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Introduction

In this report, we shall study the concept of balanced use of resources in deterministic sequential
computations. The problem of balancing the use of computational resources arises in several
practical applications. However, up to now similar problems have received enough theoretical
attention only in a parallel setting — the problem of balancing the load of computational tasks
among several processors has been studied extensively. On the contrary, we are interested in
sequential computations in this report, and our research may be viewed as a theoretical attempt
to study computations with balanced use of multiple parts of a single processor.

Our approach to this problem is to study deterministic sequential models of computation and
to come up with several possible definitions of automata with balanced use of resources. The
resources considered are states and transitions. We shall call such automata equiloaded. We shall
be interested in the properties of several families of equiloaded automata, and in the properties
of families of languages accepted by these automata (equiloaded languages).

In this report, we continue the research initiated in several previous works. In [26] and [27],
the balanced use of states in deterministic finite automata has been studied. In [25], we have
studied the balanced use of transitions in deterministic finite automata.

The definitions of equiloadedness studied in this report are based on the definitions used in
these previous works, however are significantly generalized. This generalization is twofold: first,
the definitions presented in this report do not apply to deterministic finite automata only, but are
defined for an abstract model of computation (abstract deterministic automata) that allows us to
define equiloadedness for a variety of computational models at once. The second generalization
has to do with sets of computations that we are concerned with while studying equiloadedness.

The main goals of this report therefore can be summarized as follows. First of all, we aim to
present several sensible definitions of equiloadedness, suitable for diverse types of deterministic
automata. Second, some of the definitions of state-equiloaded deterministic finite automata, used
in [26] and [27], slightly differ from the definitions of transition-equiloaded deterministic finite
automata, used in [25]. Thus, one of the aims of this report is to unify both theories by show-
ing equivalence of certain definitions and by studying some aspects of equiloaded deterministic
finite automata that have not been studied yet. Finally, since deterministic finite automata are
the only model of computation, for which equiloadedness has been studied so far, we extend our
study also to some other models of computation. In this report, we shall concentrate on equi-
loaded deterministic finite automata with e-transitions (we shall observe that the possibility of
e-transitions adds some computational power to equiloaded deterministic finite automata) and
initiate the study of equiloaded deterministic one-counter automata.

The structure of the report is as follows:

o In Chapter 1, after stating some preliminary definitions, we shall define an abstract model
of computation inspired by abstract families of automata of S. Ginsburg [14] — an abstract
deterministic automaton. We shall observe that some widely studied models of computation,
e.g., deterministic finite automata, deterministic one-counter automata, or deterministic
pushdown automata, are special cases of abstract deterministic automata.

Further in this chapter, we shall present definitions of equiloadedness used in this report.
These definitions will be stated for abstract deterministic automata, and thus will apply



2 Introduction

to a large variety of deterministic models of computation. Finally, we shall examine some
properties of equiloadedness that hold for abstract deterministic automata in general.

o In Chapter 2, we shall focus on equiloaded deterministic finite automata. We shall unify the
theories from [26], [27], and [25] and prove some new results. Moreover, we shall extend
the theory to deterministic finite automata with e-transitions.

e In Chapter 3, we shall initiate the study of equiloaded deterministic one-counter automata.

o In Appendix A, we shall briefly review some of the more advanced mathematics used in this
report.

This report is in fact an extended version of a master’s thesis that is to be submitted in June
2013. However, this report also contains some of the material that has been omitted from this
thesis in order to preserve its reasonable length. Thus, the reader may find here also the proofs
and explanatory material omitted from the thesis.



Chapter 1

Definitions and Basic Abstract
Results

The main aim of this chapter is to present definitions of equiloadedness that we shall use in this
report and to examine some of their basic properties that hold independently from a particular
model of computation. We shall follow two conceptually different approaches to the definition
of balacned use of resources. First, we shall define the concept of strict S-equiloadedness, where S
specifies the set of computation paths considered. Next, we shall define a slightly more involved
concept of S-equiloadedness and a related concept of weak S-equiloadedness.

The chapter is structured as follows. In Section 1.1, we shall present some preliminary defini-
tions that we shall use in this report. Most importantly, we shall present definitions of computa-
tional models that we shall study in this report: deterministic finite automata and deterministic
one-counter automata. There is a need for including these definitions, since there are different
variants of these models commonly used in literature. However, despite these differences usu-
ally do not matter, we shall observe that in the case of equiloaded automata, minor details in
definitions of computational models may have significant consequences for their computational
power.

In Section 1.2, we shall define an abstraction of deterministic automata with a one-way in-
put tape (inspired by the concept of abstract families of automata [14]), the abstract deterministic
automata (ADA). We shall observe that both deterministic finite automata and deterministic one-
counter automata are special cases of ADA. The main reason for introducing this abstraction is
that it enables us to define equiloadedness for a variety of computational models at once. That is,
we shall present only one definition of each kind of equiloadedness that will apply to all models
of computation considered in this report.

In Section 1.3, we shall briefly introduce some basic quantities that will serve as a cornerstone
of our definitions of equiloadedness.

In Section 1.4, we shall define strictly S-equiloaded automata. We shall state the definition
independently from a particular computational model, i.e., for abstract deterministic automata.
Here, S is a parameter specifying the set of computation paths considered.

In Section 1.5, we shall define S-equiloaded automata. By slightly relaxing the conditions im-
posed in this definition, we shall obtain the related definition of weakly S-equiloaded automata.
Similarly as in the case of strict S-equiloadedness, the definition is stated independently from a
particular model of computation, and S specifies the sets of computation paths considered.

In Section 1.6, we shall examine some relations between the families of equiloaded languages
that hold in general for every model of computation that is a special case of ADA.

Finally, in Section 1.7, we shall introduce a concept of prefix-dense languages. This concept
will serve as a useful tool for proving that a given language is not strictly S-equiloaded, for any
computational model that is a special case of ADA.



4 1.1 Preliminaries

1.1 Preliminaries

In this section, we shall briefly present some basic definitions used in this report. First, let us
present our definition of deterministic finite automata. We shall be concerned with two differ-
ent variants of deterministic finite automata: deterministic finite automata without e-transitions
(DFA) and deterministic finite automata with the possibility of deterministic e-transitions (DFAe).

Definition 1.1.1 A deterministic finite automaton with e-transitions (DFAe) A is a five-tuple A =
(K,%,8,q0, F), where K is a nonempty finite set of states, X is an alphabet, 6 : K x (ZU {e}) — K
is a partial transition function that can be defined for (g, ¢), 4 in K, only if §(g, c) is not defined for
any cin X, g9 in K is the initial state, and F C K is the set of accepting states. A deterministic finite
automaton without e-transitions (DFA) is a DFAe with a transition function not defined on «.

Thus, there are two important facts that are necessary to keep in mind about our definition of
deterministic finite automata. First, we are concerned with deterministic finite automata with a
partial transition function, i.e., the transition function need not be defined for all possible inputs.
Second, we are concerned with two different variants of deterministic finite automata, depending
on if deterministic e-transitions are allowed or not. Further, let us note that every DFA is at the
same time a DFA¢. Thus, if a theorem is stated for all DFAg, it holds also for all DFA. However,
this is not true when talking about, e.g., the corresponding families of equiloaded languages.

The definitions of a configuration, a computation step and of the accepted language are stan-
dard. Moreover, we shall define a transition of a DFAe A = (K, X%, , qo, F) to be an arbitrary triple
(p,c,q) inK x (2U{e}) x K, such that 6(p, ¢) = q. We shall denote the set of all transitions of the
automaton A by D4, or D.

Further, we shall define a computation path of the automaton A to be an arbitrary sequence of
transitions corresponding to some computation of the automaton A. The formal definition is as
follows.

Definition 1.1.2 Let A = (K, X%, ,qo, F) be a DFAe. A computation path of the automaton A is a
finite sequence v = {(q1,¢1,491),---,(qn,cn,qy)} of transitions in D, such that g; = qo, and the
property g1 = qj holds for k = 1,...,n — 1. The number n is referred to as the length |7y| of the
computation path . A computation path vy is said to be accepting, if the state g, is accepting, i.e., if
gy, isin F.

We define the graphical representation of the automaton A to be a X-weighted digraph (with
the possibility of multiple edges and loops) with the set of vertices corresponding to K, and with
a c-weighted arc from a vertex p to a vertex g, if and only if (p,c,q) is in D. We shall define the
transition matrix of the automaton A to be the adjacency matrix of its graphical representation.
More formally, we shall define the transition matrix as follows.

Definition 1.1.3 Let A = (K,X, 6,90, F) be a DFAe. Let K = {qq, ..., qm—1}. The transition matrix
of the automaton A is an m X m matrix

do,o dog -+ dom—1
d1,0 dig oo dimet
Ap = i . ) ,
dn-10 dm-11 -+ dm—1,m-1

where d; ; is defined by
dij = [{c € ZU{e} | 6(qi,c) = q;}|,
foralli,jin {O, ...,m —1}. We shall omit the subscript A when A is clear from the context.
Now, let us define deterministic one-counter automata. We shall use a definition, in which

a counter is represented by a single nonnegative integer (alternatively, a counter may be repre-
sented by a pushdown store over an unary alphabet).
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Definition 1.1.4 A deterministic one-counter automaton (DOCA) A is a five-tuple A = (K, %, 5, qo, F),
where K is a nonempty finite set of states, X is an alphabet, § : K x (XU {e}) x {0,1} — K x

{—1,0,1} is a deterministic (e-transition may be defined only if there is not any other transition

defined for given p in K and t in {0, 1}) partial transition function, such that if 6(p,¢,0) = (gq,7)

for some p,q in K and c in 2 U {e}, then r is in {0, 1}, go in K is the initial state, and F C K is the

set of accepting states.

To make the definition of deterministic one-counter automata absolutely clear, we shall also
present formal definitions of a configuration, a computation step, and of the accepted language.

Definition 1.1.5 Let A = (K, %, 6, go, F) be a DOCA. A configuration of the automaton A is a triple
(g w,t)inKx X" x N,
where g is a state of the automaton A, w is an unread part of the input word, and ¢ is a counter

value of the automaton A.

Definition 1.1.6 Let A = (K, %, 6, g0, F) be a DOCA. A computation step of the automaton A is a
relation F- 4 on configurations of A defined as follows:

(p,cw, t) ba (qw,t') < Fre{-1,0,1}:6(p,c,sgn(t)) = (q,r) At =t+r,
with p,gin K, c in 2 U {e}, w in ¥, £, ' in N, and with the function sgn : R — R defined for all

xin R by
1 ifx>0
sgn(x)—{ 0 ifx=0 .
-1 ifx<0

If A is clear from the context, we shall write only I~ instead of - 4. By 7 (resp. *), we shall
denote the reflexive and transitive closure of - 4.

Definition 1.1.7 Let A = (K, L%, 4, qo, F) be a DOCA. The language accepted by the automaton A
is the set
L(A) ={w e X*|3(q,t) € FxN: (q0,w,0) 5 (q,&1t)}.

Definition 1.1.8 Let A = (K, X%, 6, qo, F) be a DOCA. The language accepted by the automaton A
by empty memory is the set

N(A)={weX"|3g€K:(q0,w,0) F} (9,¢¢)}

Finally, similarly as for deterministic finite automata, we shall define a transition and a com-
putation path of a deterministic one-counter automaton.

Definition 1.1.9 Let A = (K, %, 7,90, F) be a DOCA. A transition of the automaton A is a five-
tuple

(g,¢,t,9,r)inK x (ZU{e}) x {0,1} x K x {-1,0,1},
such that 6(g,¢,t) = (q',r). We shall denote the set of all transitions of the automaton A by Dy4
(resp. by D, if A is clear from the context).

Definition 1.1.10 Let A = (K, %, 6, qo, F) be a DOCA. A computation path of the automaton A is
a finite sequence v = {(q1,¢1,t1,91,71), -, (Gn, Cn, tn, Gy, 7n) } Of transitions of the automaton A,
such that g1 = qo, f = 0,and fork =1,...,n — 1, the properties gy, = q;( and

k
tkr1 = sgn (2 Vi)
i=1

hold. The number 7 is referred to as the length || of the computation path v. A computation path
7 is said to be accepting, if the state g}, is accepting, i.e., if g}, is in F. A computation path v is said
to be accepting by empty memory, if Y\ ; r; = 0.
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1.2 Abstract Deterministic Automata

In this section, we shall define a new abstract model of computation that is meant to serve, for the
purposes of this report, as a simple generalization of several well-known and extensively studied
deterministic computation models. We shall call these abstract automata Abstract Deterministic
Automata (ADA).

Before we present a formal definition of abstract deterministic automata, let us briefly point
out the importance of such a construction. In the next sections of this chapter, we shall define
several types of equiloaded automata. For such definitions, some degree of independence from
the computation model is a highly desired property. We would prefer to avoid separate defini-
tions for each model of computation, and to devise, for each type of equiloadedness, one general
definition applicable to a variety of interesting models of computation (e.g., deterministic finite
automata, deterministic one-counter automata, deterministic pushdown automata, some vari-
ants of deterministic Turing machines, etc.). Since we shall be only concerned with models of
computation that are special cases of ADA in this report, we shall consider definitions stated for
ADA to be independent from a particular computational model.

Several other abstractions of automata are known up to date, for instance Abstract Families
of Automata (AFA) [14], or Balloon Automata [20] [21]. However, both of these constructions are
devised in order to guarantee certain properties of families of languages accepted by such au-
tomata and hence are, for the purposes of this report, unnecessarily complicated. Our definition
of abstract deterministic automata does not guarantee these properties of accepted families of
languages, but on the other hand, the definition is considerably simpler.

We shall define abstract deterministic automata as an abstraction of deterministic one-way au-
tomata. Therefore the requirements imposed on abstract deterministic automata are as follows:

e An ADA has a one-way input tape with e-transitions allowed (that is, the input tape is read
by the automaton exactly as in the case of, e.g., deterministic pushdown automata), and
some kind of auxiliary memory storage.

e Although the auxiliary memory storage can acquire a possibly infinite number of memory
contents, the transition function of the ADA distinguishes only a finite number of outputs of
reading the auxiliary memory. The transitions of the ADA are executed based only on the
information obtained by this output. For instance, in deterministic pushdown automata,
the number of possible words on the pushdown store is infinite. However, the transition
function distinguishes only between characters on the top of the pushdown store, i.e., mem-
bers of a finite alphabet.

e An ADA is always deterministic — that is, for each state, input symbol, and output of read-
ing the auxiliary memory, at most one transition can be executed.

This leads us to the formal definition that is as follows.

Definition 1.2.1 An abstract deterministic automaton (ADA) is a nine-tuple A = (K, X, G, H,(, Z, 9,
qgo, F), where K is a nonempty finite set of states, X is an input alphabet, G is a (finite or infinite)
set of possible auxiliary memory contents, I is a finite set of outputs of reading the auxiliary
memory, { : G — H is a read function, Z in G is an initial content of the auxiliary memory,
§:Kx (ZU{e}) x H— K x GY is a partial transition function, go in K is the initial state, and
F C K is the set of accepting states. Moreover, the transition function § must be deterministic,
i.e., the property

VpeKvh e H: (3(q,pu) € Kx G :5(p,e,h) = (q,p)) =
-(3aez3(q, 1) € Kx G :6(p,ah) = (q,1)).

is required to hold.
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Let us explain the way the transition function J is defined in the above definition. The tran-
sition function of an abstract deterministic automaton takes three arguments: a state, an input
symbol (or ¢, i.e., e-transitions are allowed), and an output of reading the auxiliary memory. The
transition function outputs a new state, and some transformation of the auxiliary memory p.
Every such transformation is a function from G to G, i.e., a member of the set G®. We do not
impose any restriction on these transformations, however we shall be interested only in cases,
where these transformations are reasonable. The implication that is required to hold for the tran-
sition function J ensures that only deterministic e-transitions are allowed. Let us proceed by the
definition of a configuration.

Definition 1.2.2 Let A = (K,%,G,H,{,Z,6,q0,F) be an abstract deterministic automaton. A
configuration of the automaton A is a triple (7, w,g) in K x £* x G, where ¢ is a state, w is an
unread part of the input word, and g is a content of the auxiliary memory.

Now, let us define a computation step. This definition is more-or-less standard, given an
intuitive idea of ADA presented above. An automaton is supposed to make a computation step
from a given configuration (p, cw, g), where p is a state, ¢ is a symbol (or the empty word ¢) to
be read from the input, and g is a content of the auxiliary memory. To make a computation step
to a second configuration (g, w, ¢’), a transition function J, given the state p, the symbol ¢, and
the output {(g) after reading the content of the auxiliary memory g, has to return the state g
and an auxiliary memory transformation y, such that it transforms g into ¢’, i.e., u(g) = ¢’. The
definition of the computation step is thus as follows.

Definition 1.2.3 Let A = (K,X,G,H,{,Z,5,q0,F) be an abstract deterministic automaton. A
computation step of the automaton A is a binary relation - 4 on configurations of the automaton A
defined as follows:

(pcw,8) Fa (q,w,8") < 6(p.c,2(8)) = (g 1),

where p,garein K, cisinX U {e}, wisinX*, g, ¢’ arein G, and y : G — G is a mapping, such that
u(g) = g¢'. If Ais clear from the context, we shall write - instead of 4. By %, we shall denote
the reflexive and transitive closure of the relation I- 4.

Now, we may define the language accepted by a given abstract deterministic automaton. For
several widely studied models of computation that are special cases of ADA, as for instance for
deterministic one-counter automata or deterministic pushdown automata,! there is more then
one mode of acceptation extensively studied: for instance, we may consider the language ac-
cepted by the accepting state, the language accepted by empty memory, etc. For ADA, we shall
define two modes of acceptation: acceptation by the accepting state and acceptation by memory,
with a possibility to model the acceptation by empty memory by the latter (at least for some spe-
cial cases of ADA — for DFA for instance, acceptation by empty memory does not make much
sense).

Definition 1.2.4 Let A = (K,X,G,H,{, Z,,q0, F) be an abstract deterministic automaton. The
language accepted by the automaton A is the set

L(A) ={weXx"|3(q,8) € FxG:(q,w,Z)F} (q,¢8)}

Definition 1.2.5 Let A = (K,%,G,H,{,Z,6,q0,F) be an abstract deterministic automaton, let
M C G be a set of memory contents. The language accepted by the automaton A by memory in M
is a set

Nm(A) = {w e 2" [3(q,8) € Kx M: (qo,w,Z) 3 (q,€8)}-

1We consider the observation that these models of computation are indeed special cases of ADA, to be obvious. How-
ever, in the end of this section, we shall present some examples, in which we shall formally model some of the widely
known models of computation in terms of ADA.



8 1.2 Abstract Deterministic Automata

For some special cases of ADA, as for instance deterministic one-counter automata or deter-
ministic pushdown automata, we define a special memory content 04, representing the empty
memory. For such models of computation, we define the language accepted by empty memory,
N(A), to be the language accepted by memory in {0, }. We shall call the special cases of ADA,
for which we define the content 04, the models of computation with the ability to accept by empty
memory. The definition of a transition is similar as, e.g., in the case of DFA.

Definition 1.2.6 Let A = (K,X%,G,H,{,Z,,q0,F) be an abstract deterministic automaton. A
transition of the automaton A is a five-tuple

(g,¢,h,q, 1) € Kx (ZU{e}) x Hx K x G,

such that 8(q, ¢, h) = (q/, ). We shall denote the set of all transitions of the automaton A by D 4
(or by D, if A is clear from the context).

Finally, let us present the last definition related to abstract deterministic automata: the defi-
nition of a computation path. Similarly as in the case of DFA, a computation path is an arbitrary
finite sequence of transitions corresponding to some computation of the automaton. This intu-
itive idea is formally expressed as follows.

Definition 1.2.7 Let A = (K,X,G,H,{,Z,5,q0,F) be an abstract deterministic automaton. A
computation path of the automaton A is a finite sequence

’)/ - {(‘71/ Cl/ hl/q/]/ ,ul)/ cecy (Qn/ Cl’l/ hn/q;/ ]’ll’l)} 6 Dz
of n transitions of the automaton A, such that q; = g, and the following two properties hold:
(i) Fork =1,...,n —1, the property g1 = g holds.

(ii) There is a sequence of auxiliary memory contents,

g={81,...,gur1} €G"",
such that:

1. g1 = Z.
2. Fork =1,...,n, the property h; = {(gx) holds.
3. Fork =1,...,n, the property p(gx) = gk+1 holds.

The length |y| of the computation path vy is the number |y| = n. A computation path 7y is said to be
accepting, if q), is in F. Moreover, if A has an ability to accept by empty memory, a computation
path vy is said to be accepting by empty memory, if g,11 = 04.

From the presented definitions, it should be clear that several extensively studied models of
computation, including DFA, DFAe and DOCA, can be viewed as a special case of abstract deter-
ministic automata. In what follows, we shall present formal constructions establishing this fact.
For the sake of clarity of exposition, we shall avoid formal definitions of families of automata,
and related concepts. Moreover, we shall use an intuitive notion of isomorphism of automata. We
shall say that two automata are isomorphic, if all of their computations are isomorphic. However,
we shall not formally define this notion of isomorphism, and shall rely on intuition. The notion
of automata isomorphism is important, since automata defined in Section 1.1 are formally not
the same tuples as abstract deterministic automata. However, we can clearly see if an abstract
deterministic automaton behaves in its essence as one of the models of computation defined in
Section 1.1.
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Example 1.2.8 First, we shall show that deterministic finite automata and deterministic finite
automata with e-transitions are the special cases of abstract deterministic automata.

Let A = (K, %,4,q0, F) be a deterministic finite automaton with or without e-transitions. Let
us define the abstract deterministic automaton A’ = (K, %/, G',H', ', 7', &', q;,, F') isomorphic to
A as follows: let us put down K’ = K, ' = %, G’ = {0}, H = {o}. Next, the read function
{' : G’ — H'is defined by {'(0) = o, and Z' = o. The transition function ¢’ : K’ x (X' U {e}) x
H' — K’ x G'% is defined by

o' (p,c,0) = (9,1d) < é(p,c) =4,

where p,garein K = K, cisin XU {e} = ¥’ U{e}, and Id : G’ — G’ is an identical mapping on
G’ (i.e., Id(o) = o). Finally, let us define q{, = qo, and F’ = F.

Automata A and A’ are clearly isomorphic. Moreover, A’ has e-transitions iff A has e-transit-
ions. That is, deterministic finite automata and deterministic finite automata with e-transitions
are both special cases of abstract deterministic automata.

Example 1.2.9 Now, we shall show that deterministic one-counter automata can be viewed as a
special case of abstract deterministic automata. Let A = (K, %, J,qo, F) be a deterministic one-
counter automaton. We shall construct the isomorphic abstract deterministic automaton A’ =
(K,2,G,H,{,7',¥,q(,F) as follows: let us define K’ = K, ' =%, G’ =N, H' = {0,1}. The
read function ¢’ : G’ — H’ will be defined by

Vn € N : ' (n) = sgn(n).
Next, Z' = 0, and the transition function 8’ : K’ x (X' U {e}) x H' — K x G’ will be defined by

& (pet) = (q,u) < é(p.ct)=(q71),

where p,gareinK = K/, cisinXU{e} =¥ U{e}, tisin{0,1},risin{-1,0,1},and yiy : G’ — G’
is defined by
Vn € N : pp(n) = max{0,n +r}.

Since the definition of deterministic one-counter automata ensures that if f = 0 then r > 0, the
flfnction yr always adds r to the counter (auxiliary memory). Finally, let us define g, = qo, and
F' =F.

Moreover, we shall define 04, = 0. Thus, deterministic one-counter automata are able to
accept by empty memory.

Thus, if we define concepts or state theorems for abstract deterministic automata in the rest of
this report, we shall always keep in mind that the same concepts or theorems apply to all types
of automata that we are concerned with in this report.

Finally in this section, let us introduce a notation for some special sets of computation paths
that we shall use in this report.

Notation 1.2.10 Let A be an abstract deterministic automaton.
a) Comp(A) denotes the (possibly infinite) set of all computation paths of A.
b) Comp(A,n) denotes the (always finite) set of all computation paths of A of length n in IN.

c) Comp(A, < n) denotes the (always finite) set of all computation paths of A of length less
than or equal to 7 in IN.

d) Acc(A) denotes the (possibly infinite) set of all accepting computation paths of A.

e) Acc(A,n) denotes the (always finite) set of all accepting computation paths of A of length
nin IN.
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f) Acc(A, < n) denotes the (always finite) set of all accepting computation paths of A of length
less than or equal to # in IN.

Moreover, if A is an abstract deterministic automaton with an ability to accept by empty memory,
we shall use the following notation:

g) eAcc(A) denotes the (possibly infinite) set of all computation paths of A accepting by empty
memory.

h) eAcc(A,n) denotes the (always finite) set of all computation paths of A of length n in IN
accepting by empty memory.

i) eAcc(A, < n) denotes the (always finite) set of all computation paths of A of length less
than or equal to n in IN accepting by empty memory.

1.3 Basic Quantities

In this section, we shall briefly introduce some notation that will serve as a cornerstone of our
definitions of equiloadedness, presented in the later sections of this chapter.

Notation 1.3.1 Let A be an ADA with the set of states K, and the set of transitions D. Let 7y be a
computation path of the automaton A, g in K be a state, and e in D be a transition. By the symbol
#4(g,v], we shall denote the number of uses of the state g in the computation path <. Similarly,
by the symbol #4[e, 7], we shall denote the number of uses of the transition e in the computation
path .

Further, let Cmp be a finite set of computation paths of the automaton A. We shall use the
notation

#alg, Cmpl = ) #alg,7],  #ale,Cmpl= ) #ale7].
yeCmp yeCmp

If A is clear from the context, we shall omit the subscript A from the notation.

1.4 Strict S-Equiloadedness

In this section, we shall present a definition of strict S-equiloadedness, representing a first possible
viewpoint on the nature of balanced use of resources. Informally, an automaton is strictly state-
S-equiloaded (strictly transition-S-equiloaded), if its states (transitions) are used approximately
the same number of times in every computation path from some set specified by S. Thus, S is a
parameter that specifies the set of computation paths considered.

Similar definitions have been used in [26], [27], and [25], in order to study balanced use of
resources in DFA. However, the definition used in this report is more general. First, it is stated
for ADA instead of DFA (this is also a reason for certain formal differences between the present
definition and the definitions from the previous works). Second, the possibility to choose the
parameter S is new — the definitions from the previous works have been concerned solely with
the fixed set of all accepting computation paths.

The set S(A) of computation paths considered for a given automaton A is required to be spec-
ified for all ADA at once. Thus, S is a function defined on the family of all abstract deterministic
automata that returns some set of computation paths of its input.

The formal definition is as follows.

Definition 1.4.1 Let S be a function that for each ADA A returns some set S(A) of computation
paths of the automaton A. Let A be an ADA with the set of states K and the set of transitions D.
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a) A is said to be strictly state-S-equiloaded, if a real constant # in R exists, such that for all
computation paths 7 in S(A) and for all pairs of states p, g in K, the property

[#lp, vl = #la.7 <n
holds.

b) A is said to be strictly transition-S-equiloaded, if a real constant # in R exists, such that for all
computation paths 7 in S(A) and for all pairs of transitions e, f in D, the property

#le, vl —#[f. ]l <7
holds.

Further, let x in {DFA, DFAe, DOCA, ...} be an abbreviation of some model of computation that
is a special case of ADA. A language L is said to be a strictly state-S-equiloaded x-language, if a
strictly state-S-equiloaded ADA A of type x exists, such that L(A) = L. Similarly, a language L
is said to be a strictly transition-S-equiloaded x-language, if a strictly transition-S-equiloaded ADA
A of type x exists, such that L(A) = L.

We shall denote the family of strictly state-S-equiloaded x-languages by Zx_spg—«(S). The
family of all strictly transition-S-equiloaded x-languages will be denoted by .Z5_spg—+(S).

Similarly, a strictly state-S-equiloaded x-language accepted by empty memory, and a strictly tran-
sition-S-equiloaded x-language accepted by empty memory may be defined. We shall denote the
family of strictly state-S-equiloaded x-languages accepted by empty memory by Ax_spo-—«(S),
and the family of strictly transition-S-equiloaded x-languages accepted by empty memory by
N5—sEQ—x(S).

In this report, we shall be concerned with three particular choices of S only. The first choice
is S = C, defined for every ADA A by C(A) = Comp(A), i.e., the set of all computation paths
of the automaton A. The second choice is S = A, defined for every ADA A by A(A) = Acc(A),
i.e., the set of all accepting computation paths of the automaton A. Finally, the third choice is
S = &, defined for every ADA A by £(A) = eAcc(A), i.e., the set of all computation paths of the
automaton A accepting by empty memory.

1.5 S-Equiloadedness

In this section, we shall proceed to the definition of S-equiloadedness, representing a formalization
of a second, conceptually different idea of balanced use of resources. As in the case of strict S-
equiloadedness, the parameter S specifies a set of computation paths considered, however in a
slightly different way.

In contrast with strict S-equiloadedness, we shall not require the resources to be used ap-
proximately the same number of times in every computation path from S(A). Instead, we shall
consider the (infinite) sequence of finite sets of computation paths

(S(A MY = {S(4,0),5(4,1),8(4,2),...},

add up the numbers of uses of each resource in every of these finite sets, and require the resulting
numbers of uses to be approximately the same in limit for # — co. To make this intuitive require-
ment formal, we shall define the concept of equiloadedness quotient and equiloadedness measure.

The presented definition is a generalization of the definition that we have presented in [25]
in order to study the balanced use of transitions in DFA. It also has a relation to definitions from
[26] and [27]. This relation will become clear in Chapter 2, where we shall observe that these
definitions are equivalent for DFA and DFAe.

In addition to S-equiloadedness, we shall define also the concept of weak S-equiloadedness (by
a relaxation of the requirements imposed on S-equiloaded automata).

The formal definitions of an equiloadedness quotient and of an equiloadedness measure are
as follows.
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Definition 1.5.1 Let S be a function which for each pair (A, n), A being an ADA and n a nonneg-
ative integer, returns some finite set S(A, n) of computation paths of A. Let A be an ADA with
the set of states K, and the set of transitions D. Let us denote S,, := S(A, n). Then we define the
equiloadedness S-quotients as follows:

a) The n-th state-equiloadedness S-quotient of the automaton A is defined by:

min,cg #[p, Sn] +1
Sn)=—1° :
BalS,n) maxgek #[q, Su] +1

b) The n-th transition-equiloadedness S-quotient of the automaton A is defined by:

min,ep #le, Sy| + 1
B _ ecD 79N )
A(S,m) maxsep #[f, Sn] +1

Moreover, we define the equiloadedness S-measures as follows:

a) The (lower) state-equiloadedness S-measure of an automaton A is defined by:

Ba(S) =liminf B4 (S, n).

n—oo

b) The (lower) transition-equiloadedness S-measure of an automaton A is defined by:

B4(S) =liminf B4 (S, n).

n—oo

The equiloadedness measure of an ADA is clearly a real number from the closed interval [0, 1],
with the value 1 representing the most balanced use of resources and the value 0 representing the
least balanced use of resources. This motivates our definitions of S-equiloadedness and weak S-
equiloadedness.

Definition 1.5.2 Let S be a function which for each pair (4, n), A being an ADA and n a nonneg-
ative integer, returns some finite set S(A, n) of computation paths of A. Let A be an ADA.

a) A is said to be (weakly) state-S-equiloaded, if BA(S) =1 (Ba(S) > 0).
b) A is said to be (weakly) transition-S-equiloaded, if Bo(S) =1 (B4(S) > 0).

Further, let x in {DFA, DFAe, DOCA, ...} be an abbreviation of some model of computation that
is a special case of ADA. A language L is said to be a (weakly) state-S-equiloaded x-language, if a
(weakly) state-S-equiloaded ADA A of type x exists, such that L(A) = L. Similarly, a language
L is said to be a (weakly) transition-S-equiloaded x-language, if a (weakly) transition-S-equiloaded
ADA A of type x exists, such that L(A) = L.

We shall denote the family of all (weakly) state-S-equiloaded x-languages by the symbol
Lx—EQ—-x(S) (Lxk-wEQ-x(S))- Similarly, we shall denote the family of all (weakly) transition-
S-equiloaded x-languages by .Zs5_ro—x(S) (L5-wEg—x(S)).

Analogously, we define the families of (weakly) S-equiloaded x-languages accepted by empty
memory. The difference in the notation is in the use of the symbol .4 instead of .Z.

In this report, we shall be concerned mainly by the following six particular choices of the
parameter S:

e S(A,n)=C=(A,n)=Comp(A,n) o S(A,n)=E-(A,n) =eAcc(A,n)

e S(A,n)=A_(A,n)=Acc(A,n) e S(A,n)=C<(A,n)=Comp(A, <n)
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o S(A,n)=A<(A,n)=Acc(A <n) o S(A,n)=E<(A,n)=eAcc(A, <n)

In what follows, we shall state a lemma that provides us with an alternative formula for the
computation of equiloadedness S-measures. We shall use the lemma extensively in this report,
since it makes the manipulation with equiloadedness S-measures easier. For DFA and DFAg, the
following lemma will allow us to numerically compute equiloadedness S-measures.

Lemma 1.5.3 Let S be a function which for each pair (A, 1), A being an ADA and n a nonnegative
integer, returns some finite set S(A, n) of computation paths of A. Let A be an ADA with the set
of states K, and the set of transitions D. Let us denote S,, := S(A, n). Then

#p, Su] +1

Ba(S) = (pI;l)ngz 11&10{)& Flo,Sn 71" (1.1)
and
B4(S8) = min liminfM (1.2)

(e.f)ep? n—oo #[f,Sp] +1°

Proof. We shall prove the equation (1.1) for states, the equation (1.2) for transitions can be proved
in a similar manner. First, we shall prove that the left side of (1.1) is less than or equal to the right
side of (1.1). Let p/, ¢’ in K be states of the automaton A. For all n in IN, we have

#y/,5u] = min#lp, 5],

#q', Sul < max #(q, S

Thus, for all # in IN, the inequality

min,cg #[p, Sn] +1 _ #p',Su] + 1
maxgek #[q,S.] +1 — #[q',Su] +1

Ba(S,n) =

holds. Thus,

!
Ba(S) — limin a5, ) < imint "2+

n—00 #[q/, Sn] +1° (13)

Since (1.3) holds for all p’, 4" in K, we can clearly conclude

... H#[p Sk +1
S) < lim inf F72m T 2
PalS) < (ke o #]g,Su] 1

Now, let us prove that the left side of (1.1) is greater than or equal to the right side of (1.1). Let
us denote

= min#|p, S,|,
My i= min#{p, S|
M, = #q,Sn.
n 1= max#(q, 5]
For the purpose of contradiction, let us suppose that the inequality

S)=1 f < 1 f 2 =/ 14
pa(5) =limin M, +1 (p%IQKz e #g, 5] + 1 (14)

holds. Let us denote
Ba(S) +¢

A= 5
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From (1.4), it is possible to conclude that there is an infinite sequence {j, }$, of nonnegative
integers, such that

A
M;, +1 -

for all n in IN. Since the set of all pairs of states is finite, and since for all # in IN, a pair of states
(Pn,qn) in K2 exists, such that

#[Pnr Sn] = My, and #[Qm Sn} = M,,
there is an infinite sequence {k;, }°_, of nonnegative integers, and states p’, 4" in K, such that

m]-kn +1 B #[pl, Sjkn] +1

= <A
M]'kn +1 #[q’,S]-kn] +1
holds for all n in IN. Thus, we have
/
lim inf #lp, Sul 1 <A,
H—00 #[q/, Spl+1
and, as a consequence,
min liminf w <A,
(pa)ekz n—eo #[q,Sn] +1
which contradicts our assumption that
min liminf M =/.
(pg)ekz n—eo #[q,Sy] +1
The lemma is proved. O

1.6 Relations between the Families of Equiloaded Languages

In this section, we shall briefly examine some relations between the families of strictly S-equi-
loaded and S-equiloaded x-languages that hold for arbitrary x (being an abbreviation of some
computational model that is a special case of ADA). These generally valid relations are rather
basic. We shall prove more involved relations later in this report for particular models of compu-
tation.

Theorem 1.6.1 Let S be a function which for each pair (A, n), A being an ADA and n a nonneg-
ative integer, returns some finite set S(A, n) of computation paths of the automaton A. Let x in
{DFA, DFA¢, DPDA, ...} be an abbreviation of some model of computation that is a special case
of ADA. Then, the following inclusions hold:

1. Zk-rQ-x(S) € Lx_weo—x(S), 3. Mk—£0-x(S) € Mk-wEQ-x(S),

2. L5 po-x(S) € L5 weg-+(S), 4 N5 pQ-x(S) € As-weg-—x(S).

(In the claims 3 and 4, it is assumed that automata of the type x have an ability to accept by
empty memory.)

Proof. Let A be an ADA. If B4(S) = 1, then also B4(S) > 0. Thus, every state-S-equiloaded
ADA is also weakly state-S-equiloaded. Similarly for transitions. O

Theorem 1.6.2 Let x in {DFA, DFAg, DPDA, ...} be an abbreviation of some model of computa-
tion that is a special case of ADA. Then, the following inclusions hold:
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1. Zk—spg-x(C) € Lx_po-x(C=), 5. M-seQ-x(C) € Ax_po-x(C=),
2. L5 _spg-«(C) € ZL5_po—x(C=), 6. A5_seQ-x(C) € A5_po-x(C=),
3. Zk-seo-x(A) € Lk rg-x(A=), 7. Nk—sEQ-x(E) € Nk—po—x(E=),
4. L5 seo-x(A) € L po-x(A=), 8. As_seQ-x(E) € A5 pg-x(E=).

(It is assumed in the claims 5 — 8 that automata of the type x have an ability to accept by empty
memory.)

Proof. We shall prove the theorem only for the case of transition-equiloadedness, the case of
state-equiloadedness is analogous.
Let S= be a function in {C—, A—, -}, and S be a function defined for every abstract deter-

ministic automaton A by
[e9)

S(A) =) S=(A,n)
n=0
(i.e., if S— = C—, then S = C, and similarly for the other two choices of S-).
It clearly suffices to prove that if a given abstract deterministic automaton A with the set of
transitions D is strictly transition-S-equiloaded, then it is also transition-S—-equiloaded.
Since the number of transitions of any abstract deterministic automaton is finite, and since the
identity
Y #le,S—(A,n)] =n-|S=(A,n)|
ecD

holds, it follows from the Pigeonhole principle that
n
— > — - |S= . .
r}lea[%(#[f,S,(A,n)] D] |S=(A,n)| (1.5)

Now, if the abstract deterministic automaton A is strictly transition-S-equiloaded, the obvious
inclusion S—(A,n) C S(A) implies

min#le, S-(A,n)] =min ) #elzmax ), (#fa]-n) =

€D s (An) feD Les(An)

= |max Y #[f]| —n-|S=(An)|=
(fED vES_(An)

= max#[f,S=(A,n)] —n-|S=(A,n)|,

feb
for some real constant 7 in IR. From this inequality, we obtain

mineep #le, S=(A,n)] +1
BalS-) = M int o e o #lF, o= (A, )] 11 =
e M IS (4] S (A +1
= Tnooo maxsep #[f, S=(A,n)] +1

- S )|
=1 fl1- =1
Py ( maxgep #[f, S=(A,n)] +1 ’
if the automaton A is strictly transition-S-equiloaded, since, by the inequality (1.5),

- |S=(An)| - |S=(An)|
0 <limsu < limsu =0,
,Hoop maxsep #[f, S=(A,n)] +1 ~ nHOOP "l |S=(A,n)|+1
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ie.,
. n- |S: (A/ Tl) |
1 =0.
H,}LSOSP maxsep #[f, S=(A,n)] +1 0
Thus, we have proved that if the automaton A is strictly transition-S-equiloaded, then the in-

equality B4 (S=) > 1 holds. However, the converse inequality holds trivially. Thatis, B4(S=) =
1, and the automaton A is transition-S—-equiloaded. The theorem is proved. g

Theorem 1.6.3 Let x in {DFA, DFAe, DPDA, ...} be an abbreviation of some model of computa-
tion that is a special case of ADA. Then, the following inclusions hold:

1. Zx—seg-x(C) € Lx_spo-x(A), 3. Mk—seQ-x(C) € Ak—se—x(E).
2. L5 spg-«(C) € ZL5_spg-x(A), 4. N5_sp0—x(C) C A5_sp—x(E).

(It is assumed in the claims 3 — 4 that automata of the type x have an ability to accept by empty
memory.)

