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Abstract

We derive upper bounds for the index of cyclicity of a matrix as a function of the size of
the matrix. This result can be used in the characterization of the ultimate behavior of the
sequence of consecutive powers of a matrix in the max-plus algebra, which has maximum
and addition as its basic operations. If the matrix is irreducible then it is well known that
the ultimate behavior is cyclic. For reducible matrices the behavior is more complex, but
it is also cyclic in nature. The length of the cycles corresponds to the index of cyclicity
of the given matrix.

1 Introduction

In this paper consider the sequence of consecutive powers of a matrix in the max-plus algebra,
which has maximum and addition as basic operations. For a general matrix the ultimate
behavior is cyclic. The length of the cycles corresponds to the cyclicity of the given matrix.
We derive upper bounds for the index of cyclicity of a given matrix.

Our main motivation for studying this problem lies in the max-plus-algebraic system
theory for discrete event systems. Typical examples of discrete event systems are flexible
manufacturing systems, telecommunication networks, parallel processing systems, traffic con-
trol systems and logistic systems. The class of discrete event systems essentially consists of
man-made systems that contain a finite number of resources (e.g., machines, communications
channels or processors) that are shared by several users (e.g., product types, information
packets or jobs) all of which contribute to the achievement of some common goal (e.g., the
assembly of products, the end-to-end transmission of a set of information packets, or a parallel
computation).

There are many modeling and analysis techniques for discrete event systems, such as
queuing theory, (extended) state machines, max-plus algebra, formal languages, automata,
temporal logic, generalized semi-Markov processes, Petri nets, perturbation analysis, com-
puter simulation and so on (see [1, 4, 13] and the references cited therein). In general models
that describe the behavior of a discrete event system are nonlinear in conventional algebra.
However, there is a class of discrete event systems — the max-plus-linear discrete event systems
— that can be described by a model that is “linear” in the max-plus algebra [1, 5, 6]. The
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model of a max-plus-linear discrete event system can be characterized by a triple of matrices
(A, B,C), which are called the system matrices of the model.

The index of cyclicity of the system matrix A determines the length of the cycles of the
ultimate cyclic behavior of the max-plus-linear system. We derive an upper bound for the
index of cyclicity of a matrix as a function of the size of the matrix. This corresponds to an
upper bound for the length of the cycles of the ultimate cyclic behavior of a max-plus-linear
discrete event system as a function of the minimal system order.

One of the open problems in the max-plus-algebraic system theory is the minimal realiza-
tion problem, which consists in determining the system matrices of the model of a max-plus-
linear discrete event system starting from its impulse response! such that the dimensions of
the system matrices are as small as possible. In order to tackle the general minimal realiza-
tion problem it is useful to first study a simplified version: the Boolean minimal realization
problem, in which only models with Boolean system matrices are considered. In combination
with the results of [9] the results on the index of cyclicity of this paper can be used to prove
that the Boolean minimal realization problem in the max-plus algebra is decidable and that
it can be solved in a time that is bounded from above by a function that is exponential in
the minimal system order (see [8]).

This paper is organized as follows. In Section 2 we introduce some of the notations used in
the paper. We also give a short introduction to the max-plus algebra and to graph theory, and
we discuss the connection between max-plus-algebraic matrix operations and graph theory.
We also characterize the ultimate behavior of the sequence of consecutive powers of a general
max-plus-algebraic matrix. In Section 3 we derive a new upper bound for the index of cyclicity
of a matrix. Finally we present some conclusions in Section 4.

2 Notation and definitions

If A is a matrix, then a;; or (A);; is the entry on the ith row and the jth column. If A is
an m by n matrix and if o C {1,2,...,m}, 8 C {1,2,...,n} then A,z is the submatrix of A
obtained by removing all rows that are not indexed by « and all columns that are not indexed
by B.

The set of the real numbers is denoted by R, the set of the nonnegative integers by N,
and the set of the positive integers by Nj.

If S is a set, then the number of elements of S is denoted by #S. If v is a set of positive
integers then the least common multiple of the elements of « is denoted by lem v and the
greatest common divisor of the elements of v is denoted by ged 7.

