09] below.

Proposition 6.3.1. Let A € RY" be a definite visualised matriz and 1’ be
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the number of strongly connected components of D°*(A). Then,

1al =1 forall1 < o < v and a§ <1 (resp. af§ < 1 for a # B),
where o, € {1,2,...,7'};

2. For1 < a,f <71/, the corresponding («, B)-submatriz of A* is equal to
Aty = afjﬂd*lalBT, where a(rfg* is the («, B)™ entry of (A™)*, and 1,157
is the (o, 8)-submatriz of 1,11

From Proposition 6.3.1, we get the following form for A* by applying suitable

permutations to rows and columns [SSB09].

T d* T d* T
1111 (lﬁeQ 1112 aﬁ‘;’,, 1117,/
d* T T d* T
” agel 1211 1212 (l;‘i/ 1217,/
A* = ' , (6.12)
* *
a‘ﬁ? ]_r/]_lT a‘ﬁg ]-r’ 12T ]_r/]_r/T

The following is an immediate consequence of Proposition 6.3.1.

Corollary 6.3.2. Let A € RY"™ be an irreducible max-stochastic matriz.
Then for all i,j € NY(A) belonging to the same strongly connected compo-
nent in DC(A),

(i) a;; = 1;
(i) A% = A%;
(iii) A; = Aj.
Before deriving the main result of this section, which is Theorem 6.3.5, we
introduce a number of preliminary results.
Lemma 6.3.3. Let A € R}*" be an irreducible max-stochastic matriz. Then,

for1<i<n, min ¢}, = min a,.
1<j<n geNC (A)

Proof: Let i € {1,...,n} be given. It is immediate that
min a;; < min a,. (6.13)
1<j<n 7' 7 genc(a) 1
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To show the reverse inequality, consider some | ¢ NY(A). We claim that
there exists a path from [ to some k € NY(A) of weight 1. As A is max-
stochastic, there exists at least one outgoing edge from [ of weight 1, a;,, = 1.
Moreover, as [ is not critical, ky # [. If k; is critical, we are done. If not, then
there exists ko & {l,k1} with agx, = 1. Continuing in this fashion, we must
eventually arrive at some vertex k = k, which is in N¢(A). By construction,
l,ki,...,k, =k is a path of weight 1.

ay; is the maximal weight of a path between k£ and i. Using the path cons-
tructed above from [ to k of weight 1, and remembering that all the entries of
A are less than or equal to 1, it is easy to see that we can construct a path

from [ to ¢ whose weight is at least aj;. It follows that

* * : *
a;; > a.; > min a,.
li = “ki = 4eNC(A) qi

As this must hold for any [ € N¢(A), we have that

min aj; > min ag,. (6.14)
1<j<n geNC (4)

Combining (6.14) and (6.13) yields the result. O

Lemma 6.3.4. Let A € RY*" be an irreducible max-stochastic matriz. As-

sume that D (A) is strongly connected. Let w be the max-spanning-tree eigen-
vector of A. Then for alli € NY(A), w; = 1.

Proof: Let i € NY(A) be given. Choose any k; € NY(A)\{i}. As NY(A) is
strongly connected, u(A) = 1 and A is max-stochastic, there exists a path P,
from k; to i of weight 1, consisting of vertices in N¢(A). If N(P;) # NY(A),
choose ky € NY(A)\N(P,), and let Q; be the shortest path in D(A) from k,
to P;. Set P, to be the union of P, and ). Continuing in this way, we can
construct a directed tree T of weight one, rooted at i, with N(T}) = NY(A).
If N°(A) = N(A), we are done.

Otherwise, to complete this to a spanning tree of weight 1, let j; & N (A)
be given. As A is max-stochastic there exists some edge (ji,p;1) in D(A) of
weight 1. In fact, it is easy to see that there exists a directed path P/ from
j1 to NY(A) of weight 1, consisting of non-critical vertices. Let Tb be the
union of 7} and P|. If N(T,) = {1,...,n}, then T is a directed spanning tree
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rooted at ¢ of weight 1. Otherwise, we can choose jo ¢ N(T3) and repeat the
previous step, choosing a path from js to N(7T3) consisting of edges of weight
one and vertices not in N(75). Continuing in this fashion we will arrive at a
directed spanning tree T' rooted at i of weight 1. As A is max-stochastic, it

follows that T is maximal and hence that w; = 1 as claimed. [

The next result, which is the main result of this section, shows the relationship
between the max-spanning-tree eigenvector and rows of the Kleene star of A.