Proof. It is obvious that for all abstract deterministic automata A of the type x, the inclusions
C(A) D A(A) and C(A) D £(A) hold. Thus, if the inequality

#p, v —#la. 1 <1,

where 7 in R is a real constant holds for every two states p, q in K and every computation path
7 in C(A), then it holds also for every computation path v in A(A), and for every computation
path yin E(A).

Thus, if the automaton A is strictly state-C-equiloaded, then it is also strictly state-.4-equi-
loaded and strictly state-£-equiloaded. The same property can be analogously proved also for
the case of transition-equiloadedness. The inclusions from the statement of the theorem then
follow as a consequence. 0

1.7 Prefix-Dense Languages and Strict S-Equiloadedness

In this section, we shall introduce a notion of a prefix-dense language and connect this notion to
the theory of strict S-equiloadedness. The theory developed in this section will serve as a useful
method for proving that certain languages are not strictly S-equiloaded.

We shall achieve this proof method as follows: first, we shall prove that languages belonging
to certain families of strictly S-equiloaded languages are always prefix-dense (this will be done
independently from the model of computation, i.e., for abstract deterministic automata). How-
ever, prefix-density of the language will be defined in such a manner that this property is usually
easy to disprove for a given language.

Definition 1.7.1 Let L be an arbitrary language. The language L is said to be prefix-dense, if a non-
negative integer constant K in IN exists, such that for every word w in L, the following property
holds: let7,jinIN, 0 < i < j < |w|, j —i > K, be nonnegative integers. Then, a nonnegative
integer kinIN, i < k < j exists, such that the prefix w[1...k] of the word w is in L.

That is, the language L is said to be prefix-dense, if a constant K exists, such that for all words
w from the language L, at least one of every K 4 1 consecutive prefixes of w is in L. In the
following lemma, we shall prove an alternative description of prefix-density. This alternative
description is useful, since it can be manipulated more easily.

Lemma 1.7.2 Let L be an arbitrary language. The language L is prefix-dense, if and only if a
nonnegative integer constant K’ in IN exists, such that for all words w in L, the property

Pref, (i) NL#®@, i=0,...,|lw|/K] (1.6)
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holds, where Pref,, /(i) is a language defined by
Pref, g (i) = {w[1...k] |k=iK,...,(i+1)K' =1}
fori=0,...,||w|/K'| —1, and by
Pref,, (i) = {w1...k] |k=iK,...,|w|}
fori = ||w|/K'].

Proof. If the language L is prefix-dense in the sense of Definition 1.7.1, for some constant K,
then it clearly satisfies also the condition stated by this lemma, for the constant K’ = K + 1: the
language Pref,, i/ (| |w|/K']) contains the word w, and thus (1.6) is satisfied for i = | |w|/K’]|. The
languages Pref,, g/ (i),i = 0,..., [ |w|/K'] — 1, consist each of K’ = K + 1 consecutive prefixes of
the word w. Thus, since Def1n1tion 1.7.1 is satisfied by assumption, the property (1.6) holds also
fori=0,...,||w|/K'] —1.

Conversely, let the language L satisfy the condition imposed by this lemma, for some constant
K’. Tt can be easily observed that it also satisfies the condition imposed by Definition 1.7.1, for
K =2K" O

Before making a link to the theory of strict S-equiloadedness, we shall state one more-or-less
trivial observation:

Lemma 1.7.3 Let L be a finite language. Then it is prefix-dense.

Proof. Let [ be the length of the longest word in the language L. Then, the condition imposed in
Lemma 1.7.2 is clearly satisfied for K’ =1+ 1. O

Notation 1.7.4 We shall denote the family of all prefix-dense languages by £, fix-

The observation that is of crucial importance for the theory of strict S-equiloadedness may be
stated as follows:

Theorem 1.7.5 Let x in {DFA, DFAe, DPDA, ...} be an abbreviation of some model of computa-
tion that is a special case of abstract deterministic automata. Let S be a function in {C , A}. Then,
the following inclusions hold:

1. D%KfSEQfx(S) - gprefixr 2. D%—SEQ—X(S) < gprefix-

Proof. By Theorem 1.6.3, it suffices to prove the theorem for the case S = A. The remaining case
S = C is an immediate corollary.

Let us first prove that Zx spg x(A) C Zyefir- For the purpose of contradiction, let us
suppose that a language L in Zx_spo—x(.A) exists, such that L is not prefix-dense (i.e., not in
Lprefix)- Let A = (K,X,G,H,{,Z,38,q0, F) be a strictly state-A-equiloaded abstract deterministic
automaton, such that L(A) = L.

Since the automaton A is strictly state- A-equiloaded, a nonnegative real constant 7 in IR exists,
such that for all p, g in K and all accepting computation paths v in Acc(A), the property

[#lp, v —#la, 9 <7

holds. Moreover, by Lemma 1.7.3, if the language L is finite, it is in .%),, f;,. Thus, we may assume
that the language L is infinite. Thus, the language L is also nonempty and therefore, at least one
accepting state gr in F exists.

Since the language L is not prefix-dense, it is clear that for every s in IN, words u;,v; € X*
exist, such that u5v; isin L, |[vs| > s and that there is no nonempty prefix w of vs, such that usw is
in L.
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Let 75 be the accepting computation path of the automaton A on the word u;vs. Let ' be the
computation path of the automaton A on the word u; (determinism implies that 9/ is a prefix of
7). The property

#lar, 2] < #la.7 1+ (1.7)

has to hold for the computation path o/ and for all 4 in K. The reason for this is as follows:
clearly, this property has to hold for the empty computation path. Moreover, it has to hold for
every accepting prefix of the computation path 7/ (of course, such a prefix need not exist). Let
us denote by 7" the longest such prefix (if there is not any, let us define 7" to be the empty
computation path). We have
#lar, ") < #lg 2"+
However, we also clearly have
#qe,7'] = #lqg, "]

and
#(q,7'] > #[q,7"]

for all g4 in K. Thus, the inequality (1.7) is proved. However, since the state gr is accepting, we
also have

#lqr, 7] = #lqr, 7). (1.8)

On the other hand, it follows from the Pigeonhole principle that for at least one p in K, we have
#p, 7] = #lp, o1+ [s/[K]] - (1.9)

Thus, by (1.7), (1.8) and (1.9) we obtain

#[qe, 7] — #[p, 7]l = [s/IK|] — 7.

However, since 7 is a constant and |s/|K|| can be made arbitrarily high, this contradicts our
assumption that the abstract deterministic automaton A is strictly state-S-equiloaded.

The proof of the inclusion Z5_spg x(A) € Zpyefix is similar. The same train of thought can
be followed, with the difference that instead in the number of uses of qr, we would be interested
in the number of uses of some transition leading to qr. The details are left to the reader. 0

Example 1.7.6 The language L; = {a,b}" is clearly prefix-dense, since for every given w in L,
every prefix of w is in L as well.

However, we shall be more interested in languages that are not prefix-dense, since in that case
we can also make negative statements about their strict S-equiloadedness.

The language L, = {a"b" | n > 0} is not prefix-dense, since for each 1 in IN, a counterexample
wy, = a"b" in Ly exists, such that none of its 2n — 1 proper prefixes

wy[l...1],wy(1...2],...,wu[1...2n —1]

is in Lp. For the similar reason, also the language L3 = {a"b | n > 1} U {¢} is not prefix-dense.
Thus, by Theorem 1.7.5, it follows that the languages L, and L3 are not in any of the families
Lx—s£Q-x(C), Lk—spq—x(A), Zs5_spq—x(C), and Ls5_spo_x(A), where x is an abbreviation of
some computation model that is a special case of abstract deterministic automata.

However, if we are interested in acceptance by empty memory, prefix-density has only mi-
nor implications for strict S-equiloadedness. In Chapter 3 (more precisely, in Examples 3.1.4
and 3.1.6), we shall show that the language L, is in 4% _spo-poca(€), and that L is both in
Nk-seg-poca(C) and in Ak _spg-poca(€)-



Chapter 2

Deterministic Finite Automata

In the previous chapter, we have studied various aspects of several equiloadedness definitions for
abstract deterministic automata. This general approach resulted in several useful observations
that apply to all models of computation that can be viewed as a special case of ADA.

In this chapter, we begin the study of equiloadedness for particular models of computation
and concentrate on Deterministic Finite Automata (with or without e-transitions). A determinis-
tic finite automaton is considered to be the simplest reasonable model of computation (at least
among the models that are special cases of ADA) and is the only model of computation, for which
the balanced use of resources has been studied up to now. In [26] and [27], some families of state-
equiloaded DFA have been studied. In [25], we have initiated the study of transition-equiloaded
DFA.

The definitions of equiloadedness used in [26], [27], and [25] slightly differ from those used
in this report. However, using the terminology introduced in this report, we can say that in
[26] and [27], families of strictly state-.A-equiloaded DFA and state-A_-equiloaded DFA have
been studied! and in [25], we have studied the families of strictly transition-.4-equiloaded DFA,
transition-A_-equiloaded DFA, and weakly transition-.A_-equiloaded DFA.

In this chapter, we shall briefly restate the main results obtained in [26], [27], and [25] using
the terminology and notation of this report (proofs will be omitted). However, the main focus will
be on new results (those compose the great majority of this chapter). The definitions used in this
report are far more general than the definitions used in [26], [27], and [25] and so it is desirable
to give the known results an appropriate place in our theory. Therefore, this chapter will not
consist of two separated parts, one consisting of the known results and one consisting of the new
results. Instead of that, we shall be switching between the known and the new results. However,
if a result is already known, a citation is always included. Therefore, it shall be relatively easy to
distinguish between the known and the new results.

The new results presented later in this chapter can be roughly divided into the following
categories:

e All known results have been about DFA, i.e., deterministic finite automata without e-tran-
sitions. In this chapter, we shall study also DFAg, i.e., deterministic finite automata with
e-transitions.

e The definition of S-equiloadedness presented in this report is far more general than re-
lated definitions used in [26], [27], and [25]. It can be proved that these older definitions
are equivalent to A—-equiloadedness. However, in this chapter we shall study also other
types of S-equiloadedness. This involves also some new results on enumeration of basic
quantities for DFA and DFAg, etc.

e A similar remark applies also to strict S-equiloadedness.

lUp to now, the equivalence of the definition used in [26] and [27] and the definition of state-.A_-equiloaded DFA has
been an open problem. However, in this chapter we shall prove this equivalence.
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e In this chapter, we shall solve an open problem concerning equivalence of certain defini-
tions. This will lead to a unification of theories developed in [26] and [27], and in [25].

e We shall study weakly state-equiloaded DFA and DFAe that have not been studied up to
now.

Before we concentrate on particular families of equiloaded DFA and DFAe¢, we shall show
that several basic quantities used in the study of equiloaded finite automata may be computed
relatively easily as solutions to certain initial value problems for systems of OAEs (i.e., recur-
rences). Thus, we will be able to characterize the class of functions emerging in the numerator
and the denominator of equiloadedness S-quotients and thus to state several powerful results
about equiloadedness S-measures. Moreover, as a by-product, we will obtain a numerical algo-
rithm for computing equiloadedness S-measures for deterministic finite automata.

Afterwards, we shall first study strictly S-equiloaded DFA and DFAe (Section 2.2), and sub-
sequently S-equiloaded (Section 2.3) DFA and DFAe for diverse choices of S.

2.1 Enumeration of Basic Quantities for DFA and DFA¢

In this section, we shall present systems of OAEs (i.e., recurrences) that allow us to easily compute
exact closed forms of several basic quantities used in the study of equiloaded DFA and DFAg,
such as the number of computation paths of a given length, the number of uses of a given state
or transition in computation paths of a given length, etc. These quantities form the basis of the
theory of S-equiloaded finite automata and the methods of their exact computation, presented in
what follows, are crucial for the further developments of our theory.

To be more specific, we shall show that these basic quantities can be computed by solving
certain initial value problems for homogeneous systems of first-order linear OAEs with constant
coefficients. Initial value problems of this kind can be solved relatively easily. For a general
introduction to the topic, see, e.g., [10]. The method of solving systems of this kind is briefly
reviewed in the end of this section. A brief treatment of the underlying theory, including the
derivation of this method, can be found also in the appendix of this report.

The main idea behind the construction of systems presented in this subsection can be sum-
marized as follows. For instance, one of the quantities we are interested in is the number of
computation paths of length n. Let us slightly generalize this quantity, and let us consider the
number of computation paths of length n beginning in a specified state g instead of qo. More
formally, let us denote by A; the automaton identical to A except that its initial state is 4. Then,
this generalized quantity can be described as the number of computation paths of length n in
the automaton A;. Every such computation path is unambigously described by some transition
leading from g and some computation path of length n — 1 beginning in the resulting state of
that transition. Thus, it is clear that the number of such computation paths can be computed as
a sum through all transitions (g, ¢,¢’) in D of the numbers of computation paths of length n — 1
in the automaton A, . These generalized quantities for all states of the automaton thus form a
homogeneous system of first-order linear OAEs with constant coefficients. The systems for other
basic quantities can be derived in a similar manner.

As we shall observe, the matrices of the systems presented are always nonnegative, and thus
can be transformed into the normal form of a reducible matrix (see, e.g., [31]). Later in this
chapter, we shall make use of this fact and apply the Perron-Frobenius theory (see, e.g., [31]) to
study the asymptotic properties of the basic quantities studied in this section.

Now we shall derive the systems for our basic quantities. While doing so, we shall use the
following notation:

Notation 2.1.1 Let A = (K, X, 6, qo, F) be a DFAe. Let g in K be a state. By A, we shall denote the
deterministic finite automaton
Ay = (K,%,6,9,F),

i.e., the automaton A with the initial state replaced by g. Obviously, A;, = A.
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Notation 2.1.2 Let A = (K, %, J, 4o, F) be a DFAe with K = {q0,41,-..,4m-1}- Let (q]-, ¢,qx) in D
be a transition, and g; in K be a state. We shall use the following notation:

Fi(n) = |Comp(Ay,n)|, i=01,...,m—1,

fi(n) = |Acc(Ay;, n)l, i=0,1,.... m—1,
Gij(n) = |Comp(Ag, < n)|, i=01,..., m—1,
gi(n) = |Acc(Ay;, < n)|, i=01,..., m—1,
Ti(qj'c'%)(n) = #[(q],c k), Comp(Ag,, n)], i=0,1,...,m—1,
BT (n) = #{(gj, ¢, q1), Ace(Ag, )], i=0,1,...,m-1,
u e (1) = #(q;,¢,qc), Comp(Ag, <n)],  i=01,...,m—1,
) (n) = #](g5,¢,q1), Acc(Ag, < 1)), i=0,1,...,m—1,
ST'(n) = #[q;, Comp(Ag,, n)], i=01,...,m—1,
sl'(n) = #[q1, Acc(Ag,, 1)), i=01,...,m—1,

Vi (n) = #]q;, Comp(A,, < n)], i=01,...,m—1,

ol (n) = #[gq;, Acc(Ag,, < n)], i=01,...,m—1

That is, to compute the number of all (all accepting) computation paths of length , it suffices
to compute Fy(n) (fo(n)), and similarly for the rest of the quantities.

Now, we are finally prepared to state theorems about the systems for computing our basic
quantities. We shall be interested in the eigenvalues of system matrices, since they are of key
importance in the method of solving OAEs of this type (see the end of this section, the appendix
of this report, or the textbook [10]).

Theorem 2.1.3 Let A =

(K,%,9,q0, F) be a DFAe with K = {90, 41, - - .,4m—-1}. The functions

Fo,Fi,...,Fyq

are the unique solution to the initial value problem for the system of OAEs
F,=A-F,_1, n=1,

with F;, denoting a column vector

F, = (F(n),F(n),...,

and with the initial conditions given by

Fm—l (n))T

Thus, the eigenvalues corresponding to this system are precisely the eigenvalues of the transition
matrix A.

Proof. Let us first examine the trivial case n = 0. Clearly, for each k, there is exactly one
computation path of length 0 beginning in g — in particular, the empty computation path. Thus,
the initial conditions are indeed as in the statement of the theorem.

Now, let n > 1. Let k be fixed. We shall try to express Fi(n) in terms of F;(n — 1), with i in
{0,...,m —1}. Clearly, every computation path 7 beginning in g, must first go through some



22 2.1 Enumeration of Basic Quantities for DFA and DFAe

transition e beginning in gx. This leads to some state g;. Then, <y follows a computation path 7/ of
length 1 — 1, beginning in g;. Moreover, v is clearly unambiguously determined by e and 7.
Thus, Fi(n) can be expressed as a sum of Fj(n — 1) for all i, such that there is a transition
beginning in gqi, and ending in g; (and each term in the sum is weighted by the number of such
transitions). Formally,
= Y F(n-1) 1)

(qxc.q:)€D

(where gy is fixed and the sum goes through all c and 7). Now, if we write down the equation (2.1)
for each kin {0,...,m — 1}, we obtain the system (with the sums going through all ¢ and i)

Fo(n)= ), Fm-1),

(70,c4:)€ED

Fi(n)= Y. F(m-1),

(‘11@%‘) eb

Fm_l(i’l) = Z Fi(n - 1)

(Gm-1,c4;)€ED
If we write this in the matrix-vector form, we obtain exactly the system
F,.=A-F,_q, n>1
Thus, the theorem is proved. O

A similar theorem may be stated also for the computation of functions enumerating the num-
ber of all accepting computation paths of a given length.

Theorem 2.1.4 Let A = (K, %, 4, g0, F) be a DFAe with K = {qo,41,--.,qm—1}- The functions
fO/flz- . -/fm—l
are the unique solution to the initial value problem for the system of OAEs
f,=A f, 4, n>1,
with f, denoting a column vector
(£a = fo(n), fi(n), ..., fua(n))"
and with the initial conditions given by
fo = (Co,C1,...,Cm),
where
0 otherwise

Ciz{l ifg; € F i=0,1,...,m—1.

The eigenvalues corresponding to this system are, again, precisely the eigenvalues of the transi-
tion matrix A.

Proof. For each k, if g is accepting, then there is exactly one accepting computation path of
length 0 beginning in g; — the empty computation path. Otherwise, there is not any. Thus, the
initial conditions are indeed as in the statement of the theorem. The rest may be proved in exactly
the same way as in Theorem 2.1.3. g

The following two systems may be used to enumerate the number of all (all accepting) com-
putation paths of a length at most n.
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Theorem 2.1.5 Let A = (K, %, 6, 90, F) be a DFAe with K = {qo, 41, - .,qm—1}- The functions
GO,Gl,...,Gm_l,FO,F],...,Fm_]

are the unique solution to the initial value problem for the system of OAEs

I, A
Gn:<(7;1 A).Gflll nzlr

where I, denotes the m x m identity matrix, 0 denotes the m x m zero matrix, G, denotes a
column vector with 2m entries

Gy = (Go(n),G1(n),..., Gy—1(n), Fo(n), Fi(n), ..., Ey_1(n))",
and where the initial conditions are given by

Go=(1,1,...,1,1,1,...,1)T.

2m

Since the system matrix is an upper triangular block matrix, from its form it is obvious that if A
has eigenvalues Ay, ..., Ay with multiplicities a1, ..., ax, then the block matrix of the system has
exactly these eigenvalues plus m times the eigenvalue one.

Proof. The number of all computation paths of length at most n can be clearly expressed as a
number of all computation paths of length exactly n plus the number of all compuation paths of
length at most n — 1. That is, we have

Gm—1 (7’1) = Gmfl(n - 1) + Fu1 (”)

with initial conditions
Gi(0) =1, i=01,...,m—1.

This can be viewed either as a nonhomogeneous system with m unknown functions, or after
expressing the functions Fy, . .., F;_1 from the system presented in Theorem 2.1.3, as a homoge-
neous system with 2m unknown functions

Go,G1,-++,Gm-1,Fo, F1, -, Fn1.

In the latter case, the system can be written in a (block) matrix form as
I, A
Gn:( 31 A)'Gn—l/ 7’121/

with the initial conditions given by

Go=(11,...,1,1,1,...,1)T.

2m

Thus, the theorem is proved. O
Theorem 2.1.6 Let A = (K, %, 6, g0, F) be a DFAe with K = {qo,41, - .,qm—1}- The functions

gOrgll'--/gm—llfOrf]/-"/fm—l
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are the unique solution to the initial value problem for the system of OAEs

I A
gn:(gl A)‘gn—l, ”21,

where I, denotes the m X m identity matrix, 0 denotes the m X m zero matrix, g, denotes a
column vector with 2m entries

8n = (g()(n)/gl (T‘l),. <o r8&m—1 (n)/fO(n)/fl (T‘l),. . '/fm—l(n))T'

The initial conditions are given by
80 = (COI Clr .. ~/Cm71/ DO/ Dlr .. 'IDmfl)T/

where
o~ _J 1 ifgieF .
CI—DI—{ 0 otherwise i=01,... m—1
Since the system matrix is an upper triangular block matrix, from its form it is obvious that if A
has eigenvalues Ay, ..., Ay with multiplicities &1, .. ., ax, then the block matrix of the system has

exactly these eigenvalues plus m times the eigenvalue one.
Proof. The proof is analogous as in the case of Theorem 2.1.5. g

In what follows, we shall present the systems for the computation of the number of uses of a
given transition in certain computation paths.

Theorem 2.1.7 Let A = (K, %, 6, o, F) be a DFAe with K = {q0,91,.-.,9m-1}- Let (q]', ¢,gx) in D
be a transition. The functions

Téqucqu)’ Tl(qucrlik) T(ﬂj/ffqu)’ FoEy, ...yt

reeerdgy g

are the unique solution to the initial value problem for the system of OAEs

A %
Tn:<0 A>'TTZ1/ 7’121/

where 0 is the m X m zero matrix,  is the placeholder for an arbitrary m x m matrix,2 T,, denotes
a column vector with 2m entries

T
T, = (Téq” A (), T 'q“(n),...,T,fjf_'l'qk)(n),FO(n),Fl(n),...,Fm1(n)> ,

and the initial conditions are given by

Ty = (0,_0,...,0,1,1,...,1)?

m m

It is clear that the block matrix of the presented system has exactly the same eigenvalues as the
matrix A, although with doubled multiplicities.
Proof. Ifn = 0, Ti(qj'c'qk)(O) is clearly 0 for i = 0,...,m — 1, since no transition is used in
computation paths of length 0.

Let n > 1. Every computation path -y of length n beginning in some state q; can be decom-
posed into a transition, and a computation path 9/ of length 1 — 1 beginning in a state determined

by that transition. If i # j, then the transition (g, ¢, ) is not among the transitions leading from

2 Although we could be able to exactly characterize this block, it is irrelevant for the purposes of this report.
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qi, and the number of uses of the transition (g;, ¢, 4x) can be therefore computed as a sum of the
numbers of uses of that transition in all possible computation paths 7. If i = j, then the total
number of uses of the transition (g;, ¢, gx) consists of this sum plus the number of computation
paths -y beginning with the transition (g, ¢, i)

This leads us to the system (with the sums going through all c and i)

Téq]'lchk) (7’1) _ Z Ti(quclqk) (Tl _ 1)

(q0,c9i)€D

Tl(quC/Qk) (7’[) _ Z Ti(qj,Cﬂk) (7’[ _ 1)
(%/Cﬂz‘)ED

T(quc'qk) (1’[) o Z T(‘H/erk) (7’1 _ 1)

j—1 - i

(9j-1,c.91)€D

ij(ﬂjr&‘]k) (Tl) _ Fk(]’l _ 1) + Z Ti(querk)(n _ 1)

(qj.ci)€D
j/C i/Colk)

T]‘(qu]lc qk) (7’1) _ Z Ti(q] Sk (Tl _ 1)
(‘1j+1rC/lii)€D

T,,(nq] 1/qk) (7’1) _ E Ti(qj,C/qk) (1’1 N l)

(Gm-1,c4;)€ED

with initial conditions
Ty =0  vie{01,...,m—1}.

This can be viewed either as a nonhomogeneous system with m unknown functions, or as a
homogeneous system with 2m unknown functions

TéfljrCﬂk>, Tl(quCer)/ L T(q,/i Qk)’ Fo,Fi.. ) Eyo1,

m

incorporating the system from Theorem 2.1.3. In the latter case, the system can be written in a
(block) matrix form as in the statement of the theorem. Thus, the theorem is proved. O

Theorem 2.1.8 Let A = (K, %, 6, qo, F) be a DFAe with K = {q0,91,.-.,9m-1}- Let (q]-, ¢,gx) in D
be a transition. The functions

(qj.cq1) ,(j,09%) (q ch
) S fofu e fne

e

are the unique solution to the initial value problem for the system of OAEs

A *
tn—<0 A)'tn—lz 7121,

where 0 is the m x m zero matrix, * is the placeholder for an arbitrary m X m matrix, t, denotes a
column vector with 2m entries

T
( jCr ) (q;.c.x) ( =
b= (107 017 ) 5 0, Sl o) fa )
and the initial conditions are given by

to = (0,0,...,0,Co,C1,...,Cpn_1)T,
N——

m
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where

[ 1 ifg;eF o
Cl_{o otherwise i=0,1,... m—1.

It is clear that the block matrix of the presented system has exactly the same eigenvalues as the
matrix A, although with doubled multiplicities.

Proof. The proof is analogous to the proof of Theorem 2.1.7. O

Theorem 2.1.9 Let A = (K, %, 6, qo, F) be a DFAe with K = {q0,91,.-.,9m—1}- Let (qj, ¢,gx) in D
be a transition. The functions

u(()quclqk), u(quCer) u(qj,c,qk)

(qj.c.9r)
1 s W T,

(q9j.c.9r) (qj.c.91)
T, T Ry,

ST )

are the unique solution to the initial value problem for the system of OAEs

Ly

U'rl = 0 : Un—]r nz 1/
0

o B b
> % x

where I, is the m x m identity matrix, 0 is the m x m zero matrix, * is the placeholder for an
arbitrary m x m matrix, and where U,, denotes a column vector with 3m entries

Un — (u(g%’/(?,qk) (Tl), ul(ﬂlj,c,ka) (7’1), o, ur(:lcquk) (Tl), T(gqj;fqu) (n)’ Tl(qj,C,qk) (7’1), ., quif[lj/qk) (1’1),

T
Fo(n),Fl(Tl), oo ,Pm,1 (I’l)) .
The initial conditions are given by

U = (0,0,...,0,0,0,...,0,1,1,...,1)T.
N e N e N —

m m m

Clearly, if the transition matrix A has eigenvalues A4, . . ., A, with respective multiplicities a1, . . ., ay,
then the eigenvalues of the system matrix are?

200 X A, oo, 20 X A +m x 1.

Proof. We consider the statement to be clear. O

Theorem 2.1.10 Let A = (K, %, 6, qo, F) be a DFAe with K = {q0,91,---,q9m-1}- Let (g,¢,qx) in D
be a transition. The functions

(aj.cq1)  (aj,cqx) (qjcar) (@j.c) (2jcq%) (qj.2.9x)
uO /ul /-"/um_l /tO /tl /-"/tm 1 /fO/fl/'- /fmfl

are the unique solution to the initial value problem for the system of OAEs

L, A =«
u, = 0 A =« | n>1,
0 0 A

3In our symbolic notation (that is also used later in Table 2.1), « x A means that the eigenvalue A has the algebraic
multiplicity «. The operator 4 can be viewed as a union on a multiset representing the spectrum, i.e., if S is a spectrum,
S+ a x Ais S with the multiplicity of the eigenvalue A increased by « (the original multiplicity of A in S could have been
Zero or nonzero).
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where I, is the m X m identity matrix, 0 is the m x m zero matrix, * is the placeholder for an
arbitrary m X m matrix, and where u, denotes a column vector with 3m entries

u, = (uéq]',C,qk) (Tl), ugquchk) (Tl), o, MEZJ_/Cquk) (Tl), t(()q]',quk) (1’1), tgq]‘/cqu) (I’l), ., tij]_/cquk) (n>,

T
fo(”),fl(n),--',fml(n)> :
The initial conditions are given by

ug = (0,0,...,0,0,0,...,0,D9,D1,...,Dp_q)T,
N N —

m m

where

_J 1 ifg;eF o )
Dl{o otherwise i=01,...,m—1.

Since the matrix of the system is the same as in the previous case, the eigenvalues are the same
as well. That is, if the transition matrix A has eigenvalues Ay, . .., Ay with respective multiplicities
«1,...,ar, then the eigenvalues of the system matrix are

200 X A, .o, 20 X A +m x 1.
Proof. The statement is clear. O

The matrices and corresponding eigenvalues for the above studied systems are summarized
in Table 2.1. For the rest of the basic quantities, we shall not explicitly construct systems of OAEs
(although it is certainly possible), but we shall express these quantities in terms of quantities, for
which we already have systems constructed.

Next, we shall present a theorem on the enumeration of the number of uses of a given state in
all (or all accepting) computation paths of length n (< 7). The functions for these quantities shall
be expressed in terms of functions counting the number of uses of a given transition.

Theorem 2.1.11 Let A = (K, %, 6, qo, F) be a DFAe with K = {q0,41,...,qm—1}. Let q; in K be a
state. Then the following equations hold for g; # go:

Sgl (n) — Z Téqk'c'ql) (7’1)/
(gx.c1)€D

Sgl (n) _ Z téqk,crqz) (n)’
(qk,c1)€D

Vil (n) = y uéqk/cfm) (n),

(qr.c,q1)€D
vgl (n) _ 2 uéﬂkr%l) (n)
(qr.c.q1)€D

The following equations hold for g; = go:

P =Rm+ ¥ T (),
(9k,C,h0)€D

) =folm)+ L (),
(qr,c.q0)€D

VO =Gom)+ Y ul) (),
(qk,C,90) €D
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Quantity Function Matrix Eigenvalues
|Comp(A,n)| Fo(i’l) A o1 X /\1,...,lkk X )Lk
‘ACC(A,I’[” fo(?’l) A oq X/\l,...,lkk X )Lk
|Comp(A, < n)| Go(n) < 131 2 ) Q) XAy, .o, 0 X A +m x 1
|Acc(A, < n)| <o(n) < 131 2 ) Ay X Ap, e, 8 X A +mx 1
, (qj.9x) A x
#[(qj,¢,qx), Comp(A,n)] | T, (n) 0 A 200 X Aq, ..., 200 X Ag
(qj.¢4%) A
#[(qj, ¢, qx), Acc(A, n)] t (n) 0 A 201 X Aq, ..., 20 X Ag
(@601) I, A =«
#[(qj, ¢, qx), Comp(A, < n)] lloq" W (n) 0 A =« 2000 X Aq, e, 20 X Ap+mx 1
0 0 A
(@001) I, A =«
#[(qj, ¢, qx), Acc(A, < n)] uoq]' W (n) 0 A x 2000 X Aq, oo, 20 X Ap+m x 1
0 0 A

Table 2.1: Summary of matrices and corresponding eigenvalues for systems of OAEs presented in this
section. Sets of eigenvalues and multiplicities for the specified matrices are listed in terms of eigenvalues of
the transition matrix A, denoted Ay, ..., Ay, and their multiplicities, aq, ..., ax. By m, we denote the number
of states of the automaton A4, i.e., the transition matrix A is of the type m x m.

') =gm+ X u ),
(qx,c.90)€ED

(the sums go through all g, in K and ¢ in Z U {e}).
Proof. We consider the theorem to be obvious. O

Of course, an analogous theorem holds also for S?’ ,s?l , Viq’ , and U?l ,fori =1,...,m—1.
However, we are not interested in these functions.

It is a direct corollary of the presented theorem and of the method for solving initial value
problems of our kind that solutions for functions counting the number of uses of a given state
have the same form (the solutions differ only in constant coefficients) as the solutions for func-
tions counting the number of uses of a given transition. Thus, it essentially does not matter if we
are enumerating the number of uses of a given state or a given transition — the solution has al-
ways the same form, and the only difference is in the values of the constant coefficients occurring
in this solution.

Now;, let us briefly outline the method of solving initial value problems for homogeneous
systems of first-order linear OAEs with constant coefficients (more details can be found, e.g., in
[10], or in the appendix of this report). A system of this kind can be always written in a matrix-

vector form
Xp =M x,_1, n>1, (2.2)

where M is an m x m matrix, and for every n in N, x,, is a column vector with m entries

Xpn = (Xo(i’l),. . '/xm—l(n))T'
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In an initial value problem, the vector x is given explicitly as a vector of initial conditions
T
Xp = (Co, cee ,Cmfl) .

In this report, we are not interested in solving initial value problems precisely as described
above, since instead of the closed form for x;,, we are interested in the closed form of xo(n) only.
This allows us to avoid the computation of eigenvectors, or possibly generalized eigenvectors
(without loosing anything). The method of finding the closed form of xy(1n) can be summarized
as follows:

1. Write down the system in the matrix-vector form (2.2).

2. Compute eigenvalues of the matrix M. Let us denote distinct nonzero eigenvalues of the
matrix M by Ay, ..., Ak, and their algebraic multiplicities by a4, ...,a;. Let us denote by «
the multiplicity of a zero eigenvalue.

3. The solution for xy(7n) has a form

k aj—1 ) a—1
xo(n) =Y, Y cij- WAl +Y cuj-[n=]] (2.3)
i=1 j=0 i=0

for some constants Cij i = 1,...,k,j=0,...,a; — 1 and Cn=j,j =0,...,a —1to be deter-
mined.

4. Determine the unknown constants in (2.3) by solving the system of linear equations ob-
tained from the initial conditions.

Thus, we may conclude that we have successfully developed a method for enumeration of all
basic quantities listed in the beginning of this subsection. Moreover, by Lemma 1.5.3, the compu-
tation of equiloadedness S-measures is (at least for several most important choices of S) reduced
to the computation of a lower limit of a certain very special form. That is, the methods presented
in this subsection may be turned into a numerical algorithm for computing equiloadedness S-
measures.*

Example 2.1.12 Now, we shall demonstrate the established method on an example. Let us con-
sider a deterministic finite automaton A = (K,%,4,q0, F) with K = {q0,91,92}, £ = {a,b},
F = {42}, and with the transition function J defined by

6(q0,a) = q1,
5(‘70/ b) = 4q2,
5(6]1/”) = qo,
6(q2,a) = g,
6(q2,b) = g2.
It is clear that the transition matrix A of the deterministic finite automaton A is
01 1
A=1|1 0 0 |,
0 0 2

and that the automaton A accepts the language L = {aa}"{b}{a,b}".

We shall compute some of the basic quantities (namely the functions counting the number of
computation paths, the number of uses of the transition (41,4, g9), and the number of uses of the
state gp) for this automaton.

4Probably the least trivial step is the computation of eigenvalues. However, eigenvalues can be numerically computed
by using, e.g., the QR algorithm (for details, see, e.g., [15]).
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b

Figure 2.1: The automaton A accepting the language L = {aa}*{b}{a,b}". The basic quantities are being
computed for this automaton.

Let us first compute the eigenvalues of the transition matrix A. By computing the character-
istic polynomial of this matrix, we obtain

-A 1 1
ch(A)=] 1 —-A 0 =2-A)A-1)(A+1).
0 0 2-A
Thus, the eigenvalues of A are
A =2,
Ay =1,
A3 = _1/

and (since all of these eigenvalues are simple) the corresponding algebraic multiplicities are

=1,
a =1,
0(3:1.

Since there is no zero eigenvalue, the multiplicity « of the zero eigenvalue is « = 0, thus we are
allowed to omit the second sum in the general solution.

The general solutions for the basic quantities follow directly from the results established ear-
lier in this section. It is therefore clear, that the general solutions for these quantities can be
expressed in the form

Fo(n) = {2+ c5 - 1"+ ey - (1),
foln) =%y 2"+ 17+ - (-1,
Go(n) = ¢ 2"+ ¢y 1" 4 g -1 ey - n? 1t S - n® - 1 ) (— 1)1,
go(n) = Cg,l),O 2" 4 Cg,il),o 1"+ Cg,l2),0 n- 1"+ Cg;),o n? 1" 4 céi),o 31" Cg,ll),o S(=1)",

51/0 2"+ sz),o n- 2"+ Cgl),o 1+ ng),o -1+ C§,51),o (=1)"+ C§52)0 n-(=1)",
t(gqlral%)(@ = Cg 102"+ C§,62),0 n-2"+ 05,61),0 1+ C£,62),0 n-1"+ C:g,61),0 (=1)" + Céz

O -2t ey n 2t e 1 e 1?1 )

+ Cés),o VAR LS Cg?,o (=) + cé,72),0 n-(=1)",
) 1) = 2 2 ey Ve et 1

7L/

8 8 8
+ C§/5)’0 a1t Cé,l),O (=D + C;,z),o -n-(=1)",

9 9 9 9 9 9
S (n) = Cg,l),O 20+ Cg,z),o n-2" 4 Cé,l),o 1" 4 Cé,,g,o n- 1"+ Cé,l),o (=D + Cé,z),o -n-(=1)",
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10 10 10
§°(m) = clirp 2"+ el 2" ety 1" ey me 1T iy (<1 eipg - n- (<1,
VI (n) = ellfh 2" ey m-2" il 1 e n 1"+ chgp - n? 1" g - n® 1T

11
eyt 1 L (1) ey (1),
vgo(n) = 0512) 2" +c§22) n-2" +c£ 2) qn +c§2% n-1" —|—c§§%~n2 -1 —|—cg42,2) -l 1"
+ 65,5}) 1t 05,1,% (=D + c;z}) -n-(=1)",
for some constants Cl(];)o in C. In what follows, we shall determine these constants and thus com-

plete the process of finding closed form solutions for the enumerated quantities.
First of all, let us find a closed form solution for the function Fy(n). The value of Fy(n) is the
first component of the vector F,,. From the initial conditions, we have

Fo = (1,1,1)T.
Thus, Fy(0) = 1. However, to determine the constants cgll) o céll) or and céll) o we need the values

of Fy(n) for n = 0,1,2. We shall compute the values of Fy(1) and Fy(2) from F; and F,, which we
shall compute by a direct left-multiplication of the vector Fy by the matrix A. We shall obtain

Fi=A-Fo=(212),
F, = A2 Fy = (3,2,4).

Thus, Fy(1) = 2 and Fy(2) = 3. The constants 05,11),0, cgf,o, and Cgl),o therefore satisfy the system of
linear equations

1) (1) 1 _
€110 T €10 T C310 = 1/
1) (1) 1 _
2-c110+C00C310= 2
1) (1) 1 _
40119t C00 13103
i.e., in the matrix-vector form,
1
1 1 1 C%il;o 1
21 -1 10 = 2
4 1 1 C(l) 3
3,1,0
By solving this system, we obtain
(1 _ 2 n _1 m _ 1
“0=3 921073  B10T Tg

The closed form solution for the function Fy(n) therefore is

2 1 1
PO(”) = §2n+§78(71)n

Similarly, we shall determine these constants also for the rest of enumerated functions. For
fo(n), we have
fo = (0,0,1)7,

from which we get
fi=A fo=(1,02)7T,
f, =A%-fy=(2,1,4).
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The constants ngl) or cfl) o and ngl) o therefore satisfy the system of linear equations

(2)
1 1 1 €110 0
21 -1 |- cgﬁ)o - 1].
4 1 1 2y 2

€3,1,0
By solving this system, we obtain
@2 o1 1
€110 = 37 21,0 5’ 3,1,0 6

The closed form solution for the function fy(n) therefore is

2 1 1

foln) = 32" =5 — = (=1)"

Now, we shall compute Gy(n). From the initial conditions, we have

Go=(1,1,1,1,1,1),

from which we get

ot
3

-Go = (3,2,3,2,1,2)7,

Q
I
o

—
3
N

-Gy = (6,4,7,3,2,4)7,

2
N
I
o

-Go = (12,7,15,6,3,8)T,

Y
3
Iy

N N— 7 N~
@

- Go = (23,13,31,11,6,16)",

Q
Ny
I
o

-
3

-Go = (45,24,63,22,11,32)7.