2.1 Max-plus algebra

The basic operations of the max-plus algebra are the maximum (represented by &) and the
addition (represented by ®):

r®y = max(z,y)
TRYy = r+vy

!The impulse response is the output of the system when a certain standardized input sequence is applied
to the system (see [1] for more information).



with z,y € RU {—o00}. Define ¢ = —oo and R, = RU {e}. The operations & and ® are
extended to matrices as follows. If A, B € R"*" then we have

(A@B)ij = aijGBbij

for all 4,5. If A € R"*? and B € REX™ then
P
(A® B)ij = (P ain ® by
k=1

for all ¢,j. Note that these definitions resemble the definitions of the sum and the product
of matrices in linear algebra but with & instead of + and ® instead of -. This analogy is one
of the reasons why we call & the max-plus-algebraic addition and ® the max-plus-algebraic
multiplication.

The rth max-plus-algebraic power of x € R is denoted by 2°" and corresponds to rx in
conventional algebra. If r > 0 then e = ¢, If r < 0 then " is not defined. In this paper
we have £2° = 0 by definition.

The matrix F, is the n by n max-plus-algebraic identity matrix: we have (E,);; = 0 for
all 7 and (E,,);; = ¢ for all 4, j with ¢ # j. The matrix €,y is the m by n max-plus-algebraic
zero matrix: (Emxn)ij = € for all ¢,j. If the dimensions of the max-plus-algebraic identity
matrix or zero matrix are not indicated, then they should be clear from the context. The
max-plus-algebraic matrix power of the matrix A € RI'*" is defined as follows:

4=’ = g,
A" — A0 A" k=12,

If we permute the rows or the columns of the max-plus-algebraic identity matrix, we obtain
a max-plus-algebraic permutation matrix. If P € R?*" is a max-plus-algebraic permutation
matrix, then we have P ® PT = PT @ P = E,,.

2.2 Max-plus algebra and graph theory

We assume that the reader is familiar with basic concepts of graph theory such as directed
graph, loop, circuit, elementary circuit and so on (see, e.g., [1]).

A directed graph G is called strongly connected if for any two different? vertices v;, v; of
G there exists a path from v; to vj. A maximal strongly connected subgraph (m.s.c.s.) Gsub
of a directed graph G is a strongly connected subgraph that is maximal, i.e., if we add an
extra vertex (and some extra arcs) of G to Ggup then Gy, is no longer strongly connected.

If we have a directed graph G with set of vertices V = {1,2,...,n} and if we associate a
real number w;; with each arc (j,4) of G, then we say that G is a weighted directed graph.
We call w;; the weight of the arc (j,7). Note that the first subscript of w;; corresponds to the
final (and not the initial) vertex of the arc (j,1).

With every weighted graph G with set of vertices V = {1,2,...,n} there corresponds a
matrix A € RI*" such that a;; = w; if there is an arc (j,) in G with weight w;; and a;; = ¢

2Most authors do not add the extra condition that the vertices should be different. However, this definition
which was taken from [1] makes some of the subsequent definitions, theorems and proofs easier to formulate.



if there is no arc (j,7) in G. We say that G is the precedence graph of A. The precedence
graph of a given matrix A € RI*" will be denoted by G(A).

Consider a matrix A € RI'™™ and its precedence graph G(A). The average weight of a
circuit iy — 49 — -+ — iy — i1 in G(A) is defined as the sum of the weights of the arcs that
compose the circuit divided by the length of the circuit: %(aml + Qigio + -+ Qiyi,_, F i) A
circuit of G(A) is called critical if it has maximum average weight. The critical graph G¢(A)
consists of those vertices and arcs of G(A) that belong to some critical circuit of G(A).

A matrix A € RI*" is called irreducible if its precedence graph is strongly connected.
Note that the 1 by 1 max-plus-algebraic zero matrix [¢] is the only max-plus-algebraic zero
matrix that is irreducible.