Note that minimum is taken entry-wise.

Theorem 6.3.5. Let A € RY*" be an irreducible max-stochastic matriz. Let

w be the max-spanning-tree eigenvector of A. Then, the following are true.

(Z) w S qel}lvlér(lA) Aq.:’

(i) If D(A) is strongly connected then w = A% for all ¢ € N°(A);

(iii) If DC(A) has no more than two components and N°(A) = N(A), then
w= min A’.
qeNc(a) 7

Proof:

(i) Consider a maximal spanning tree T rooted at i (1 < i < n) with weight
w;. There exists a path in T from j to i for 1 < j < n, i # j. Let 7(j,4) be
the weight of this path. Then,

w; < 7(j,1) < aj; forall j € {1,2,...,n}.

Thus, w; < min a
1

i . Using Lemma 6.3.3, we have w; < min a
<j<n

& qeNc(a) T

(ii) If there exists one strongly connected component in DY (A), then it follows
from Theorem 2.2.5 (i) that there exists a positive vector z > 0 such that
Ar = for all i € NY(A). We claim w = x. It follows from Theorem 2.2.5
(ii) that w is a scalar multiple of . Combining point (iii) of Corollary 6.3.2

with Lemma 6.3.4, we see that w = x.

(iii) Assume that D(A) has two strongly connected components and N¢(A) =
N(A). It follows from Corollary 6.3.2 that there exist linearly independent (in

a max-algebraic sense) vectors v, u such that every row of A* is equal to vT

125



Chapter 6. Max Eigenvectors, Directed Spanning Trees and Ranking

or uT. Let DY(A), DY(A) denote the corresponding strongly connected com-
ponents of DY(A). Using Corollary 6.3.2 again, (after possibly relabelling the

vertices in DY(A)), we can assume that

1 Uy

B 1 IR
v = S U=

'Up+1 1

Up, 1

In this case, DS(A) consists of vertices from 1 to p while DS(A) consists
of vertices from p + 1 to n. Denote NY(A) = {1,2,...,p} and NS(A) =
{p+1L,p+2,..,n}

We need to show that

Uy

(6.15)

w = min(u,v) = )
p+

Un,

From (i), we know that w < min(u,v). Hence, it is enough to show that for
each i € {1,...,n}, there exists a spanning tree rooted at i of weight w; if

t < p and of weight v; if 1 > p+ 1.

First, let ¢ € {1,...,p} be given. For any jo € {p + 1,...,n}, there exists
a path Fy in D(A) from jo to i of weight a}; = u;. Next, note that for any
k #iin {1,...,p}, as P, terminates in DY (A), there exists a shortest path
Qo in DS(A) (necessarily of weight 1) from k to Py. Set P; to be the union
of Py and )y. Repeat this process until we have included all the vertices in
{1,...,p}. This will yield a directed tree T} rooted at i of weight wu;, which

includes all the vertices in DY (A).

Next note that as Py and hence T contains jy, which lies in DS (A), we can
mimic the previous steps in DS (A). First pick some k; in DS (A) that is not
in N(T}) and choose a shortest path Ry in DY(A) from k; to Tj. If the union
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of T7 and Ry does not contain all vertices in {p+1,...,n}, repeat this process;

eventually, we arrive at a directed spanning tree, rooted at i, of weight wu;.

The argument to establish that there exists a directed spanning tree rooted
at each i € {p+1,...,n} of weight v; is identical. O

We next illustrate Theorem 6.3.5 (i) and (iii).

Example 6.3.1. Consider the matrix given in Example 6.2.1. There exist
three strongly connected components in D“(A) and NY(A) = {1,2,3} where
NE(A) = {1}, NY(A) = {2} and NY(A) = {3}. The Kleene star of A is given
by

1 3/4 5/6 35/48

12 1 9/10 9/10
7/24 T/32 1 7/8

1/3 14 1 1

The left max eigenvectors are A}, A5 and Aj.