8
I

Q
[68]
I
7 N N 7N N T N
(=
]
B BB BB BB BB
N———
() ]

(=}

Thus, the constants ® B3B3 and o) satisfy the following system of linear

) 1,1,07 €2,1,0 22,01 €2,3,07 €2,4,07 3,1,0
equations:
HE)
1100 0 1 5" 1
2 11 1 1 -1 C:Z.él),o 3
4 12 4 8 1 g | _| 6
8 13 9 27 -1 NE) 12
23,0
16 1 4 16 64 1 6 23
32 1 5 25 125 -1 C%é4),0 45
31,0
By solving this system, we obtain
N I S ) B N ) B
‘110 = 3/ 2,1,0 ’ 220 = 5
O (6) _ @ __1
¢330 =0, 40 =0, €310~ "1y

Thus, the closed form solution for the function Gy (n) is

4 1 1
Q=32 gty
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Let us now compute the closed form solution for go(#). From the initial conditions, we have
g0 = (0,0,1,0,0,1).

From that we get

g = ( b 2 ) g0 =(1,0,3,1,0,2)7,

& ( T s >2-go = (31,7214,

8 = ( T s )3'go =(8,3,15,5,2,8)",

84 = ( Ig i >4-g0 — (18,8,31,10,5,16)7,
85 = ( Ién i )5'80 = (39,18,63,21,10,32)".

Thus, for the constants to be determined, the following system of linear equations holds:

C
1100 0 1 @° 0
2 11 1 1 -1 6%41)0 1
4 12 4 8 1 220 | _| 3
8§ 1 3 9 27 -1 gl;o 8
16 1 4 16 64 1 Wy 18
32 1 5 25 125 —1 C%f),o 39
€310
The solution to this system is
4 _ 4 4 _ > @ _ 1
‘110 = 3 €210~ Ty’ €220 = "5
4 _ 4 _ @ _ 1
¢330 =0, 40 =0, 310 = "1y

4, 5 1 1 .

Up to now, we have found the closed form solutions for functions counting the number of
computation paths. Now, we shall turn our attention to functions counting the number of uses
of the transition (g1, 4, qo).

First of all, we shall compute the closed form solution for the function Téql’”’%) (n). From the
initial conditions, we have

To = (0,0,0,1,1,1),

from which we obtain

> %

) -To = (0,1,0,2,1,2)7,

g
I
7 N\

ol ob ob

2
) : TO = (1/2/0/3/2/4)T/

> %

-
N
I
7N

> %

3
) “To = (2,4,0,6,3,8)7,

-
w
Il
7 N\
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4
Ty = < ﬁ N > “To = (4,8,0,11,6,16)7,

5
Ts — ( ﬁ Z ) “To = (8,15,0,22,11,32)7.

Of course, in these computations we cannot work with * as a general placeholder for an arbitrary
matrix,” but we have to work with a concrete matrix that can be determined from the correspond-
ing system of recurrences, i.e., in this case,

0 0 O
* = 1 0 0
0 0 O

Thus, for the constants to be determined, the following system of linear equations holds:

)
1 0 10 1 0 &° 0
2 2 11 -1 -1 C%éz),o 0
4 8 12 1 2 Gio | |1
8§ 24 1 3 -1 -3 C(5) I
16 64 1 4 1 4 &’ 4
32 160 1 5 -1 -5 C%él),o 8
€3,2,0
By solving this system, we obtain
(5) _ 2 (5) _ 6) _ _1
10 =g  C20=0 €10~ "5
(5 _ 1 5 _ 5 6 __1
220~ 7 SBL0T 18 B20T 13
Thus, the closed form solution for the function Téql’a’%) (n) is
2 1 1 5 1
T(qlﬂ/ﬂo) —Z.on_ 2 2 D — — o (=1
o m =3 sty Y g (L)

(‘71/”

Let us now find the closed form solution for the function ¢
tions, we have

A0) (n). From the initial condi-

to = (0,0,0,0,0,1).

From that we obtain

A x
tl—(o A) t = (0,0,0,1,0,2)7,
2
A %
t2_<0 A) t9=(0,1,0,2,1,4)7,
A x\°
t3=<0 A> “to=(1,2,0,5,2,8)",
A%
t4 == < 0 A > tO - (2/6/0/ 1015/ 16)T’

5This is one of the rare cases that we are interested in the form of the matrix corresponding to *. However, we can

avoid this, since the initial values of Téql’”’%) (n) can be computed also by manually examining all computation paths of
length n, for initial values of n.
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5
ts — ( ﬁ Z ) “ty = (6,12,0,21,10,32)".

0 00
*x=1 1 0 0 |].
0 00

Thus, for the constants to be determined, the following system of linear equations holds:

Once again,

6
1 0 10 1 0 o 0
2 2 11 -1 -1 C%éz),o 0
4 8 12 1 2 o | | o
8 24 1 3 -1 -3 c(6) B 1
16 64 1 4 1 4 5" 2
32 160 1 5 -1 -5 C%rl),o 6
32,0
By solving this system, we obtain
) _2 (6) _ 6 _ _1
€110 = g €120 =0, €210~ Ty’
o 1 0 1 e _ 1
2,2,0 4 4 3,1,0 36 4 3,2,0 12
Thus, the closed form solution for the function téql’a’%) (n)is
(91,8,90) _ 2 n 1 1 1 n 1 n
¢ —Z.on_Z__. — (=D = (=D
o m=3 riab Rl A TR Y

Now, we shall compute the closed form solution for U[()ql'a’%) (n). From the initial conditions,

we have
Up = (0,0,0,0,0,0,1,1,1)T.

From that we get

U =| o0 U = (0,1,0,0,1,0,2,1,2)7,

> % %

2

U,=| 0 ‘U = (1,3,0,1,2,0,3,2,4)7,

> % %

Us=| 0 U = (3,7,0,2,4,0,6,3,8)7,

> % %

U,=[ o -Up = (7,15,0,4,8,0,11,6,16)7,

> % %

Us= [ o -Up = (15,30,0,8,15,0,22,11,32)7,

> % %

Ug=| 0 - Up = (30,60,0,15,30,0,43,22,64)7,

e
3
ecbDb obDb obDb obb> ol oD

> %
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L, A =« 7
U= 0 A =x -Up = (60,118,0,30,58,0,86,43,128)7,
0 0 A
L, A = 8
Ug=| 0 A x -Up = (118,234,0,58,116,0,171,86,256)".
0 0 A
Again,
0 0O
*x=11 0 0
0 00
Thus, for the constants to be determined, the following system of linear equations holds:
(7)
1,10
1 0 100 0 0 1 0 BYR 0
2 2 11 1 1 1 -1 -1 C(')’ 0
4 8 12 4 8 16 1 2 210 1
8 24 13 9 27 8 -1 -3 €220 3
16 64 1 4 16 64 256 1 4 c§73)0 = 7
32 160 1 5 25 125 625 -1 -5 C('7)' 15
64 384 1 6 36 216 1296 1 6 8 30
128 89 1 7 49 343 2401 -1 -7 €250 60
256 2048 1 8 64 512 4096 1 8 c§71)0 118
2
C:(a,z,o
By solving this system, we obtain
(7) _ 4 () _ 7 __2
C1,1),0 K 150 =0 €2,1,0 16’
7 _ 3 (7) _ 1 ) _
€220~ g 2307 g 40 =0
7) _ 0 _ 17 7 __1
50 =0, 10 = 1227 B207 Tog
Thus, the closed form solution for the function Uéql’”’%) (n) is
mago) (y =4 gn 9 3 L A7 gy L gy
U, (n)—92 16 8n+8n+144(1) 24n(l).

Next, we shall compute the closed form solution for u(()ql’a’%) (n). From the initial conditions,

we have
up = (0,0,0,0,0,0,0,0,1)7.

From that we obtain

w=| 0 -up = (0,0,0,0,0,0,1,0,2)7,

> % %

2
-up = (0,1,0,0,1,0,2,1,4)T,

> % %

3

uz=|( 0 ~up = (1,3,0,1,2,0,5,2,8)7,

[
N
|
o
oD obb> ob b

> %



Deterministic Finite Automata 37

4
L, A =«
w=| 0 A x | -uy=(390,26010,516)T,
0 0 A
I, A =« >
us=| 0 A =« ‘up = (9,21,0,6,12,0,21,10,32)7,
0 0 A
I, A =x 6
w=| 0 A x | -uy=(21,48,0,12,27,0,42,21,64)7,
0 0 A
Ly, A * \’
w=| 0 A x | -u=(48,102,0,27,54,0,85,42,128)7,
0 0 A
L, A =« 8
w=| 0 A x | -up=(102,214,0,54,112,0,170,85,256)".
0 0 A
Again,
000
* = 1 0 0
000

Thus, for the constants to be determined, the following system of linear equations holds:

®
1,1,0
1 0 100 0 0 1 0 & 0
2 2 11 1 1 1 -1 -1 RO 0
4 8 12 4 8 16 1 2 240 0
8 24 13 9 27 8 -1 -3 220 1
16 64 1 4 16 64 256 1 4 Mol=1 3
32 160 1 5 25 125 625 -1 -5 ) 9
64 384 1 6 36 216 1296 1 6 %4)0 21
128 896 1 7 49 343 2401 -1 -7 €250 48
256 2048 1 8 64 512 409 1 8 YR 102
C(S)
3,2,0
By solving this system, we get
8 _ 4 ®) _ ® _ 7
€110 = g’ C120=0, 610~ ~ 16’
® _ 3 ® _ 1 O
€220~ Tg €230 = Tg 40 =0,
(8) ® _ 1 ® _ 1
G50 = 0, C310 = — 144" C320 = 02
The closed form solution for the function u(()ql’”’%) (n) therefore is
(71,,40) :é.zﬂ_l_g. _1.2_L._1ﬂ_l. (=1
o (M) =75 6 8" g 1 Vg (5D

Finally, we shall find the closed form solutions for functions counting the number of uses of
the state 9. One possibility how to achieve this goal is to find the unknown constant coefficients
in exactly the same way as in the previous cases. However, from Theorem 2.1.11, we know the
strong relation between functions counting the number of uses of states, and functions counting
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the number of uses of transitions. That is, according to Theorem 2.1.11, we directly obtain the
following equations for unknown constant coefficients:

o =CidoFilo  Ciib =Ciio Tl Gap =CitntCile  Ciad =Ciie ity
A= Gap Ca0= G20 Gsp= e Ga0=  Gig
1o =CodotClp Cand =Ciio Tl Cap =Catn T e Chid =Cate +Coin
Cg,gz),o = CSZ),O’ Célzo = Cé,éz),OI CélzlzJ = gz)o + éz)o Célzz b= gz) + éz)
Ch3d =Cs30 T30 Chad =C30 T30
a0 =Chio +Chap o =Coan Tt
Gs0=  Cao Gap = i
Cé?l),o :C&),o + Cgi),o' Cgllo 2) —Cézl) 0T Cg 1) 0’ Cg111 2) —Césl) ot Cé 1) 0’ Cgllz 2) —Cg 1) 0T él)
Cg,gz),o = Cg)z),OI Cg}% = C:géz) 0’ 0:9213) = ng),o' C:glzz%) = Céz) 0

Thus, for the functions S (1), si’(n), V°(n), and v{’ (), we have the following closed form
solutions:

SP(n) = g 2"+ gt g (<1 = e (1),

P =52 =3 o (S0 = e (1)

Vn) = g2t = b gt g T (1) = e (<1)
Pn) = 52" = 2o — L gt = o (1) — e (1)

2.2 Strict S-Equiloadedness

In this section, we shall study strictly S-equiloaded DFA and DFAg, for S = C and S = A. Since
acceptance by empty memory does not make sense for deterministic finite automata, we shall
not study the case S = £ in this section.

Although, as we shall see, the families of strictly C-equiloaded and strictly .A-equiloaded de-
terministic finite automata differ, we shall observe that these differences are only minor, and
that the corresponding families of languages are in fact the same, both for the case of state-
equiloadedness and for the case of transition-equiloadedness.

In Subsection 2.2.1, we shall start our study of strictly S-equiloaded deterministic finite au-
tomata by proving characterizations of the families of strictly state-S-equiloaded and strictly
transition-S-equiloaded DFA and DFAg, for S = C and S = A. Next, in Subsection 2.2.2, we
shall study the relations between the corresponding families of languages. Finally, in Subsection
2.2.3, we shall examine the closure properties of these families of languages.

Some families of strictly S-equiloaded deterministic finite automata and corresponding fam-
ilies of languages have already been studied. In [26] and [27], the family of strictly state-.4-
equiloaded DFA and the corresponding family of languages .Zx_spo—pra(.A) have been stud-
ied. Moreover, in [25], we have studied the family of strictly transition-.A-equiloaded DFA and
the corresponding family .%5_spo—pra(A). All of the results on these families of automata and
languages, presented in this section, have been already obtained in these earlier works. How-
ever, strict C-equiloadedness for DFA and DFAg, as well as strict S-equiloadedness for DFAe
have not been studied yet. Thus, all of the results on the corresponding families of automata and
languages, presented in this section, are new.
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2.2.1 Characterizations of Strict S-Equiloadedness for S =Cand § = A

In this subsection, we shall prove the characterizations of families of strictly state-S-equiloaded
and strictly transition-S-equiloaded DFA and DFAg, for S = A and S = C. The characterization
of strictly state-A-equiloaded DFA is due to [26] and [27], and we have proved the characteri-
zation of strictly transition-.4-equiloaded DFA in [25]. The remaining characterizations are new.
However, we shall state all of these characterizations in two theorems.

Theorem 2.2.1 Let A = (K, %, 4, o, F) be a DFAe.

a) A is strictly state-C-equiloaded, if and only if its graphical representation either does not
contain any reachable directed cycle, or is a directed multicycle through all states.

b) A is strictly state-.A-equiloaded, if and only if its graphical representation either does not
contain any reachable directed cycle from which some accepting state is reachable,® or is a
directed multicycle through all states.

Proof. Let us first prove the left-to-right implication. Let the automaton A be strictly state-C-
equiloaded, i.e., let the inequality

#lp,v] —#lg 7 <k (24)

hold for some k in IN, every computation path y in Comp(A) and every two states p, g in K. For
the purpose of contradiction, let us suppose that the graphical representation contains a reachable
directed cycle, and at the same time, is not a directed multicycle through all states.

This clearly implies that states p, g in K exist, such that for some words u, v in Z*,

(q0,uv) F* (p,v) F¥ (p,2),

where the state g is not used in the computation

(o) ET (p,e)

and is used at most once in the computation

(q0,uv) = (p,v).

Now, let us consider the word uv"+2 and let us denote the corresponding computation path by
7. Then it is clear that

[#lp, 7] —#lg. 7] > k+1,

which contradicts (2.4).

Similarly, let the automaton A be strictly state-.A-equiloaded, i.e., let the inequality (2.4) hold
for some k in IN, every accepting computation path 7 in Acc(A) and every two states p, g in K.
Let us suppose that the graphical representation contains a reachable directed cycle from which
some accepting state is reachable, and at the same time, is not a directed multicycle through all
states.

This implies that for some states p, g in K, accepting state gr in F and words u,v, w in %,

(q0, wow) = (p,ow) =7 (p,w) F* (qr,¢),
where the state g is not used in the computation

(p,ow) = (p,w)

6This means that the accepted language L(A) is finite, and at the same time, there is no state g in K, such that (q,w) -+
(q,w) =* (qr, €) for some w in £* and gf in F (i.e., there is no e-cycle from which an accepting state is reachable). Thus,
for DFA, this condition is equivalent to the finiteness of the accepted language L(A).
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and is used at most once in the computations

(9o, uow) =" (p, vw)

and
(p,w) =" (qF, ).

3w, and let us denote the corresponding accepting computation

Let us consider the word uok™
path by . Then,

[#lp, 7] —#lq. 7] > k+1,

which contradicts (2.4) that is supposed to hold for v.

Now, let us prove the right-to-left implication. If the graphical representation of the automa-
ton A does not contain any reachable directed cycle, then each state of the automaton A can be
used at most once in a given computation path. That is,

0<#g <1

for all computation paths v and each state g in K. Thus, for every two states p,q in K and all
computation paths v,

[#lp, ] —#lg, 71 <1,

and the automaton A is strictly state-C-equiloaded.

Now, let us suppose that the graphical representation of the automaton A is a directed mul-
ticycle through all states. Then it can be clearly seen that for every two states p,q in K and all
computation paths 7,

[#p, 7] —#g, 7] < 1.

Thus, the automaton A is strictly state-C-equiloaded.

Similarly, if the graphical representation of the automaton A does not contain any reachable
directed cycle from which some accepting state is reachable, then each state of the automaton A
can be used at most once in a given accepting computation path. That is,

0<#g <1

for all accepting computation paths 7 and each state g in K. Thus, for each pair of states p, g in K
and all accepting computation paths 7,

[#p, ] —#lg.7 <1,

and the automaton A is strictly state-.A-equiloaded.

Now, let us suppose that the graphical representation of the automaton A is a directed mul-
ticycle through all states. Then, we have already proved that the automaton A is strictly state-C-
equiloaded, and thus, clearly, also strictly state-.4-equiloaded. g
Theorem 2.2.2 Let A = (K, %, 5, qo, F) be a DFAe with connected graphical representation.”

a) A is strictly transition-C-equiloaded, if and only if its graphical representation either does
not contain any reachable directed cycle, or is a directed cycle through all states.

b) A is strictly transition-.4-equiloaded, if and only if its graphical representation either does
not contain any reachable directed cycle from which some accepting state is reachable, or is
a directed cycle through all states.

7This is only a minor technical assumption. If this assumption had been omitted, the rest of the characterization
would have not been true for automata that, aside a connected component containing the initial state, have some number
of other connected components, each consisting of one isolated state. However, to every deterministic finite automaton
it is easy to find an equivalent automaton with connected graphical representation — it suffices to delete all connected
components not containing the initial state.
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Proof. The proof of this theorem will be analogous to the proof of Theorem 2.2.1. First, let us
prove the left-to-right implication. Let the automaton A be strictly transition-C-equiloaded, i.e.,
let the inequality

[#le, vl = #[f, 7]l <k (2.5)

hold for some k in IN, every computation path y in Comp(A) and each pair of transitions e, f in
D. For the purpose of contradiction, let us suppose that the graphical representation contains a
reachable directed cycle, and at the same time, is not a directed cycle through all states.

As in the proof of Theorem 2.2.1, this implies that a computation path 7 in Comp(A) exists,
such that some transition f in D is used at most once in 7y and some other transition e in D is used
at least k + 2 times in . That yields an obvious contradiction to (2.5).

For the case of A being strictly transition-.A-equiloaded, the inequality (2.5) is required to hold
for some k in IN, every accepting computation path y in Acc(A) and each pair of transitions e, f
in D. Let us suppose that the graphical representation contains a reachable directed cycle from
which some accepting state is reachable, and at the same time, is not a directed cycle through all
states.

Again, similarly as in the proof of Theorem 2.2.1, this implies that an accepting computation
path 7 in Acc(A) exists, such that some transition f in D is used at most twice in 7 and some
other transition e in D is used at least k 4- 3 times in . Again, this contradicts (2.5) that is required
to hold for v.

Now, let us prove the right-to-left implication. If the graphical representation of the automa-
ton A does not contain any reachable directed cycle, then each transition of the automaton A can
be used at most once in a given computation path in Comp(A). That is,

0<#lev <1,
for each transition e in D and every computation path  in Comp(A). That is,

|#[€, ')’] 7#[fr ')’H S 1

for each pair of transitions e, f in D and every computation path 7y in Comp(A). In other words,
the automaton A is strictly transition-C-equiloaded.

If the graphical representation of the automaton A does not contain any reachable directed
cycle from which some accepting state is reachable, then the reasoning above applies to all ac-
cepting computation paths  in Acc(A), and the automaton A is strictly transition-.4-equiloaded.

Finally, if the graphical representation of the automaton A is a directed cycle through all states,
it is obvious that the inequality

[#le,v] —#[f, 7]l <1

holds for every two transitions ¢, f in D and all computation paths ¢ in Comp(A) (and thus
also all accepting computation paths y in Acc(A)), and the automaton A is strictly transition-C-
equiloaded, as well as strictly transition-.A-equiloaded. We have proved both implications for
both claims. Thus, the theorem is proved. O

Finally in this subsection, we shall state two theorems and one corollary concerning strictly S-
equiloaded DFA (i.e., deterministic finite automata without e-transitions) that have been proved
for S = Ain [26], [27] (Theorem 2.2.3), and [25] (Theorem 2.2.4 and Corollary 2.2.5). However,
since the proof for the case S = C is analogous to the proof for the case S = A, we shall omit
proofs of these statements.

Theorem 2.2.3 Let L in # be a regular language, and S be in {C, A}. The language L is a strictly
state-S-equiloaded DFA-language, if and only if the minimal DFA accepting L is strictly state-S-
equiloaded.
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Theorem 2.2.4 Let Lin %, L C ¥*, be a regular language, and S be in {C, A}. The language L is
a strictly transition-S-equiloaded DFA-language, if and only if L is finite, or if

L= {ujuy...uno} {uy, uguy, ..., ugty.. . uy}

for some fixed nin IN, uq, uy, ..., u, in * and v in &F.

Corollary 2.2.5 Let S be in {C, A}, and L in .Z5_spo—pra(S) be an infinite language. Let 1 and
v be words in L, such that |u| < |v|. Then u is a prefix of v.

2.2.2 Relations between the Families of Strictly S-Equiloaded Languages

In this subsection, we shall prove several relations between the families of strictly S-equiloaded
DFA-languages and DFAe-languages. We shall observe that some of these families are in fact the
same.

Theorem 2.2.6 The following identities hold:
1. Zk—seg-pra(C) = Zk—seo-pra(A) = Lk_seQ-Dra,
2. Zk_seQ-DrAc(C) = Lk—sEQ-Drae(A) =1 LK_SEQ—DFAes
3. Zs_seo-pra(C) = Ls_seo-pra(A) = L5_seQ-Dras
4. L5_sp0-prae(C) = L5_seQ-prac(A) =1 Ls5_sEQ-Drae-

Proof. The theorem is a direct consequence of Theorem 2.2.1, Theorem 2.2.2, and the obvious fact
that to each deterministic finite automaton A (with or without e-transitions) without a reachable
directed cycle in the graphical representation, from which some accepting state is reachable, an
equivalent deterministic finite automaton A’ exists, such that there is not any reachable directed
cycle in its graphical representation: it clearly suffices to delete all states of the automaton A that
belong to some reachable directed cycle — since there is not any accepting state reachable from
these states in A, the resulting automaton A’ would be clearly equivalent to A. O

Thus, we have proved that, in terms of families of languages, strict C-equiloadedness and
strict A-equiloadedness are equivalent for DFA and DFAe. However, let us note that these con-
cepts are not equivalent in terms of families of automata. It is obviously possible to construct a
deterministic finite automaton that is strictly .A-equiloaded, but not strictly C-equiloaded (both
for states and for transitions). The family of strictly A-equiloaded DFA (DFAg) is a proper super-
set of the family of strictly C-equiloaded DFA (DFA¢).

From this observation, it is also possible to conclude that, in terms of families of languages,
strict C-equiloadedness and strict .A-equiloadedness are not equivalent for general families of au-
tomata that can be viewed as a special case of ADA. It suffices to consider a family x of automata
consisting of a single deterministic finite automaton that is strictly state- A-equiloaded (strictly
transition-.A-equiloaded), but not strictly state-C-equiloaded (strictly transition-C-equiloaded).
Then, the family of languages Lk _spg—x(A) (Z5_seq-x(A)) consists of one single regular lan-
guage, while the family .Zx_spo—+(C) (L5_spq—x(C)) is empty.

Remark 2.2.7 Henceforth, in the context of Theorem 2.2.6, we shall call strictly state-S-equiload-

ed (strictly transition-S-equiloaded) DFA-languages (DFAe-languages), for S = Aor § = C,
strictly state-equiloaded (strictly transition-equiloaded) DFA-languages (DFAe-languages).

Theorem 2.2.8 The following strict inclusions hold:
1. %k _seQ-Dra & LK—SEQ-DFAes

2. L5 SEQ-DFA & “L5-SEQ-DFAe-
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Proof. The claims %k _spg pra C© Zk—seQ-Draec and Z5 seg pra € Z5sSEQ-DFAe are obvi-
ous, since every DFA is also a DFAe.

We shall prove that these inclusions are proper. Let us consider the language L = {a}*. We
shall construct a DFAe A = (K, %, 4, o, F), such that L(A) = L. Let us define the automaton A as
follows: K = {q0,q1}, £ = {a}, F = {q1 }, and

Figure 2.2: The deterministic finite automaton A with e-transitions, accepting the language L = {a} .

The automaton A is strictly state-S-equiloaded for both & = C and S = A (however, the equi-
loadedness of the automaton for one of these S would suffice), since its graphical representation
is a directed multicycle through all states. Moreover, the graphical representation of the automa-
ton A is in fact a directed cycle, and thus the automaton is also strictly transition-S-equiloaded
for Sin {C, A}. The claim L(A) = L is considered to be obvious. Thus, L is both in .Zx_sgq—prae
and in %5 _spQ-DFAe-

However, by applying Theorem 2.2.3, it is easy to prove that L is neither in Zx_sgo_pra, nor
in %5_spg—pra (the minimal DFA accepting L does not satisfy any of the presented characteriza-
tions of strict S-equiloadedness). The theorem is proved. O

Theorem 2.2.9 The following strict inclusions hold:
1. %5 seo-pra & LKk—SEQ-DFA,
2. %5 sEQ-DFAe & LK-SEQ-DFAe-

Proof. The correctness of the inclusions is obvious, since every directed cycle is at the same time
a directed multicycle (and thus, by the characterizations given in Theorem 2.2.1 and in Theorem
2.2.2, every strictly transition-S-equiloaded DFA(g) is strictly state-S-equiloaded as well).

Let us prove that these inclusions are proper and consider the language L = {a,b}". It is
obvious that Lis in Zx_spo—_pra (since it can be accepted by a DFA consisting of one single state),
and thus, by Theorem 2.2.8, also in £kx_spg—pra. We shall prove that L is not in .£5_spg_prae
(and, by Theorem 2.2.8, neither in .Z5_spo_pra)-

For the purpose of contradiction, let us suppose that a strictly transition-.A-equiloaded DFAe
A = (K,%,0,q0, F) exists, such that L(A) = L. Since the language L is infinite, the number of
accepting computation paths of the automaton A has to be infinite as well. Thus, according to
the characterization from Theorem 2.2.2, the graphical representation of the automaton A is a
directed cycle through all states. Moreover, F is a nonempty set.

Let g in K be the first state after g¢ in the direction of the directed cycle, such that there is a
transition on a character from X (that is, not an e-transition), leading from g (such a state has to
exist, since the language L(A) is nonempty). Since the graphical representation of the automaton
A is a directed cycle through all states, there has to be exactly one transition leading from g. But if
this transition is on 4, then every word from L(A) has to begin with 4, and if this transition is on
b, then every word from L(A) has to begin with b. In both cases, this is a contradiction with the
assumption L(A) = L. O
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2.2.3 Closure Properties

In this subsection, we shall examine the closure properties of the families of strictly S-equiloaded
DFA-languages and DFAe-languages. We shall prove only the closure properties that have not
been examined yet. The proofs of the closure properties that have already been examined, can be
found in [26], [27], and [25].

Closure Properties of the Family %% _sro-_pra

Closure properties of the family of languages %k _spo—pra(A) = Zk—seo-pra have been proved
in [26] and [27]. Thus, we shall omit the proof of the following theorem.

Theorem 2.2.10 The family %x_spo—pra is closed under intersection and not closed under con-
catenation, union, complementation, Kleene star, Kleene plus, reversal, homomorphism, and
inverse homomorphism.

Closure Properties of the Family “x_sco_prae

Closure properties of the family .Zx_sgo—prae have not been studied yet. Thus, we shall include
also proofs of the following theorems.

Theorem 2.2.11 The family .-Zkx_spQ- prae is not closed under concatenation.

Proof. Let us consider languages Ly = {a}" and L, = {b}. For both of these languages, it
is clearly possible to construct a strictly state-A-equiloaded automaton accepting that language,
and thus, both of these languages are in £x_spg_prae- Now, let us consider the language

Ly-Ly={a}"-{b} = {a'b|i e N}.

We shall prove that L; - Ly is not in £x_spg—prae. For the purpose of contradiction, let us sup-
pose that a strictly state-.A-equiloaded DFAe A exists, such that L(A) = L - L. The language
Lq - Ly is infinite and hence, the set Acc(A) is infinite. Thus, by Theorem 2.2.1, the graphical
representation of the automaton A is a directed multicycle through all states. Thus, the graph-
ical representation of the automaton A is strongly connected. Moreover, the automaton A has
to have at least one accepting state. Since there are words in the language L; - L, containing the
character b, the automaton A has to have at least one transition e on the character b. Then, the
strong connectedness of the graphical representation together with the existence of at least one
accepting state implies that an accepting computation path of the automaton A exists, such that
the transition e is used at least twice in this computation. That is, the language L - L, contains
at least one word with at least two occurrences of the character b, and this clearly contradicts the
assumption L(A) = L; - Ly. O

Theorem 2.2.12 The family %% _spo—prae is not closed under union.

Proof. Again, let us consider languages L; = {a}" and L, = {b}, both in ZLK—SEQ-DFAe- We
shall prove that the language
LiULy = {a}" U{b}

is not in .Zx_spo—prae- By contradiction. Let us suppose that a strictly state-.A-equiloaded DFAe
A exists, such that L(A) = Lj U L. Since the language L U L; is infinite, it follows from Theorem
2.2.1 that the graphical representation of the automaton A is a directed multicycle through all
states, and thus, is strongly connected. Moreover, the automaton A has at least one transition
e on the character b, since otherwise it could not accept the language L; U L,. Further, since
the automaton A accepts a nonempty language, it has at least one accepting state. From these
observations, it follows that at least one accepting computation path < of the automaton A exists,



Deterministic Finite Automata 45

such that the transition e is used at least twice in y. Thus, obviously, L(A) # L1 U L, and that is
a contradiction. O

To prove that the family £x_spg_prae is closed under intersection, we shall need the follow-
ing lemma.

Lemma 2.2.13 Let L be an infinite language in Zx_sgo—prae- Then a strictly state-.A-equiloaded
DFAe A = (K, %, 9, qo, F) exists, in the following normal form:

(i) The automaton A has exactly one e-transition e.

(ii) The transition e leads to the state gj.
Proof. Since L is an infinite language in £x_spg-_prae, it follows from Theorem 2.2.1 that a
DFAe A" = (K, ¥/, &', q(,, F') accepting L exists, such that its graphical representation is a directed

multicycle through all states. We shall prove by induction on m = |K’| that the automaton A’ can
be transformed to an equivalent automaton A satisfying (i) and (ii).

1. Let m = 1. From the definition of DFAg, the transitions leading from (and to) the only state
q; are either all on some character in ¥, or there is only one e-transition. If the latter was
true, then the language L would be finite, and we would get a contradiction. Thus, there is
not any e-transition in A.

Moreover, the state g(, has to be accepting, since otherwise the language L would be empty,
and thus finite. Thus, it is obviously possible to define the automaton A = (K, %, 6, o, F) as
follows: K = {qo0,q1 }, X =%/, F = {q0}, and

5(qo,c) =q,  VeeZ:d(qpc) =qp

5(q1,€) = qo-
It is clear that L(A) = L(A’) = L, and that the conditions (i) and (ii) are satisfied by A.

2. Let the property hold for all m < k for some k in IN. We shall show that it holds also for

m=k+1.

If the automaton A’ does not have any ¢-transition, then it can be inserted in a manner
similar to basis of the induction. More formally, it is possible to define the automaton
A= (K,%,6,q0,F) as follows: K = K' U {q}, where g is anew state, ¥ = %/, qo = q(, F = F/,

and
5(p,c)=6(p,c), VpeKVeceX:8(p,c)=r#q,
5(p,c) =g, Vp e K'VeeZ:8(p,c) = qp,
5(q,€) = q0

It is obvious that L(A) = L(A’) = L, and that the conditions (i) and (i) are satisfied by A.
Now, since the graphical representation of the automaton A’ has a form of a directed mul-
ticycle through all states, only two possibilities are left. The first is that the conditions (i)
and (ii) are satisfied. In that case, the induction step is proved. The second possibility is
that there is an e-transition e = (p, ¢,¢q) that does not lead to go. Then, let us define a DFAe
A" = (K", 2",8",q(,F") as follows: K" = K' — {q}, 2" =%/,

8" (r,c) =08(r,c), VreK' —{p}vVcex"U{e},

&"(p,c) =0'(q,¢), Ve e 2" U {e},

90 = q¢, and finally,
P (FF—{q})u{p} ifgisinF
- F' —{q} if g isnotin F/

Clearly, L(A”) = L(A’). Moreover, |K”| < k, and thus, the induction hypothesis applies.
The induction step is therefore proved.
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Thus, the lemma is proved. However, let us note that in general, it is not possible to get com-
pletely rid of e-transitions while preserving strict state-equiloadedness: let w in £ be a word,
such that

(90,w) F* (qo,€)-
Now, if wisin L and, at the same time, € is not in L, then the e-transition leading to g is necessary.
After all, this is the reason for which Zx_spo_pra is a proper superset of Zx_spq—pra- (|

Theorem 2.2.14 The family %% _spo—prae is closed under intersection.

Proof. Let Ly, L, be languages in Zx_spo—prae- If at least one of these languages is finite, then
also their intersection L N L, is finite, and thus in .Zx_spo—prae. The same is true, if Ly, L, are
infinite languages with finite intersection.

Now, let both of the languages Lj, L, be infinite, and let also their intersection L1 N L, be
infinite. Let A1 = (K31,X1,01, po, F1) and Ay = (Ky, Xp, 8,10, F2) be strictly state-A-equiloaded
DFAe in the normal form from Lemma 2.2.13, such that L(A;) = Ly and L(Az) = Lo.

Let us denote the states of the automaton A; in the direction of the multicycle by po, p1, ..., pm,
where m is in IN. Similarly, let us denote the states of the automaton Aj; in the direction of the
multicycle by rg,71,...,7s, where n is in IN. Without loss of generality, let p,, be in F; whenever
po isin F; and r, be in F, whenever r is in F,. Let k be the least common multiple of the numbers
m and n.

We shall define a DFAe A = (K, %, 6, o, F) accepting L1 N L; as follows: K = {q0,91,---,9x},
2 = X1 N Xy. The set of accepting states F shall be defined by

qgo€F <= poeFH Nrpch,
and foriin {1,2,...,k},

9 € F <= pli—1) modm)+1 € F1 A T[(i—1) mod n)+1 € F2-

Finally, the transition function ¢ shall be defined for g; with iin {0,1,...,k — 1} by

5(%’/ c) = Jiy1 <~ 0 (pi mod m) = Pli mod m]+1 A 02(Timod n) = Tl mod n]+1
and for g as
5(qx.€) = qo-
Clearly, L(A) = Lj N L. Since the intersection L N L; is infinite, the graphical representation

of the automaton A is a directed multicycle through all states. Thus, the automaton A is strictly
state- A-equiloaded, and this implies that L(A) = Ly N Ly is in -Zk_spQ—DFAe- O

Theorem 2.2.15 The family £k _spo—prae is not closed under complementation.

Proof. Letus consider alanguage L = {¢,a}. The language L is finite, and thus in Zx_seq—prae-
We shall prove that L€ = {a* | k > 2} is not in ZLK—SEQ-DFAe-

For the purpose of contradiction, let us suppose that L€ is in % SEQ-DFAe- Then, a strictly
state-A-equiloaded DFAe A = (K, %, 4, qo, F) exists, such that L(A) = LC. Since the language L€
is infinite, the graphical representation of the automaton A is a directed multicycle through all
states and A has at least one accepting state.

We can clearly assume that ¥ = {a}. This implies that we can without loss of generality
suppose that the graphical representation of the automaton A is a directed cycle through all states.
Let w = &/ be a shortest word in £*, such that

(5101 ZU) = (’10/ S)'

Clearly, j > 2, since otherwise it would be possible to reach all states of the automaton A by
reading ¢ or 4, and that contradicts the assumption that A has at least one accepting state.
Obviously, there is not any accepting state g, such that (qo, 2) =* (g, ¢). This implies that there
is not any accepting state p, such that (go,#/*1) * (p,e). Thus, @/*! is not in L(A). However,
since j > 2, this contradicts the assumption that L(A) = LC. O
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Theorem 2.2.16 The family .Zkx_spo—prae is not closed under closure.

Proof. Let us consider a language L = {aa, bb}. Since the language L is finite, L is a member of
the family %k _seo—prae. We shall prove that the language L* = {aa, bb}" is notin Zx_spo—prae-

By contradiction. Let us suppose that L* is in Zx_spo—prae- Then, a strictly state-A-equi-
loaded DFAe A = (K, %, J, qo, F) exists, such that L(A) = L. Since the language L* is infinite, the
graphical representation of the automaton A is a directed multicycle through all states and the
automaton A has at least one accepting state. Moreover, the automaton A has to have at least one
state p in K, such that a transition (p, b, p’) on the character b exists in D — otherwise, it would be
L(A) # L*.

Further, we can observe that if a transition e on a leads between some two states, then also
some transition on b leads between these two states, and vice versa. Otherwise, for some 7y in
IN, all words in L(A) of length n > ny would have at least one occurrence of the character a (resp.
b). However, this contradicts L(A) = L*. Thus, we have proved that each state of the automaton
A can be reached from each other state without reading the character a, and also, by some in
general different sequence of transitions, without reading the character b.

We shall prove that nonnegative integers i, j in IN exist, such that a’ba’ is in L(A), and thus,
L(A) # L*. Since each state of the automaton A is reachable from each other state without
reading the character b, a nonnegative integer i in IN exists, such that

(q0,a") F* (p,e),

and a nonnegative integer j in IN exists, such that

(v, ) " (q,¢),

where ¢ in F is an arbitrary accepting state. Thus,

(q0,a'bal) =* (p, ba) B* (p',d)) " (q,¢),
i.e., albal isin L(A). This implies L(A) # L*, and that is a contradiction. O

Theorem 2.2.17 The family .-Zx_spo—prae is not closed under positive closure.

Proof. Exactly the same counterexample and exactly the same argumentation can be used, as in
the proof of Theorem 2.2.16. (]

Theorem 2.2.18 The family .Zx_spo—prae is not closed under reversal.

Proof. Let us consider alanguage L = {ab}"{¢, a}. Clearly, Lis in Zk_sgo—prae. We shall prove
that LR is not in gK*SEQ*DFAe-

For the purpose of contradiction, let us suppose that LR is in .k_spo_prae. Then, a strictly
state- A-equiloaded DFAe A = (K, %, 6, qo, F) exists, such that L(A) = LR. Since the language L}
is infinite, the graphical representation of the automaton A is a directed multicycle through all
states. For the same reason, the set of accepting states F is nonempty.

Clearly, a state p in K exists, such that (go,a) F* (p, €). Further, a state g in K exists, such that
(90,b) F* (g,¢€). Since the language L(A) is infinite, at least one word w in £ exists, such that

(90, w) =* (g0, €).-
If the last character of the word w is a (that is, w = ua for some u in *), we obtain

(q0,uaa) =* (qo,a) =* (p, e).

However, since an accepting state is reachable from each state of the automaton A, it follows that
a word in L(A) exists, such that uaa is its prefix. But that clearly contradicts L(A) = LK.