The index of cyclicity [2] or cyclicity [1] or index of imprimitivity® [3, 10] of an m.s.c.s. is
the greatest common divisor of the lengths of all the elementary circuits of the given m.s.c.s. If
an m.s.c.s. or a graph contains no circuits then its index of cyclicity is equal to 1 by definition.
The index of cyclicity ¢(G) of a graph G is the least common multiple of the indices of cyclicity
of its m.s.c.s.’s. Consider a matrix A € RI'*". The cyclicity of a matrix A € RZ*" is denoted
by ¢(A) and is equal to the cyclicity of the critical graph of the precedence graph of A. So
o(A) = c(G<(A)).

The following theorem gives a relation between the index of cyclicity of an irreducible
max-plus algebraic matrix A and the ultimate behavior of the sequence {A®k}20:0.

Theorem 2.1 If A € RI™" is irreducible, then
AN € R, Iy € N such that Vk > ko : AT = 18 g 42"
where ¢ is the cyclicity of A.
Proof: See, e.g., [1, 5, 11]. |

The following theorem is the max-plus-algebraic analogue of a well-known result from matrix
algebra that states that any square matrix can be transformed into a block upper diagonal
matrix with irreducible blocks by simultaneously reordering the rows and columns of the
matrix (see, e.g., [1, 2, 3, 10, 12] for the proof of this theorem):

Theorem 2.2 If A € RI*" then there exists a maz-plus-algebraic permutation matriz P €
R™"™ such that the matriz A = P ® A® PT is a maz-plus-algebraic block upper triangular
matriz of the form

Ay 14:112 f:lu

| € Aw ... A

A=| T 77 Z (1)
e € ... A

with Il > 1 and where the matrices fln, 12122, c, fl” are square and irreducible. The matrices
Ay, Ao, ..., Ay are uniquely determined to within simultaneous permutation of their rows
and columns, but their ordering in (1) is not necessarily unique.

3We prefer to use the word “index of cyclicity” in this paper in order to avoid confusion with the concept
“index of primitivity” [2, 20] of a nonnegative matrix A, which is defined to be the least positive integer v(A)
such that all the entries of A7) are positive.



The form in (1) is called the max-plus-algebraic Frobenius normal form of the matrix A. If A
is irreducible then there is only one block in (1) and then A is a max-plus-algebraic Frobenius
normal form of itself. Each diagonal block of A corresponds to an m.s.c.s. of the precedence
graph of A. If A = P® A® PT is the max-plus-algebraic Frobenius normal form of A € RZ*™
where P is a max-plus-algebraic permutation matrix, then we have A = PT ® AQP. Hence,

. k A
2" = (PTo Ao P)® =PTw A" o p

-k
for all k € N. Therefore, we may consider without loss of generality the sequence {A®"}7°

. k . . 2
instead of {A®"}7° . Furthermore, since the transformation from A to A corresponds to a
simultaneous reordering of the rows and columns of A (or to a reordering of the vertices of

G(A)), we have ¢(A) = ¢(A). For the ultimate behavior of the sequence {A‘X’k}zozo we have:

Theorem 2.3 Let A € RZ*™ be a matriz of the form (1) where the matrices 12111, Asy, ...,
fl” are square and irreducible. Let \; and c; be respectively the maz-plus-algebraic eigenvalue
and the cyclicity of Ay fori=1,2,...,1. Define sets a1, ao, ..., a; such that Aaiaj = flij
for all i,j with i < j. Define

Sij:{{io,il,...,is}g{1,2,...,[}’z’:i0<il<.”<i8:j and
Aii oy #E for r=0,1,...,s—1}

I‘ij:{t’ElnySij such that t € v}

U {n) iy #0,

Al] g tel“ij
{e} ifTij =0,
o — lcm{ct\tel“ij} ’Lfl—‘zj#@,
1 otherwise ,
for alli,j with i < j. We have
Vije {1,2,... . D withi>j: (A@’“) —€ forallkeN .
(621871

Moreover, there exists an integer K € N such that

vie {1,2,...,1}: (A@'“*Ci) = 22" ® (A®k) forall k> K

[e71e7) [e71e7)

and

Vi, j € {1,2,..., [} withi < j,Vp € a;,Vq € aj, 370,71, -+ - Vei;—1 € Nij such that

~ okcijtcij i ~ okcij
<A® CJ+CJ+S) _ 'Ys®cj ® <A® CJ+S> (2)
Ppq 2

for all k> K and for s =0,1,...,¢;; — 1 .