*_

21/80 7/24
7/32 7/32

Recall that w = / . Then, w < min A = /
3/4 gENC(A) T 5/6

21/32 35,48

Example 6.3.2. Consider the matrix given in Example 6.2.2. There exist
two strongly connected components in DY(A) and N¢(A) = {1,2, 3,4} where
NE(A) ={1,2} and N§(A) = {3,4}. The Kleene star of A is given by

1 1 5/6 5/6
1 1 5/6 5/6
1/2 1/2 1 1
1/2 1/2 1 1

*

The left max eigenvectors are A} and Aj .

1/2
1/2 )

Recall that w = . Note that w = min AZ .
5/6 geNc(a) T
5/6

As a final point, we note that Theorem 6.3.5 (iii) does not hold when N¢(A) #

{1,2,...,n} or when there exists more than two strongly connected components
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in D(A). Specifically, the example below for the former case shows that

w min A*.
7,équc(A) '

Example 6.3.3. Consider the following 3 x 3 matrix

1 1/4 1/3
A={3/4 1 2/3|. (6.16)
1 0 0
1
(v

1 1/4
(Yo e
NP

Figure 6.4: D(A) for (6.16)

Let T; be the max-spanning-tree rooted at ¢ for ¢ = 1,2, 3. Then,

o Tl : (27 1)7 (37 1) wy = 7T<T1) = Q21031 = 3/4
o 15:(3,1),(1,2) wy=mn(Ts) =aza=1/4
o Ty:(2,1),(1,3) wy=n(T3) = anaiz = 1/4
There exist two strongly connected components in D¢(A) and NY(A) #

N(A). NE(A) = {1} and NY(A) = {2}. The Kleene star of A is given
by

1 1/4 1/3
A =13/4 1 2/3
1 1/4 1

The left max eigenvectors are A} and A% .

3/4 3/4
Note that w = | 1/4 | and w # qerjlvlicr(lA) Ay =1 1/4
1/4 1/3
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6.4 Applications to the AHP and Voting

In this section, we briefly discuss the application of Theorem 6.2.1 to ranking
schemes in the single criterion Analytic Hierarchy Process (AHP) and voting

problems.

6.4.1 Single Criterion AHP

We first show how the results of the previous sections can be used to provide a
max-algebraic characterisation of maximal RST vectors for general irreducible

non-negative matrices.

Proposition 6.4.1. Let A € R*" be irreducible. Let the diagonal matriz D
be given by

d; = max a;;.
bo1gjg<a Y

Further let w be max-spanning-tree eigenvector of A. Then
AT @ w = Dw (6.17)

where D = diag (dy,ds, ..., d,).

Proof: Let A = D~'A where A € R™" is irreducible. Then A is irreducible
and max-stochastic. Consider a spanning tree T, = (N(A), E') in D(A) rooted
at i € {1,2,...,n} where

E' = {(i1, j1); (i2, j2) - (in-1, Ju1) }-

It is clear that the weight of T takes the form
1

&.,...&AiAni :—a.A...a.ni ,ni

1J1 n—1Jn—1 dildiQ . din,I 1J1 tn—1Jn—1
where {i1,...,i,—1} = {1,...,n}\{i}. In fact, it is clear that there is a bi-
jective correspondence between spanning trees 7; in D(A) rooted at i and

spanning trees T} rooted at i in D(A) for 1 < i < n with

~(F) = deng)wm). (6.18)

It follows that if we write & for the max-spanning-tree eigenvector of A, then

D
det(D)"

W =

(6.19)
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As A is max-stochastic, we know from Theorem 6.2.1 that AT @@ = . Noting

that AT = ATD~!, we can use (6.19) to rewrite this as

1
AT @ =
de0) " dad)”

The result follows immediately. O

Now recall the AHP from Chapter 5. Suppose that A is an SR-matrix where
a;; indicates the relative strength of alternative ¢ to alternative j. A central
question in the AHP was to determine a weight vector w in which w; represents
the weight given to alternative i. Saaty [Saa77a] suggested to take w to be
the Perron vector of A. Elsner and van den Driessche [EvdD04, EvdD10]
suggested selecting w from the set of vectors, including the max-algebraic
eigenvector, that minimises the functional (5.8) given by
ealx) = max a;;x; ]/ x;.

Recall that the set of vectors that minimise (5.8) is denoted by C4 in (5.11)
(the subeigencone of A with respect to p(A)). See Section 5.1.3 for the details.