If the last character of the word w is b, it is possible to obtain a contradiction by a symmetrical
argumentation. g
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Theorem 2.2.19 The family .Zx_spo—prae is not closed under homomorphism.

Proof. Letus consider alanguage L = {a,c}". It can be easily observed that Lis in %k _s EQ—DFAs-
Now, let us consider a homomorphism 4 : {a,c}" — {a,b,c}" defined by

h(a) = ab,
hic) =c.

We shall prove that the language h(L) = {ab, c}" is notin Zk_spo—prae-

By contradiction. Let the language /(L) be in .£x_sgq-prae- Then, a strictly state-.A-equi-
loaded DFAe A = (K, %, 6, qo, F) exists, such that L(A) = h(L). Since h(L) is infinite, the graph-
ical representation of the automaton A is a directed multicycle through all states and the set of
accepting states F is nonempty.

We shall prove that at least one word w in L(A) exists, such that wis in {a,c}" and #,(w) > 1.
This would lead to a contradiction, since there clearly is not any such word in i(L).

The automaton A clearly has at least one transition on a, at least one transition on b, and at
least one transition on ¢ — otherwise, it could not accept the language /(L). Moreover, if

(p,0) F" (q,¢)
for some p, g in K, then also

(pa) B (q,¢)
or

(p,c) " (q,€)
(since there is a word in (L), that does not contain any occurrence of b). But this, together with
the obvious reachability of some transition on 4, clearly implies that the automaton A accepts at
least one word w in {a,c} ", such that #,(w) > 1. O

Theorem 2.2.20 The family .Zkx_spo—prae is not closed under inverse homomorphism.

Proof. Let us consider alanguage L = {a}. Since the language L is finite, it belongs to the family
Lk —SEQ-DFAe- Moreover, let us consider a homomorphism /1 : {a,b}" — {a,b}" defined by

h(a) = a,
h(b) =e.

We shall prove that the language h =1 (L) = {w € {a,b}" | #,(w) = 1} is notin .Zk_spo—Drae-

By contradiction. Let us suppose that h=1(L) is in ZLx_SEQ-DFAe- Then a strictly state-.A-
equiloaded DFAe A = (K, %, 6, qo, F) exists, such that L(A) = h~1(L). Since the language /(L)
is infinite, the graphical representation of the automaton A is a directed multicycle through all
states, and thus, this graphical representation is strongly connected. Moreover, the automaton A
has at least one accepting state.

The automaton a has to have at least one transition on 4, since otherwise it could not accept
the language h~!(L). However, the strong connectedness of the graphical representation of the
automaton A implies that an accepting computation path - of the automaton A exists, such that
this transition on a is used at least twice in y. Thus, a word w in L(A) exists, such that #,(w) > 2,
and that is an obvious contradiction. O

Closure Properties of the Family .%5_sro_pra

We have proved the closure properties of the family £5_spo_pra(A) = Z5_spo—pra already in
[25]. Thus, we shall omit the proof of the following theorem.

Theorem 2.2.21 The family .£5_spo_pra is closed under intersection and not closed under con-
catenation, union, complementation, Kleene star, Kleene plus, reversal, homomorphism, and
inverse homomorphism.
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Closure Properties of the Family .%s_sro_prae

Now, we shall study the closure properties of the family .5_sro_prae- The closure properties of
this family have not been studied yet, so we shall include the proofs as well.

Theorem 2.2.22 The family .%5_spo_prae is not closed under concatenation.

Proof. Let us consider languages L; = {a}" and L, = {b}. As can be easily seen, both L; and
Ly are in .Z5_spg_prae- However, in the proof of Theorem 2.2.11, we have observed that their
concatenation, i.e., the language

L1-Ly = {a}*{b} = {tlib|i€N},

is not in Zx_spo-prae- Thus, by applying Theorem 2.2.9, we may also conclude that L; - L is
not in g&—SEQ—DFAs' O

Theorem 2.2.23 The family .Z5_sgg—pra, is not closed under union.

Proof. Again, let us consider languages L1 = {a}" and L, = {b}, both in Z5_spo_prae. In
the proof of Theorem 2.2.12, it have been shown that their union L1 U L is not in £k _spQ—DFAe-
Thus, the language Ly U L; is also not in .Z5_spg—prae-

Theorem 2.2.24 The family .£5_spg_prae is closed under intersection.

Proof. Let Ly, Ly be languages in .£5_spo_prae- Then, by Theorem 2.2.9, they are also in
ZLx—seQ-DrAe and by Theorem 2.2.14, also their intersection Ly N Ly is in £x_spQ—pFae-

Now, if the intersection L; N Ly is finite, then it also is in .Z5_spg_prae, and the theorem is
proved. Thus, let us suppose that this intersection is infinite. Then, a DFAe A = (K, %, 4, qo, F)
exists, such that the graphical representation of the automaton A is a directed multicycle through
all states.

Since both L and L, are infinite languages in .£5_spg_prae, for each n in IN there is at most
one word of length # in L;, and at most one word of length n in L,. Thus, there is at most one
word of length 2 in Ly N L. This implies that the graphical representation of the automaton A is
in fact a directed cycle, i.e., the language L1 N L is in .Z5_spo_prae- (|

Theorem 2.2.25 The family .Z5_spg_prae is not closed under complementation.

Proof. Let us consider a language L = {¢,a} that is clearly in .%5_gpo_prae. In the proof of
Theorem 2.2.15, we have observed that the language

LC = {a* |k >2}
is not in £k _spg-_prae, and thus also not in Z5_spo_prae- O

Theorem 2.2.26 The family .Z5_spo_prae is not closed under closure.

Proof. Letus consider alanguage L = {aa, bb}. Thislanguage is finite, and thus in .Z5_spo_prae-
However, in the proof of the Theorem 2.2.16, it was shown that the language L* = {aa, bb}" is
not in Zx_spg-prae, and thus also not in %5_spo_prae- O

Theorem 2.2.27 The family .£5_spg—pra. is not closed under positive closure.

Proof. Exactly the same counterexample and an analogous argumentation can be used, as in the
proof of Theorem 2.2.26 (see also the proof of Theorem 2.2.17). O

Theorem 2.2.28 The family .Z5_spg_prae is not closed under reversal.
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Proof. Let us consider a language L = {ab}"{¢,a}. Clearly, L is in Z5_gpo_pra.. However, in
the proof of Theorem 2.2.18, we have observed that its reversal, the language LR = {¢,a}{ba}",
is not in Zx_spg-prae- Thus, the language LR is also not in Z5_SEQ-DFAs- (|

Theorem 2.2.29 The family .Z5_spg—prae is closed under homomorphism.

Proof. Let L be a language in .Z5_spo—prae over an alphabet %, let i : ©* — I'* be a homomor-
phism. We shall prove that the language /(L) is in .Z5_spo—DFae-

Since L is in .Z5_spg—prae, a strictly transition-.A-equiloaded DFAe A = (K,Z,6,q0, F) exists,
such that L(A) = L. If the language L is finite, then also the language /(L) is finite, and thus also
in Z5_spg-prae- Let us therefore suppose that the language L is infinite. Then, the graphical
representation of the automaton A is a directed cycle through all states.

We shall now construct a DFAe A" = (K',T, ¢, g, F'), such that its graphical representation is
a directed cycle through all states, and L(A’) = h(L). The idea of the following construction is
to replace each transition of the automaton A with a nonempty® sequence of transitions, so that if
the transition of A is on c in X. U {¢}, then the word read after going through the corresponding
sequence of transitions in A’, is h(c).

Formally, we shall construct the automaton A’ as follows:

K' =KU U {Pacit |-

gek

cer
dpeK:d(g,c)=p
€42, (c) }

90 = 90, F' = F. Now, if 6(q,c) = p for some states p,q in K and some c in £ U {e}, let us denote
Pgc1 := 4. Then,

' P ' N ifé(gq,c) =p N i=max{l,|h(c)|}
Ve €K et ={ 0TS

It is clear that L(A’) = h(L) and that the automaton A’ is strictly transition-A-equiloaded. Thus,
the language (L) is in Z5_spo—DFAe- O

Theorem 2.2.30 The family .%5_spo_prae is not closed under inverse homomorphism.

Proof. Let us consider a language L = {a} and a homomorphism £ : {a,b}" — {a,b}" defined
by

Since the language L is finite, it belongs to the family .£5_spo_prae.. However, in the proof of
Theorem 2.2.20, we have observed that the language

hH(L) = {w € {a,b}" | #a(w) =1}

is not in Zx_spg-_prae, and thus also not in Z5_spo_prae- O

8The nonemptiness of that sequence of transitions is of crucial importance here. This is also the reason, why the
family Z5_spq-pra is not closed under homomorphism: without the use of e-transitions, there is not any such nonempty
sequence for the case h(c) = «.
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2.3 S-Equiloadedness

In this section, we shall study S-equiloaded DFA and DFAe. However, in most results presented
in this section, we shall not be concerned with S-equiloadedness for general S, but with several
special cases of S. The most important choices of S are C—,C<, A—, and A<.

Some of the families of S-equiloaded automata and languages have already been studied
(although the terminology and definitions have been slightly different, since the concept of S-
equiloadedness is introduced in this report as a generalization of the older definitions).

In [26] and [27], state- A—-equiloaded deterministic finite automata without e-transitions have
been studied. However, the definition used in [26] and [27] is conceptually different from the def-
inition used in this report and, up to now, the equivalence of both definitions has been an open
problem. This open problem is solved in Subsection 2.3.1. Moreover, in Subsection 2.3.1, anal-
ogous equivalence theorems are proved also for S = C—, and for deterministic finite automata
with e-transitions.

In [25], we have studied transition-A—-equiloaded deterministic finite automata without e-
transitions. We have used the definition from [25] as a basis for the more general definition
of S-equiloadedness used in this report, and can therefore be viewed as its special case. Thus,
there is no need to prove the equivalence. However, in [25], we have proved the equivalence of
the alternative definition of transition-.4—-equiloadedness analogous to the definitions used in
[26] and [27] for state-equiloadedness and, in Subsection 2.3.1 of this report, we shall prove that
these alternative definitions are equivalent to transition-S-equiloadedness also for several other
choices of S, and for DFAe.

In addition to alternative definitions, we shall also study some other aspects of S-equiloaded-
ness in this section. In [25], we have presented the characterization of weakly transition-.A_-
equiloaded DFA. In Subsection 2.3.5, we shall generalize this result to several other choices of S
and to DFAe. Moreover, we shall prove also the characterization of weakly state-C_-equiloaded
DFA and DFAe. Subsequently, we shall be interested in the relations between corresponding
families of languages. Finally, in Subsection 2.3.7, we shall examine the closure properties of
families of languages corresponding to S-equiloaded DFA.

2.3.1 Alternative Definitions of S-Equiloadedness for S = C- and S = A_—

In this subsection, we shall prove a theorem providing alternative definitions of state-S-equi-
loadedness and transition-S-equiloadedness for two most important choices of S — for C—, and
A_. The basic definitions of the concept of S-equiloadedness via the measure of S-equiloaded-
ness, as presented in Section 1.5, are a generalization of the definition of transition-A—-equiload-
ed DFA that we have used in [25]. The alternative definitions of S-equiloadedness, provided by
Theorem 2.3.4 presented in this subsection, are based on the definitions of state-.4_-equiloaded
DFA used in [26] and [27].

However, before we present these alternative definitions, we shall prove three lemmas that we
shall use in the proof of Theorem 2.3.4. First, in Lemma 2.3.1, we shall observe that the asymptotic
growth of the quantity representing the number of computation paths of length 7 in a strongly
connected automaton is determined by the Perron-Frobenius eigenvalue of the transition matrix.

Lemma 2.3.1 Let A = (K, %, 4, qo, F) be a DFAe with strongly connected graphical representation,
and A be the transition matrix of the automaton A. Let p be the Perron-Frobenius eigenvalue of
the transition matrix A. Then

Fo(n) = [Comp(A, )| = ©(p").

Proof. Since the graphical representation of the automaton A is strongly connected, the tran-
sition matrix A is either an irreducible matrix, or the 1 x 1 null matrix. For the case of the 1 x 1
null matrix, the statement of the lemma is clearly true for p = 0 (i.e., the 1 x 1 null matrix can be
assumed to have a zero Perron-Frobenius eigenvalue). In the rest of the proof, we shall therefore
assume that the matrix A is irreducible.
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By the Perron-Frobenius theorem, the transition matrix A has the Perron-Frobenius eigen-
value, i.e., the statement of the lemma makes sense. Moreover, the eigenvalues of A are complex
numbers ‘ '

0,0 ezm/”,...,p . ezm(p*l)/p,/\l,...,)\k,

where p in N7 is a positive integer, k in N is a nonnegative integer and
Al <p,

forj = 1,...,k. Moreover, all eigenvalues of the absolute value p are simple, i.e., of algebraic
multiplicity 1. Let us denote the algebraic multiplicities of Ay, ..., Ay by ay,. .., a.

Since the graphical representation of the automaton A is strongly connected with at least one
transition (a strongly connected digraph does not have any edge only if its adjacency matrix is
the 1 x 1 null matrix), it is clear that Fy(n) is nonzero for all n. Thus, by the results obtained in
Section 2.1, the transition matrix A has at least one nonzero eigenvalue (otherwise, every possible
solution for Fy(n) would be nonzero only for finite number of 1) and, for n greater than some n
in IN, the property

p—1 . ko1
Fo(n) =Y cj-p"-e@™/P+ 3" Y iy n" AT =
j=0 j=1 h=0
p—1 » k i1
= (Z c; - e2mini/ P) Y Y AT (2.6)
j=0 j=1 h=0

holds (terms corresponding to zero eigenvalues have been omitted, since they have effect on the
value of Fy(n) only for the finite number of 1) for some complex constants ¢j,j = 0,...,p — 1 and
Cj,h/j = 1,...,k,h :O,...,Déj —1.
The function (of the variable n)
p—1
Z ¢ eZm'nj/p/ (2.7)
j=0

arising in (2.6), is clearly periodic with period p. We shall prove that the value of the function
(2.7) is nonzero for all 7 in IN.
By the results obtained in Section 2.1,

F, = A" -F,,
with
Fy = (Fo(n), Fi(n), ..., Ey_1(n))7
and
Fo=(1,1,...,1)7,
;\/H
m

where m = |K|. Let us denote by E™ the standard (m — 1)-simplex, i.e., the set

E™ = {(xl,...,xm) e R"

m
X1 ZO,...,meO,in:l}.
i=1

Now, let x, in E™ be the Perron-Frobenius eigenvector of the matrix A, corresponding to the
Perron-Frobenius eigenvalue p. Since x, is in E™,

FO > Xp.

Thus,
F, =A"-Fg> A" -x, = p" - x,.
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Since the Perron-Frobenius eigenvector x, is always positive, we may conclude that a positive
real constant Q in R™ exists, such that

Fo(n) > Q- p". (2.8)

Now, for the purpose of contradiction, let us suppose that (2.7) is zero for some # in IN. Then,
the periodicity implies that (2.7) is zero for infinitely many n in IN. However, this clearly contra-
dicts (2.8). Thus, the value of the function (2.7) is nonzero for all # in IN.

Moreover, the function (2.7) has to be real. Otherwise, for some jin {0, ..., p — 1}, the function
would have to attain a nonreal complex value z = a+ bi, b # 0, for all n - p + j, n in N. However,
for n greater than some 7 in IN, clearly

aj—l

k
];}E)erh'nh'/\;? <b'pn

and thus, the function Fy(n) would have to attain nonreal complex values for n greater than ny.
However, Fy(n) is clearly a real function. Thus, the function (2.7) has to be real as well.

Further, we shall prove that the function (2.7) is not only real, but in fact positive. We have
already proved that the value of the function (2.7) at given  is real and nonzero. For the purpose
of contradiction, let us suppose that it attains a negative value for some . Then, by the periodicity
of the function (2.7), it follows that (2.7) attains a negative value for infinitely many n. However,
by applying a similar argument as above, it can be easily seen that this implies that also the
function Fy(n) attains at least one negative value. But this is a contradiction, since the function
Fy(n) is clearly nonnegative.

Thus, we have proved that (2.7) is a positive function periodic with period p. This implies
that it has to be bounded from below and from above by a positive constant. This clearly implies

Fo(n) = |Comp(A, n)| = ©(p").
Thus, the lemma is proved. 0

Next, in Lemma 2.3.2, we shall prove that a similar property as in Lemma 2.3.1 holds also for
the number of all accepting computation paths of a given length. The only difference is that in
this case, lengths 7, such that there is not any accepting computation of length n, are a serious
problem. However, if we omit these lengths from our consideration, the property holds.

Lemma 2.3.2 Let A = (K, X, 4, qo, F) be a DFAe with strongly connected graphical representation,
and A be the transition matrix of the automaton A. Let p be the Perron-Frobenius eigenvalue
of the transition matrix A. Let F be nonempty and {n;};>, be the increasing sequence of all
nonnegative integers ny, such that at least one accepting computation path of length n; exists in
the automaton A. Then

fo(ni) = [Acc(A, ni)| = O(p™).

Proof. The statement of the lemma is obviously true in the case when A is the 1 x 1 null matrix.
Thus, let us suppose that A is irreducible. Then Fy(n) is nonzero for all n in N and thus, by
Lemma 2.3.1, the Perron-Frobenius eigenvalue p of the matrix A is nonzero (this can be of course
easily proved also without the use of Lemma 2.3.1).

Let us denote by d the greatest common divisor of lengths of the closed walks in the graphical
representation of the automaton A, with the beginning and end in the vertex corresponding to
the initial state gg. Let g in F be an accepting state, and r in IN be a nonnegative integer, such that

(q0,w) F" (q,¢€)

for some w in X*.
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Let S be a set of nonnegative integers s, such that a word w in Z* exists, such that

(q0,w) F° (q0,€).

Clearly, the greatest common divisor of elements of S is d, and the set S is closed under addition.
Thus, by Lemma A.5.3, a nonnegative integer n in IN exists, such that for all n in IN, n > ny, such
that d divides n, n is in S. Let 11 be the smallest nonnegative integer greater than or equal to n,
such that d divides n;.

Let k be in IN. By Lemma 2.3.1,

Fo( — (IK| =1) =y —r) = |Comp(A, g — (|K| = 1) —ny —r)| = ©(p"K71=m7) =
=0(p™).
Now, since the graphical representation of the automaton A is strongly connected, each state is
reachable from each other state in at most |K| — 1 steps. Thus, every computation path of length
ng — (|K| — 1) — n; — r can be prolonged to a computation path of length at most ny — ny —r,
ending in state g9. Moreover, if two computation paths are distinct, then every two computation
paths obtained by prolonging these two computation paths are distinct as well. Thus, if we

denote by ¢(1; — 11 — r) the number of maximal® computation paths of length at most ny, — 1y —r
ending in g9, we have

¢(ng —n1—r) = Fo(mg — (|K[ =1) —ny —r) = O(p"),
ie.,
@(ng —m —r) = Q™).
Clearly, all of these ¢(n; — n; — r) computation paths are of length divisible by d. Thus, by
the structure of the set S, all of these ¢(n; — nq — r) can be prolonged to a computation path of
length 1y — r ending in gp. Since the computation paths involved are maximal, the prolonged

computation paths are all distinct. Thus, if we denote by (1, — r) the number of computation
paths of length exactly n; — r ending in go, we have

Ylng =) = @ —m —r) = Qp™),
ie.,
Pl —r) = Q(p™).
However, since the accepting state g is reachable from gg in 7 steps, this implies
fo(ni) = [Acc(A, ni)| = p(ng —r) = Q(p™),

ie.,
fo(nk) = [Acc(A, ng)| = Q(p").
However, on the other hand we have

foni) = [Ace(A, ni)| < |Comp (A, ni)| = Fo(ni) = ©(p™),

ie,
fo(ni) = |Ace(A, ni)| = O(p™).
Thus,
fo(ne) = |Ace(A, n)| = O(p™)
and the lemma is proved. 0

Finally, in Lemma 2.3.3, we shall state one easy observable yet useful property that we shall
use later in our study.

9In the sense that a computation path cannot be prolonged to another computation path satisfying the property that
its length is at most 1, — 17 — r and it ends in qo.
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Lemma 2.3.3 Let A = (K, X%, 4, qo, F) be a DFA¢, and A be the transition matrix of the automaton
A. The transition matrix A has a nonzero eigenvalue if and only if the graphical representation
of the automaton A contains at least one directed cycle.

Proof. Without loss of generality, let us suppose that the matrix A is in the normal form of a
reducible matrix. The spectrum of the matrix A is the union of spectra of its diagonal blocks (cor-
responding to strongly connected components of the graphical representation of the automaton
A) that are either irreducible or 1 x 1 null matrices.

If the graphical representation of the automaton A contains at least one directed cycle, then
there is at least one strongly connected component with at least one directed cycle. Then, the
number of computation paths in this strongly connected component (with arbitrary initial state)
of length n has to be nonzero for all # in IN. Thus, by Lemma 2.3.1, the corresponding diagonal
block has to have at least one nonzero eigenvalue (the Perron-Frobenius eigenvalue of that block).

If the graphical representation does not contain any directed cycle, then each state forms one
strongly connected component. The number of computation paths in all strongly connected com-
ponents is thus 1 for the computation paths of length 0 and 0 otherwise. Thus, by Lemma 2.3.1,
the eigenvalue of each diagonal 1 x 1 block is 0 (that is, all diagonal blocks are null), and the
matrix A does not have any nonzero eigenvalue. g

Now we are prepared to prove the key result of this subsection, providing an alternative
definition of S-equiloadedness, for S = C— and S = A_. The following theorem implies that a
definition of DFA with balanced use of states in accepting computations, used in [26] and [27], is
equivalent to our definition of state-.4_-equiloadedness, and that a similar property holds also
for some other types of S-equiloadedness defined in this report.

Theorem 2.3.4 Let A = (K, %, 4, g0, F) be a DFAe. Let S be a function in {C—, A-}.

a) A is state-S-equiloaded if and only if a real constant # in R exists, such that, for all pairs of
states p,q in K and for all n in IN, the property

#p, S(A,n)] —#]q, S(An)]| <n-|S(An)|
holds.

b) A is transition-S-equiloaded if and only if a real constant 77 in R exists, such that, for all
pairs of transitions e, f in D and for all # in IN, the property

#le, S(A,n)] —#[f, S(A,n)]| < n-|S(A,n)
holds.

Proof. We shall prove only the statement for transitions, the proof of the statement for states is
analogous.

We shall start with the proof of the easier right-to-left implication. Clearly, since every com-
putation path of length n consists of n transition uses, and since both C=(A,n) = Comp(A,n)
and A— (A, n) = Acc(A, n) contain only computation paths of length 1, we have

21:3#[6’8<A,n)] =n-|S(A,n)|

Thus,
|’i‘ 1S (A,m)| < maxitle, S(A,n)] < n-|S(A,n)],
ec
ie.,
max#le, S(A,n)] = g(n)|S(A,n)l,

where ¢(n) is ©(n). Now, if the inequality
[#le, S(A,n)] = #[f,S(A,n)]| <15-[S(A,n)]
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holds for all e, f in D and for all  in IN, then the number of uses of each transition e in D can be
written as

#le, S(A,n)] = (8(n) +1e(n))|S(A,n)],

where 7, : N — R is a function, such that |r.(1n)| = O(1).
Now, if |S(A, n)| is zero for all n > ng for some 1 in N, then, applying Lemma 1.5.3,

i i B0 RIS 11 1
P e R gl S A+ 1 T T

Thus, in this case the implication holds.

Now, let us suppose that |S(A,n,)| > 0 for infinitely many nonnegative integers ny, k =
0,1,2,.... Then,

B4(S) = min liminf

g(m) +r(n))|S(An)|+1 _
(e,f)eD? n—eo n))

(
g(n) +rp(n)|S(A,n)[+1
8((”k)+fe("k)>)| (A, )|

= min liminf

(
(
(
(

(ef)eD? k—oo (g(mk) +77(m))|S(A,me)|
g(ng) | re(my)
= min lim infw min liminf % % — 1,
(ef)eD? k—eo g(ni) +75(nk)  (ef)eD? k—oo glm) | Tr(m)
Ny Ny

since both ”(zk) and f (me) tend to 0 as k goes to infinity and £37% ( £) is bounded from below (and
also from above) by a pos1t1ve constant. Thus, the first 1mphcat10n is proved.

Now, let us prove the remaining left-to-right implication. Let S be in {C—, A_}. Let us sup-
pose that the automaton A is transition-S-equiloaded. We shall show that the alternative defini-
tion applies to A.

If the graphical representation of the automaton A does not contain any directed cycle, the
implication clearly holds. Let us therefore suppose that there is a directed cycle in the graphical
representation of the automaton A.

Let f : N — IN denote the function Fy(n) = |Comp(A, n)| for the case of S = C—, and the
function fy(n) = |Acc(A, n)| for the case of S = A_.

Let m be a number of states of the automaton A. For the transition matrix A of the automaton
A, an m x m permutation matrix P exists, such that P - A - P~1is in the normal form of a reducible
matrix. That is, for some p in IN,

Mg Mg oo Aiy
poapi_ | O Bz By
0 0 ... Auyu

where A;; are square blocks for j = 1,..., u that are either irreducible or 1 x 1 null matrices.
Since the matrices A and P - A - P~! are similar, they have the same spectrum. Moreover, since
the matrix P - A - P~ is an upper triangular block matrix, its spectrum is the union of the spectra
of the blocks A; i forj =1,...,u. Thus, also the spectrum of the transition matrix A is the union
of the spectra of the blocks A]], forj=1,...,u

Let us denote the Perron-Frobenius eigenvalue of the irreducible (or null) block A; ; by p;- (if
Ajjisa null block, then p;- = 0), forj = 1,...,u. Moreover, let pj, forj = 1,...,u, denote the
greatest natural number, such that

27ri/pj,”' 1, 2mi(pi—=1)/p;

/ /
Pj P - € Pj-€
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are eigenvalues of A; ;. By the Perron-Frobenius theorem, all these are simple eigenvalues of A; ;
(although not necessarily simple eigenvalues of A). Let us denote the pairwise distinct nonzero
eigenvalues p, such that p = p;- forsomej=1,...,u,by

p1/-~-/Pr/

where r is the number of such pairwise distinct nonzero eigenvalues. Since the graphical repre-
sentation of the automaton A contains a directed cycle, it follows from Lemma 2.3.3 that r > 1.

Now, let us consider the spectrum of the transition matrix A. Let S be a set of all pairs of
nonnegative integers (s1,sz) in N2, such that s; < s, 51,5 are coprime and p; - e2mis1/%2 ig an
eigenvalue of A, for some jin {1,...,r}. The set S is clearly finite. For given jin {1,...,r} and
(s1,52) in S, let us denote by B;, s, the algebraic multiplicity of the eigenvalue p; - e?751/%2 (more
precisely, p; - e2™51/52 need not to be an eigenvalue, since the pair (s1,s3) in S may not correspond
to j — in that case we define B, s, = 0). Moreover, let us denote the (pairwise distinct) nonzero
eigenvalues that are not of this form by A4, ..., A; and their algebraic multiplicities by «;, .. ., ag,
where k in IN is the number of pairwise distinct eigenvalues of A that are not of the above defined
form. By the results obtained in Section 2.1, for n greater than some n¢ in IN (we shall assume
this in the rest of the proof),

Biisy 31 k-1
= 2 2 Z Cjs1,50,h n" 'P? s Z Z Cih* nhAn
j=1(s1,52)€S  h=0 j=1 h=0
where
Cis1,50,hr ] =1,...,7, (51, Sz) €S,h=0,... ’ﬁjrs]/SZ -1
and

Cjhs j:1,...,k,h:0,...,ac]-—1

are constants. Clearly, we may replace each B, s, by the number

13_ ]Ir}ax ‘315152

(s1,82)€S

by setting the newly introduced constants ¢, s, » to 0. Thus, we obtain

r p—1 0 arinss/ kool ,
=Y Y| X e @R pf )Y et AT 29)
j:l h=0 (51,52)65 ]:l h=0

Next, since e2™N = 1 for all nonnegative integers N in IN, the function

Y Ciapsn @R (2.10)
(S],Sz) €S

(of variable n) is clearly periodic with period s, where s is the least common multiple of all non-
negative integers s, in IN, such that (s, ;) is in S for some s; in IN (the set S is finite, so the least
common multiple is well-defined).

Now, fora =0,...,s — 1, let us denote by ¢, : N — NN the function defined by

¢a(n) = f(n-s+a)
for n in IN. From (2.9) and from the periodicity of the function (2.10), it follows that

k Déj—l

. B
:ZZn s+a)-Cj- p;“”—kzch,h~(n~s+a)h~)»;‘s+“ (2.11)
i=1h=0 =1 h=0
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fora = 0,...,s — 1, where C]-,h is a complex constant for j = 1,...,rand h = 0,...,— 1.
Moreover, in a similar way as in the proof of Lemma 2.3.1, it is possible to prove that the constants
C;j, are in fact real.

Letain {0,...,s — 1} be fixed. We shall show that if the greatest Perron-Frobenius eigenvalue,
for which some nonzero coefficient C]-,h exists in (2.11), is p J for some | in {1, .., r}, then each
eigenvalue A; (with jin {1,...,k}) with some nonzero coefficient ¢;; (with in {0,...,a; —1}) in
(2.11) is of absolute value strictly smaller then pj.

We shall first prove this for the case f(n) = Fy(n) = |Comp(A,n)|. For the purpose of
contradiction, let us suppose that the converse is true, i.e., that an eigenvalue A; of absolute value
greater than or equal to pj exists, such that c;; is nonzero in (2.11) for some /. This implies that
a computation path < of the automaton A exists, such that v visits some state 4 belonging to
the strongly connected component of the graphical representation, to which the eigenvalue A;
corresponds (if there are more such components, then it visits at least one of them). Otherwise,
the function ¢, (1) would be the same as the function ¢, (1) corresponding to the automaton with
this strongly connected component deleted. This argument can be repeated while the reduced
automaton has A; as an eigenvalue. At the end of this process, we obtain an automaton with
the same ¢,(n), but without )\]- as an eigenvalue. However, by linear independence of involved
functions, this implies that all coefficients Cils 1=0,..., aj —1are zero, ie. a contradiction.

This strongly connected component has a Perron-Frobenius eigenvalue p;, for some b taken
from {1,...,r}. Thus, clearly p, > [Aj| > p;. Now, if we construct an automaton B from this
strongly connected component by choosing g to be its initial state (the set of accepting states
may be arbitrary), and if we denote by ¢(n) the number of computation paths of length 7 in the
automaton B, by Lemma 2.3.1 we have (1) = ©(p}). Thus,

ga(n) = f(n-s+a) = Fon-s+a) = gp(n-s+a—[y]) = ("),

since the computation path v may continue by all of §(n) computation paths of the automaton
B. However, this is an obvious contradiction.

Now, let us prove the claim for the case f(n) = fo(n) = |Acc(A,n)|. Let us suppose that
the converse is true. By a similar argument as in the previous case, a computation path v of the
automaton A exists, such that:

(i) The computation path 7 is accepting.
(ii) The computation path 7 is of length |y| = n,, - s + a for some 7, in IN.
(iii) The computation path - visits some state g of the strongly connected component, to which

the eigenvalue A; corresponds. Let us denote by B = (K',%,¢', g, F') the automaton con-
structed from this component by setting q6 =gand F I = {q}

Let us denote by d the greatest common divisor of lengths of closed walks in the graphical
representation of the automaton B, beginning and ending in q. The set S of lengths of such closed
walks is clearly closed under addition. Thus, by Lemma A.5.3 in Subsection A.5 of Appendix A,
a positive integer np in IN exists, such that S contains all multiples of d greater than or equal to
ng. There are clearly infinitely many multiples of s in S. Let {n;};° , be the increasing sequence
of all multiples of s in S. Since g is accepting, there is at least one accepting computation path of
length 1y in B, for all k in IN. Let us denote by (11, ) the number of accepting computation paths
of the automaton B of length ;. By Lemma 2.3.2,

() = [Ace(B, )| = ©(py),

where p, > [A;| > pj. Thus, if ny = my - s for all k in IN, we have

a(mi + 1) = f((m+ny) s +a) = fo((mg+ny) -5 +a) > p(my-s) = p(n) = Opy).

This is an obvious contradiction.
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Thus, we may conclude that

@a(n) = O ((n s+a)l ~p']5+”) , (2.12)

where H is a greatest nonnegative integer, such that c; y is nonzero (by our assumptions, at least
one such nonnegative integer exists).

Now, we can finally prove the left-to-right implication from the statement of the theorem. Let
¢ : IN — NN denote, depending on the case for which the implication is being proved, one of
the basic quantities T} (n) = #[e, Comp(A,n)], and #(n) = #[e, Acc(A,n)]. Let ¢ N - N
denote one of the functions Tl.f(n) = #[f,Comp(A,n)], and t{(n) = #[f, Acc(A,n)] (depending
on the case for which the implication is being proved).

(1)

Moreover, let ¢, ' : N — IN denote the function
oi(n) =g (-5 +a)
fora=0,...,s—1,and (pb(lz) :IN — NN denote the function

o P (n) = g@(n-s+a)

fora =0,...,s—1. Letain {0,...,s — 1} be fixed. By the results obtained in Section 2.1, and by
the same argumentation as for the case of functions f (1) and ¢, (1), we obtain

261 20;-1

T
o)=Y ¥ (n-s+a) ]h p;“+”+2 2 d (n-s+a)"- AP0, (2.13)
j=1 h=0 j=1 h=
( r 26—1 201
:Z Z n-s+a)"-D ]h p75+”+2% hz d (n-s+a) AT, (2.14)
j=1 h=0 j

where D}/h),D]%), j=1,...,r,h =0,...,28 — 1 are real constants, and d;/?,dﬁ},j =1,...,k

h=0,.. .,21xj — 1 are complex constants.
We assume that the automaton A is transition-S-equiloaded. Moreover, for both S to which
the statement of the theorem applies,

Y #y, S(A,n)] = n-|S(A,n)|.

yeD
Thus, for at least one transition e in D, an infinite increasing sequence of nonnegative integers
{ni )2, exists, such that

#leg, S(A,np)] = =7 - 1S (A, ng) |

ID\
for all k in IN. Thus, taking into account (2.12), (2.13), and (2.14), it can be easily seen that if the

automaton A is equiloaded, then the constants D}lgl 41 and D}ZQI 41 have to be both nonzero and

equal. Moreover, the constants D}lL) and D}ZL) have to be zero for L > H + 1. Thus, the coefficient
at (n-s+4a)" -p’]“*” is zero for h > H, in ‘(p‘(zl) (n) — (p,(zz) (n) ‘ Thus, we have

(pf7 — ‘— (n-s—i—a) p?””).

The correctness of the implication then clearly follows from (2.12).
We have proved both implications for both possible choices of S. That is, the theorem is
proved. g

It can be easily seen that the equivalence provided by Theorem 2.3.4 does not hold for S = C<
and § = A< —itis a trivial task to construct a deterministic finite automaton accepting a finite
language, such that it satisfies the alternative definition from Theorem 2.3.4, but at the same time,
the automaton is not S-equiloaded.



60 2.3 S-Equiloadedness

2.3.2 Computation of Basic Quantities via Convolutions

In this subsection, we shall derive an alternative method for computing the basic quantities
#[e, Comp(A, n)] and #[e, Acc(A, n)], for a given transition e, and the quantities #[g, Comp (A, n)]
and #[g, Acc(A, n)], for a given state g. We shall show that these quantities may be computed
from certain convolutions. We shall use this alternative method of computation to prove Theo-
rem 2.3.14 on asymptotic properties of the quantities #[e, Comp(A, n)] and #[e, Acc(A, n)], and,
most importantly, to prove the characterization of weakly state-C_-equiloaded deterministic fi-
nite automata (Theorem 2.3.31 and preceeding lemmas).

Notation 2.3.5 Let A = (K, %, 4, qo, F) be a DFAe. In addition to the notation A; = (K, %, 4,4, F),
where g is in K, introduced in Section 2.1, we shall use the notation AS = (K,%,6,90,S), where S
is a subset of K. That is, by AS we shall denote the automaton A with the set of accepting states
changed to S.

Now, we shall state a lemma that provides an alternative method for computing the number
of uses of a given transition in computation paths of a given length.

Lemma 2.3.6 Let A = (K, %, 0, qo, F) be a DFAe with K = {q¢,41,...,qm—1}, for some m in N. Let
e = (q]-, ¢,qx) in D be a transition, for some ¢ in X U {¢} and j,kin {0,1,...,m — 1}. Then, for all
n in IN, the identities

n—1
#le,Comp(A,n)] = Y |Acc(Al9}, )] - |Comp(Ag,n —i—1)],
i=0

and

n—1
#le, Acc(A,n)] = Y |Acc(AY,i)| - |Acc(Ag, n —i—1)]
i=0

1

hold.

Proof. We shall prove only the second identity, since the first identity is clearly its special case:
obviously, Comp(A,n) = Acc(AK, n).

The first method how to prove the second identity, is by direct combinatorial insight. In fact,
the number of uses of the transition e as an (i + 1)-th step of accepting computation paths of
length 1, can be clearly expressed as

|Acc(AY, 1) - |Acc(Ag, n —i—1)

The overall number of uses of this transition in accepting computation paths of length 7 is then
clearly the sum of this quantity for all possible i.

However, we shall also present the second proof that does not make use of combinatorial
insight. As we have already noted in Section 2.1, the system of OAEs for

to(n) = #[e, Acc(A, n)]

can be viewed either as a homogeneous system of 2m OAEs in 2m unknown functions, or as a
nonhomogeneous system of m OAEs in m unknown functions. Up to now, we have always used
the perspective of the homogeneous system of 2m OAEs. However, if we express the quantity
t;(n) by a nonhomogeneous system, we obtain the system

t/n =A- tln—l + Xn—1,

where T
t, = (t5(n), t{(n),... t5,_1(n))
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and
xn = (0,...,0,|Acc(Aq, m)],0, . 0T, (2.15)
j—1 m—j

The initial conditions are given by
ty = (0,0,...,0)T.
e e
m

Thus, it is clear that the column vector t], can be expressed from this nonhomogeneous system
of OAEs as

n—1
U =Tu X1+ A Xp 2+ +A2x + A oxg= Y A X, (2.16)

Thus, if we introduce the notation

(i (i) (i)
wood o e
1 1 1
Al — dy o i1 1 1
d1(1’ll)—1,0 d(l)—l,l : dirll)—l,m—l
for i in IN, from (2.15) and (2.16) we obtain the identity
#le, Acc(A, n) 2 U |Ace(Ag,n —i—1)]. (2.17)

However, if we define
y=(0,...,0,1,0,...,0)7,
——

then d(()i; is clearly the first entry of the column vector A’ -y, i.e., by Theorem 2.1.4,

d(l |Acc(Al}, 7).

Thus, (2.17) can be rewritten as

#le, Acc(A,n)] = ty(n) = ;) |Acc(AlT}i)] - |Acc(A g —i—1).

That is, the lemma is proved. O

The following lemma provides us with an alternative method for computing the quantities
#[q, Comp(A,n)]| and #[q, Acc(A, n)], counting the number of uses of a specified state. The lemma
may be proved analogously as Lemma 2.3.6, or can be proved as a corollary of this lemma. We
shall present the proof using the second approach.

Lemma 2.3.7 Let A = (K, %, 9, qo, F) be a DFAe with K = {40, 41, ...,qm—1}, for some m in N. Let
g; in K be a state, for some j in {0,1,...,m —1}. Then, for all n in IN, the identities

#[q;, Comp(A, n)] 2|Acc (Al,)| - |Comp(Ag, n — i),
i=0

and

#]qj, Acc(A, n) Z |Acc(Al} 1)) - |Acc(Ag, n — 1)
i=0
hold.
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Proof. Once again, the lemma can be proved by a direct combinatorial insight. However, we
shall present also a proof based on the use of Lemma 2.3.6. We shall prove only the second
identity, since the first one is clearly its special case.