For each combination 1, j,p,q with i < j, p € a; and q € «, there exists at least one index
s €{0,1,...,¢;5 — 1} such that the smallest s for which (2) holds is equal to max A;;.
Furthermore, there exists an integer K such that

Vi,je{l,...,l} withi>j, Vp € a;,Vq € a;j, 3s € {0,...,¢;j — 1} such that
kcij+s+2cij—1>

~ keiit+s+ci; ~ _kciitstcii+1 ~
<A® VT g AT L A®

pq
ij A okcij ~okeij A okcij ij—1
)\ij@cﬂ X <A® cij+s b A® cijt+s+1 b ... b A® Cij+s+cij ) fo’r‘ all k 2 K7 (3)
rq
where \;j = max A;;.
Proof: See [7]. |

Note that the largest possible value for ¢;; in this theorem is equal to ¢(A). Furthermore, (2)
and (3) also hold if we replace ¢;; by c. Therefore, we will study ¢ in more detail in the next
section.

Remark 2.4 In this section we have treated the connection between max-plus-algebraic
matrices and graphs. For nonnegative matrices we can introduce similar definitions (see,
e.g., [3]). The precedence graph of a real matrix A € R™*™ is a graph with set of vertices
{1,2,...,n} and an arc (j, ) with weight a;; for every nonzero entry a;;. So here the absence of
the arc (j,7) corresponds to a weight a;; = 0, whereas for a max-plus-algebraic the absence of
the arc (j, ) corresponds to a weight a;; = € (Note that 0 is the zero element in conventional
algebra and that ¢ is the zero element in the max-plus algebra). In [2, 3, 20] the index
of cyclicity or index of imprimitivity is defined for an irreducible nonnegative real matrix
A € R™™ Tt corresponds to the index of cyclicity of the precedence graph of A and is also
equal to the number of eigenvalues of maximum modulus of A. Note however that in the
max-plus algebra the index of cyclicity is also defined for reducible matrices. &

3 Upper bounds for the index of cyclicity of a matrix

3.1 Tight upper bounds

In this section we consider tight upper bounds for the index of cyclicity of a matrix.
Lemma 3.1 If a graph G with n vertices is strongly connected then we have ¢(G) < n.

Proof: If G contains only one vertex and no loop then we have ¢(G) =1 <1 =n.

From now on we assume that there is at least one arc in G. Since G is strongly connected,
it contains only one m.s.c.s. Hence, ¢(G) is the greatest common divisor of the lengths of
the elementary circuits in G. Since the maximal possible length of an elementary circuit of a
graph with n vertices is n, ¢(G) is maximal if there is only one circuit in G and if this circuit
has length n. In that case we have ¢(G) = n. In the other cases, ¢(G) will be less than n. W

Example 3.2
Let n € Ny and consider the circuit graph Geire, With set of vertices {1,2,...,n} and arcs
1—+2,2—3,...,n—1—nand n — 1 where all the arcs have weight 0 (see Figure 1). We



Figure 1: The circuit graph Geirep is a graph with set of vertices {1,2,...,n} and arcs 1 — 2,
2—3,...,n—1—>nand n — 1. All the arcs have weight 0.

have ¢(Geire,n) = m. Furthermore, it is easy to verify that Geircr is the precedence graph of
the max-plus-algebraic matrix

€ € e 0
€ €
A=1|¢ 0 . (4)
e ¢ ... 0 €]

Since G¢(A) coincides with G(A), we have c¢(A) = ¢(G°(A)) = c(G(A)) = c(Geire,n) = 1. 0

Let n,s € Ny with s < n. Define

Faux(n, = 1 l1,la, ..., 1 5
()= _max el 1) )
li4+ls<n
and
F(n) = 12331 Faux(na 3) . (6)

The values of Faux(n,s) and F(n) for n,s =1,2,...,10 are listed in Table 1.