In this context, a spanning tree in D(AT) rooted at i represents an accumula-
tion of relative scores with respect to all other alternatives in {1,...,n}. With
this in mind, a reasonable choice of weight vector w is the max-spanning-tree
eigenvector of AT. From Proposition 6.4.1, we know that w must solve the

generalised max-eigenvector equation
AQw = Dw (6.20)

where D is diagonal and satisfies d; = 11;1%)% aj;. It is worth noting that such a
w does not minimise the maximal relative error functional given in (5.8) and
may give different rankings to the schemes considered there. On the other
hand, it has the advantage that the max-spanning-tree eigenvector is unique,
while the optimisation problem explained in Section 5.1.3 may give rise to

multiple rankings.

Next, we present an illustrative example and compare rankings from the Per-
ron vector [Saa77a], the max algebra approach [EvdD04, EvdD10] and the

max-spanning-tree eigenvector of AT which satisfies (6.20).
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Example 6.4.1. Consider the following SR-matrix

1 1/2 3 2
2 1 1/2 4

A= / . (6.21)
1/3 2 1 1/5

12 1/4 5 1

Let x be the Perron vector of A, v be in C4 and w be the max-spanning-tree

eigenvector of A”. All are normalised.
T
r=[1 1322 0689 0931 ] with the ranking 2>1>4> 3.

Since NY(A) = {2,3,4} and A€ is irreducible, A%, A% and A* are multiples
of each other and correspond to the max eigenvector of A from Theorem 2.2.5
(ii). For v = [ 1 1949 1.14 1.667 }T , we get the ranking: 2 >4 >3 > 1.
By using Algorithm 3, we find subeigenvectors producing at least three more

possible distinct rankings: 1 >2>4>3,2>1>4>3and2>4>1> 3.

T
w = [ 1 1.667 0.667 0.833 } with the same ranking with the Perron vec-

tor.

6.4.2 Judges and Competitors

Next, we consider a particular type of voting problem. Suppose that we have a
set of m judges and n competitors. Each judge is asked to give the competitors
a score between 0 and 1 with the highest ranked competitor scoring a 1 and
the others scored accordingly. Moreover, each competitor is asked to score the
judges in the same way. The judges scores will generate a matrix J € R™"
with a row for each judge, while the competitors’ scores will generate a matrix

C € R}*™ with a row for each competitor’s scores.

Consider now the matrix ¢' = C ® J in R*™. For 1 < p,q < n, consider the
entry

Cpg = MAX CppJrg-
pq = BAX prlrq

Each product ¢,,j,4 can be viewed as an indirect score given by competitor p
to competitor ¢ via judge r. Thus the entry ¢,, is the maximal such score over
all judges. It is easy to see that the matrix C will be max-stochastic. The

A

max-spanning-tree eigenvector w associated with D(C') can be used to rank
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the competitors and Theorem 6.2.1 shows that w is a max eigenvector of CT.
Similar remarks apply to the matrix J=J®C in R*™. In this case, the

max-spanning-tree eigenvector of D(J) can be used to rank the judges and

Theorem 6.2.1 shows that it is a max eigenvector of J7.

Example 6.4.2. Assume that we have three judges and four competitors.
The following matrices represent judges scores to competitors and competitors

scores to judges.

J gy J
C, C, C; O L 72 73

a6 1 14
Jo| 1 1/2 1/3 0 v Y /
J= C=Cy,| 0 1 1/2
J|1/2 1 0 1/5
Cs|1/3 2/3 1

Jy| 1 1/2 1/2 1/4
’ /2 1721/ el 10 12

1/2 1 1/8 1/5
1/2 1 1/4 1/5

C =
1 2/3 1/2 1/4
1/2 1 1/4 1/5
1/2
N 1
For C', we have w = 14 with the ranking 2 > 1 > 3 > 4 for competitors.
1/5
1/6 1 1/3
J=11/12 1 1/2
1/6 1 1/2
1/12
For J, we have w = 1 with the ranking 2 > 3 > 1 for judges.
1/2

6.5 Concluding Remarks

Our main goal in this chapter was to extend the so-called matrix tree the-

orem for Markov chains to the max algebra and investigate the relationship
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between the max-spanning-tree eigenvector and rows of the Kleene star of the
corresponding max-stochastic matrix. In this context,
e we defined the class of max-stochastic matrices over the max algebra;

e we presented a max version of the matrix tree theorem for max-stochastic

madtrices;

e we discussed possible applications of this theorem to ranking problems

and showed that it is always possible to find a unique ranking scheme.
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CHAPTER

Conclusions and Future Work

In this final chapter, we summarise the results presented throughout the thesis and

suggest directions for future research related to the work described here.