Clearly, the equation

#q;, Acc(A,n)] = |Acc(AINE )|+ Y #[(gj,¢,q1), Acc(A, )] (2.18)
(9j.c.q) €D

holds, where the sum goes through all ¢ in £ U {e} and all g4 in K. Then, by Lemma 2.3.6, the
equation (2.18) becomes

#]qj, Acc(A,n)] = [Acc(AVIF )|+ Y 2|Acc (A1) 0)] - |Ace(Ag, n—i— 1) =
(q7.c.q¢)€D i=0

= |Acc(ATIOF ) |+Z (Acc Aty |Acc(Aqk,ni1)|> =

(q;.c.q¢)€D

= |Acc(AIF, )| 4+ Z |Ace(Al, )| - |Acc(Ag, n—i)| =
i=0

—Z|Acc (Al 7). |Acc(Ag;,n — 1)),
i=0

where the next to the last step is by Theorem 2.1.4, and the last step makes use of the obvious fact
that |ACC(A{q7}mF,n)| > 0 implies [Acc(Ag;,0)| = 1. Thus, the theorem is proved. O

2.3.3 Asymptotic Properties of Quantities for Strongly Connected Automata

In this subsection, we shall focus on one remarkable property of deterministic finite automata
with strongly connected graphical representation. This property is stated in Theorem 2.3.14 and,
in the case of automata with strongly connected graphical representation, significantly simplifies
the asymptotic estimates for the quantities representing the number of uses of a given transition.
This theorem also implies that a similar property holds also for the quantities representing the
number of uses of a given state (Corollary 2.3.15).

However, before we proceed to the statement and proof of Theorem 2.3.14, let us briefly in-
troduce the concept of the period of a given strongly connected automaton. The period of an
automaton is essentialy the same as the period of its transition matrix (see, e.g., [31]). We shall
present three alternative characterizations of this concept. We shall omit proofs of Lemma 2.3.8
and of Theorem 2.3.10. The reason for this is that the proofs are lengthy and technical, how-
ever they are essentially the same as the proofs of analogous results in the theory of nonnegative
matrices (see, e.g., [31]).

Lemma 2.3.8 Let A = (K, %, 4, qo, F) be a DFA¢e with strongly connected graphical representation.
Then, a positive integer P4 in N exists, such that K can be partitioned into P4 disjoint sets

2(0),21),..., 2(Py—1),
such that
(i) If, for some g in K, w in £* and 7 in IN, the property
(90,w) =" (q,€)
holds, then g is in 2 (n mod Py).
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(ii) A nonnegative integer ng in IN exists, such that for all # > np and all g in Z(n mod P,), a
word w in X* exists, such that the property

(q0,w) F" (q,€)
holds.

Definition 2.3.9 Let A = (K, %, J, qo, F) be a DFAe with strongly connected graphical representa-
tion. We shall call the positive integer P4 from the previous lemma the period of the automaton
A.

Theorem 2.3.10 Let A = (K, %, J, g0, F) be a DFA¢ with strongly connected graphical representa-
tion. Then, the period P4 of the automaton A is equal to the number of distinct eigenvalues of A
with the absolute value equal to the spectral radius p(A) (i.e., their absolute value is equal to the
Perron-Frobenius eigenvalue p). This is further equal to the greatest common divisor of lengths
of closed directed walks in the graphical representation of the automaton A.

Now we are prepared to proceed to our study of asymptotics for the number of uses of a given
transition. However, before we state Theorem 2.3.14, let us prove one lemma that we shall use in
its proof.

Lemma 2.3.11 Let A = (K, X%, 6, qo, F) be a DFA¢ with strongly connected graphical representa-
tion. Let S, T C (k) be nonempty sets, for some fixed kin {0,1,..., P4 —1}. Then

’Acc(As,n)‘ =c- ‘ACC(AT,H)) +o (max {1, Acc(AS,n)’}) ,

for some real constant ¢ in R.

Proof. If the automaton A consists of one isolated state without any transition, the statement
of the lemma is trivial. Thus, let us suppose that A has at least one transition. Then, since the
graphical representation of the automaton A is strongly connected, the transition matrix A is
irreducible. Thus, by the Perron-Frobenius Theorem and by the results obtained in Section 2.1,
we have

p-l .
‘ACC(AS,TI)’ — (Z Cj_627rzn]/p> .pn +0(pn)
j=0

and .
p— .
‘ACC(AT,n)‘ — <Z dj .627'[111]/]0) ‘pn +0(Pn),
j=0

where p is the Perron-Frobenius eigenvalue of the transition matrix A, and where c, .. - Cp—1
and d, ...,d, 1 are (in general complex) constants. Further, by Theorem 2.3.10, p is equal to the
period P4 of the automaton A.

The functions

p-1 . p-1 .
2 ¢ p27tinj/p and 2 dj . g2minj/p
j=0 j=0

are clearly periodic with period p = P4. Moreover, in the proof of Lemma 2.3.1, we have ob-
served that these functions are real.

Now, since both S and T are subsets of 2 (k), it follows that both |Acc(AS, n)| and |Acc(AT, n)|
are zero for n such that n mod p # k. Moreover, since both S and T are nonempty, it follows from
Lemma 2.3.2 that both

p—1 p=1

. 2mikj/p . L2mikj/p
Y cj-e and Y dj-e
j=0 j=0
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are nonzero. Thus, clearly, the statement of the lemma holds for the real constant ¢ defined by
p=1 . omikj/
. Yizg ¢jre?
CyPl g 2miki/p
Yl dj- €2/

Thus, the lemma is proved. 0

Before we use this lemma to prove the main result of this subsection, Theorem 2.3.14, let us
prove one auxiliary lemma and its corollary that we shall use in the proof of Theorem 2.3.14.

Lemma 2.3.12 Let {a,}3 , {bu}o, be sequences of real numbers, such that a, > 0,b, > 0 for
all n > ng, where ng isin IN, b, — oo for n — oo, and

where L is in R.10 Then also

Proof. By the definition of limit, it follows that for every ¢ > 0, a nonnegative integer N in IN
exists (without loss of generality, let N; > ng for all € > 0), such that for all n > N,

L—e<a—”<L+e,
by

ie.,
Lb, —eb, < a, < Lb, + ¢b,,.

Thus, for given € > 0 and for n > N,, we have

L (ZN bk> —e. (ZN bk> <East (ZN bk) be. (ZN bk>,

ie.,
Yr—n, 9k
Loe< =5=Ne & o1y
):k:Ne by
That is,
ZZ:NS Ay

lim = L.

n—o00 ZZ:NS bk

However, since b, — oo for n — oo,

Ne-1
Yeeo % | Sk=ng %

Ne—1
i Yioo% _ . Yiso %+ Z’I::Ng A o YeneDe ' Nienebxe . ZZ:NE ak
im =i = N1 " = lim N = lim ———— = L.
n—oo Zk:O by n—o Zk;O b + Zk:Ng by n—oo Yelo br 1 n—oo Zk:NE by
ZZ:Ng bk
Thus, the lemma is proved. 0

Corollary 2.3.13 Let {a,}7",, {bn}{>, be sequences of real numbers, such that b, # 0 for all
n > ng, where ng is in IN, b, — oo for n — oo, and

ay = o(by).

Then also
n n
Z aj =0 (Z bk> .
k=0 k=0

10The statement holds also for L = +-oc0, but the case where L is in R is sufficient for the purposes of this report.
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Proof. The claim is a special case of the statement of Lemma 2.3.12, where L = 0. g

Now we shall proceed to the main result of this subsection. For deterministic finite automata
without e-transitions, and for the case of accepting computation paths, we have proved a similar
result already in [25]. However, the proof presented in [25] is lengthy, technical, and complicated.
The proof presented in what follows is considerably simpler. Thus, the presented theorem may
be viewed as a generalization of the result presented in [25], and its proof may be viewed as a
significant simplification of the proof from [25].

Theorem 2.3.14 Let A = (K, %, 4, qo, F) be a DFAe with strongly connected graphical representa-
tion. Then for each transition e in D, a real constant 4, in R exists, such that

#le, Comp(A,n)] = (a,n £0(1)) - |Comp(A, n)|,

and
#le, Acc(A,n)] = (aen £0(1)) - |Acc(A, n)|.

Proof. To prove the theorem, it clearly suffices to show that a real constant a, in R exists, such
that
#le, Acc(AS,n)] = (acn = 0(1)) - |Acc(A%, n)| (2.19)

for all sets of states S C K. If S is empty, then both |Acc(AS, n)| and #[e, Acc(A®,n)] are zero and
the property is trivially satisfied for all constants a,. Thus, we shall assume that S is nonempty.

We shall suppose that A has at least one transition — otherwise, the claim is trivial. Then, since
the graphical representation of the automaton A is strongly connected, the transition matrix A is
irreducible. Thus, it follows from the results obtained in Section 2.1, from Theorem 2.3.10, and
from Lemma 2.3.2, that

Py-1 o
#[e, Acc(AS,n)] = ( R ezmn]/PA> n-p" £0(1) - |Acc(AS, n)],
=0

where p is the Perron-Frobenius eigenvalue of the transition matrix A, and where cy,...,cp, 1
in C are constants. Moreover, as we have observed in the proof of Lemma 2.3.1, the periodic

function
Py—1

Z ¢ eZm’nj/PA
j=0

is always real, and, by Lemma 2.3.2, |Acc(A®, n)| = ©(p"*), where {n; }¢° , is the infinite increas-
ing sequence of all nonnegative integers 7, such that |Acc(A®,n)| is nonzero (such a sequence
exists, since the graphical representation of A is strongly connected, at least one transition exists,

[e9)

and the set S is nonempty). Thus, we may restate this as follows: a sequence {b;, n_o periodic
with period P4 exists, such that

#le, Acc(AS,n)] = (bin £ 0(1)) - |Acc(AS, n)|. (2.20)
We shall first prove that a real constant 4, in R exists, such that (2.19) holds for all sets S, such
that S C 2(k) for some fixed kin {0,1,..., P4 — 1}. In that case, |Acc(AS, n)| is zero for all n in
IN, such that n mod P4 # k. Thus, clearly, for every such given S, the property
#le, Acc(AS,n)] = (bin £ O(1)) - |Acc(AS, n)|

holds. We shall prove that b]f is the same for all such S, and that will be our constant a,.
First, we shall prove that bg = bg for all nonempty S, T C #(0). By Lemma 2.3.11,

|Acc(AS,n)| =c- ‘ACC(AT,TI)‘ +o (max {1,

Acc(AS,n) ‘ }) . (2.21)
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By Lemma 2.3.6, and subsequently by (2.21), Corollary 2.3.13, and once again Lemma 2.3.6,
#[e, Acc(AS,n)] = Z |Acc(Al9i, )| - |Acc( n—i—1)| =
i=0

-1
= Z{; |Acc(Al}, 1) - (C' |Acc(Ag,n—i—1)|+
1=l

+o (max {1, \ACC(Ask, —i— 1)|}> ) =
(i |Acc(Al}, )] - |Ace(AT ,n i—l))iO(l)-|Acc(AS,n)|:

:( 2 |Acc(Al1,i)] - |Acc(AL n i—l))iO(l)-|Acc(AS,n)|:
= c-#[e, Acc(AT,n)] £ O(1) - |Acc(AS, n)).

This clearly implies that b = bl =: by.

Now, let T C 2 (k) for some k in {1,2,...,P4 — 1}. We shall show that b] = by. By what we
2 (k)

have proved up to now, it clearly suffices to show that b,” " = by. However,

#le, Acc(A7W )| = ¥ (#[e,Acc(A{q},n—k)]-\Acc(Af’(">,k)|+
7€2(0)
+ |Acc(AT, 1 — k)| .#[e,Acc(Af(">,k)]) -

( e, Acc(A1T n — k)] - \Acc(Af(k),k)D +
qe@(o

+ (lace(Al), 0 — k)| - #le, Acc(ay” ™, k)] ) . (2.22)
42 (0)

Moreover, clearly,

Acc(A7®, m)| = Y |Acc(Al 1 — k)| |Acc(A] W K)].
7€2(0)

Thus, by what we have proved above,

y (#[e, Acc(AW, n— k)] - |Acc(A] M, k) |) =

47 (0)
- ¥ ((bo(n —k)£0(1)) - |[Acc(A 1 — k)| - |Acc(Af’<">,k)|) =
ge#(0)
- ¥ ((bon +0(1)) - |Acc(AD, n — k)| - |Acc(A,§’”<k),k)|) =
42 (0)
— (bon+0(1))- Y |Acc(AlD, 0 — k)| |Acc(A] W k)| =
7€2(0)
= (bpn £0(1)) - |Acc(AZ®), ). (2.23)

)
Moreover, since #]e, Acc(A[?z (k), k)] is a constant that is zero whenever |ACC(A‘}] ®) k)| is zero, we
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have

). (|ACC(A{‘7},n — k)| -#[e,Acc(A;’}(k),k)}) =

g 2(0)
—o ¥ |Acc(Al, 0 — k)| |Acc(A] WK | =
q€2(0)
= O0(JAcc(AZH), n)|) = O(1) - |Acc(AZ W), ). (2.24)

Now, by plugging (2.23) and (2.24) into (2.22), we obtain
#le, Acc(AZ®) )] = (bon £ 0(1)) - |Acc(AZ®), )|
Thus, we have proved that for all sets of states T, such that T C (k) for some k in the set
{0,1,..., P4 — 1}, the property
#le, Acc(AT,n)] = (bon = 0(1)) - |Acc(AT, n)|.

holds. It remains to prove that the property holds also for all other sets of states S. However, this
is clear, since for n such that n mod P4 =k,

#le, Acc(AS,n)] = #[e, Acc(ASN 7R )] = (bon £ O(1)) - |Acc(ASN 7R )| =
= (bon £0(1)) - |Acc(A%,n)|.

Since this holds for all kin {0,1, ..., P4 — 1}, the theorem is proved. O

Theorem 2.3.14 directly implies the following corollary for the quantities representing the
numbers of uses of states.

Corollary 2.3.15 Let A = (K, X, J, qo, F) be a DFA¢ with strongly connected graphical representa-
tion. Then for each state g in K, a real constant 4, in R exists, such that

#[g,Comp(A,n)] = (aqn +0(1)) - |Comp(A,n)|,

and
#[q, Acc(A,n)] = (agn £ O(1)) - |Acc(A, n)|.

Proof. In Theorem 2.1.11, we have observed that the identities

#lq,Comp(A,n)] = ) #(p,c q),Comp(A,n),
(peg)eD

#lg, Acc(A,n)] = Y #(p,c,q),Acc(A,n)]
(peg)eD

hold for all states g # go, and that for the state g, the identities

#lqo, Comp(4,m)] = [Comp(A,m)| + ¥ #[(p,c,q0), Comp(A,n)],
(p.cq0)€D
#[g0, Acc(A,n)] = |Acc(A, n)| + Z #[(p,c,q0), Acc(A,n))
(pci0)€D

hold (the sums go through all p in K and ¢ in X U {¢}). Thus, as a direct consequence, the claim
holds for

B =Y, Apeq-
(p.cq)€D

That is, the corollary is proved. O



68 2.3 S-Equiloadedness

2.3.4 Almost-Equivalence of Transition-Equiloadedness S-Measures

In this subsection, we shall use Theorem 2.3.14 to prove Theorem 2.3.16 that will be of key impor-
tance for the theory of transition-equiloaded DFA and DFAe. We shall prove that the transition-
equiloadedness S-measures are almost equivalent for S in {C—, A—,C<, A< }. These measures are
not equivalent only for DFAe that do not contain any reachable directed cycle from which at least
one accepting state is reachable, i.e., for a subset of DFAe accepting finite languages.

This fact can be viewed as a justification of the definition of transition-equiloadedness, since
it shows a certain robustness of this definition — no matter which of the standard parameters S is
chosen, there are only minor differences in the resulting family of automata and languages.

However, for the case of state-equiloadedness, this property does not hold. We shall prove
that the values of state-equiloadedness S-measures may significantly vary for different S also for
automata, for which the measures of transition-equiloadedness have to be the same.

Theorem 2.3.16 Let A = (K,X, 4, qo, F) be a DFAg, such that in the graphical representation of A,
there is at least one reachable directed cycle from which an accepting state is reachable. Then,

Ba(C=) = Ba(A=) = Ba(C<) = Ba(A<).

Proof. First, let us suppose that the graphical representation of the automaton A is not strongly
connected. Then, there is at least one transition e in D, such that

#le,v] <1
for all computation paths <. Thus,
#le, Comp(A,n)] = O(1) - [Comp(A, n)| (2.25)
and
#le, Acc(A,n)] = O(1) - |Acc(A, n)]. (2.26)

On the other hand, clearly,

Y #[y,Comp(A,n)] = n-|Comp(A,n)|
yeD

and

Y #ly, Acc(A,n)] = n-|Acc(A,n)|.

yeD
Thus, transitions fi, f> in D and infinite increasing sequences {1 }”,, {m}3-, of nonnegative
integers have to exist (since there is a reachable directed cycle in the graphical representation of
A, from which an accepting state is reachable), such that

|Comp(A, ng)| >0,
|Acc(A, my)| >0,

n
#(f1, Comp(A4, ny)] > ﬁ - |Comp(A, nr)|,
and
m
#(f2, Acc(A, my)] > ﬁ - [Acc(A, my)|

for all kin IN. Thus, by Lemma 1.5.3,

.. . #e,Comp(A,n)]+1 .. . #le,Comp(A,ng)] +1
)< < =
BalC=) = hr{ggolf #[f1,Comp(A,n)]+1 — hl?lgzlf#[fl,Comp(A, ng)] +1 0,
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and
#le, Acc(A,n)] + #e, Acc(A, my)] +1
< = 0.
BalA-) < iminf o o (A, n)]+1 S i e A, m ) 1
Thus, Bo(C=) = B4o(A=) = 0. Moreover, clearly,
#le, Comp(A, )] = o (HLf1, Comp(4, my)]),
and
#le, Acc(A, my)] = o (#[f2, Acc(A, my)]) .
Thus, by Corollary 2.3.13,
k
Z e,Comp(A,n;) (Z#[fl,Comp (A, n; )]) (2.27)
j=0 =0
and
k k
Y #le, Acc(A, m;) (Z [f2, Acc(A, m; )]) (2.28)
j=0 =0

Now, let us assume that the sequences {n};> , and {m;}{?, contain all nonnegative integers,
such that the conditions imposed on them are satisfied. Then, by what we have observed in the
proof of Theorem 2.3.4, for some kg in N, the sequences {”k}zo:ko and {mk}fzko are periodic with
period s in N. Thus, adding terms #[e, Comp(A, )] resp. #[e, Acc(A, )] for I not in {n; };2, resp.
{mi} 2, to the sum on the left side of (2.27) resp. (2.28) will preserve the asymptotic relation.
Thus, we obtain

k
#[e, Comp (A, < ny)] <Z#f1,Comp(A n; )])

j=0

and

#[e, Acc(A, < my)] (i#fzfACC (A, m; )])

j=0

and, as a direct consequence,
#le, Comp(A, < n)|+1=o (#f1,Comp(A,<n)|+1),

and
#le, Acc(A, < n)|+1=o0 (#f2,Acc(A, <n)]+1).

But this is equivalent to that B4 (C<) = B4(A<) = 0. Thus, we have proved that if the graphical
representation of the automaton A is not strongly connected, then the property

Ba(C=) = Ba(A=) = Ba(C<) = Ba(A<) =0

holds.
Now, let us suppose that the graphical representation of the automaton A is strongly con-
nected. Then, by Theorem 2.3.14, for each transition e in D a constant 4, in R exists, such that

#[e, Comp(A,n)] = (a.n £0(1)) - [Comp(A,n)|,

and
#le, Acc(A,n)] = (an £ 0(1)) - |Acc(A, n).

Let us denote
. Ae
B= min —.

(e.f)eD? df
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By Lemma 1.5.3,
B #le, Comp(A,n)]+1
Ba(C=) = (EI}}lenDz llrIlr—1>1£f #[f, Comp(A,n)] + 1
o (an:0()|Comp(Am+1 e
o (e,r;;lenpz hgg}f (agn+0(1))|Comp(A,n)[+1 (e,rjglenDz ap
and

B #le, Acc(A,n)|+1
Ba(A-) = . rfr;mmhgglf#[f Acc(A ) T1 =

= min liminf (acn £ O(1))|Acc(A,n)| +1 _ min 2 =B
o (e,f)eD? n—eo (afn:I:O(l))|ACC(A,Vl)\ +1 (ef)eD? af o

Moreover, by Lemma 1.5.3,

_ #le, Comp(A, < n)]+1 Yi—o#le,Comp(A, k)] +1
BalCe) = i B o 317, Comp(A, < m) | +1 ()b l‘rfﬁ%ﬂ‘f Yo #1f, Comp(A, )] +1
Yk—o ((ack £0(1)) - |Comp (A, k)|) +
= min liminf
(e.fyep2 n—ee Yk o((agk£0(1)) - [Comp(A4, k)|) +
e Yp—o (k£0(1)) - |Comp(A /k)|) . a
= min liminf min — = B.
(ef)ep? n—o ap- 14 (k=0(1)) - [Comp(AK)[)+1  (of)ep? ay
Similarly,
#le,Acc(A, <n)|+1 Yi_o#le,Acc(A k)] +1
BalAs) = i S §lF, Acc(4, < m)] +1  (obs h%ri?-?f Ti o #lf, Acc(A, B +1

_ Ek 0((agkj:O( ) -
_<EI}}‘I}32hﬂ‘£fzk o((agk£0(1)) - [Acc(A, k)] +1
de- Y p_o (k+£0(1)) - |Acc(A k)|) +1 L de
— li f —
o T TR (k£ 0(1)) - [Acc(AK)) T 1 (ofobe af

~— | —

|Acc(A,k)|)
)

Thus, we have proved that if the graphical representation of the automaton A is strongly con-
nected, then

Ba(C=) = Ba(A=) = Ba(C<) = Ba(A<) = B.

That is, the theorem is proved. O

As we have already anticipated, the situation is far more complicated for the case of state-S-
equiloadedness. In the following example, we shall show an example of a deterministic finite
automaton, for which the properties proved for transition-equiloadedness measures are violated
for state-equiloadedness measures. To be more specific, we shall construct a deterministic finite
automaton A, such that state-equiloadedness measures B4 (C=), Ba(A=),pa(C<), and Ba(A<)
attain pairwise distinct values.

Example 2.3.17 Let us consider a deterministic finite automaton A = (K, X%, J,qo, F) defined as
follows: K = {q0,491,92,93,94,95}, £ = {a,b,c,d}, F = {q2,93,495}, and

5(qo,a) =q1,  6(q0,b)=q1,  6(q0,¢c) =q2, (g0, d)=4q4,  6(q1,a) = qo,
5(q1,b) =qo,  d(q2,a)=4q3,  O(q2,b) =q3,  O(q3,4)=q2,  6(q3,b) = 92,
0(qq,a) =qs5,  O(q5,a)=q4,  0(g5,b) =q4,  0(g5,c)=q4,  0(q5,d) = q4.
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Figure 2.3: The automaton A. Since the number of transitions is relatively high, and since the characters

are not important in this example, character labels are omitted in the diagram.

The graphical representation of the automaton A is depicted in Figure 2.3 (without labels at
transitions specifying characters — this example works no matter what characters are used in the

transitions, and there is not enough space in the figure to include these labels).

By implementing the method for computing the closed form of the basic quantities, presented

in Section 2.1, on a computer, one may easily obtain the following results:

7 5 1 1

(Comp(An)| = g -n-2"+ 32" —gg-n-(=2)" -
_ 5 n, 1 on 1 n_ 1
|Ace(A m)| = o n 2"+ 5 20 o (-2)" — g

7 13 1 13

< = — . .on . . (=2 ==
[Comp(4, < m)| =5 om- 2"+ 2" — 0 on (=2)" = o
5 3 1 5
Acc(A,<n)|=2-n-2"— 22"+ —n-(=2)" — =
[Acc(A, < m) = g2t = 22"+ oo (<2)" = 5

_ 7 2 nn 27 n 15 n 1
#[q0/C0mP(A/")] - 64 n 2 + 32 n-2 + 16 2 64

1 n

_ 7 2, 13 ny 3 on_ 1

#[41/C0mP(Ar”)] - 64 ns-20+ 32 n-2"+ 16 2 64
3 n
-2 (-2)",

o 1 2 An 3 n 3 n 1
#[qZIC()mp(AIn)] ~ 16 ne-20+ 16 n-2"+ 32 2 16
#[g3, Comp (A n)]—i.n2~2"+i-n-2”—i-2"+l'

93, pla )] = 16 16 32 16

_ 3 2 on 5 n 3 n 1

#[q4, Comp(A, n)] = 6a " 2 +32 n-2 +32 2 64
3
_ﬁ.(_z)”,
_ 3 2 mn 1 n 1 n 1
#[q5, Comp(A, n)] = 64 ne- 20+ 32 n-2 32 2 64
1
+372(_2)1’Z/
_ 5 2 nn 7 n 3 n 1
#lgo, Ace(A,m)] = = -n® - 204 o5 om - 20 o5 2T 4

-2,
-2,

(-2 -,

(2r+4,
n?. (=2)" — 3% e (=2)"+
R (2)" = e (<2)
ne (-2 - 2 (-2,
ne(-2)" g5 - (-2)",
R (=2)" = o (<2)
nz.(—zywr% e (=2
R (2)" = e (<2)'



72

2.3 S-Equiloadedness

#[g1, Acc(A,n)] =

#[g2, Acc(A,n)] =
#[g3, Acc(A,n)] =
#[qs, Acc(A,n)] =

#[g5, Acc(A,n)] =

#[g0, Comp(A, < n)] =

#[g3, Acc(A, < n)] =

#[gs, Acc(A, < n)] =

654-nz-zn—%-n-2”—%-2”+61—4~n2-(—2)"—% n-(=2)"+
g (<2,
%#au%-n 2”+%-2”—f—6-n (—2)" 3‘12 (—2)",
11—6-n2-2”+%~n~2”—3i2~2”+11—6-n (—2)"+3i2-(—2)",
61—4'712 2”+3i2~n 2"+6i4~n2 (—2)"+3i2~n (=2)",
6174.n2.2n+%.n.2n+$.n2.(_ )n+%.n (—2)",
312 n2-2"+;n 2”+%~2"791—6«n2 (72)"75% (—2)"+
b () o
%-nz 2”+§-n 2"—}—%-2”—91—6-712 (—2)”—732 n-(=2)"—
e (V-
%-nz-Z"—l—%-n z"+13—6-z"—2i4- (-2~ o (—2)"—%,
%-nz-Z”—%-n 2”+13—6-2”+%-n (—2)”+%-(—2)"—§,
%.nz-z’w% 2n+3£2'2n791*6'"2 (,2);1,%,”,(,2);1,
71 2
_@ (_Z)n_ﬁl
;—z-nZQ”—%- 2"+35—2-2”—9i6 n? (—2)"+71—2-n (—2)"+
b ()
:3%'n2-2”+é'n-2”+312~2"+91—6'n2~(—2)"—%-11-(72)”—
L6 4
864 27
?% n2~2"—%-n~2"+%-2”+91—6~n2-(—2)”—%-n-(—2)"—
N
G2 e 2 gt (<2) (<2
%-n2-2”—%-n-zu%-zu%-n.(—z)”+%-(—2)"—§,
;—2.n2-2”+3i2~2"+91—6.n2.(—2)”+31—6.n~(—2)"+% (—2)"—
1

N
N
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1, 1 1,
< — — .20 L my g (oY (Lo
#[g5, Acc(A, < n)] 5" 2 ta 2 tog ™ (=2)" + n-(=2) ‘e (=2)

1
27

Thus, it is possible to observe that, by Lemma 1.5.3,

#[p, Comp(A,n)] +1

Ba(C=) = min liminf n (A ,
(pg)ck2 n—eo #[q,Comp(A, n)] +1  now #]go,Comp(A,n)]+1 3
)l

[p
[
o Ac(Am] 1 Hlgy Acc(A,n
Pald-) = (pgl)lgnKz lim inf #[g, Acc(A,n)]| + 1 lrlgoof#[qz,Acc(A n))+1
[
[
[
9

. #pComp(A, <n)|+1 #[gs, Comp(A, < n)|+1
PalC<) = (;;1)13(2 lim inf #]q,Comp(A, < n)| +1 = lim inf #[q0, Comp(A, < n)] +1
#[p, Acc(A, <n)]+1 — liming #lqs, Acc(A, <m)]+1 1

JAcc(A,<n)|+1  noeo #]go,Acc(A,<n)]+1 7

A<)= min _liminf
Ba(A<) in liminf o

That is, these four state-equiloadedness S-measures are pairwise different.

2.3.5 Characterizations of Weak S-Equiloadedness for several S

In this subsection, we shall prove characterizations of weakly transition-S-equiloaded and weakly
state-S-equiloaded DFA and DFAg, for several possible choices of S.

We shall start with the characterization of weak transition-equiloadedness for S in {C—, A_}.
In [25], we have presented the characterization of weak transition-.4_-equiloadedness for DFA
(without e-transitions). The proof presented in this report is based on the proof from [25], how-
ever is slightly different. The remaining characterizations presented in this subsection are entirely
new.

Theorem 2.3.18 Let A = (K, %, J, qo, F) be a DFA¢ with connected graphical representation.

a) A is weakly transition-C—-equiloaded, if and only if its graphical representation either does
not contain any reachable directed cycle, or it is strongly connected.

b) A is weakly transition-.A—-equiloaded, if and only if its graphical representation either does
not contain any reachable directed cycle from which some accepting state is reachable, or it
is strongly connected.

Proof. First, we shall prove the easier left-to-right implications (i.e., the only if part). Let the au-
tomaton A be weakly transition-.A—-equiloaded. If the graphical representation of the automaton
A does not contain any reachable directed cycle from which some accepting state is reachable,
the number of accepting computation paths is finite and the implication holds trivially.

Now, let the graphical representation of the automaton A contain such directed cycle, i.e.,
the number of accepting computation paths be infinite. For the purpose of contradiction, let us
suppose that the graphical representation of the automaton A is not strongly connected. Since
the graphical representation is connected, this implies that a bridge has to exist in the graphical
representation.

In other words, a transition e in D exists, such that

#e, Acc(A,n)] < |Acc(A,n)|
for all n in IN. However, since the number of accepting computation paths is infinite and since

Y #[y, Acc(A,n)] =n-|Acc(A,n)],
yeD
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a transition f in D and an infinite increasing sequence of nonnegative integers {1 };° , have to
exist, such that |Acc(A, ng)| > 0 and

Ny

#f, Acc(A, ng)] > D]

|Acc(A, ny)]

for all k in IN. However, existence of such a pair of transitions clearly implies that the transition-
equiloadedness A_-measure of the automaton A is zero.

The case S = C- is analogous.

Now, let us prove the more difficult right-to-left implications. First, let the graphical repre-
sentation of the automaton A be without a reachable directed cycle from which some accepting
state is reachable. Then, there is only a finite number of accepting computation paths. As a
consequence, a nonnegative integer g in IN exists, such that there is no accepting computation
path of length n, for all nonnegative integers n > ng. Thus, both the numerator and the de-
nominator of the n-th transition-equiloadedness A_-quotient are 1, for all n > ng. This implies
that B4(A=) =1 > 0, i.e., the automaton A is transition-.A_-equiloaded, and thus also weakly
transition-.A_-equiloaded.

Further, let us suppose that the graphical representation of the automaton A does not contain
any reachable directed cycle. Then a nonnegative integer ng in IN exists, such that there is not any
(accepting or nonaccepting) computation path of length #, for all nonnegative integers n > ny.
Thus, again, both the numerator and the denominator of the n-th transition-equiloadedness C—-
quotient are 1, for all n > ny. Thus, the automaton A is transition-C—-equiloaded, and therefore
also weakly transition-C—-equiloaded.

Now, we shall prove that if the graphical representation of the automaton A is strongly con-
nected, then the automaton A is both C—-equiloaded and .A—-equiloaded.

Let us start with the proof of C_-equiloadedness. First, we shall prove that a constant M in R
exists, such that for all nonnegative integers n > |K|, all transitions e, f in D and for all states g in
K, the property

#4,f, Comp(Ag,n)] < M -#, [e,Comp(Ag,n)] (2.29)

holds (as above in this report, A; denotes the automaton A with its initial state changed to q). To
be more specific, we shall define the constant M as follows. Since the graphical representation
of the automaton A is strongly connected, also the graphical representation of A, is strongly
connected, for each p in K. Thus, by Lemma 2.3.1,

[Comp(Ay,n)| = ©(p")
for each p in K. Therefore, it follows that a real number M’ > 1 exists, such that

C Ap,n)| <M -min|C Ap,
max |Comp(Ay, n)| < M’ min|Comp(Ap, n)|

for all n in IN. We define M by
M = 2|K||Z 2Kl M.

We shall prove the inequality (2.29) by a variant of the mathematical induction. In essence, it
shall be an induction on 7, but in one induction step, we shall prove the property for |K| values
of n at once. Let the transitions e, f in D be fixed.

1. Letnbein {|K|, |[K| +1,...,2|K| — 1}. Since the graphical representation of the automaton
A is strongly connected, it is clearly possible to reach the initial state of the transition e in
at most |K| — 1 steps from the state 4. One step is needed to pass this transition and the
corresponding computation path can be arbitrarily prolonged — thus, it can be prolonged
also to the length of n.

That is, we have proved that

#4,le, Comp(Ag,n)] > 1.
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However, on the other hand, clearly
#,[f, Comp(Ag,n)] < 2|K||Z*

(since in each state there are at most || transitions through which the computation path
can proceed — this holds also for DFAg, since the e-transition can lead from the state only if
there is no other transition leading from that state). Thus,

#4,f, Comp(Ag,n)] < 2|K| [z K ~#a,le, Comp(Ag, n)].

That is, since 2|K||Z|2/KI < M, the basis of the induction is proved. However, we shall keep
in mind that for # in {|K|,|K| +1,...,2|K| — 1}, we can use also 2|K]||Z|?/K| instead of M -
we shall use this fact in the proof of the induction step.

2. Let us suppose that (2.29) holds for all n in {|K|, |K| + 1, ...,k|K| — 1}. We shall prove that
the property (2.29) holds also for all 7 in the set {k|K|, k|K|+1,..., (k+1)|K| —1}.
Let nbein {k|K|,k|K|+1,...,(k+1)|K| — 1}. Every computation path ' of the automaton
Ay of length 1 can be decomposed into a computation path 7y of length [K| ending in some
state p(7y) and a computation path of the automaton A, of length n — [K|. Thus, if we

denote by p(7) the state, in which the computation path 7 ends, we have

#a,lf, Comp(Agm)] = ¥ (#a,[f, 7] [Comp(A,(q),n — K|+
y€Comp(Ay,|K])
+#Ap(7)[f,Comp( p(y)’ ‘K| ])

< (#Aq[f,ﬂ-mag|€omp<Ap,n—|K|>|+
7€Comp(Ag,[K|) Pe

IH
+#a,, [f, Comp(A, (), — K)]) <

< #4,[f, Comp(Ay, [K])] - max|Comp(Ap, — |K])|+

+ Y M-#a,. le,Comp (A, n—|K])],
y€Comp(Ag,[K])

where IH stands for the application of the induction hypothesis. Thus, by applying the
result obtained in the basis of the induction to the quantity #,, [f, Comp(Ay, [K])], we may
continue the derivation as

#a,f, Comp(Ag,n)] < 2|K|[Z2K - #4 e, Comp(A,, |K|)] -max|Comp (4,1 — |KI) |+

+M- Y #a,.,,[e;Comp(A, ), n — [K])]
r€Comp(A4,[K])

and since, as we have already noted,

max |Comp(Ap, n — |K])

M
< ———— min|Comp(A,,n— |K|)|,
pek < 2|K||Z|2\K\ p€K| Pl p [KDI

we obtain
#,f, Comp(Ag, n)] < M-#4,[e, Comp(Ay, |K])] - min | Comp(Ay,n — |K])| +

+ M- 2 #Ap(w) le, Comp(A p(7)r —|K])] =
v€Comp(Ay,[K])
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M X (o] miniComp(Apn— K+
yeComp(Ag|K]) pe

+#4,,, [, Comp (A, n— \K|)]) <

<M. ¥ (#alen]-1Comp(Ay,n— |K|)|+
y€Comp(Ag,[K|)

+#a,, le, Comp(Ay ), n — [KI)]) =
= M -#,,le,Comp(Ay,n)].

Thus, we have proved that the inequality (2.29) holds for all nonnegative integers n > |K|, all
transitions e, f in D and for all states g in K. However, by Lemma 1.5.3,

- . ... . #e,Comp(A,n)+1
Ba(C=) = (e,%lenpz lim inf #[f,Comp(A,n)] +1 —

o #[e, Comp(A,n)] +1 1
> _ 2
i I 4T, Comp(A,m) +1 M

>0,

since #[e, Comp(A,n)] — oo for n — oo and for all e in D. Thus, the automaton A is weakly
transition-C—-equiloaded.

It remains to prove the implication for S = A—. Lete, f in D be transitions. Let {rn;}{>, be
the infinite increasing sequence of all nonnegative integers #, such that |Acc(A,n)| > 0. First,
we shall show that a constant s in IN exists, such that for all nonnegative integers k, 1y > s, the
property

#[f, Comp (A, ng —s)] < #[f, Acc(A, ng)] (2.30)

holds. To prove this, let S be the set of all lengths of closed walks in the graphical representation
of the automaton A, beginning and ending in the vertex corresponding to the initial state gg. Let
d be the greatest common divisor of elements of S. Clearly, the set S is closed under addition and
thus, by Lemma A.5.3, contains all multiples of 4 greater than some nonnegative integer N in IN.

Moreover, let us define the set R as follows: a nonnegative integer n in N is in R, if 7 in
{0,1,...,d — 1} exists, such that n is the smallest nonnegative integer with residue r after the
division by d, such that (g9, w) " (g,¢) for some word w in £* and accepting state g in F. It is
clear that R is a finite set, since it contains at most d elements. Moreover, it is clear that if 7, has a
residue r after the division by d for some k in IN, then there exists an element R(7;) in R with the
residue r as well. Let us denote the maximal element of R by Ry;4x.

We shall prove that the inequality (2.30) holds for

s = N+ |K| + Ryax-

It clearly suffices to show that every computation path <y of length 1y — s can be prolonged to at
least one accepting computation path of length ;. In fact:

1. The initial state gg can be reached from the resulting state of the computation path 7 in
at most |K| — 1 steps. If we denote the corresponding prolonged computation path by
79/, then |79/| has to be divisible by d, since the walk in the graphical representation of A
corresponding to the computation path +y/ is obviously closed.

2. Since 1y — R(ng) and thus also (1, — R(ng)) — |/| are divisible by d, and since the inequality
(ng — R(ng)) — |9'| > N holds, the computation path 7’ can be prolonged to a computation
path 7" of length ny — R(n;) ending in qo.

3. From the definition of the set R, it follows that the computation path y” can be prolonged
to a computation path of length 7y, ending in an accepting state.
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Thus, we have proved that (2.30) holds. Moreover, clearly
#[f, Acc(A, my)] < #[f, Comp (A, my)].
for all k in IN. Thus, for all k in IN, such that n;, > s, we have
#]f, Comp(A, n; — )] < #[f, Acc(A, m)] < #f, Comp (A, ny)]. 231)
Once again, for a given computation path 1, let us denote by p(vy) the resulting state of this

computation. Now, for k in IN, such that ny > s, we have

#lf,Comp(A,m)) = X (#f,7]- [Comp(Ay(q), )| +#a,, [f, Comp(Ay,9)]) <
yeComp(A,ng—s)

< #[f,Comp(A, ny —s)] - max |Comp(A,,s)|+
pe
* Z #ay0) L. Comp(Ap(y), s)] <
yeComp(A,ng—s)
< #[f,Comp(A, ny —s)] ‘max |Comp(Ap,s)|+
14

+ |Comp (A, ng —s)| -mealz(#Ap [f,Comp(Ay,s)].
P

Now, both

r;lgglComp(Ap,S)l and r;lealg#A,,[f,Comp(Ap,s)}

are constants (they do not depend on n). Thus, if we denote by Q the greater of these two con-
stants, we have

#(f, Comp(A, mi)] < Q- (#{f, Comp(A, ng — )] + [Comp(A, m —5)])..