Proposition 3.3 For any n € Ny F(n) is an upper bound for the index of cyclicity of any
n by n maz-plus-algebraic matriz. Furthermore, this upper bound is tight, i.e., there exists a
matriz A € RT*™ such that ¢(A) = F(n).

Proof: Let us first prove that F(n) is an upper bound for the index of cyclicity of an
arbitrary n by n max-plus-algebraic matrix (see also [19, Theorem 2.2]). Consider a matrix
A e RI™. Let Cy, Cy, ..., Cs be the m.s.c.s.’s of G°(A) that have more than one vertex
or that contain at least one circuit. Note that the other m.s.c.s.’s have cyclicity 1. So
they do not influence the value of ¢(G°(A)). If [; is the number of vertices of Cj, then
we have ¢(C;) < [l; by Lemma 3.1. Since ¢(A) = lem(c(Ch),c(Ca),...,c(Cs)) and since
c(C)+c(Co) + - +¢c(Cs) <li+1la+---+1s <n, we have ¢(A) < Faux(n,s) < F(n).

Now we prove that there exists a matrix A € RZ*"™ such that ¢(A) = F(n). Let Iy, lo, ..., Is
be a combination for which F(n) and Faux(n, s) reach their maximum. Define m; = 0 and



Faux S
n| 1 2 3 4 5 6 7 8 9 10| F(n)
1 1 - - - - - - - - - 1
22 1 - - - - - - - = 2
31 3 2 1 - - - - - = 3
41 4 3 2 1 - - - - - = 4
51 5 6 3 2 1 - - - - - 6
6/ 6 6 6 3 2 1 — — — -— 6
Ty 712 6 6 3 2 1 — — - 12
8§ 8 1 12 6 6 3 2 1 — — 15
91 9 20 1 12 6 6 3 2 1 -— 20
1010 21 30 15 12 6 6 3 1 30

Table 1: The values of Fyux(n,s) and F(n) forn=1,2,...,10 and s = 1,2,...,n.

m; =1l +1ls+ -+ 1;—1 for all i > 1. Now consider a graph G consisting of separate (i.e.,
mutually not connected) subgraphs C1, Cs, ..., Cs, D1, Do, ..., Dy_p,, .., where C; is a circuit
graph with set of vertices {Vpm, 41, Um;+2; - - - s Um,+1; } and arcs v, 41 — Um;+2; Um;+2 — Um,+3,
ey Umytli—1 = Umytlss Umg+1; — Um,+1, and where D; is a graph with only one vertex vy, 1
and no arc. The index of cyclicity of G is then equal to lem(ly,ls,...,ls) = F(n).

If all the arcs in G have weight 0, then G is the precedence graph of the max-plus-algebraic
matrix

[ Ay € ... € €
19 A22 e e
A= : ,
E € ... A, €
E € ... € Enm., |

where A;; is an [; by [; matrix of the form (4) fori =1,2,...,s. Hence, ¢(A) = ¢(G) = F(n). R

Example 3.4 We have F'(10) = 30. For n = 30 the maximum in (6) is reached for s = 3,
l1 =2, 13 =3 and I3 = 5. Now consider the matrix

M M O M Ol M 6O O

M MmO M 6O/ M 60O M

M M O M O O 06|06 M
M O M OO M M M
M m ;MO MO 6O O O/, M

MmO 6O OO M 600 M
M M O MO M OO0 M
M O M ;O M MM M
SO mMm M M ;O M O|mM M
MmO OO 6O O M 6O|M M

This matrix is in max-plus-algebraic Frobenius normal form and its block structure is in-
dicated by the vertical and horizontal lines. The precedence graph of A is represented in
Figure 2. We have ¢(A) = ¢(G(A)) = lem(2,3,5) = 30. O



G(A)

Figure 2: The precedence graph G(A) of the matrix A of Example 3.4. All the arcs have
weight 0.

In [17, 18] an efficient method is given to compute F' without making use of Faux (see also
Appendix A). In general there does not exist a closed form expression for F.

Although F'(n) is a tight upper bound for the index of cyclicity of an n by n matrix, there
does not exist a closed-form expression for F'(n). Therefore, we closed-form upper bounds for
the index of cyclicity of a matrix as a function of the size of the matrix in the next section.