7.1 Summary

Recently, there has been great interest in the correspondence between the max
algebra and non-negative linear algebra which was the motivation of the work
presented in this thesis. We can divide the presented work into two parts. In
the first part, we introduced theoretical results on the spectral and stability
properties of non-negative matrices in the max algebra. Our main concern
here was matrix polynomials and sets of matrices. In the second part, we dis-
cussed applications to ranking problems. Our primary interest here was in the
association of the max-algebraic spectral theory with constructing a ranking
scheme for the alternatives in the Analytic Hierarchy Process (AHP). We will
now review the work in the preceding chapters, highlighting the motivation

and main contributions accomplished in the thesis.

We started with a brief introduction to the class of non-negative matrices
and the max algebra in Chapter 1. We recalled several examples to motivate

the work carried out in this thesis. In particular, we focused on the AHP
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7.1. Summary

to emphasize the role of the Perron-Frobenius theory and the max-algebraic

spectral theory in applications to ranking problems.

In Chapter 2, we reviewed relevant definitions and preliminary results on which
our work in this thesis rests. We recalled the celebrated Perron-Frobenius the-
ory. We highlighted the relation of non-negative matrices with graph theory.
We introduced essential tools in the max algebra that played important roles
in proving the results developed in the subsequent chapters. Particularly, we
stated a max version of the Perron-Frobenius theory and discussed numerical

algorithms for the solution of the max eigenvalue problem.

In Chapter 3, we were motivated by the work of Psarrakos and Tsatsomeros
[PT04]. We extended their main results on the Perron-Frobenius theory for
matrix polynomials to matrix polynomials defined over the max algebra. We
derived convergence results for multi-step difference equations over the max
algebra analogous to those for the conventional algebra. We presented a num-
ber of results relating the largest max eigenvalue of a max matrix polynomial
P()). In particular, we showed that it can be characterised by using the
largest max eigenvalue of an n x n matrix. We emphasized the role of the

multigraph of the coefficient matrices of the polynomial in this analysis.

In Chapter 4, motivated by the work of Song, Gowda and Ravindran [SGR99],
we defined the class of P,,,,-matrices and showed how some basic properties
of P-matrices in the conventional algebra extend to the max algebra. Further,
the relation between the P,,,.-property, the S,,..-property and the stability of
delayed difference equations over the max algebra was described. We extended
the P,..-property of a matrix to sets of non-negative matrices in the spirit
of [SGR99]. We showed that the relation between P-matrix sets and the
S-property for Z-matrices in the conventional algebra extends to this new
setting. We highlighted the role of the max generalised spectral radius in
this extension. We explored the implications of the row-P,,,,-property for
the stability of max-convex hulls, as well as delayed and undelayed difference

inclusions defined over the max algebra.

In Chapter 5, building on the work of Elsner and van den Driessche [EvdD04,
EvdD10], we considered a max-algebraic approach to the multi-criteria AHP
within the framework of multi-objective optimisation. [EvdD04, EvdD10]

characterise the max eigenvectors and subeigenvectors of a single SR-matrix
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as solving an optimisation problem with a single objective. We extended
this work to the multi-criteria AHP by directly considering several natural
extensions of this basic optimisation problem to the multiple objective case.
Specifically, we presented results on three types of optimal solutions: globally
optimal solutions; min-max optimal solutions; Pareto optimal solutions. In
each case, the optimal solution was used to construct a ranking scheme for the
alternatives in the process. We related the existence of globally optimal solu-
tions to the existence of common subeigenvectors and highlighted connections
between this question and commutativity. We established the connection be-
tween the max generalised spectral radius and min-max optimal solutions. We
proved the existence of Pareto optimal solutions and showed that it is possible

to simultaneously solve the Pareto and min-max optimisation problems.

Finally, in Chapter 6, we derived a max-algebraic version of the Markov Chain
Tree Theorem (the Freidlin and Wentzell formula) for a max stochastic matrix
[FW84]. We observed that the maximal weights of rooted directed spanning
trees in its associated digraph is a left max eigenvector. We were concerned
with relating the max-spanning-tree eigenvector to the max-algebraic spectral
theory. In particular, we showed its connection with rows of the Kleene star
of the matrix. We discussed possible applications of our results to decision

making problems to derive a unique ranking scheme.