However, since we have already proved that the automaton with strongly connected graphical
representation is weakly transition-C—-equiloaded, clearly

#[f,Comp(A, ny —s)] = w (|Comp(A,ng —s)|),

and thus,
#[f, Comp (A, ny)] < 2Q - #[f, Comp(A, ny —s)] (2.32)
for ny greater than some N’ in IN. Thus, for n; greater than some Nj in IN, we have
(2.31) (2.32) (2.29)
#(f,Acc(A, )] < #[f,Comp(A,ng)] < 2Q-#[f,Comp(A,ni—s)] <
(2.29)

(2.31)
< 2MQ - #[e,Comp(A,n; —s)] < 2MQ -#le, Acc(A, ny)],
since (2.31) holds also for f = e. Thus, by Lemma 1.5.3,

L min Timing e AC(A,n)] + 1
PalA) = i B R, Acc (A, m)] 1

> min liminf Hle Acc(An)]+1 1 >0
T (ef)ep? n—oo 2MQ - #[e, Acc(A,n)]+1  2MQ ~

i.e., the automaton A is weakly transition-.4_-equiloaded. The theorem is proved. g

In the theorem that follows, we shall prove the characterization of weakly transition-C<-
equiloaded and weakly transition- A<-equiloaded deterministic finite automata. We shall prove
that for DFA and DFAg, the weak transition-C<-equiloadedness is equivalent to the weak tran-
sition-C_-equiloadedness, and that the weak transition-.A<-equiloadedness is equivalent to the
weak transition-.A—-equiloadedness.
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Theorem 2.3.19 Let A = (K, %, J, qo, F) be a DFA¢ with connected graphical representation.

a) Aisweakly transition-C<-equiloaded, if and only if its graphical representation either does
not contain any reachable directed cycle, or is strongly connected. That is, the automaton
A is weakly transition-C<-equiloaded, if and only if the automaton A is weakly transition-
C—-equiloaded.

b) A is weakly transition-.A<-equiloaded, if and only if its graphical representation either does
not contain any reachable directed cycle from which some accepting state is reachable, or
is strongly connected. That is, the automaton A is weakly transition-.A<-equiloaded, if and
only if the automaton A is weakly transition-.A—-equiloaded.

Proof. First, let us suppose that the graphical representation of the automaton A does not contain
any reachable directed cycle from which some accepting state is reachable. Then, there is only
a finite number of accepting computation paths of the automaton A, and thus, a nonnegative
integer ng in IN exists, such that for all n > n( and for each transition e in D, the property

#e, Acc(A, < n)] = #e, Acc(A, < )]

holds. Thus,
#le, Acc(A, < +1

>0,
<) 7 opeD: #f, Acc(A, < ng)] +1

i.e., the automaton A is weakly transition-.4<-equiloaded.
Similarly, let us suppose that the graphical representation of the automaton A does not contain
any reachable directed cycle. Then, by the same reasoning as above,

. #[e,Comp(A, < np)] +1
Ba(C<) = O
a(C<) (Ef};lenDz #[f,Comp(A, < ng)| +1 g

and the automaton A is weakly transition-C<-equiloaded.
Now, let us suppose that the automaton A contains at least one reachable directed cycle from
which some accepting state is reachable. Then, by Theorem 2.3.16, the equality

Ba(A<) = Ba(A=)

holds. Thus, by Theorem 2.3.18, it follows that the automaton A is weakly transition- A<-equi-
loaded, if and only if its graphical representation is strongly connected.

Finally, let us suppose that the automaton A contains at least one reachable directed cycle.
Then, for each transition e in D and all # in IN, the property

#]e, Comp(A, < n)] = #[e, Acc(AX, < n)]

holds, where AK = (K, %, 9,q0,K) is the automaton A with all states accepting. Thus, by Theorem
2.3.16, we obtain
Ba(C<) = Bpx(A<) = By (A=).

Since the graphical representation of the automaton A is strongly connected if and only if the
graphical representation of the automaton AX is strongly connected, it follows from Theorem
2.3.18 that the automaton A is weakly transition-C<-equiloaded, if and only if its graphical rep-
resentation is strongly connected. Thus, the theorem is proved. O

Before we turn our attention to weakly state-S-equiloaded DFA and DFAg, we shall state
a theorem that we have proved in [25] for weakly transition-A—-equiloaded DFA (without e-
transitions), and that can be clearly extended to hold also for another choices of S. Since the
original proof is not very complicated, we shall not present it here. We shall prove only the
extension of the theorem to Sin {C—,C<, A<}.
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Theorem 2.3.20 Let L in Z be a regular language. Let S be in {C—, A—,C<, A<}. The language
L is a weakly transition-S-equiloaded DFA-language, if and only if the minimal DFA accepting
L is weakly transition-S-equiloaded.

Proof. The proof for S = A_ can be found in [25]. By Theorem 2.3.19, the theorem holds also
for S = A<.

Now, by Theorem 2.3.18, it is clear that .Z5_wrg-pra(C=) € Ls_wro-pra(A=) (in fact, we
shall prove in Subsection 2.3.6 that these families are equal). That is, if L is in .%5_wEgo—pra(C=),
then it is also in Z5_weg—pra (A=) and thus, the minimal DFA accepting L is weakly transition-
A—-equiloaded. Moreover, it is clear that if the graphical representation of the minimal DFA
accepting L does not contain any reachable directed cycle from which some accepting state is
reachable, then it also does not contain any other reachable directed cycle — otherwise, it would be
possible to delete the states of the cycle without changing the accepted language, and that would
be a contradiction with the assumption that the given automaton is minimal. However, this
property together with Theorem 2.3.18 implies that this minimal DFA is also weakly transition-
C—-equiloaded. Since the converse implication is trivial, the theorem holds also for the case
S =C-.

The last remaining case, S = C<, follows directly from the case S = C— and from Theorem
2.3.19. O

In what follows, we shall characterize the family of weakly state-C—-equiloaded determin-
istic finite automata. However, before we state this characterization (Theorem 2.3.31), we shall
introduce some notation and prove several technical lemmas that we shall use in its proof.

Notation 2.3.21 Let A = (K,X,6,qo, F) be a DFAg, such that its graphical representation has k
strongly connected components, corresponding to disjoint sets of states Ky, Kj, ..., Ki_1, such
that

k-1
UKi=K
i=0

and g is in Ko. Leti be in {0,1,...,k — 1}, and g be in K;. Then, by A[K},g|, we denote the
automaton obtained by the restriction of the set of states of A to K;, and by choosing g as an
initial state of the resulting automaton. Formally, A[K;,q] = (K;, %, ¢, 9, FN K;), where, for p, g in
Kiand cin %, &’ (p,c) = g whenever é(p,c) = g.

Definition 2.3.22 Let the symbols have the same meaning as in Notation 2.3.21. We shall define
the SCC-dag SCC(A) of the automaton A as follows: SCC(A) is a directed acyclic graph with the
set of vertices {Ko, Ky, ..., Ki_1}, and with an edge from the vertex K; to the vertex K; (for some
i,jin {0,1,...,k — 1}), if and only if states p in K; and ¢ in K; exist, such that (p,c) F (g,¢) for
some ¢ in X U {¢}.

Notation 2.3.23 Let the symbols have the same meaning as above. Let x = (Kil, Kiy s Kis) be a
pathin SCC(A). Let g be a state in K;,. Then, by Comp, (A4, 1), we denote the set of computation
paths 7 of the automaton A,, such that -y follows the path x, i.e., it first visits some nonzero
number of states in K; , then some nonzero number of states in Kj,, etc., and finally ends in some
state in K; . Similarly, by Accy(Ag, 1), we denote the set of all such accepting computation paths.

Notation 2.3.24 Let A = (K, X%, 6, qo, F) be a DFAg, let K; and K; be vertices of its SCC-dag. Then,
by Pth[K;, K;], we denote the set of all paths in SCC(A), from the vertex K; to the vertex K;.

Lemma 2.3.25 Let the symbols have the same meaning as above. Let x = (K;,K;,,...,K; ) bea
path in SCC(A). Let q be a state in K;;. For j = 0,1,...,k — 1, let us denote by p; the Perron-

Frobenius eigenvalue of the transition matrix Ay K; 4] of the automaton A[Kj, g;], where g; is an
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arbitrary11 state in K;, forj = 1,...,k —1. Let us denote by py,x the greatest of the Perron-
Frobenius eigenvalues corresponding to strongly connected components on the path x, i.e.,

Pmax = 'EI'llaX Pij-

j=1,...s

Then, if o0 > 0, the number of computation paths in Comp, (A, n) is asymptotically equal to

[Comp, (Ag,m)| = © (1" oy )

where 7 is the number of strongly connected components corresponding to vertices on x, such
that their Perron-Frobenius eigenvalue is pjax, i.€.,

r= H] e{1,...,s} ‘ Pi; :Pmax}’~
If pyax = 0, then a nonnegative integer constant R exists, such that
|Comp, (Ag,n)| =R -[n =s].
Proof. Forj =1,...,s, let us denote by X; the path Xj = (KivKiz/' . .,Ki],). We shall prove by
induction on j that the statement of the lemma holds for all Xj, j=1,...,s.
For this purpose, let us denote by p%,)zx the greatest of the Perron-Frobenius eigenvalues cor-

responding to strongly connected components on the path x;, and by r(7), the number of strongly
connected components corresponding to vertices on x;, such that their Perron-Frobenius eigen-

value is p,(j;gx. That is, p%?zx and r() are defined analogously as pmax and r, but for the path x;

instead of x.
1. For j =1, it is obvious that the property
[Comp,, (Ag, )| = |Comp(A[K;,, g],n)]

holds. However, the graphical representation of the automaton A[K;,,g] is strongly con-
nected, and thus, by Lemma 2.3.1,

|Comp(A[Ki;, q],n)| = ©(pf))-

However, since K;, is the only vertex on the path x1, clearly pﬁ,},ﬁx = pj,, and r) = 1. Thus,
the basis of the induction is proved.

2. Let us suppose that the statement of the lemma holds for all X, j=1,...,t for some t in
{1,...,5 — 1}. We shall prove that it holds also for x; . Let gtans in K;, be a state, such that

a state q;,,,,; in Kj,, | exists, such that

(thns/ C) + (qllfmnSI 8)

for some c in X U {e}. Let P = PA[K,-t,qt] be the period of the automaton A[K;,, q;]. Then,

obviously, at least one number p in {0,1,...,P — 1} and a nonnegative integer 1y in IN
exists, such that

ACer(Algqtmns}rn P+ P)

is nonempty for all n > ng. Thus, it can be easily seen (a similar reasoning has been used a
number of times up to now in this report) that a constant C in IN exists, such that for n > n,,

I This eigenvalue is obviously the same, no matter what state g j in K; is chosen.
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every computation path of length (n — C) - P 4 p can be prolonged to a computation path
of length - P + p, ending in gtqus. In other words,

Acey, (AJ) - P4 p)| = |Comp,, (4, (n = C) - P+ p)| =

> ‘Compxt(Aq,n P+p), (2.33)

for some positive real constant C’ in R* (the second inequality is a direct consequence of
the induction hypothesis).

Now, it is obvious that the number of computation paths in Comp,, (Ag, n) is greater than
or equal to the number of uses of the transition (g¢rans, ¢, q;mns) in these computation paths.

Moreover, by a direct combinatorial insight, it is clear that Lemma 2.3.6 can be generalized
to hold also for Comp, . (Ag, n) instead of Comp(A, n). That is,

ComeHl(Aqr”)’ > # [(thns,C, q;rans)fcompxtﬂ(AQIn)} =
~1
Z ‘ACCxt A{qtmnb} ‘ ) |C0mP(A[Kit+1/ q{‘mns]'n —i- 1)| . (234

Further, from the induction hypothesis and Lemma 2.3.1, it is clear that a positive real con-
stant D in R exists, such that

(Comp,, (Aq,i- P+ p)| - [Comp(A[Ki,,, Thransl, 1 = (i P+ p) = 1)| =

2p-1
>D- Z ’Compx (Ag,i-P+1) ’ |Comp(A[K;,,, Girans],n — (i- P+1) —1)|. (2.35)

Thus, with use of inequalities (2.33) and (2.35), we may continue!? the derivation (2.34) as
follows:

n—1
‘Compxm(Aq,n)‘ > Z ‘ACCxt(Aéquns}’i)‘ - |Comp(A[Ki,..,, Ghyans),n — i —1)| >

L(n 1- P)/PJ (rons]}
S [Aceq (40,2 4 )|
1:0
) ‘ (2.33)
’ |C0mp A[KiHl/qtrans} n— (1 P+ P) - 1)} >
(2.33) [(n—1— P)/P (mone])
> - ’Compx (Ag"d i P+ p)‘
1:0
) ‘ (2.35)
' |Comp(A[Kif+1/ qtmns}/n - (l P+ P) - 1)} >

@3) n—1 . , .
> C'-D- ) ‘Compxt(Aq,z)‘ - |Comp (A[Kj,,, Gtrans), m — i —1)].
i=0

Now, let us first examine the case 0 < p;,,, = p,%x = p£,§;;}) =: p. Then, r+1) = ¢(t) -1,

and by the use of induction hypothesis and Lemma 2.3.1, we obtain

Compxm(Aq,n)‘ >C'.D- g@ (iy(t)fl ,pi> .0 <pnfi71) _

. nil i,(t)_1 e (n,(t+1)_1 ) Pn) ‘
i=0

12 At least for automata with infinite number of accepting computation paths in Accy, (A,gq"”“}). However, the case of
automata with finite number of such computation paths is trivial.
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where E in R™ is a positive real constant. Thus, in this case,
(t+1) -1
Comprl(Aq,n)‘ =0 (nf 'p") .

We consider to be obvious that the theorem holds also for the case 0 = p;, p%&x p,(qi;xl).

Now, let us examine the case p;, ., = p%;xl) > p,(é,)z > 0. Then, r*+*1) = 1. The reader may

easily convince himself that for arbitrary two distinct real numbers, 4,b in R, a > b, the
formula

noo _
Zalbn—l—l =5 a4+ " b = O(a") (2.36)

holds. We obtain
n—1 1 X
[Comp,, (4m)|>C"-D- YT @ (f‘“ : (pfﬁlx)l) -0 (o111,
i=0

(£)

For some ¢ > 0, such that pay +€ < p;,,,, we have

Lo (o)) 0 ()=

o

=
Ju

<o () o) =
((pmax +£) > O (pZHI 1) :

§®((p$ix)i> o (i),
T o (b)) -0 )

are © (pZH), by (2.36). Thus, also
:g@ (1‘70)1 . (ngx)i) 0 (pzﬂz‘fl) —0 (PZH) ’

’Comprl (Aq,n)‘ -0 (ny(t+1)71 ) (Pi(i;xl))n> .

The proof of the previous case with pgm)zx = 0 is left to the reader.

Finally, let us examine the case 0 < p;,,, < p%}l) = p£,§,>u In this case, we have r(t+1) = ¢(),

By a slightly more involved process than in the previous case, it is possible to prove that

To (" (o)) 0 (s ) =0 (" (o)),

and thus also

= =~
i
,_. o

IA
1 [\1

However, both

and

and that implies

’Comprl(AQl”)‘ -0 (nr(m)_l ) (p%;xl))n> .
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The proof of the previous case with p;, , = 0 is left to the reader, once again.

Thus, we have proved that

(Comp.,., (Agm| =0 (w1 (o))

holds for all three possible cases, and it remains to prove that

‘Compo(Aq,n)’ =0 (nr(m)*l . <p$;x1))n) )

However, this asymptotic relation may be proved in a similar manner (this estimate is eas-
ier) and the details are left to the reader.

The lemma is proved. O

Lemma 2.3.26 Let the symbols have the same meaning as in Notation 2.3.21. Let g be a state in
K;, for some j in {0,1,...,k—1}. Letsbein {0,1,...,k — 1}. Then,

ACC(AKS,TI)’: Comp, (A, n)| = max |[Comp, (A, n)| |.
[Ace(A] s Comps el =0 (e [Comp (A )

Proof. Itis clear that every computation path v in Acc(A‘7 ,1) is also in Comp . (Ag4, 1), for some
x in Pth[K;, K;s]. The converse is also obviously true. Moreover, if 1 is in Comp, (A4, 1), and 7,
is in Compy(Aq, n), for some x,y in Pth[K]-, K], x # y, then clearly 71 # 7,. That is, the first
identity is proved.

Now, obviously,

7

1
C (Ag,n _— C Agn
XEPIEI‘}E?;,K } | Ompx 1 | - |Pth[ ]| xEPch[K]',Ks] | OmPX( ! )

and

max |Comp, (A, n)| < Comp, (Ag, 1)
xEPth[Kj,Ks] ’ * i ‘ xePch[Kj,Ks} ’ * i

7

and since 1/[Pth[Kj, K;]| is a constant, the second asymptotic identity is proved as well. Thus,
the lemma is proved. O

Notation 2.3.27 Let the symbols have the same meaning as in Notation 2.3.21. Let Kl,K], K; be
vertices of SCC(A). Then, by Pth[K;, K;, K;], we shall denote the set of all paths x = (K, K;,, ..., K;,)
in SCC(A),suchthatrin {1,2,...,s} exists, such that (K;, ..., K; ) isin Pth[K;, K]-], and (K;,...,K;)
is in Pth[K;, K;]. That is, by Pth[K;, Kj, K;] we denote the set of all paths x in SCC(A) from the ver-
tex K; to the vertex K;, such that the vertex Kj lies on x.

Furthermore, we shall use a notation

k—1
Pth[K;, K;, *] = | Pth[K;, K, K;].
1=0

Lemma 2.3.28 Let the symbols have the same meaning as in Notation 2.3.21. Let g4 be a state
in K;, for some j in {0,1,...,k — 1}. Let s be a member of the set {0,1,...,k — 1}. Let us de-
note by p; the Perron-Frobenius eigenvalue corresponding to K;, and by pmax the greatest of
the Perron-Frobenius eigenvalues corresponding to strongly connected components on paths in
Pth[K, K;, K;]. Let us denote by r the greatest positive integer, such that a path x in Pth[K, K;, K]
exists, such that there are r strongly connected components on x with the Perron-Frobenius eigen-
value equal to py;ax. Then:
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(1) If pmgx > 0, and p] = pmgx, thel’l

# |9, Acc(A%,m)| = © (1" plgy).

(i) If pmax > 0, and Pj < Pmax, then

# {q,Acc(AKS,n)} =0 (n’fl 'Pme) .

(#ii) If pyax = pj =0, then

# [q, Acc(AKS,n)} =0

for all n greater than some g in IN.

Proof. We shall prove these three claims separately:

(i)

In this case, there has to be a path x; in Pth[Ky, K;] with r; strongly connected compo-
nents with Perron-Frobenius eigenvalue o4y, and a path x; in Pth [Kj, K] with r; strongly
connected components with Perron-Frobenius eigenvalue py,y, so that ri + 1 = r+ 1.
Moreover, since K; lies both on x1 and x;, it follows that r; > 0, and also r; > 0.

Thus, from Lemma 2.3.25 and Lemma 2.3.26, it follows that
‘Acc(AKi,n)‘ e (nrl_l ~pgmx) .

Similarly,
‘Acc(Ags,n)‘ =0 (nrz_l 'P%x) .

Moreover, by a standard reasoning concerning the period of the j-th strongly connected
component, it is possible to prove that

i ‘ACC(A{q},i)’ : ’ACC(Aé(S,I’Z - 1)' =0 (i ‘ACC(AK/,i)‘ : ‘Acc(Ags,n — z)’)
i=0 i=0

(the definition of O that is required to hold for all n greater than some ng in IN is used here).
Thus, by Lemma 2.3.7, we have

# {q,Acc(AKs,n)} = i ‘ACC(A{q},i)‘ . }Acc(A?f‘,n - z)‘ =
i=0

(C) (f ‘Acc(AKf,i)‘ : ‘Acc(A?s,n - Z)D
i=0

=10 (1 ) @ (00" hal) =

n
C) (p;lmx ’ Z irl_l ' (ﬂ - i)r2_1> =0 (nr1+r2—1 ' pgmx) =
i=0
=0 (nr : pnmax) .

In this case, there has to be a path x in Pth[Kp, K;| with r1 strongly connected components
with Perron-Frobenius eigenvalue p;q0y, and a path x; in Pth[K]-,Ks] with r; strongly con-
nected components with Perron-Frobenius eigenvalue pyy, so that vy + 1, = 7.

Then, the result may be proved in a similar manner that in the case of claim (i), with the
difference that the case r; = 0 (resp. , = 0) has to be handled as well.
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(iii) This claim is considered to be obvious.

The lemma is proved. g

Lemma 2.3.29 Let the symbols have the same meaning as in Notation 2.3.21. Let g be a state in K;,
forsomejin {0,1,...,k—1}. Let us denote by p; the Perron-Frobenius eigenvalue corresponding
to Kj, and by pmax the greatest of the Perron-Frobenius eigenvalues corresponding to strongly
connected components on paths in Pth[Ky, K;, *]. Let us denote by r the greatest positive integer,
such that a path x in Pth[Ky, K}, *] exists, such that there are r strongly connected components on
x with the Perron-Frobenius eigenvalue equal to pj;5x. Then:

(i) If pmax > 0, and 0j = Pmax, then
#[g,Comp(A,n)] = O (n" - pjax) -

(Zl) If pmax > 0, and p] < pmax, then
#19,Comp(A,1)] = © (1"~ - pligy ) -

#[q,Comp(A,n)] =0
for all n greater than some g in IN.

Proof. The lemma is a direct consequence of Lemma 2.3.28, and of the obvious fact that

k—1
#[g,Comp(A,n)] = ) # {q,Acc(AKi,n)} ,
i=0
where k is a constant. 0
Example 2.3.30 Now, we shall demonstrate Lemma 2.3.29 on an example. Let us consider a

deterministic finite automaton A = (K, %, 4, qo, F) defined as follows: K = {q0,41,...,99}, & =
{a,b,c,d}, and

5(q0,0) = q1,  6(q0,b) = q1, (q1,a) = %/ 3(q1,b) = qo,
5(q1,c) =q2,  6(q1,d) = qa, (q2,a) = 5(q2,b) = g3,
o(q3,0) = q2,  6(q3,b) =q2,  6(qs,a) = qs, 5(q5,a) = qa,
5(q5,¢) =q6,  9(qe,0) = q7, (96,0) = q7,  6(q7,a) = qs,
5(q7,b) =qe,  9(q7,¢) = gs, (98,4) = q9,  (q8,b) = q9,
5(q9,a) = qs,  (q9,b) = qs

The set of accepting states F does not matter for the purposes of this example, let us for instance
suppose that F = K. The graphical representation of the automaton A is depicted in Figure 2.4
(without irrelevant character labels).

The graphical representation of the automaton A has 5 strongly connected components, cor-
responding to the sets of states

Ko = {q0. 91},
Ky = {q2,93},
Ko = {qs,95},
Kz = {q6,97},
Ky = {gs,99}-
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Figure 2.4: The automaton A (the character labels at transitions are not depicted).

The corresponding Perron-Frobenius eigenvalues are pg = p; = p3 = p4 = 2, and pp = 1. Let us
examine the number of uses of states g, 42, 74, and g¢. By Lemma 2.3.29, it follows that

#[q0, Comp(A,n)] = ©(n*-2"),
#[g2, Comp(A,n)] = ©(n*-2"),
#[q4,Comp(A, n)] = ©(n*-2"),
#[g6, Comp(A,n)] = ©(n’ - 2")

(to the states g, g2, and g, the point (i) of Lemma 2.3.29 applies, to the state g4, the point (ii) of
the lemma applies).

In deed, by numerically computing these quantities by the method presented in Section 2.1,
we may obtain the approximate!® results

# (g0, Comp(A,n)] = 0.0017 - n> - 2" 4-0.0668 - n* - 2" +0.7781 - - 2" 4 0.5111 - 2"+
40.0026 - n? - (—2)" +0.1502 - 11 - (—2)" +0.2914 - (—2)"+
+0.1852 +0.0123 - (—1)",

#[q2, Comp(A,n)] ~ 0.0625 - n - 2" +0.0625 - 11 - 2" — 0.0312 - 2" 4 0.0625 - 1 - (—2)" +
+0.0312- (—2)",

#[q4, Comp(A,n)] = 0.0139 - n? - 2" — 0.0231 - - 2" + 0.6042 - 2" + 0.0139 - 11 - (—2)"+
+0.2106- (—2)" —0.2778 - n — 0.6481 — 0.0185 - 11 - (—1)"—
—0.1667 - (—1)",

#[g6, Comp(A,n)] = 0.0017 - n> - 2" 4-0.0043 - n? - 2" — 0.0344 - 11 - 2" 4 0.0423 - 2"+
+0.0026 - n? - (—2)" +0.0043 - 11 - (—2)" — 0.0177 - (—2)" — 0.0370-+
+0.0123 - (—1)".

The above derived asymptotic estimates are clearly satisfied.

Now, we shall finally use the theory developed to prove the characterization of the family of
weakly state-C_-equiloaded deterministic finite automata.

Theorem 2.3.31 Let A = (K, X%, J,qo, F) be a DFA¢ having a connected graphical representation,

such that its graphical representation has k strongly connected components, corresponding to
disjoint sets of states Ko, K, . .., Kx_1, such that

k-1
UJKi=K
i=0

13The coefficients have been computed numerically, and thus, they are only approximate. However, the eigenvalues
and their multiplicities are exact.
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qo is in Ky, and every strongly connected component is reachable.* Fori = 0,1,...,k — 1, let
pi denote the Perron-Frobenius eigenvalue of the transition matrix A,g, 4, of the automaton
A[K;, q;], where g; is an arbitrary state in the set K;, fori = 1,...,k — 1. Then, the automaton A is
weakly state-C—-equiloaded, if and only if the following properties hold:

(i) The Perron-Frobenius eigenvalues corresponding to the strongly connected components of
the graphical representation of the automaton A are all the same, i.e.,

Po=pP1 = = Pr—1-

(ii) The length of the longest path x; in Pth[Ky, K}, *], is equal for all 7 in {0,1,...,k — 1}, or
pi=0fori=0,1,..., k-1

Proof. We shall prove each implication separately.

= First, let us suppose that the property (i) does not hold. Then, indices 7,jin {0,1,...,k — 1}
exist, such that p; < p;. Moreover, let p; be the greatest of all Perron-Frobenius eigenvalues.
Let g; in K; be a state. Let pyux be a greatest of the Perron-Frobenius eigenvalues corre-
sponding to the strongly connected components on the paths in Pth[Ky, K;, *]. It follows
from Lemma 2.3.29 that

#[q;, Comp(A,n)] = © (n" - pjax)
for some 7 in IN.

Now, if ppax < pj, then, by Lemma 2.3.29, the property

#lq;, Comp(4,m)] = © (n” - o)

holds for some g; in K; and 7’ in IN, and the automaton A is obviously not weakly state-C—-
equiloaded.

If Opax = pj, then s in {0,1,...,k —1} has to exist, such that ps = 0j = Pmax, and by Lemma
2.3.29, such that

#[qu Comp(A,n)] =Q (nr-i-l : pme)

for some g in K;. It is clear that the automaton A is not weakly state-C—-equiloaded.

Finally, let us suppose that the property (i) holds, and that the property (ii) does not hold. It
clearly follows from Lemma 2.3.29 that the automaton A is not weakly state-C—-equiloaded.

<«: This implication follows directly from Lemma 2.3.29.

The characterization is proved. O

Although we leave the characterizations of weakly state-S-equiloaded DFA and DFA¢ open
for S in { A, C<, A<}, let us note that the above-presented characterization for S = C— and the
methods used in its proof give us a sharp intuition also for the remaining cases. Thus, we may
conjecture that a deterministic finite automaton is weakly state-C<-equiloaded if and only if it is
weakly state-C—-equiloaded. Furthermore, we suppose that the characterization of weak state-
A_-equiloadedness will be the same as the characterization of weak state-C_-equiloadedness,
with an additional requirement related to periodicity. Anyway, we leave the details as a subject
for the later study:.

141t is clearly possible to construct an equivalent DFAe satisfying the property of reachability to every DFAe by simply
deleting the strongly connected components that are not reachable.
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2.3.6 Relations between the Families of S-Equiloaded Languages

In this subsection, we shall examine the mutual relations between the families of S-equiloaded
and weakly S-equiloaded DFA-languages and DFAe-languages. Since the only families of such
languages that have been studied up to now are the families Zx_gq—pra (A=), L5_po-pra(A=),
and .%Z5_wpo-pra (A=), most of the results presented in this subsection are completely new.

We shall start by presenting the result that shows a certain robustness of the definition of weak
transition-S-equiloadedness: we shall prove that the families of weakly transition-S-equiloaded
DFA-languages are the same, no matter what S from the set {C—, A—,C<, A<} is chosen. The
same property holds also for the families of weakly transition-S-equiloaded DFAe-languages.

Theorem 2.3.32 The following identities hold:
1. Z5_weo-pra(C=) = Z5-weQ-pra(A=) = L5 weQ-pra(C<) = Z5_weg-pra(A<),
2. L5 weQ-Drac(C=) = L5 wEQ-DrAc(A=) = L5 weQ-DrAc(C<) = L5-wEQ-DFA:(A<).

Proof. Let L be a regular language, for which a deterministic finite automaton (with or without
e-transitions) A exists, such that L(A) = L and the graphical representation of the automaton
A does not contain any reachable directed cycle from which some accepting state is reachable.
Then, clearly, a deterministic finite automaton A’ accepting L exists, such that its graphical rep-
resentation does not contain any reachable directed cycle — it clearly suffices to delete all states g
of the automaton A, such that there is not any accepting state reachable from g in A.

The statement of the theorem is then a direct consequence of this fact, of Theorem 2.3.18, and
of Theorem 2.3.19. O

Now we shall prove that, similarly as in the case of the strict S-equiloadedness, the use of
e-transitions strengthens the computational power of weakly transition-S-equiloaded determin-
istic finite automata, as well as transition-S-equiloaded deterministic finite automata.

Theorem 2.3.33 The following strict inclusions hold for all S in {C—, A_,C<, A< }:
1. %5 weo-praA(S) © L5 wEQ-DFae(S),
2. %5 £Q-DrA(S) © Z5-£Q-DraAc(S)-

Proof. According to Theorem 2.3.32, it is sufficient to prove the theorem for one arbitrary S in
the set {C—, A—,C<, A<}. We shall prove the theorem for S = C—_.

Let us consider the language L = {a}*. In the proof of Theorem 2.2.8, we have constructed
a deterministic finite automaton with e-transitions accepting L. It can be easily proved that this
automaton is transition-C—-equiloaded. Thus, the language L is both in .Z5_wgg—prac(C=) and
in Z5_pg-prae(C=).

However, on the other hand, the graphical representation of the minimal DFA accepting L
(that can be easily constructed by the reader) is not strongly connected and, at the same time,
contains a reachable directed cycle. Thus, by Theorem 2.3.20, the language L is not the member
of the family .Z;_wgo-_pra(C=) and, as a consequence, nor of the family .Z5_go_pra(C=). That
is, the theorem is proved. O

In the following theorem we shall observe that, unlike in the case of weak transition-S-
equiloadedness, the families of transition-S-equiloaded DFA(e)-languages are not all the same
for Sin {C-, A—,C<, A<}. However, in Theorem 2.3.35, we shall prove that the only difference
between these families of languages is in finite languages — that is, these families of languages
are almost the same.

Theorem 2.3.34 The following relations hold:

1. %5 ko-pra(C<) € L5 po-pra(C=) = Ls_£o-pra(A=),
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2. L5 ro-Drae(C<) € L5 pQ-Drac(C=) = L5 EQ-Drae (A=),

3. Zs_ro-pra(A<) € Ls_po-pra(C=) = Z5_ro-pra(A=),

4. L5 po-prac(A<) C L5 £0-Drae(C=) = ZL5_£Q-Drac(A=).

5. The families .%5_ro_pra(C<) and .%5_go_pra(A<) are incomparable.
6. The families .Z5_pg_prac(C<) and Zs_ro—_prae(A<) are incomparable.

Proof. First, we shall prove that .Z5_ro_pra(C=) = Z5_ro-pra(A=) and Z5_rq_prae(C=) =
Z5_£Q-DFAe(A=). Let L be a finite language. Then, clearly, a deterministic finite automaton
with acyclic graphical representation exists, accepting L. However, deterministic finite automata
with acyclic graphical representation are clearly both transition-C—-equiloaded and transition-
A—-equiloaded. Thus, both identities hold for finite languages. Now, let L be an infinite lan-
guage. Then, the graphical representation of every deterministic finite automaton accepting L
has to contain at least one reachable directed cycle from which some accepting state is reach-
able. However, by Theorem 2.3.16, such an automaton is transition-C—-equiloaded if and only
if it is transition-A—-equiloaded. Thus, the identities %5 o pra(C=) = Z5_po-pra(A=) and
Z5_£Q-DFae(C=) = Z5_po-prae (A=) are proved.

Now, we shall prove the proper inclusions from claims 1 — 4. First, we shall at once prove
the inclusions %5 po pra(C<) & %% kg pra(C=) and L5 po prae(C<) & L5 EQ DFA:(C=).
Let us consider the language L1 = {ab}. The language L; is finite, and thus, clearly is both in
Z5_£Q-pra(C=), and in Z5_go_pra(C=). We shall prove that there is not any transition-C<-
equiloaded DFAe accepting L;. This will also clearly imply that there is not any transition-C<-
equiloaded DFA accepting L;. For the purpose of contradiction, let us suppose that such a DFAe
A exists. Let q be the first state of this automaton (in the direction of every computation path of
the automaton A), such that there is a non-¢ transition leading from g. Clearly, there has to be a
transition ¢ = (g,4,4’) on a leading from g to some other state g’ — otherwise, there would not
be any word in L beginning with a, and that would be a contradiction. Moreover, there has to
be a transition f on b reachable from ¢’, such that for every computation path y in Comp(A),
the inequality #[f,y] < 1 holds, and #[f,y] = 1 implies also #[e, 7] = 1 — otherwise, the word
ab would either not be in L1, or there would be some other word in L;. This, togehter with our
assumption of C<-equiloadedness, implies also that Comp(A) is finite. However, there clearly
is a computation path 7/ in Comp(A), such that #[e,y] > 1 and, at the same time, #[f,y] = 0.
Thus, #[e, Comp(A)] > #[f, Comp(A)]. However, since Comp(A) is finite, there is a nonnegative
integer ng in IN, such that Comp(A) = Comp(A, < n) forall n > ng. Thus, #[e, Comp(A, < n)] >
#[f,Comp(A, < n)] for all n > np, and that clearly implies that the inequality B4(C<) < 1 holds.
That contradicts our assumption that the automaton A is transition-C<-equiloaded.

Now, we shall simultaneously prove the inclusions £5_ro_pra(A<) S Z5_pg-pra(C=),
and Z5_ro-prae(A<) € Z5_£Q-Drae(C=). Let us consider the language L, = {a, b, aa, ba, cc, dc}.
Since the language L, is finite, it is clearly both in .Z5_po_pra(C=), and in .Z5_go_prac(C=).
Again, we shall prove that there is not any transition-A<-equiloaded DFAe accepting Ly, and
this will imply the same consequence also for DFA. For the purpose of contradiction, let us sup-
pose that a transition-A<-equiloaded DFAe A exists, such that L(A) = L. Let g be the first (in
the direction of every computation path of the automaton) state of the automaton A, such that
there is at least one non-¢ transition leading from A. Then, there has to be a transition e, on
each character x in the set {a,b,c,d} leading from g — otherwise, the property L(A) = L, would
not be satisfied. Moreover, it is clear that the property (7, w) F" (g,¢) cannot hold for any w in
Yt — otherwise the language L(A) would be either empty or infinite, and that would contradict
L(A) = Lp. Thus, each of these transitions is used exactly once in accepting computations on
words beginning with the corresponding character, and is not used in other accepting computa-
tions. Thus, for each x in {a,b,c,d},

#x, Acc(A)] = |[{w € L, | w[1] = x}|.
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However, there are two words in L, beginning with a4 and b, but only one word in L beginning
with ¢ and d. Thus,
#[a, Acc(A)] > #[c, Acc(A)],

and since the accepted language L, is finite, for n greater than some 7 in IN, we have also
#[a, Acc(A, < n)] > #[c, Acc(A, < n)].

That is, B4(A<) < 1, and that contradicts our assumption that the automaton A is transition-
A<-equiloaded.

It remains to prove the claims from points 5 and 6. These claims will be obviously proved, if
we construct a transition-A<-equiloaded DFA (that can be obviously viewed also as a DFA¢)
Ay = (Ky,Z1,01,p0,F1), such that L(A;) = Ly, and a transition-C<-equiloaded DFA A, =
(Ka,X2,02,90, F2), such that L(A;) = Lp. We shall define these automata as follows: K; =
{po,p1, 2}, L1 = {a,b}, F = {p2}, and

51 (pO/a) = plr
51(P1/b) = p2.

As it can be easily observed,
#le, Acc(A,<n)| =1

for every transition ein D4, and all 7in IN, such that n > 2. Thus, the automaton A is transition-
A<-equiloaded.

(a) The automaton A;j. (b) The automaton Aj.

Figure 2.5: The transition-.A<-equiloaded automaton A; accepting the language L; and the transition-C<-
equiloaded automaton A; accepting the language L,.

For the automaton A, we shall define Ky = {q0,91,92,93,94}, 2 = {a,b,c,d}, F = {q1,92,94},
and

%(q0,a) =q1,  02(q0,b)=q1,  2(q0,¢) = g3,
92(q0,d) = q3, 02(q1,a)= q2, 92(q3,¢) = qa.

The reader may easily convince himself that L(A;) = Ly. Moreover, as can be clearly observed,
#le, Comp(A, < n)] =2

for every transition ein D4, and all 7 in IN, such that n > 2. Thus, the automaton A is transition-
C<-equiloaded. That is, the theorem is proved. O

Theorem 2.3.35 For a given family of languages .#, let .2"f denote the family of all infinite
languages in .. Then, the following identities hold:

L. 'iﬂéli];SQfDFA(C:) = g(SlTIISQfDFA(‘A:) = "S’ﬂélifEQfDFA(CS) = 'iﬂ&lifEQfDFA(‘AS)’
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2. "gélifl.SQfDFAs(C:) = "g(;ifl.SQfDFAs(‘A:) = gz;ij;SQfDFAs(CS) = gz;ij;SQfDFAs(AS)‘

Proof. Let L in #™/ be an infinite regular language. Then, since L is infinite, the graphical
representation of every deterministic finite automaton accepting L has to contain at least one
reachable directed cycle from which some accepting state is reachable. Thus, both claims are
direct consequences of Theorem 2.3.16. 0

In Theorem 2.3.38, we shall prove that the families of transition-S-equiloaded DFA-languages
are the proper subsets of the corresponding families of weakly transition-S-equiloaded DFA-
languages, for S in {C—, A—,C<, A<}. In [25], we have already proved this for S = A_. We
shall observe that this proof can be easily generalized also to other choices of S.

For DFAg, the situation seems to be more complicated, and we shall leave the problem of
relation between the families Z5_gg_prae(S) and Z5_weg-—prac(S) as an open problem.

We shall present the main idea of the proof for DFA in Lemma 2.3.37. The key is to find
an efficient proof method for proving that a given language is not in the family of transition-S-
equiloaded DFA-languages. Unlike the proofs presented up to now, this proof method is required
to apply also to languages that are weakly transition-S-equiloaded DFA-languages. The method
based on Lemma 2.3.37 will prove to be sufficient for the purpose of proving the above mentioned
relation.