3.2 Closed-form upper bounds for the index of cyclicity

For large-sized matrices the following proposition yields a rather tight upper bound for the
index of cyclicity (see Figure 3):

Proposition 3.5 For all n > 4 we have

€ 1 1 —0.
F(n) < Gm(n) dzfexp<\/7Tgn<1+ oglogn 0975)) |

2logn

Proof: Let n € N. Let us denote the maximum order? of a permutation of n elements by
g(n). If we consider all distinct representations of n as a sum of positive integers and if for each
representation we consider the least common multiple of the integers in the representation,
then g(n) is equal to the maximum of these least common multiples (see, e.g., [16] or the
references therein). Hence, F'(n) = g(n). Furthermore, in [15] it has been shown that g(n) <
Gm(n) if n > 4. [

Remark 3.6 In fact Theorem 2 of [15] erroneously states that g(n) < Gm(n) if n > 3, but
g(n) < Gy (n) only holds if n > 3 since ¢g(3) = 3 > 2.967 ~ G, (3) (see also Figure 4).
Other (less tight) upper bounds for g(n) can be found in [14, 15]. &

Now we shall derive another upper bound for F'(n) that is more tight than the upper bound
of Proposition 3.5 if n is small.

Lemma 3.7 If A € RI™"™ then we have ¢(A) < exp <E>
e

Proof: Let G° be the critical graph of G(A). So ¢(A) = ¢(G°). Recall that if we have an
m.s.c.s. with m vertices in G° then the index of cyclicity of this m.s.c.s. is less than or equal

4The order of a permutation is the least common multiple of the lengths of the disjoint cycles that compose
the permutation.



10°
10°
10'
10° b
10—1 - \W \2 \3 .
10 10 10 10 10
n

Figure 3: The plots of n versus the logarithm of the functions F', exp (ﬁ) and Gy,.
e

to m by Lemma 3.1.
The index of cyclicity ¢ of G€ is equal to the least common multiple of the indices of cyclicity
of its m.s.c.s.’s. So if G° has r m.s.c.s.’s and if m; is the number of vertices of m.s.c.s. ¢, then
we have

c<mimg ... my . (7)

Note that 1 < r < n. Let us now compute the maximal value of the right-hand side of (7)

subject to m; > 0 fori=1,2,...,7 and my +mg + - -+ m, = n for a fixed value of r. Since
my,=mn—mi—ms—- - —my_1, this leads to the following optimization problem:
max flmi,ma, ... ,my_1)

mi,...,Mpr—120
with
flmi,ma,...,me_1)=mima ... mp_1(n—mMp —Mg — -+ —My_1) .
If we consider a point on the border of the feasible region, i.e., a point with m; = 0 for
some j, then the value of the objective function is equal to 0, which is clearly not the largest

possible value of f over the feasible region. Therefore, we now look for unconstrained maxima
of f that lie in the interior of the feasible region. A necessary condition for an unconstrained

0
maximum is that the gradient of f is equal to the zero vector, or equivalently, —f =0 for

om;
all j. We have
of _ - 1
%—mlmg Ce M1 Mgl M (=M — M — - —Mp—1) Fmima ... e (—1)

10
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0 5 10 15 20 25 30

Figure 4: The plots of n versus the logarithm of the functions F', exp (ﬁ> and Gy, for small
e

values of n. The two latter functions have been plotted as continuous functions of n. The

functions exp (ﬁ) and G, intersect for n ~ 25.391. Note that Gin(n) > g(n) does not hold

e
for n = 2 and n = 3 (cf. Proposition 3.5 and Remark 3.6).

=Mima ... Mj_1 Mgl ... Mp_1 (N — M1 — Mg — -+ —Mp_1 — M)
=mima ... Mj—1Mjq1 ... Mp—1 (N — 5 —m;) ,
with
Ss=mip+ma+--+mMmp_1 . (8)
If we consider a point for which mj = 0 for some k € {1,2,...,7 — 1} then the value of the

objective function f will be equal to 0, which is clearly not the maximal value. The only
other point for which the gradient of f is equal to the zero vector is defined by

n—s—m;=0 for all j .