7.2 Directions for Future Research

In this final section, we discuss a number of questions that arise from the work
of this thesis.

One of the main results in Chapter 3 describes how the behaviour of the so-
lution of multi-step difference equations depends on the max powers of the
associated companion matrices (Theorem 3.3.2). In this result, we assumed
that the conditions in Theorem 2.2.10 hold in order to conclude convergence.
Recall that Theorem 2.2.10 and Theorem 2.2.11 define conditions for the con-
vergence of the max-algebraic powers of irreducible matrices in a finite num-
ber of steps and Corollary 2.2.12 describes an upper bound for the required
number of steps. The idea of applying these results to companion matrices

Cp € RP™™ of type (3.11) gives rise to a number of interesting questions
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due to their special structure:

1. When is CS primitive?

2. When do the following convergence conditions defined in Theorem 2.2.11
hold?

(i) NY(Cp)=1{1,2,..,mn}

(ii) C$ is a direct sum of primitive matrices

3. Is there a better bound for the number of finite steps required for conver-

gence than (mn)? — 1 in Corollary 2.2.127

Another possible direction for future work is to investigate the potential for
extending the results of Chapter 3 to sets of matrix polynomials over the
max algebra. In particular, it would be interesting to investigate whether the
results of Section 3.4 could be extended to the generalized max spectral radius
studied in Section 4.1.4. Recall that the generalised spectral radius of a set
can be calculated by the largest max eigenvalue of an n x n matrix in the max

algebra (Proposition 4.4.3). In this direction, we ask the following questions:

1. What is u(P) where P = {Pi(\), Py(\), ..., P(\)} 2

2. Can the relation defined in Proposition 4.4.3 for the max version of the
generalized spectral radius for sets of matrices be defined for the set of

max matriz polynomials?

3. Do similar relations between p(P(X)) and u(S) in Section 3.4 hold for
p(P) and p({S1, S, .., Si})?

In Section 5.1.3, we explained the max algebra approach of Elsner and van den
Driessche [EvdD04, EvdD10] for the single criterion AHP. In their approach,
a max eigenvector or a subeigenvector from the minimum error requirement
set C'4 of an SR-matrix A is used as a weight vector for the alternatives. In
contrast to the classical Eigenvalue Method (EM) for the AHP, this approach
does not in general give rise to a unique ranking vector (Proposition 5.1.2).
If x € C4 is not unique (up to a scalar multiple), we may get more than one

ranking scheme. Thus, we have the following obvious question:
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Given multiple vectors in Cy of an SR-matriz A, which one should be

chosen as a weight vector for the alternatives?

Sergei Sergeev suggested applying the max-balancing scaling [SS90, SS91,
RSS92] mentioned in Section 2.2.4 as a means of ranking alternatives. The
max-balancing vector always exists and is unique for an irreducible matrix.
Furthermore, it strictly visualises the matrix so that it is in the minimum
error requirement set of A. Thus, it can be used as a weight vector for the

alternatives. This leads us to the following question:

Is there an interpretation of the maz-balancing scaling in terms of pair-

wise comparisons in the AHP?

In Chapter 5, we suggested a novel approach for the multi-criteria AHP
based on combining the max algebra approach of Elsner and van den Driess-
che [EvdD04, EvdD10] and multi-objective optimisation. In Section 5.5, we
showed that Pareto optimal solutions play a central role in determining an
overall ranking scheme for the alternatives. These solutions in general will
not be unique (Example 5.5.2). In view of this, it is natural to ask the follo-

wing question:

Given a set of SR-matrices Ay, Ag, ..., Ay, is it possible to characterise
the Pareto set for the maz-algebraic errors ey, : int(R7}) — Ry (1 <@ <
m) and decide which vectors in it to choose as a weight vector for the

alternatives?

In Chapter 6, we were concerned with max-stochastic matrices and discussed
possible applications of these matrices in decision making problems. It would
be interesting to investigate the potential of these ideas to be applied in the
multi-criteria AHP and other ranking problems such as the Judges and Com-

petitors scenario discussed above.

In finishing, this thesis has hopefully demonstrated that while the max algebra
is now a well-developed research field with a rich body of results, there is no

shortage of challenging open questions in the area.
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