However, before we state this lemma, we shall present a notation that we shall use in Lemma
2.3.37, and subsequently also in the proof of Theorem 2.3.38.

Notation 2.3.36 Let A = (K, X%, J,qo, F) be a DFA, let ¢ in X be a character. Then, by D¢, we shall
denote the set of all transitions of the automaton A on the character ¢, i.e.,

2 ={(@.c.q) € Kx{c} xK|(q,c,q9") € Da}.

If A is clear from the context, we shall write only D¢ instead of D%

Lemma 2.3.37 Let L in # be a regular language over an alphabet .. Let Aj, A be DFA (without
e-transitions), such that L(A1) = L(Az) = L. Then, the identity

Y #le,Acc(A,n)] = Y #[f,Acc(Ag,n)] = ) #(w).

eequl feDj‘a2 weLNx”
holds for every character c in X and all 7 in IN.

Proof. The lemma is a direct consequence of the fact that if a word w is in L N X", then the
accepting computation path  on the word w is both in Acc(A1, 1), and in Acc(Ap, n). O

Theorem 2.3.38 For every S in {C—, A—,C<, A<}, the strict inclusion

Z5-£Q-DrA(S) € Z5-weQ-DFa(S)
holds.

Proof. The proof will follow the idea of the proof for S = A_, presented in [25], and will make
use of Lemma 2.3.37.

The inclusion Z5_ro_pra(S) € Ls_weQ-pra(S) is trivially satisfied, since every transition-
S-equiloaded automaton is a weakly transition-S-equiloaded automaton as well.

To prove that the inclusion is proper, let us consider a language L = {a,bb}". There is a
deterministic finite automaton without e-transitions, A = (K, %, J, qo, F), accepting L, and defined
as follows: K = {q0,91}, £ = {a,b}, F = {q0}, and

(s(q()/a) = 4o,
5(q0,b) = q1,
5(q1,b) = qo.
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Figure 2.6: The automaton A with strongly connected graphical representation, accepting the language

L = {a,bb}".

The graphical representation of the automaton A is depicted in Figure 2.6. The claim L(A) =
L is considered to be obvious. Since the graphical representation of the automaton A is strongly
connected, the DFA A is weakly transition-S-equiloaded for all S in {C—, A—,C<, A<}. That s,
Lisin j&*WEQ*DFA(S) for all § in {C:, A:, CS/ AS }

However, on the other hand, by applying the method presented in Section 2.1, it can be easily
computed that

#(q0,a,q0), Acc(A,n)] =

1+\/g~n-<l+\/>>n_._ 5 <1+\/»>n+

10 2 5{ >
1_\/5 1— \@
+ 10 . 5 5\7
#[(90,b,91), Acc(A,n)| = % n <1+\/§> _\1/g < _,_\[) .

#[(q1,b,90), Acc(A, n)] =

Now, for the purpose of contradiction, let us suppose that a transition-.4_-equiloaded DFA A’
exists, such that L(A’) = L. Then, by Lemma 2.3.37 and by the assumption that B4, = 1, we have

oo (452) oo (457))

for all e in DY, and

it (5 o 52))

for all f in DZ,. Thus, obviously, from the assumption that the automaton A is transition-A—_-
equiloaded, we have
1+v5 2

10‘Da,| o 5|D[A/|r

ie.,

1++5

b
10 IPal=3 ‘|D“,|.
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But this equation cannot hold, since |D%,| and |DY,| are both nonnegative integers, since 2 is a

145

rational number, and since ~5~ is an irrational number. Thus, there is not any transition-A_-
equiloaded DFA accepting L, i.e., L is not in Z5_ro_pra(A=). However, since the language L
is infinite, it follows from Theorem 2.3.35, that L is not in .%5_ro_pra(S) for any S. That is, the
theorem is proved. O

We leave an analogous property for the families of S-equiloaded resp. weakly S-equiloaded
DFAe-languages as an open problem.

Open Problem 2.3.39 The inclusion .Z5_ro_prac(S) € Z5-wEQ-Drae(S) holds trivially for all
S in {C:, A=, CS/AS}' Is this inclusion proper or does %,EQ,DFAE(S) = _%,WEQ,DFAS(S)
hold for S in the set {C—, A-,C<, A< }?

Example 2.3.40 A transition-S-equiloaded DFAe can be found for a surprisingly high number
of weakly transition-S-equiloaded languages (however, to little examples have been worked out
yet, to conjecture the equality of the families).

First, we shall observe that the counterexample used for the case of DFA cannot be used
in the case of DFAg, i.e., that there is a transition-.4_-equiloaded DFAe accepting the language
L = {a,bb}". We shall define such automaton as follows: A = (K,%,6,4q0,F), K = {q0,91,92},
F = {go}, and

0(qo,a) =q2,  d(q0,b) =q1,  6(q1,b) =q0,  4(q2,€) = qo-

Figure 2.7: The transition-.A_-equiloaded DFA¢ A accepting the language L = {a, bb}".

The reader may convince himself that the automaton A is transition-.A_-equiloaded, by com-
puting the transition-equiloadedness .A_-measure, using the method presented in Section 2.1.
That is, L is in %5_po_prae(A=), and since the language L is infinite, it follows from Theorem
2.3.35 that Lis in .Z5_gg_prac(S), forall Sin {C-, A-,C<, A< }.

Example 2.3.41 Further, let us consider a language L accepted by a deterministic finite automa-
ton A = (K, %, 9, qo, F) defined as follows: K = {q0,91,92,93}, £ = {a,b}, F = {q0}, and

0(q0,a) = q1,  6(qu,a) =4q3,  O(q1,b) =q2,  (q2,b) =4q3,  d(q3,4) = qo.

Clearly, the language accepted by the automaton A is the same as the language accepted by a
DFAe defined as follows: A’ = (K',%/,¢,q(, F'), K' = {q}, 4%, ....q5}, ' = {a, b}, F' = {q{, 94},
and

Iapa) =qi,  Vqa)=qy  I(qb)=a5  &(q2e) =43
'(a5,0) = qi,  Oqua) =g, &'(q5b) =q6,  5'(q5.0) = 4o,
By computing the transition-equiloadedness .A_-measure, it can be verified that the automa-

ton A’ is transition-4_-equiloaded. Thus, L is in %5 EQ-DFAe (A=), and since the language L is
infinite, it follows from Theorem 2.3.35 that Lis in £5_go_prae(S), forall Sin {C=, A-,C<, A< }.

Now, let us consider the families of state-S-equiloaded and weakly state-S-equiloaded lan-
guages. Let us note that a theorem analogous to Theorem 2.3.33 holds also for the families of
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(a) The automaton A. (b) The automaton A’.

Figure 2.8: The automaton A, and the transition-4_-equiloaded automaton A’, such that L(A’) = L(A).

(weakly) state-S-equiloaded languages. Since exactly the same counterexample L = {a} " may
be used to prove the theorem,!® we shall omit the proof.

Theorem 2.3.42 The following strict inclusions hold forall S in {C—, A_,C<, A< }:
1. %k weo-pra(S) & Zk-wEQ-DFac(S),
2. Zx £Q-pra(S) C Zk—EQ-DFAe(S)-

We shall leave open the relations between the families of (weakly) state-S-equiloaded lan-
guages for different choices of S.

Finally in this subsection, let us consider the relations between S-equiloaded and strictly S-
equiloaded DFA(¢)-languages, for S = C—- and S = A_.

Theorem 2.3.43 The following strict inclusions hold:

1. Zx-seQ-pra(C) € Zk—£Q-Dra(C=), 5. Zk-seQ-Drae(C) © Lk-EQ-DrA:(C=),
2. L5 seg-pra(C) © Z5_po-pra(C=), 6. L5 seQ-Drae(C) & L5 £Q-Drac(C=),
3. Zk-seQ-pra(A) & Zk-rq-pra(A=), 7. ZLk-seQ-Drae(A) & Lk-EQ-DFae(A=),
4. L5 seq-pra(A) C Zs-£g-pra(A=), 8. Z5-sEQ-DFae(A) C L5-£Q-DrAe(A=).

Proof. The inclusions are a direct consequence of Theorem 1.6.2. Let us prove that these in-
clusions are proper. Let us consider the languages L1 = {a}* - {b}* and L, = {a,b}". Itis
an easy exercise to prove that L; is not in £x_spo—pra(C), nor in Zx_spo-pra(A) and that it
is in Zx_po-pra(C=), as well as in Zx_po_pra(A=). Similarly, it is easy to prove that L, is
not in .%s5_spo-pra(C), nor in Z5_spq-pra(A), and that it is both in Z5_po_pra(C=), and in
Z5-£Q-DFA(A=). O

2.3.7 Closure Properties

In this subsection, we shall examine some of the closure properties of the families of S-equi-
loaded and weakly S-equiloaded languages. We shall omit proofs of the results that have been
already known (these proofs may be found in the theses [26], [27] and [25]) and prove only the
new closure properties.

Bt is easy to prove that this language is not in .-Zx_wEg—pra(S) by using the Myhill-Nerode theorem [32].
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Closure Properties of the Families of (Weakly) State-S-Equiloaded DFA (¢)-Languages

For the case of the families of state-S-equiloaded and weakly state-S-equiloaded DFA(e)-lan-
guages, we leave most of their closure properties open. In the following theorem, we shall only
restate the closure properties of the family .“x_ro_pra(A=), proved already in [26] and [27].
The main reason for this is our belief that these closure properties will be less painfully provable
after slightly extending the theory from the previous subsection (it will be possible to prove more
closure properties at once, and thus the need to examine each case separately will be eliminated).

Theorem 2.3.44 The family Zx_go—pra(A=) is not closed under concatenation, union, intersec-
tion, complementation, reversal, homomorphism, and inverse homomorphism.

Closure Properties of the Families of (Weakly) Transition-S-Equiloaded DFA (¢)-Languages

In what follows, we shall prove some of the closure properties of the families of transition-S-
equiloaded and weakly transition-S-equiloaded DFA(e)-languages. The results obtained in the
previous subsection enable us to prove the closure properties for relatively large numbers of
families of languages at once. Thus, our knowledge of the closure properties is better than in the
case of state-S-equiloaded and weakly state-S-equiloaded languages.

Theorem 2.3.45 Let S be in {C—, A—,C<, A<}. The families Z5_ro_pra(S), Ls5—ro—Drae(S),
Z5-weQ-DrA(S), and L5 _wEeo—prae(S) are not closed under concatenation.

Proof. The languages L; = {a}" and L, = {b} are clearly in all of these families. However, the
language Lq - Ly = {a}" - {b} is in none of these families. This can be easily proved by observing
that in every DFAe accepting L - Ly, a b-transition e has to exist, such that it is used at most once
in every computation path. However, a computation path of arbitrary length has to exist in every
such automaton. O

Theorem 2.3.46 Let S be in {C:, A:,CS,AS}. The families D%_EQ_DFA(S), %—EQ—DFAE(S)I
Zs-weQ-prA(S), and L5 _wEeo-prae(S) are not closed under union.

Proof. The same counterexample can be used as in the proof of Theorem 2.3.45. O

Theorem 2.3.47 Let S be in {C—, A—,C<, A<}. The families Z5_ro_pra(S), Zs5-£0-Drae(S),
Zs-weQ-Dra(S), and Zs5_wEgo—prae(S) are not closed under intersection.

Proof. Let us consider the languages L1 = {aa, bc}” - {b} and L, = {aa,bd}" - {b}. It can be
easily observed that these languages are in all of the families from the statement of the theo-
rem. However, their intersection, the language L1 N L, = {aa}” - {b}, is clearly in none of these
families. This can be proved by similar reasoning as in the proof of Theorem 2.3.45. O

Theorem 2.3.48 Let S be in {C:, A:,CS,AS}. The families D%_EQ_DFA(S), %—EQ—DFAS(S)/
Z5_weQ-pra(S), and Zs5_wEeo—prae(S) are not closed under complementation.

Proof. Let us consider the language L = {a}. This language clearly is in all of the families from
the statement of the theorem. We shall prove that the language LC = {e} U {a" | n > 2} is not in
any of these families.

For the purpose of contradiction, let us suppose that LC is in some of this families. Since the
language LC is infinite, a DFAe A = (K,X,4,qo, F) with a strongly connected graphical repre-
sentation has to exist, such that L(A) = LC. Clearly, the relation (go,a) F* (g,¢) cannot hold
for any accepting state q in F. However, since the automaton A is strongly connected, a positive
integer k exists, such that (go,a*) F* (qo, €). This implies that also the relation (go,a*1) * (g, ¢)
cannot hold for any accepting state g, and that implies that a**1 is not in L¢. However, this is a
contradiction since k is positive. g
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Theorem 2.3.49 LetSbein {C—, A—,C<, A<}. The families £5_ro_pra(S)and Zs5_weo-pra(S)
are not closed under closure.

Proof. Corollary of a theorem proved in [25] (the counterexample used in the proof for S = A_
can be easily shown to apply also for the remaining choices of S). g

Open Problem 2.3.50 Let S be a parameterin {C—, A—,C<, A<}. Are the families .Z;_rg_prac(S)
and .Z5_wEgQ-Drae(S) closed under closure?

Theorem 2.3.51 Let S bein {C:, .A:, Cg, -AS } The families D%_EQ_DFA (S) and g&—WEQ—DFA (S)
are not closed under positive closure.

Proof. Corollary of a theorem proved in [25]. O

Open Problem 2.3.52 Let S be a parameterin {C—, A—,C<, A<}. Are the families Z5_rg_prac(S)
and .Z5_weo-prae(S) closed under positive closure?

Theorem 2.3.53 Let S bein {C:, .A:, Cg, AS } The families D%_EQ_DFA (S) and .,%_WEQ_DFA (8)
are not closed under reversal.

Proof. Corollary of a theorem proved in [25]. O

Open Problem 2.3.54 Let S be a parameterin {C—, A-,C<, A<}. Are the families .Z;_gg_prac(S)
and .Z5_wEgQ-prae(S) closed under reversal?

Theorem 2.3.55 Let S bein {C:, A=, C<, A< } The families D%_EQ_DFA (S)and Z(S—WEQ—DFA (S)
are not closed under homomorphism.

Proof. Corollary of a theorem proved in [25]. O

Open Problem 2.3.56 Let S be a parameterin {C—, A-,C<, A<}. Are the families .Z5_gg_prac(S)
and .Z5_weQ-prae(S) closed under homomorphism?

Theorem 2.3.57 Let S be in {C:, A=, C<, Ac } The families %,EQ,DFA(S), %,EQ,DFAS (S),
Zs-weQ-DprA(S), and Zs_wEeo-prae(S) are not closed under inverse homomorphism.

Proof. Let us consider the language L = {b} (clearly, L is in all of the families from the statement
of the theorem) and the homomorphism / defined by

h(a) =

h(b) b

Clearly,
hH(L) = {w € {a,0}" | #(w) =1}

We shall prove that h~!(L) is not in any of the families from the statement of the theorem. For
the purpose of contradiction, let us suppose that it is in at least one of these families. Since
the language h~!(L) is infinite, this implies that a DFAe A with strongly connected graphical
representation has to exist, such that L(A) = h~!(L). However, this automaton has to have at
least one b-transition and at least one accepting state, and from that a contradiction is easy to
reach. g



Chapter 3

Strictly S-Equiloaded Deterministic
One-Counter Automata

In this chapter, we shall study the families of strictly S-equiloaded deterministic one-counter au-
tomata and the corresponding families of languages, for S = C, S = A, and S = £. Equiloaded
one-counter automata have not been studied yet. That is, all results presented in this chapter are
new.

3.1 Examples of Strictly S-Equiloaded DOCA-Languages

In order to build an adequate picture of the computational power of strictly S-equiloaded one-
counter automata, we shall work out several examples.

Example 3.1.1 In this example, we shall present three examples of languages in the families
D%KfSEQfDOCA (C), and gKfsEQfDOCA (.A) . Let us consider the following three regular lan-
guages: Ly = {a}"{b}", L, = {a}"{e b}, and L3 = {a}" U {b}. For each of these languages,
we shall construct a deterministic one-counter automaton that is both strictly state-C-equiloaded,
and strictly state-.4-equiloaded.

We shall define a deterministic one-counter automaton A; = (Ky, X1, 61,401, F1) accepting the
language L, as follows: K1 = {q0}, 1 = {a,b}, 01 = q0, F1 = {q0}, and

91(q0,4,0) = (40,0), 01(q0,b,0) = (g0, +1), 91(90,b,1) = (q0,0).

The claim L(A;) = L is considered to be obvious. The strict state-S-equiloadedness of the
automaton A; for S in {C, A} is a direct consequence of the fact that the automaton has only one
state.

Now, let us construct a deterministic one-counter automaton Ay = (Kp, X2, 2,402, F2), such
that L(Ap) = L,. We shall define the automaton as follows: K, = {q0}, £ = {a,b}, 902 = qo,
F, = {q0}, and

62(q0,4,0) = (q0,0),  52(q0,b,0) = (g1, +1).
Once again, the claim L(A;) = L, is considered to be obvious, and the strict state-S-equiload-
edness of the automaton A; for S in {C, A} follows from the fact that there is only one state in
Ks.

Finally, we shall construct a deterministic one-counter automaton Az = (Kj3,X3,d3,403, F3)
accepting the language L3. We shall define the automaton as follows: K3 = {qo,q1}, £3 = {a, b},

903 = 90, F3 = {q0,91}, and
53(070, a, 0) = (q1,+1), (53(q0, b,()) = (qll 0)[
33(q0,4,1) = (q1,0), 83(q1,4,1) = (40,0).
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The claim L(A3) = L3 is considered to be obvious. The strict state-S-equiloadedness of the au-
tomaton Aj for S in {C, A} follows from the fact that every computation path v of the automaton
Aj alternates between states gp and g;. Thus, as a consequence we have

for every computation path 7, and the automaton Aj3 is strictly state-C-equiloaded, as well as
strictly state-.A-equiloaded.

In the construction of each of the three automata from the previous example, we have ex-
ploited the fact that we can use one state of a deterministic one-counter automaton to act like
two states of a deterministic finite automaton — if we use only two values of the counter, 0 and
1, then we may view the deterministic one-counter automaton with the set of states K as a deter-
ministic finite automaton with the set of states K x {0, 1}. However, the differences between the
number of uses of a state ¢ with the counter value 0 and the number of uses of the state 4 with
the counter value 1 have no effect on the strict equiloadedness: the only thing we care about is
the overall number of uses of the state g (without taking the counter value into consideration).
Thus, the families of strictly state-S-equiloaded DOCA-languages contain also some regular lan-
guages that are not strictly state-S-equiloaded DFAe-languages (however, as we shall observe
later, strictly state-S-equiloaded DOCA may accept also nonregular languages).

This method cannot be used for strict transition-S-equiloadedness. Unlike in the case of
states, the transition from a state g on some ¢ in X U {e} is a different transition for a counter
value 0, and for a counter value greater than 0. However, there are other methods that can be
used in the construction of strictly transition-S-equiloaded DOCA for languages that are not in
Zs5_seQ-pra and Z5_spg-prae- We shall present one such method in the following example.

Example 3.1.2 Let us consider the language L = {ab,ba}". We shall observe that this language
is both in %5_sro_poca(C), and in Z5_spg-_poca(A). The main idea of the construction of a
strictly transition-S-equiloaded DOCA A = (K, L, 4, qo, F) accepting L is as follows: each com-
putation of the automaton A is required to begin with a sequence of e-transitions that increases
the counter from 0 to 5. Afterwards, the computation is required to “decide” (in the state gs)
between two cycles: after passing the first of the cycles, the character a is read, and the counter
is decreased by the value of 2 (if the counter value is less than 2 at the beginning of the cycle, the
computation gets stuck during the cycle). After passing the second cycle, the character b is read,
and the counter is decreased by the value of 3. The computation is allowed to proceed from the
state g5 to the initial state only if the counter value 0 is reached. This is clearly the case if and only
if each of the cycles is passed exactly once.

Formally, we shall construct the deterministic one-counter automaton A as follows: we shall

define K = {q0,q1,.-.,98}, 2 = {a,b}, F = {40}, and

5(q0,€,0) = (q1,+1), d(q1,61) = (q2,+1), d(q2,¢61) = (g3, +1), d(q3,¢1) = (q4,+1),
5(q4,6,1) = (q5,+1), 6(q5,¢,0) = (90,0),  6(q5,4,1) = (g6, —1), 9(q5,b,1) = (q7,—1),
5(qe,6,1) = (g5, 1), 6(q7,¢1) = (qs,—1), d(qs,&1) = (g5, —1).

The reader may easily convince himself that L(A) = L. The automaton is strictly transition-S-
equiloaded for S in {C, A}, since, for the above explained reasons, the property

[#le, v] —#[f,7]| <3

has to hold for all ¢, f in D, and for every computation path - (for accepting computation paths,
the constant 3 may be replaced by 0).

Example 3.1.3 Let us consider the deterministic one-counter automaton A from the previous ex-
ample, once again. Clearly,

N(A) = {ab,ba}*{e,aaa, aab,bb} =: L'.
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We have already noted that the automaton A is strictly transition-C-equiloaded, and thus also
strictly transition-£-equiloaded. Thus, the language L’ is both in .A5_spg_poca(C), and in

Ns—seo-poca(E).
In the final three examples of this section, we shall return to strictly state-S-equiloaded DOCA-
languages. We shall show that among these languages, there are also some nonregular lan-

guages. Moreover, we shall observe that in the families of languages .4k _spo-poca(C) and
Nk—seq-poca(C), there are also some languages that are not prefix-dense.

Example 3.1.4 In this example, we shall show that the (obviously nonregular) language
L={a"b"|n>0}

is in Ax_spg-poca(€). Let us define a deterministic one-counter automaton A = (K, %, 4, qo, F)
as follows: K = {q0,q1}, £ = {a,b}, F = @ (since we are interested in the language accepted by
empty memory, the set F is irrelevant), and

5(q0/ a, 0) = (q0/ +1)/ 5(@0/51/1) = (qO/ +1)/
5(qo,0,1) = (g1, 1), 4(q1,b,1) = (q1,=1).
We consider the claim L(A) = L to be obvious. Moreover, in every computation path < of the
automaton A, accepting by empty memory, the following property clearly holds:
#lg1,7] = #lgo,7] — 1.

Thus, the automaton A is strictly state-£-equiloaded. As a consequence, the language L is in

Nk—seQ-poca(E).
As shown in Example 1.7.6, the language L is not prefix-dense. Thus, it is neither in the family

gKfsEQfDOCA (C), nor in the family XK,SEQ,DOCA(.A).

Example 3.1.5 In this example, we shall observe that also the families %k _spg-poca(C) and
Zx—seQ-poca (A) contain some nonregular languages. Let us consider the language

L={we{ab}" | Vue{ab}* uisaprefixof w:#,(u) > #,(u)}.
The language L is clearly nonregular. However, let us consider a deterministic one-counter au-
tomaton A = (K, %, 9, 9o, F), defined as follows: K = {qo}, £ = {a,b}, F = {go}, and
5(q0,4,0) = (q0,+1),  o(qo,4,1) = (q0,+1), (40, b,1) = (40, —1)-

Clearly, L(A) = L. The strict state-S-equiloadedness of the automaton A, for both S in {C, A},
follows from the fact that the automaton A has only one state. Thus, L is both in the family
gKfsEQfDOCA (C), and in the family ZK,SEQ,DOCA(.A).

Example 3.1.6 In this final example, we shall show that also the family .4#x_spo—poca(C) con-
tains some non-prefix-dense language. Let us consider the language

L={a"b|n>1}U{e}.

This language clearly is not prefix-dense. Let us consider the following deterministic one-counter
automaton: A = (K, %, 9,4, F), where K = {q0,91}, X = {a,b}, F = @, and

5(qo,a,0) = (qo, +1), 4(q0,€,1) = (41,0),
3(q1,4,1) = (90,0), 5(q1,b,1) = (q1,—1).

The statement N(A) = L, as well as the strict state-S-equiloadedness of the automaton A for S
in {C, A}, are considered to be clear. Thus, L is both in the family .#x_spo-poca(C), and in the

family Ak _seg-poca(€)-
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3.2 Lemmas

In this section, we shall prove some auxiliary results that we shall use later on in our study of
strictly S-equiloaded deterministic one-counter automata.

Lemma 3.2.1 Let A = (K, %, J, qp, F) be a deterministic one-counter automaton.

1. Let an upper bound exist for the length of computation paths v, such that 7 reaches a
configuration with the state g9 and with the counter value 0 only at its beginning. Let H}
be the smallest of such upper bounds. Then,

Hy < |K[(|K| +1).

2. Let an upper bound exist for the length of accepting computation paths <, such that y
reaches a configuration with the state qop and with the counter value 0 only at its begin-
ning. Let H; be the smallest of such upper bounds. Then,

Hy < [K|(IK[ +1).

3. Let an upper bound exist for the length of computation paths -y accepting by empty memory,
such that 7y reaches a configuration with the state g9 and with the counter value 0 only at
its beginning. Let H3 be the smallest of such upper bounds. Then,

Hy < |K[(|K| +1).

Proof. We shall prove all three claims at once. For the purpose of contradiction, let us suppose
that Hf > |K|(|K| + 1) (that Hy > |K[(|K| + 1)) [that Hf > |K|(|K| 4+ 1)]. Then, a computation
path 1 (an accepting computation path 7;) [a computation path y3 accepting by empty memory]
exists, such that a configuration with the state gy and with the counter value 0 is reached only at
its beginning, and such that |y1| = Hf (|72| = H;) [|r3] = H3].

First, let us suppose that the greatest counter value achieved by the computation path 7;
(the computation path ;) [the computation path 73] is t < |K|. Since, by our assumption, the
length of the computation path is greater than |K|(|K| + 1), it follows by the Pigeonhole principle
that the computation path reaches at least two configurations with the same state and the same
counter value. That is, the computation path 7 (the accepting computation path 7,) [the compu-
tation path y3 accepting by empty memory] corresponds to some computation (some accepting
computation) [some computation accepting by empty memory] of the form

(g0, uvw,0) H* (g,vw,t) F* (q,w,t) F* (¢, ¢ t),

where 1,0, and w in £* are words, t and #' in IN are nonnegative integer counter values, and g
and ¢’ in K are states. Moreover, for the case of the computation path 7, the state g’ is accepting
(in F), and for the case of the computation path 13, the counter value ' is zero.

It is clear that there is a computation (an accepting computation) [a computation accepting by
empty memory] on the word uv?w of the form

(g0, uv®w,0) F* (g,7%w, t) FT (q,vw,t) F* (q,w,t) F* (¢, ¢,t).

Clearly, the length of the corresponding computation path (accepting computation path) [com-
putation path accepting by empty memory] is greater than the length of the computation path
71 (the computation path ;) [the computation path 3]. However, this computation path clearly
reaches a configuration with the state gg and with the counter value 0 only at its beginning, and
thus, H{ (H;) [H3] is not an upper bound for the length of the corresponding set of computation
paths. That is a contradiction.
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Now, let us suppose that the greatest counter value achieved by the computation path y; (the
computation path ;) [the computation path 73] is t > |K| 4 1. Then, it follows from the Pigeon-
hole principle that the computation path ; (the computation path 7) [the computation path
73] corresponds to some computation (to some accepting computation) [to some computation
accepting by empty memory] of the form

(g0, uvwx,0) H* (g, vwx, t1) T (g, wx, ) H* (p,x,t) F* (P e, 1), (3.1

where u, v, w, and x are words in %, p, ¢, and p’ in K are states, and t1, ; and ¢’ are nonnegative
integer counter values in IN, such that 0 < t; < #,. Moreover, the counter value is always positive
during the computation

(‘% owx, tl) H* (‘7/ wx, t2> H* (Pl X, t)‘

For the case of the computation path 7, the state p’ is in F, and for the case of the computation
path 73, the counter value #' is zero.
Now, let us first suppose that the counter value is always positive during the computation

(p,x,t) F* (P, ¢e,t).

(Let us note that this may be the case only for the computation path 7 or for the computation
path 7, not for the computation path <3.) It directly follows that

(g0, uv?wx,0) F* (q,0%wx, t) F (g, 0wx, t2) FT (g, wx, 2t — t1) F*
F (pox b — ) F (Pt + it — 1),
The corresponding computation path clearly reaches the configuration with the state qp and with
the counter value 0 only at its beginning. Moreover, it is longer than the computation path 71
(the computation path 7,). Thus, H} (Hj) is not an upper bound of the corresponding lengths of
computation paths. That is a contradiction.

Let us now consider the remaining case when the counter value zero is reached during the
computation

(px,t) = (P e t).
Then, it follows from the Pigeonhole principle that words x1, x2, x3 in £* exist, such that x =
x1x2x3, and such that the computation (3.1) can be rewritten as
(qo, uvwx1x2x3,0) F* (g9, vwx1x2x3, t1) F (g, wxyx2x3,t2) F* (p, x1x0x3,1) F*
F (' xoxs, 1) T (0, x5,11) B (PLe t),

for some state ¢ in K and some nonnegative integer counter values #], 5 in IN, such that 0 < ] <
t}, so that the counter value is always positive during the computation

(p/ X1X2X3, t) }_* (q// X2X3, t/Z) |_+ (5],/ X3, t‘ll)

Now, let us denote by L the least common multiple of positive integers t, — t; and t) — t]. Letr, s
in N be positive integers, such that (r — 1)(to — t1) = (s — 1)(t) — t}) = L. Then, it is obvious
that
(0, u0"wx1x5x3,0) F* (g, v wx x5x3, 1) F (g, 0" wxyx§xs, tp) FT L FT

F (g, owx1x5x3, b + (r—2) (ko — 1)) FT (g wx1x5x3,t2 + (r — 1) (la — 1)) H*

F (poxixgas, b4 (r = 1)(t2 — 1)) 7 (4, x5x3, 5+ (r = 1) (o — 1)) BT

Ft (g, s, (P =) (e — 1)) FT LT

FE @ xoxa, t + (r=1)(ta —h) — (s = 2)(t, — 1)) H7

=g s (P = 1) — ) = (s = D (5 — 1) F (x5, 8) (P t).
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That is, r — 1 loops from the state g, each increasing the counter value by t; — f;, and s — 1 loops
from the state q’, each decreasing the counter value by t} — #{, can be added to the computation,
without changing any of its important properties.

Clearly, the computation path corresponding to this computation reaches a configuration with
the state g9 and with the counter value 0 only at its beginning. Moreover, it is longer than the
computation path y; (the computation path ;) [the computation path 3].

Thus, H} (H3) [H3]is not an upper bound of the corresponding lengths of computation paths.
Once again, this is a contradiction. The lemma is proved. O

Lemma 3.2.2 Let A = (K, %,J,qo, F) be a deterministic one-counter automaton. Let ¢, 4’ in K be
states and ¢ in IN be a nonnegative integer counter value. If the state g’ is reachable from some
configuration with the state g4 and with the counter value ¢, then a computation

(q.w,t) =" (4", &, t')
exists for some w in ©* and #' in IN, such that the counter value does not exceed the value
T=t+]|KP
during the computation.!

Proof. The lemma can be immediately seen to be true for |[K| = 1. Thus, let us suppose that
K| > 2.

Let us denote by t,,;, the minimal nonnegative integer counter value, such that the state ¢’ is
reachable from some configuration with the state g and the counter value ¢, with the counter value
not exceeding t,,;, during the corresponding computation. For the purpose of contradiction, let
us suppose that t,,,;, > T.

Clearly, since |[K[> > |K|? and t,,;, > t + |K|*> + 1, the computation corresponding to f,,;,, is of
the form

2
(g, U1v1X1Y1 UV X2 Y2 U3 - . . UV X2, t) FF pl ,lelyluZszzyzug Cugopxez, b+ KT+ 1) B

*

-

P xl]/luzvzxzyzus UEORXEZ, b )
F ,y1uzvzx2y2u3 o URORXKZ, b )

*

1
1

T

p , UV XY U3 . . . UV XZ, E + |K|2 + 1) *

(
(!
(1}
(1}
* ( 2 ,UzXzyzug oz, b4 K2+ 1)
(1}
(
(
(
(

-

*

-

p xz]/zus URORXEZ, b))

*

-

*

-

2
P yaus . Oz, b))
g JUS U ORXRZ, b ) EF BT

*

-

pk ,vkxkz E+ K2+ 1) F (01, 302, i) H*
H* pk Iz mm) H* (q g, t) (3.2)
(1) (2) (3),

where u;,v;, x;,i =1,...,k,y;,i =1,...,k—1, and z in * are words, and where p;’, p;”’, p;

i=1,...,k and p§4),i =1,...,k— 1, are states. Moreover,

2 ULV X1.Z n
(Ul( ), xiyl-ui 1. BEUAKS, tmz )
is the 117 st and

3
(pl( )/]/iuiJrl oo URORXEZ, tmin)

I This upper bound is not meant to be tight.
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is the last configuration (without loss of generality, we assume that configurations do not repeat
in the computation) in the computation

1 4
(PE ) oxiyitisy - ugopxz, b+ K24 1) FF (p! Vi wopxz, 4 KPP 1),
such that the counter value is t,;;,, fori =1,...,k—1,and

(P}EZ) » XkZ, tmin)

is the first and

(P;(f’), Z, tmin )

is the last configuration in the computation
(p o t+ K1) - (1),

such that the counter value is t,,;,. Furthermore, the counter value is strictly less? than t,,;, in
computations

(1)

1 2
(9, u1v1X1Y1U202X2Y2U3 - . UKVRXRZ, ) B (P17, 01X1Y1 U202 XY 2 U3 - . . Uk DR XgZ, E 4 [K]” + 1)

and
4 1
(pz( ),ul-+1vl-+1 e URURXEZ, A |K|2 + 1) F* (P§+)1/ Vit - UpUkXgZ, 4 ‘K|2 + 1)

fori=1,...,k — 1, and the counter value is greater than or equal to t + |K|? + 1 in computations
1 4
(pf ),v,'xiyiuiﬂ o URORXZ, E \K|2 +1)F* (pl( >,ui+1 o URORXRZ, E |I<|2 +1),
fori=1,...,k—1,and
(P otz £ 4 KP4 1) F (5,2 ).

That is, the configuration can be divided into parts corresponding to the subwords of the
input word as follows: in its parts corresponding to words u;, i =1, ..., k, the computation never
reaches the counter value t,,;,, i.e., the counter value is strictly less than ¢,,;,,. That is, to obtain the
contradiction (i.e., to construct a computation reaching the state g’ from some configuration with
the state g and the counter value t, such that the counter value is strictly less than t,,;,, during the
computation), nothing has to be done with these parts. In its parts corresponding to the words
vixiy;, i = 1,...,k — 1, the counter value is always greater than or equal to t + |K|? + 1. In the
process of constructing a computation, existence of which implies the contradiction, this fact shall
enable us to omit some computation steps in these parts of the computation, without reaching the
counter value 0. The same fact is true for the part of the computation corresponding to the word
v xy. Moreover, the counter value t,,;, is reached for the first time in these parts after reading the
subword v;, and for the last time after reading the subword x;.

Now, it follows from the Pigeonhole principle that if ¢1,¢, in IN are nonnegative integer
counter values, such that t, — t; > |K|, then every computation

(q1,y,0) " (q2,¢ t2),
where y in £* is a word and 41, 42 in K are states, is of the form
(91,1923, 11) B* (43, y2y3,t3) 7 (43, y3,t4) F* (g2, 12),

where v, Y2, y3 are words in £*, such that y = y1y,y3, and t3,t4 in IN are nonnegative integer
counter values, t; < t3 < ty < I, such thatty — t3isin {1,2,..., |K|}.

2This assumption can be made since |K| > 2.
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Similarly, if #], t} in IN are nonnegative integer counter values, such that t; — t;, > |K|, then
every computation

(q1,y,8) (g8 ),
where y' in * is a word and g}, 5 in K are states, is of the form
(1, 12y, 1) B (03,923, 13) 7 (a3, 93, 83) B (2.6, 12),
where v}, 15, ¥4 in £* are words, such that y' = yjy5y53, and t},t} in IN are nonnegative integer
counter values, t{ > t, >t} > t},such that ;, — t} isin {1,2,...,|K|}.
We shall call computations of the form

(pu, 1) F* (e fa),

where u in ©* is a word, p in K is a state, and £, f; in IN are nonnegative integer counter values,
such that 1 < t, —t; < |K|resp. 1 < t; — tp < |K|, bounded increasing resp. bounded decreasing
loops. The property observed above can be thus restated as that every computation that increases
the counter by at least |K| contains a bounded increasing loop, and every computation that de-
creases the counter by at least |K| contains a bounded decreasing loop.

Now, let us return to the computation (3.2). Since, for i = 1,...,k, the counter value is in-
creased by the value of

tin — (E+ |K[2+1) >t +|KP+1—t—|K|> =1 = |K]? — |K|?

in the computation

1 « (2
(pl( ),vixiyiuiﬂ oz, b+ | K2+ 1) (pl( ),xiyiuiH e URORXKZ, Ein ), (3.3)

it follows from the Generalized pigeonhole principle that the computation (3.3) contains at least
|K| nonoverlapping® bounded increasing loops, increasing the counter by the same value t; in
{1,2,...,|K]|}.
Similarly, since fori =1,...,k — 1, the counter value is decreased by the value of
twin — (E+ K[ +1) > £+ [KP+1—t— K> =1 = [K] - [K|?

in the computation

3 4
(P yittig - wioaz, bin) B (V) i1 - ez, £+ K2 +1), (3.4)
the computation (3.4) contains at least |K| nonoverlapping bounded decreasing loops, decreasing
the counter by the same value t; in {1,2,..., |K|}.
Now, it can be easily seen that, fori = 1,...,k —1, t; of these bounded increasing loops and
t of these bounded decreasing loops can be deleted, without changing almost any important
property of the computation. In fact, the computation
1 2 *
(P,( )rUixi]/iui+1 ooz, b KP4+ 1) B (PZ( )/xiyiuiJrl o URORXRZ, b )
3
F (0 ittt - 0, i)
F (p i oz, £+ (KPP 1)
becomes

1 2 _
(pl( ),nggyguiﬂ ozt K 1) (pz( ),xgyguiﬂ o URORXKZ, Epin — tf )

3 ~
H* (PZ( )Yt ORXZ, b — £ £7)

* (pl(4)’ Uiy ... . UROEXZ, t+ |K|2 + 1)

3In the sense that there are not any two of these bounded increasing loops with common computation step.



Strictly S-Equiloaded Deterministic One-Counter Automata 105

for some words v/, x/,y; in £*. This property holds, since the counter value 0 is never reached
in this computation (since " - t; < [K[> < t + |K|?> +1). However, the greatest counter value
reached by this computation is t,,;, — 1?1.+ b < tpin-

That is, to construct a computation reaching the state 4’ from some configuration with the
state g and the counter value f (existence of which would lead to a contradiction), it suffices to
do analogously decrease the greatest counter value reached in the part of the computation corre-

sponding to the input subword uv;xx. However, this can be done easily: if in the computation

(p](;’)rzl tmm) l_* (q// 8/ tl)/

the counter value t + |K|? + 1 is reached, then the bounded increasing loops and bounded de-
creasing loops can be deleted from the computation in exactly the same manner as above. Oth-
erwise, it suffices to simply delete one bounded increasing loop. That is, the statement of the
lemma is proved. O

Lemma 3.2.3 Let A = (K, %, 0, 4o, F) be a deterministic one-counter automaton. Let p,q in K be
states, and s, t in IN be nonnegative integer counter values. If, for some u in X*, (p,u,s) F* (q,¢,t),
then a nonnegative integer n in IN exists, such that

n < max{s, t} - |K| + |K[* 4+ |K| — 1,
and (p,v,s) F" (g,¢,t) for some word v in X.*.