Hence, m; = n — s for all j. From (8) it follows that s = (r —1)(n —s) or s =n — o Hence,
f will reach its maximal value over the feasible region in the point with m; =n — s = ? for
r

n\r"r
all j, and the value of f in this point is (—) . As a consequence, we have
r

max (Q>T < max (E)T . (9)

re{l,2,,...,n} \T re[l,n] \T

o
N

11



2 3 5

Figure 5: The precedence graph of the matrix A of Example 3.8. All the arcs have weight 0.

Now we determine the maximal value of g(r) = (ﬁ)r = exp (r log E) = exp (—Tlog f) for
r r n

€ [1,n]. We have

% = exp (—rlog %) (— log% — TZ:L)
=(5) (Free 1)
n M if r E.

d d
We have 9(r) —0ifr=". Furthermore, 9(r) > 0if r < —, and
dr e dr e n dr e

g reaches its maximum on the interval [1,n] for r = —. Since g (—) = exp (— , it follows
e e e

from (9) that ¢ < exp <E) . [ ]
e

Example 3.8 Consider the matrix

e 0 ¢ € ¢
e € 0 ¢ ¢
A=|[0 ¢ ¢ ¢ 0
e € € ¢ 0
e € ¢ 0 ¢

The precedence graph of A is represented in Figure 5. This graph has two m.s.c.s.’s: G; with
vertices 1, 2 and 3 and Ga with vertices 4 and 5. We have ¢(G1) = 3 and ¢(G2) = 2. Hence,

¢(G) = 6. Note that ¢(G) < exp (:) ~ 6.29. O

n

In Figures 4 and 3 we have plotted the functions F|, exp( ) and Gy,. Clearly, for large

e
values of n the function Gy, yields an upper bound for F' that is tighter than exp <ﬁ> On
e
the other hand for n < 25 the upper bound exp <E> is tighter than Gy, (n).
e

4 Conclusions

In this paper we have derived upper bounds for the index of cyclicity of a general matrix in
the max-plus algebra as a function of the size of the matrix. These results can be used in the
max-plus-algebraic system theory for discrete event systems: they can be used to prove that
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the Boolean minimal realization problem in the max-plus algebra can be solved in a time that
is bounded from above by a function that is exponential in the minimal system order [8].

Topics for future research include the derivation of tighter upper bounds for the index of

cyclicity of an n by n max-plus-algebraic matrix for small values of n.
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Appendix A: A recursion-based method for computing F

Let p; be the i¢th prime number. So p1 =2, po =3, p3 =35, ...

Note that computing F' using formulas (5) and (6) is computationally quite demand-
ing. Therefore, and for sake of completeness, we now repeat the recursion-based method for
computing F' that has been derived in [17, 18] and which is based on the following lemma.

Lemma A.1 Let N € N and let py, be the largest prime that is less than or equal to n for
n = 1,2,...,N. Consider the set of functions Hy, Ha, ..., Hy, that are defined by the
following recursion formula:

Hi(n) = max (Hk,l(n), max {p};Hk,l(n —p};) ‘ 1 € Np, p}; < n}) (10)

fork=23,...,qv andn = 0,1,..., N where max() = 1 by definition, and by the following
boundary condition:

Hi(n) = max {2"|i € Ny, 2" <n} (11)

forn =0,1,..., N where max() = 1 by definition. If we define the function H by H(n) =
H@)(n) forn=1,2,...,N, then we have

H(n) = max{ H Py
r=1

forn=1,2,..., N where max() = 1 by definition.

S
S €N07 i17i27'"7i87a17a27"‘7a8 E NOJ sza: g n} (12)
r=1
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Proof: Define H;(0) = Hi(1) = {1} and

Hi(n) = { prff

for k=1,2,...,qnv and n =2,3,..., N. Let us show by induction that

S
s € Ny, i1,149,...,is € {1,2,...,k}, a1,0a9,...,as € Ny, szqf gn}
r=1

Hi(n) = max Hp(n) (13)

fork=1,2,...,qv and n =1,2,..., N. Note that we have Hy(0) = H(1) = 1 for all k since
max () = 1 by definition.

Since p; = 2 and since max () = 1 by definition, it follows from (11) that (13) holds for k =1
andn=1,2,...,N.

Let K € {1,2,...,qv — 1}. Now we assume that (13) holds for k¥ = 1,2,..., K and n =
1,2,..., N, and we show that it also holds for k= K +1andn=1,2,...,N.

We have

max Hx41(n)

= max (max Hic(n), max { plyq |i € No, Pl <n},

s—1
i i
max { pK+1H D,

SEN\{O,l}, 11582y« 505—1 G{l,Q,...,K},

r=1
s
alaa2a"'7a8717i€N0> p}(—l—l_}—zpir <7’L}) (14)
r=1
= max <HK(n)a max { Py max H(n — ply) ‘ i € No, pleyr <n }> (15)

= max (HK(n), max{p’kHHK(n — Y1) ) i € No, plpq <1 })
= Hg+1(n, s) (by (10)).

In (15) we have used the fact that #;(0) = H(1) = {1} to merge the second and the third
set that appear on the right-hand of (14). So (13) holds for k = K +1and n=1,2,..., N.
As a consequence, (13) holds for k =2,3,...,gqy and n=1,2,..., N.

Since pr > n if k > ¢y, indices ¢, with i, > ¢, do not contribute to the set that appears on
the right-hand side of (12). Hence, (12) holds for n =1,2,..., N. |

)

Remark A.2 Note that we have p,, < n. However, it can be shown [17, 18] that (12) already
holds if we define the function H by H(n) = H»)(n) for n = 1,2,..., N, where p,, is the

. .. . Dr .
largest prime that divides H(n). We have lim ———==— = 1. Furthermore, there exists a
gest p (n) By e v
constant ¢ > 1 such that p,, < cy/nlogn for all n [17, 18]°. &

Proposition A.3 We have F(n) = H(n) forn=1,2,...

5Tt can be verified experimentally that if we take ¢ = 1.2 then we have p,,, < cy/n logn for all n > 3.
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Proof: We have F'(1) = H(1). Now we show that we also have F'(n) = H(n) for n > 2.
Let n € N\ {0,1} and [y, la, ..., ls be a combination for which F(n) reaches its maximum.
Note that if we have I; = 1 for some %, or [; = [; for some 7,j with ¢ # j, then there are
redundant terms in the combination [y, lo, ..., ls that can be removed without changing the
value of lem(ly,l2,...,l5). Therefore, we may assume without loss of generality that I; # 1
for all i and that I; # [; for all 4, j with 7 # j.

Let us now show that we may also assume without loss of generality that ged(l;,l;) = 1 for
all 4,7 with ¢ # j. Indeed, assume that gcd(ll, l2) = w > 1. Then there exist mtegers 11 and
l2 such that ll = wll, l2 = wl2 and ng(ll,lg) = 1. Hence lcm(ll,lg) = wl1l2 = lCIn(ll,lg)
Furthermore, LAlo++ls <li+lo+-- ~+1ls <nand lcm(ll,lg, o ls) =lem(ly,la, .0 ls).
As a consequence, we also have F(n) = lem(l, l2, conyls).

So from now on we assume that ged(l;,l;) = 1 for all ¢,j with ¢ # j. This implies that
the [;’s can be written as products of powers of mutually different prime numbers and that

F(n) =lem(ly,lo,...,ls) =lila...ls. Assume that [; = H pzj fori=1,2,...,s with k; # k;

J=u;
for all ¢, j with ¢ # j, Wlth o 6 Ny for all j, and with u; =1, w41 = v;+1fore =1,2,...,s—1.
Now we have F'(n l_Il2 = Hpkl Furthermore, since pk, —I—pk < pp ka for all 7, j, we have

i=1 =1
Z Py Zl < n. Hence, it follows from Lemma A.1 that F(n) < H(n). Furthermore,

from the deﬁmtlon of F and H it follows that F'(n) > H(n). Hence, F(n) = H(n). [
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