Proof. Let n be the smallest nonnegative integer, such that, for some v in X%,

(p,v,s) " (q,¢1t). (3.5)

We shall prove that n < max{s,t} - |K| + |K|* + |K| — 1 by showing that the counter value is
always less than or equal to max{s, t} + |K|*> during the computation (3.5).

For the purpose of contradiction, let us suppose that this is not true, i.e., that the computation
(3.5) can be rewritten as

(p, v1020304,5) F™" (g1, V20304, max{s, t} + |K|? +1) ™ (g2, v3v4, max{s, t} + IK|? +1) F"
"3 (g3, 04, max{s, t} + |[K|* +1) F" (g,¢,1)
for some words vy, v, v3, v4 in ¥, such that v1v2v3v4 = v, and nonnegative integers 11, 1y, 13, 114
in IN, such that ny + ny + n3 + 1y = n, so that the counter value is always greater than or equal
to max{s, t} + |K|?> + 1 during the computation
(g1, 20304, max{s, t} + |K|* + 1) F"2 (g2, v304, max{s, t} + |K|> +1) -
3 (g3, 04, max{s, t} + |K|> +1).

In the computation
(91, v20304, max{s, t} + |K|?> + 1) F"2 (g2, v304, max{s, t} + |K|> +1), (3.6)

the counter value is increased by |K|> — |K|?, and is decreased by the same value in the compu-
tation
F"2 (go, 304, max{s, t} + |[K|> + 1) F" (g3, 04, max{s, t} + |K|* + 1). (3.7)

Thus, it follows from the Generalized pigeonhole principle that at least |K| nonoverlapping
bounded increasing loops* exist in the computation (3.6), each increasing the counter value by
the same value of T in IN. Similarly, the computation (3.7) contains at least |K| nonoverlapping
bounded decreasing loops, each decreasing the counter value by some ¢~ in IN. Since the counter

4For the definition, see the proof of Lemma 3.2.2.
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value is greater than or equal to max{s, t} + |K|? + 1 during both of the computations, ¢~ such
increasing loops and ¢ such decreasing loops can be deleted.

The resulting computation clearly begins in some configuration with the state p and the
counter value s, and ends in some configuration with the state g and the counter value . How-
ever, it is shorter than the original computation, and that contradicts the assumption that # is the
smallest nonnegative integer with the above specified properties.

Thus, we have proved that the counter value is always less than or equal to max{s, t} + |K|3
during the computation (3.5). Now, we shall prove that

n < max{s, t} - |[K| + |K|* + |K| — 1.
For the purpose of contradiction, let us suppose that
n > max{s, t} - |K| + |K|* + |K|.

Since there are exactly max{s, t} + |K|? + 1 possibilities for the counter value in the computation
(3.5), it follows by the Pigeonhole principle that the computation (3.5) has a form

(P/ w1w2w315) H* (q;'ep/ waws, trep) H* (Qrep/ w3, trep) H* (q/ g t)/

for some words wy, wy, w3 in £*, such that wiwow; = v, for some state grp in K, and for some
nonnegative integer counter value Erep in N. However, the part

(Qrepr wows, trep) -t (%’epr w3, trep)

of the computation can be omitted, and this results in a shorter computation beginning in a
configuration with the state p and the counter value s, and ending in a configuration with the
state g and the counter value t. This contradicts the minimality of 7. O

Corollary 3.2.4 Let A = (K, %, 4, qo, F) be a deterministic one-counter automaton, let g in K be a
state, and t in IN be a nonnegative integer counter value.

1. If some configuration with the state g9 and the counter value 0 is reachable from some
configuration with the state g and the counter value ¢, then it is reachable in at most

(t+1)-|K|+ |K|* -1
computation steps.

2. If some accepting configuration is reachable from some configuration with the state g and
the counter value ¢, then it is reachable in at most

(t+1)-|K|+2-[K* -1
computation steps.

3. If some configuration with the counter value 0 is reachable from some configuration with
the state g and the counter value ¢, then it is reachable in at most

(t+1)-|K|+ |K* -1
computation steps.

Proof. The claims 1 and 3 are direct corollaries of Lemma 3.2.3. The claim 2 follows from Lemma
3.2.2 and Lemma 3.2.3. O
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3.3 Characterization of Strict Transition-S-Equiloadedness

In this section, we shall prove the characterization of strictly transition-S-equiloaded determin-
istic one-counter automata, for S = C, S = A, and § = £. We shall prove this characterization
in Theorem 3.3.1. Later in this section, we shall prove that this characterization is decidable
and present an algorithm for deciding if a given deterministic one-counter automaton is strictly
transition-S-equiloaded.

Theorem 3.3.1 Let A = (K, %, 4, g0, F) be a deterministic one-counter automaton.
a) A is strictly transition-C-equiloaded, if and only if the following two properties hold:

(i) For every computation path <, such that |y| > 1 and < reaches a configuration with
the state g and the counter value 0 at its beginning, at its end, but not otherwise, the

property
#le,v] =1

holds for every transition e in D.

(ii) If 7 is a computation path of the automaton A, such that < reaches a configuration
with the state gp and the counter value 0 only at its beginning, then |y| < M for some
fixed constant M in IN.

b) A is strictly transition-.A-equiloaded, if and only if L(A) is empty or if the following two
properties hold:

(i) For every computation path <, such that |y| > 1 and < reaches a configuration with
the state go and the counter value 0 at its beginning, at its end, but not otherwise, the

property
#le,v] =1

holds for every transition e in D.

(ii") If -y is an accepting computation path of the automaton A, such that vy reaches a con-
figuration with the state go and the counter value 0 only at its beginning, then |y| < M
for some fixed constant M in IN.

c) A is strictly transition-£-equiloaded, if and only if the following two properties hold:

(i) For every computation path 7, such that |y| > 1 and 7 reaches a configuration with
the state g and the counter value 0 at its beginning, at its end, but not otherwise, the

property
#le,v] =1

holds for every transition e in D.

(ii") If 7y is a computation path of the automaton A accepting by empty memory, such that -y
reaches a configuration with the state g9 and the counter value 0 only at its beginning,
then |y| < M for some fixed constant M in IN.

Proof. We shall prove all three claims at once. First, let us prove the left-to-right implications.
For the purpose of contradiction, let us suppose that the automaton A is strictly transition-S-
equiloaded for some S in {C, A, £}, and that the property (i) does not hold. Moreover, if S = A,
let us further suppose that L(A) is nonempty.

Since (i) does not hold, a computation path v exists, such that y corresponds to a computation

(q0,w,0) =" (q0,¢€,0)

for some word w in ¥* and some positive integer n in N, and

e, v] —#[f, 7] =1
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for somee, f in D (this is the case because every transition leading from the state g¢ at the counter
value 0 can be used at most once in computation paths that we are concerned with in (i)). That
is, for all k in IN, a computation path -y exists, such that 7y, corresponds to a computation

(90, w*,0) F¥ (g0, ¢,0),

and
[#le, ve] — #1f, ]| = k. (3.8)

In the case S = C, (3.9) clearly contradicts an assumption of strict transition-C-equiloadedness
of the automaton A. Moreover, 7 is clearly a computation path accepting by empty memory for
all k in IN. Thus, (3.9) clearly leads to a contradiction also in the case S = £. Finally, in the case
S = A, there has to be a nonnegative integer constant r, such that

(q0,u,0) " (q,¢t)

for some word u in ¥, some accepting state g in F, and some nonnegative integer f in IN. Thus,
for an accepting computation path 7}, corresponding to the computation

(q0, w14, 0) F* (o, 1,0) =" (q,¢,1),

the property
[#le.vi] —#lf, | 2 k=7 (39)

holds. This clearly contradicts the assumption that the automaton A is strictly transition-A-
equiloaded.

Now, let us suppose that S = C and the property (ii) does not hold. Then, for each / in N, a
computation path «; exists, such that |x;| > I, and #[e, x;] < 1 for each transitione = (qo,¢,0,4’,7),
where cisin X, ¢’ isin K, and r is in {0, 1}. However, by the Pigeonhole principle, a transition f
in D exists, such that |

> —.
#[f ’ Kl] = | D|

Thus, we may conclude that for all k in IN, a computation path x;, exists, such that
e, ) — #(F, )| > k.

This clearly contradicts the assumption that the automaton A is strictly transition-C-equiloaded.
For the cases S = Aand S = £, an analogous reasoning can be used to obtain a contradiction,
if we suppose that the property (ii’) resp. (ii") does not hold.
Now, let us prove the easier right-to-left implications. We consider to be obvious that if the
properties (i) and (ii) are satisfied, then the inequality

[#e,v] —#[f,7]| <M (3.10)

holds for all computation paths 7, and each two transitions ¢, f in D. Similarly, if (i) and (ii’)
are satisfied, the inequality (3.10) holds for all accepting computation paths v, and if (i) and (ii")
are satisfied, the inequality holds for all computation paths -y accepting by empty memory. The
theorem is proved. O

In what follows, we shall show that the previous theorem is a good characterization of strictly
transition-S-equiloaded DOCA. That is, we shall prove that the characterization from the pre-
vious theorem is decidable: we shall present an algorithm deciding the strict transition-S-equi-
loadedness of a given DOCA by deciding, if the characterization from Theorem 3.3.1 is satisfied.

The algorithm shall proceed as follows: first, it examines all computation paths -y of length at
most

M = max{[D|, [K|(|K| +1)} +1,
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such that y visits a configuration with the state gy and the counter value 0 only at its beginning.
This is done by generating all possible computation paths. If a computation path that visits
a configuration with the state gy and the counter value 0 for the second time is discovered, it is
thrown away. However, before this is done, the algorithm checks if each transition is used exactly
once in the computation path. If not, the property (i) is violated, and the automaton is not strictly
transition-S-equiloaded.

At the end of this part of the algorithm, all computation paths < of length exactly M are
generated, such that < visits a configuration with the state g9 and the counter value 0 only at
its beginning. It is obvious that the property (i) of the characterization from Theorem 3.3.1 is
satisfied, if and only if none of these computation paths can be prolonged to a computation path
ending in a configuration with the state g and the counter value 0. Corollary 3.2.4, together with
a simple fact that the counter value at the end of a computation path is always less than or equal
to the length of the computation path, implies that to decide if this property holds, it suffices to
check all possible prolongments by at most

(M+1)-|K|+ |K|* =1

transitions. Moreover, it follows from Lemma 3.2.1 that the property (ii) of the characterization
from Theorem 3.3.1 is satisfied, if and only if the set of computation paths generated by the first
part of the algorithm is empty. Further, by Lemma 3.2.1, the property (ii’) of the characterization
is satisfied, if and only if none of these computation paths is accepting, and none of them can
be prolonged to an accepting computation path. It follows from Corollary 3.2.4 that it suffices to
check all possible prolongments by at most

(M+1)-|K|+2-|K[* -1

transitions. Finally, again by Lemma 3.2.1, the property (ii’) of the characterization is satisfied,
if and only if none of these computation paths is accepting by empty memory, and none of them
can be prolonged to a computation path accepting by empty memory. Corollary 3.2.4 implies
that it suffices to check all possible prolongments by at most

(M+1)- K|+ |K|* -1

transitions. These observations result in Algorithm 1.

Algorithm 1 Deciding a strict transition-S-equiloadedness of a DOCA by checking if the charac-
terization from Theorem 3.3.1 is satisfied.

Input: Finitely described DOCA A = (K, %, 4, qo, F), name of the function S in {C, A, £}.
Output: TRUE, if the automaton A is strictly transition-S-equiloaded, FALSE otherwise.

1: M «— max{|D|,|K|(|[K|+1)} +1
2: C « {the empty computation path}
3: fori— 1, M do

4: C—@
5: for each v in C do
6: Let S be the set of all computation paths ' of length 7, such that 7/ is a computation

path  prolonged by one extra transition.
C'—CUSs

end for

9: C—C
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Algorithm 1 continued.

10: for each vin C do

11: if v begins and ends in a configuration with the state g and the counter value 0 then
12: C—C—{v}

13: if #[e, ] # 1 for some e in D then

14: return FALSE

15: end if

16: end if

17: end for

18: end for

19: if S = C then
20: if C = @ then

21: return TRUE
22: else

23: return FALSE
24: end if

25: elseif S = A then
26:  fori«—1,(M+1)-|K|+2-|K|*do

27: for each v in C do

28: if v ends in an accepting state or in gp with the counter value 0 then

29: return FALSE

30: end if

31: end for

32: C'—0

33: for each v in C do

34: Let S be the set of all computation paths 7/ of length i, such that ' is a computa-
tion path v prolonged by one extra transition.

35: C'—Cc'us

36: end for

37: C—C

38: end for

39: return TRUE
40: else if S = £ then
41:  fori« 1,(M+1)-|K|+|K|*do

42: for each v in C do

43: if v ends in a configuration with the counter value 0 then

44: return FALSE

45: end if

46: end for

47: -0

48: for each vin C do

49: Let S be the set of all computation paths ' of length i, such that ' is a computa-
tion path v prolonged by one extra transition.

50: C'—CUs

51: end for

52: CC

53: end for

54: return TRUE

55: end if
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3.4 Further Lemmas

In this section, we shall state and prove some additional lemmas that we shall use mainly in our
study of relations between various families of strictly S-equiloaded DOCA-languages.

Lemma 3.4.1 Let A = (K, X, J,qo, F) be a strictly transition-S-equiloaded DOCA, for some S in
{C, A, £}, accepting an infinite language. Then, for each g in K, 6(g, c,0) is defined for at most
onecinX U {e}.

Proof. By contradiction. Let us suppose that two distinct (and thus necessarily non-¢) sym-
bols ¢, d in ¥ exist, such that both §(g,¢,0) and é(g,d,0) are defined for some state ¢ in K. That
is, (q,¢,0,pr (6(q,¢,0)),pry(6(g,¢,0))) and (gq,4d,0,pr,(5(q,4d,0)), pr,(5(q,d,0))) are two distinct
transitions in D.
Since the language L(A) is infinite, it follows from the characterization given in Theorem 3.3.1
that
(qO/ w, 0) H+ (‘10/ g 0)/

for some word w in £*. Moreover, the property (i) of the characterization from Theorem 3.3.1
has to hold. That is, for every computation path v, such that |y| > 1 and <y reaches a configura-
tion with the state gp and the counter value 0 at its beginning, at its end, but not otherwise, the
property
#le,y] =1

holds for every transition e in D. Now, if g = qo, this is a clear contradiction. Let us there-
fore suppose that g4 # go. Then, since there are at least two distinct transitions leading from
q at the counter value 0, every such computation path 7 has to visit the state g at least twice
with the counter value 0. Now, let us consider 7 to be fixed. Without loss of generality, let
us suppose that the transition (g, ¢, 0, pr,(d(q,¢,0)), pr,(d(q,¢c,0))) is used before the transition
(9,d,0,pr,(6(q,d,0)),pr,(6(q,d,0))) in the computation path . Then, obviously, there is a com-
putation subpath ' of 7, corresponding to some computation

(g,cu,0) =7 (g,¢0)

for some u in X*, such that a configuration with the state g9 and with the counter value 0 is
not visited by 7/. Clearly, 7/ can be iterated arbitrarily many times as a subpath of . Thus, a
computation path violating the property (i) exists, and that is a contradiction. O

Lemma 3.4.2 Let A = (K, %, J,qo, F) be a strictly transition-S-equiloaded DOCA, for some S in
{C, A, £}, accepting an infinite language. Then, a unique positive integer k in N, a unique
sequence of states {q,}fill in K**1, and a unique partition of the set of transitions {S;}¥_, in

(ZD)k exists, such that the following statement holds: let v be an arbitrary computation path
of the automaton A, such that |y| > 1 and <y reaches a configuration with the state go and the
counter value 0 at its beginning, at its end, but not otherwise. Then, the sequence of states of
the automaton A visited by y with the counter value being 0 is identical to {qi}ﬁll, and the set
of transitions used by <y between the i-th and (i + 1)-th visit of a configuration with the counter
value 0is S;, fori =1,...,k. Clearly, g1 = qx11 = qo-

Proof. We shall first prove that k is unique. This can be easily observed since, according to
Lemma 3.4.1, every computation path < satisfying the imposed conditions has to visit each state
g in K, such that (g, ¢c,0) is defined for some c in 2 U {e}, exactly once (except 4 = g that is
visited twice). Clearly, no other state can be visited by y with the counter value being 0, since the
computation would get stuck.

Now, we shall prove that {ql}fill is unique. For the purpose of contradiction, let us suppose

that { pl}f;rll is a sequence of states, such that it is followed (in the sense of the statement of

the lemma) by some computation path 1, and {r; f;rll is a different sequence of states, such
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that it is followed by some different computation path 7,, where both computation paths y1, y2
satisfy the conditions imposed in the statement of the lemma. By what we have stated above, the
second sequence can be viewed as a nonidentical permutation of the first sequence (however, this
permutation is required to preserve the first and the last element). Thus, integers ,jin {1,...,k}
exist, such that i < j, and p; = r;. Clearly, the computation path 7, can be cut after reaching a
configuration with the state p; and the counter value 0, and then continued as the computation
path 2. However, the resulting computation path 7 clearly contradicts the property that k is
always unique, since the number of visits of a configuration with the counter value 0 by the
computation path « is strictly less than k + 1.

Finally, we shall prove that {Si}i.‘zl is unique. Since the automaton A is strictly transition-S-
equiloaded for some S in {C, A, £}, and since the accepted language L(A) is infinite, it follows
from the characterization given in Theorem 3.3.1 that a computation path <y exists, such that
|7| > 1 and 1y reaches a configuration with the state qo and the counter value 0 at its beginning,
at its end, but not otherwise. By the property (i) of the characterization from Theorem 3.3.1, the
property #[e, ] = 1 has to hold for all e in D.

Let us suppose that {Ti}fle is a sequence of sets of transitions, followed by (in the sense of
the statement of the lemma) the computation path 7. By our assumption, at least one another se-
quence of sets of transitions {Ui}i-‘zl exists, such that it is followed by some another computation
path, say 7/, such that it is nonempty, and such that it reaches a configuration with the state g
and the counter value 0 at its beginning, at its end, but not otherwise. Then, at least one index j
in {1,...,k} exists, such that T; # U;. Moreover, since the sequence { g4 1 is unique, it follows
that the computation of the form (g;,u,0) =" (411, ¢ 0) exists for some u in £*, such that it uses
exactly all transitions from T; (as in the computation path 7), and another computation of the
form (qj, v,0) H* (g i+1, € 0) exists for some v in X, such that it uses exactly all transitions from
U; (as in the computation path 7).

Now, let us consider a computation path " such that it is identical to 7 except that between
the states q; and g;1 it follows the path of 9, i.e., the corresponding computation is the above
mentioned computation of the form (g;,v,0) F* (g;11,¢,0). Clearly, |[9"| > 1 and 9" reaches
a configuration with the state go and the counter value 0 at its beginning, at its end, but not
otherwise. However, it is obvious that the property #[e,y] = 1 cannot hold for all e in D. This
contradicts the characterization of strictly transition-equiloaded DOCA given in Theorem 3.3.1.
The lemma is proved. 0

3.5 Families of Strictly S-Equiloaded Languages

In this section, we shall examine the relations that hold between various families of strictly S-
equiloaded DOCA-languages and the relations of these families to some families of languages
studied earlier in this report.

Theorem 3.5.1 The following strict inclusions hold:

1. A5-seq-poca(C) & L5-seg-poca(C), 2. A5-seo-poca(€) & Z5-seq-poca(A).

Proof. =~ We shall prove only the first statement, the proof of the second statement is analo-
gous. Let Lin .A5_spo_poca(C) be a strictly transition-C-equiloaded DOCA-language accepted
by empty memory. Let A = (K, X, 6, go, F) be a strictly transition-C-equiloaded deterministic one-
counter automaton, such that N(A) = L. We shall construct a strictly transition-C-equiloaded
deterministic one-counter automaton A’ = (K’,¥/,¢,g(, F’), such that L(A") = L, as follows:
K' = K x {old,new}, ¥’ = ¥, the transition function ¢’ is defined for all ¢,4’ in K, ¢ in &' U {e}
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and rin {—1,0,1} by

&'((g,0ld),c,1) = ((¢',0ld), 1) <= 3(q,¢,1) = (¢',7),
8'((g,0ld),¢,0) = ((g,new),0),
&' ((q,new),c,0) = ((9',0ld),r) < 6(q,¢,0) = (q',7),

90 = (qo,0ld), and F' = K x {new}. The idea behind this construction is to replace each state
of the automaton A by two states: the ,0ld” one and the ,new” one. If the counter value is
greater than zero, then the computation proceeds by using old states, exactly as in the automaton
A. However, when the counter value 0 is reached, the computation first makes an e-transition
from the old state to the new states and only then continues to simulate the computation of the
automaton A (by using old states, again). The reason why the new states are introduced is that a
state (g, new) of the automaton A’ can be reached after reading some w in ¥* if and only if some
configuration of the automaton A with the state 4 and the counter value 0 can be reached after
reading w. Thus, if A accepts w by empty memory, then some new state of the automaton A’ can
be reached after reading w. Conversely, if some new state of A’ can be reached after reading w,
then A accepts w by empty memory. It therefore suffices to define the set F/ to be K x {new}.
Conversely, every language in .#5_spg-poca(C) has to contain the empty word e. However,
itis easy to find a language L in %;_spo_poca(C), such that e isnotin L. The language L = {a}"
may serve as an easy counterexample. The construction of a strictly transition-C-equiloaded
DOCA accepting L is easy and left to the reader. The theorem is proved. g

Theorem 3.5.2 The following strict inclusions hold:

1. % seg-poca(C) S L5 seo-poca(A), 2. Ms5-seg-poca(C) & A5-seg-poca(E)-
Proof. The improper inclusions follow immediately from Theorem 1.6.3. We shall prove that
these inclusions are proper.

Let us consider the language L = {abcd, acbd, bacd, bcad}”. We shall prove that this language
isin %5 seq-poca(A), butnotin % seq poca(C).

We shall construct a deterministic one-counter automaton A = (K, %, J, qo, F), such that A is
strictly transition-A-equiloaded, and such that L(A) = L as follows: the set of states K shall be
defined by

K:{qi|l':0,...,21}U{p1’i|i:1,...,4}U{p2,l'|i:1,...,5}U{p3,i|i:1,...,9},

the alphabet X shall be X = {a,b, c,d}, the transition function J shall be defined as follows:

5(q0,€,0) = (g1, +1), 6(q1,a,1) = (p11,+1),

6(q1,0,1) = (p21,+1),  d(q1,¢,1) = (p31,—1),

6(q1,d,1) = (92, 1), 6(qi e 1) = (qi41,—1), i=2,...,20,
6(q21,€,0) = (q0,0), (priel) = (priv1,+1), i=1,...,3
o(p1a.6,1) = (q1,+1), p2ie 1) = (p2ip1,+1), i=1,...,4,
0(p2s561) = (q1,+1), o(p3ine1) = (p3iv1,+1), i=1,...,8,
o(p3o.e1) = (q1,+1),

and the set F of accepting states shall consist only of the initial state, i.e., F = {go}. It is not hard
to see that this automaton indeed accepts the language L: to arrive from the state g; to the only
accepting state qo, it is first obviously necessary to reach a configuration with the state g; and
with the counter value 20. When the state g; is reached for the first time after the last visit of the
state g, the counter value is always 1. That is, before leaving the state q; for the last time before
the next visit of g, the counter value has to be increased by the value of 19.
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There are three “cycles” from the state g;: one consists of the states p;;,i = 1,...,4, and the
character a is read during the cycle, second of the states p,;,i = 1,...,5, and the character b is
read during the cycle, and third of the states p3,,i = 1,...,9, and the character c is read. The
counter value is increased by the value of 5 in the first cycle, by the value of 6 in the second cycle,
and by the value of 8 in the third cycle. The reader may easily convince himself that the only way
how to express the number 19 as an integer conical combination of numbers 5,6 and 8 is

5+6+8=19.

Thus, to increase the counter value by the value of 19, the computation has to go through each of
these cycles exactly once. However, the third cycle cannot be used as the first of these cycles, since
it can be easily seen that if the initial counter value is 1, the computation gets stuck in this cycle.
After going through these cycles, the character d is always read. Thus, the statement L(A) = L
is proved. Moreover, the above reasoning also clearly implies that the automaton A is strictly
transition- A-equiloaded. Thatis, L is in .%;_sgg-poca(A).

Now we shall prove that the language L is notin .%5_sgg—poca(C). For the purpose of contra-
diction, let us suppose that a strictly transition-C-equiloaded deterministic one-counter automa-
ton A" = (K',%,4,q), F') exists, such that L(A") = L (we can clearly assume that the alphabet
of A’ is , since a transition on a character not in ¥ would either spoil the strict transition-C-
equiloadedness, or change the accepted language).

The requirement of determinism of the automaton A’ implies that every computation of the
automaton A’ begins with a sequence of e-transitions and then arrives to some configuration with
a state g and a counter value t, where it can choose (at least) between some a-transition and some
b-transition (but there is not any e-transition). Moreover, Lemma 3.4.1 implies that t > 1.

That is, the setting is as follows: for some ¢ in K’ and t > 1, we have (g0,¢,0) F (g,¢ ).
Moreover, for some q,, g, in K" and r,, 7, in {—1,0,+1}, e, = (q,4,1,44,74) and e, = (g,b,1,gp,7p)
are transitions of A’.

Since the automaton A’ is strictly transition-C-equiloaded, the properties (i) and (ii) of the
characterization given in Theorem 3.3.1 have to hold. Since, in addition, an arbitrarily long word
beginning by a (resp. b) can be found in L(A’), this implies that if the transition e, is chosen, the
computation path has to be able to return to the transition e;, and vice versa. That is, words w,
and wy, in * exist, such that

(q,awq, t) & (ga, wa, t+14) B (g, ta) (3.11)

and
(q,bwy, t) & (qp, wp, t +1p) (g, tp) (3.12)

for some t4,t; in IN. Clearly, the transitions e, and e, can be used in an arbitrary order. Thus,
it follows from Lemma 3.4.2 that the counter value is always positive in both the computation
(3.11) and the computation (3.12). Furthermore, the inequalities 0 < ¢, < tand 0 < t; < t have
to hold, since otherwise either the counter value 0 would be reached, or the “cycles” (3.11) and
(3.12) could be “executed” arbitrarily many times and the automaton A’ would not be strictly
transition-C-equiloaded (the property (ii) of the characterization from Theorem 3.3.1 would be
violated).

Now, let us examine the possible lengths of the word w,. The length of the word w, clearly
cannot be 4k + 3 for some k in N, since otherwise the computation clearly could continue by
the use of some a-transition. However, the only a-transition leading from g at the counter value
greater than 0 is e,. But if this transition was used, the property (i) of the characterization from
Theorem 3.3.1 would be violated.

If the length of the word w, is 4k + 2 for some k in IN, then the “accepting branch” of the com-
putation would have to continue by some d-transition leading from g at the counter value greater
than 0. However, the transition e, would still be unused. This implies that this computation as
well as the word w, can be prolonged so that the prolonged length of w, is 4k 4+ 1 or 4k for some
kin IN.
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If the length of the word w, is 4k for some k in IN, then, clearly, the computation can continue
by the use of some c-transition. That is, there is a transition e, = (g,¢, 1,4, rc), for some g in K’
and 7. in {—1,0,1}. For the same reasons as above, a word w, in £* has to exist, such that

(qlcwCl tll) l_ (qC/wC/ ta +rC) }_* (qlgl tC)/ (313)

and such that the counter value is always positive during this computation. However, since
t > t,, it is also possible to reverse the order of the cycles, that is, to first use the c-cycle and only
then to use the a-cycle. Instead of the word aw,cw,, the word cw.aw, would be read, but the
terminal configuration would be exactly the same. But since the word aw,cw, can be prolonged5
to some word from L(A’), the same is true for cw.aw,. But this is a contradiction, since the first
character of this word is ¢ and there is not any such word in L(A’).

Thus, the only possible length of the word w, that is left, is 4k + 1 for some k in IN. However,
it is clearly possible to construct an arbitrarily long word w in L(A’), such that for every k in IN,
the character w[4k + 2], if defined, is ¢ and not b. That is, the number of steps needed until the
transition ey, is used in some accepting computation, is not bounded by any constant. This clearly
contradicts the characterization given in Theorem 3.3.1.

Now, let us consider the language L' = {abcd,acbd,bacd, bcad}"{e,c}. Clearly, N(A) =
L’. Furthermore, the automaton A is obviously strictly transition-£-equiloaded. Thus, L' is in
N5-seq-poca(€)-

To prove that L’ isnotin .4;_g £Q-poca(C), exactly the same reasoning as above can be used.
The only minor difference is in the case when the word w, is supposed to have the length 4k for
some k in IN. Then, the contradiction is reached not only by noting that a word beginning by ¢
would have been in L(A’), but by noting that a word of length at least 2 beginning by ¢ would
have been in L(A’) (that is clearly not the case for the language L’). The theorem is proved. [

In what follows, we shall examine the relations of the families of strictly transition-S-equi-
loaded DOCA-languages to some families of languages studied in the previous chapter. We
shall observe that the computational power of (state-accepting) strictly transition-S-equiload-
ed DOCA is greater than the computational power of strictly transition-S-equiloaded DFA or
DFAe. However, on the other hand, we shall also make one slightly less optimistic observation:
strictly transition-S-equiloaded DOCA accept only some proper subset of the family of regular
languages.

Theorem 3.5.3 The following strict inclusions hold:

1. %5 seo-poca(C) 2 Z5_seQ-DFAes 2. L5 seg-poca(A) 2 L5 SEQ-DFAe-

Proof. It clearly suffices to prove the first statement: the second statement is a clear corollary of
the first statement and of Theorem 3.5.2.

First, let us prove the improper inclusion. Let L in £5_spo_prae be a strictly transition-
equiloaded DFAe¢-language. Recall that £5_spg_prae is defined by

Z5_seQ-DFAe = L5-sEQ-DFA:(C) = L5_sEQ-DFAc(A)-

Thus, there exists a strictly transition-C-equiloaded deterministic finite automaton with e-tran-
sitions A = (K,%,0,qo,F), such that L(A) = L. Moreover, we can clearly suppose that the
graphical representation of the automaton A is connected. Thus, by Theorem 2.2.2, the graphical
representation of the automaton A either does not contain any reachable directed cycle, or is a
directed cycle through all states.

Let us define a strictly transition-C-equiloaded deterministic one-counter automaton A’ =
(K',%, 8,40, F') accepting L as follows: K' = K, ¥/ = %, g, = qo, F/ = F, and

Vp,q € K'Vee £ U{e}:6(p,c,0) =(g9,0) < 6(p,c) =g

5This obviously holds for at least one possible w,, since otherwise the contradiction with L(A’) = L could be easily
reached. Without loss of generality, let us suppose that we have chosen such w,.
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(transitions for the counter values greater than zero are left undefined). That is, the DOCA A’
merely simulates the DFAe A with the counter value being constantly 0. The statement L(A’) = L
is obvious.

It remains to prove that the deterministic one-counter automaton A’ is strictly transition-C-
equiloaded. As we have already noted, the graphical representation of the automaton A either
does not contain any reachable directed cycle, or is a directed cycle through all states.

If the graphical representation of the automaton A does not contain any reachable directed
cycle, then, clearly, there is not any word w in £*, such that (qo, w) =% (qo, €). By the definition of
the automaton A’, this implies that there is not any word w in (¥')* = X*, such that (qo, w,0) I,
(90,¢,0). Thus, the property (i) of the characterization given in Theorem 3.3.1 is trivially satisfied.
Moreover, there clearly is a nonnegative integer k in IN, such that for every computation path
of the automaton A, the inequality |y| < k holds. Thus, the same property holds also for every
computation path of the automaton A’. In other words, the property (ii) of the characterization
given in Theorem 3.3.1 is satisfied as well and the deterministic one-counter automaton A’ is
strictly transition-C-equiloaded.

Similarly, if the graphical representation of the automaton A is a directed cycle through all
states, it follows directly from the definition of the automaton A’ that the properties (i) and (ii)
of the characterization given in Theorem 3.3.1 are satisfied. That is, the deterministic one-counter
automaton A’ is again strictly transition-C-equiloaded.

Let us prove that the inclusion is proper. In Example 3.1.2, we have observed that the language
L = {ab,ba}" isin £5_spo—poca(C). We shall prove that L is not in %_sgg_prae-

For the purpose of contradiction, let us suppose that L is in .Z5_sgg_prae. Since the language
L is infinite, a DFAe A = (K, %, , o, F) with the graphical representation of the form of a directed
cycle through all states exists, such that L(A) = L. Let q in K be the first (in the direction of the
directed cycle) state of the automaton A, such that at least one non-¢ transition (g, ¢, q’) in D leads
from gq. Such a state has to exist, since otherwise the accepted language L(A) would be finite. If
¢ = a, then every word in L(A) begins by 4, and that contradicts the assumption L(A) = L. An
analogous contradiction can be reached also in the case ¢ = b. Clearly, these are the only two
possibilities. Thus, L is not in .5_spo—prae- The theorem is proved. O

Corollary 3.5.4 The following strict inclusions hold:

1. Z_seo-poca(C) 2 Z5_seQ-Dra, 2. %5 seq-poca(A) 2 L5 seQ-Dra-
Proof. Follows directly from Theorem 3.5.3 and Theorem 2.2.8. O

Theorem 3.5.5 The following relations hold:
1. The families .#5_spo-poca(C) and .Z5_spg-—Dprae are incomparable.
2. The families .45_sgg—-poca(€) and Z5_spo—prae are incomparable.
3. The families .45_spq-poca(C) and Z5_spq-pra are incomparable.
4. The families .A;_spo—poca(€) and Z5_spo—pra are incomparable.

Proof. We shall prove all four statements at once. That is, we shall find an example of a language
that is in both families of strictly transition-S-equiloaded DOCA-languages accepted by empty
memory, mentioned in the statement of the theorem, but not in %5_sgq_prae and £5_seo—pra,
and vice versa.

Let us consider the language L' = {ab,ba}"{¢,aaa,aab,bb} from Example 3.1.3. There, we
have already observed that the language L' is both in the family .45_sro-poca(C), and in the
family A5_spq-poca(€). However, L' is neither in .Z5_spo_prae, Nor in %5 _spq-—pra, since it
contains two words beginning by different characters.

On the other hand, let us consider the language L = {a}. The language L is finite, and
thus clearly is both in .Z5_spo_prae and in Z5_spg_pra. However, obviously, every language
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accepted by some deterministic one-counter automaton by empty memory has to contain the
empty word . Thus, L is neither in .45_sgg_poca(C), nor in A;_sgo—poca(€). The theorem is
proved. g

Theorem 3.5.6 The following strict inclusions hold:

1. Z_seg-poca(C) € Z, 3. As_seo-poca(C) € %,
2. Zs_seq-poca(A) C Z, 4. N;5_seo-poca(€) S Z.

Proof. It follows from Theorem 3.5.1 and Theorem 3.5.2 that it suffices to prove the second
strict inclusion .Z5_sgg-poca(A) C #, and the remaining strict inclusions will follow as a direct
corollary.

First, let us prove the inclusion. Let L be a language in .Z5_sgg-poca(A). Then, a strictly
transition-.A-equiloaded deterministic one-counter automaton A = (K, %, 4,4, F) exists, such
that L(A) = L.

Since the automaton A is strictly transition-.A-equiloaded, the properties (i) and (ii’) of the
characterization from Theorem 3.3.1 have to be satisfied. Let us denote by H* the highest possi-
ble nonnegative integer, such that a configuration with the counter value H* is reachable by A.
Clearly, the properties (i) and (ii’), together with Lemma 3.2.1 imply that H* < |[K|(|K| 4+ 1) =:
M.

Thus, we may construct a DFAe A’ = (K', %/, ¥, q(, F') accepting the language L as follows:
K' =Kx{0,...,M}, ¥ =%, q, = (90,0), FF = F x{0,...,M}, and for all ¢,4' in K, all ,#' in
{0,...,M},and all cin 2 U {e}:

'((9.t),¢) = (') < d(q,¢,5gn(t)) = (q',7),

where t' = t + r. The transitions that would increase the counter value of the automaton A above
the value of M shall remain undefined for A’. We consider the statement L(A’) = L(A) = L to
be obvious.

Several examples of regular languages that are not strictly transition-.4-equiloaded, shall be
constructed in the subsection dealing with closure properties. Thus, the above proved inclusion
is strict, and the theorem is proved. O

Now, let us turn our attention to the families of strictly state-S-equiloaded DOCA-languages.

Theorem 3.5.7 The following relations hold:
1. The families . 4% _sro—poca(C) and Lx_seg-poca(C) are incomparable.

2. The families c/VK—SEQ—DOCA £) and fK—SEQ—DOCA .A) are incomparable.

(
(€) (
3. The families A% _spo—poca(C) and Zx_spo-poca(A) are incomparable.
4. The families A% _spo-poca(€) and Zk_seo—poca(C) are incomparable.

Proof. We shall prove all four incomparability relations at once. In Example 3.1.6, we have
observed that the (obviously non-prefix-dense) language

Li={a"b|n>1}U{e}

is a member of the family .4#x_spg—poca(C) and thus, as a consequence of Theorem 1.6.3, also
of the family .4x_spo-poca(€). However, since the language L; is not prefix-dense, it fol-
lows from Theorem 1.7.5 that it is neither in the family “x_sro—poca(C), nor in the family
Zx—seQ-pocA(A).

On the other hand, let us consider the finite language L, = {a}. It is trivial to construct a
strictly state-C-equiloaded deterministic one-counter automaton accepting Ly by accepting state.
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Thus, L, is in the family Zx_spg-poca(C) and, as a consequence of Theorem 1.6.3, also in the
family -Zx_spo—poca(A). However, since L, does not contain the empty word ¢, it cannot be
accepted by any deterministic one-counter automaton by empty memory, and thus, L, is neither
the member of the family 4% _spo-poca(C), nor of the family Ax_spo-poca(€). The theorem
is proved. g

Theorem 3.5.8 The following strict inclusion holds:

Nx-seQ-poca(C) S Ax—seo-poca(E)-

Proof. The inclusion follows immediately from Theorem 1.6.3. We shall prove that this inclusion
is strict.

Let us consider the language L = {a"b" | n > 0}. In Example 3.1.4, we have observed that
the language L is in 4% _spg—poca(€). We shall prove that the language L is not in the family
Nk—seg-poca(C).

For the purpose of contradiction, let us suppose that A = (K, X%, 6, qo, F) is a strictly state-
C-equiloaded deterministic one-counter automaton, such that N(A) = L. Since the language
L is not regular, for every t in IN a nonnegative integer m in IN exists, such that the counter
value t is reached during the computation on a word a™b™. This, together with the strict state-C-
equiloadedness of the automaton A, implies that® a nonnegative integer n in IN exists, such that
the computation of the automaton A on the word a"b" has a form

(go,a"b",0) F1 (g,a™b", t1) B (gq,a™b", 1) T (q,b™,t3) BT (gq,b™,t) BT (4, ¢,0),

where g and ¢’ in K are states, 111, 115, 13 and 14 in IN are nonnegative integers, such that 0 < 1, <
nm <nand 0 < ng < n3 < n, t1,t,t3 and f4 in IN are counter values, such that 0 < f; < fo,
0 < ty < tzand t; < t4, and the counter value is always positive during the computation
(q,a™b", t1) F* (q,0"™,1y).

However, this clearly implies that positive integers d1,d, in N* exist,” such that the word
w = a"b"Mg(m—m)dp(n—m)d2pns is in N(A). However, clearly, w is not in L. Thus, N(A) # L,
and that is a contradiction with our assumption. The theorem is proved. O

We leave the relation between the analogous families of languages accepted by accepting state
open.

Open Problem 3.5.9 What is the relation between the family .“x_sro_poca(C) and the family
gKfsEQfDOCA (.A) ? Clearly, Theorem 1.6.3 implies gKfsEQfDOCA (C) - fosEQfDOCA (A) . Is
this inclusion proper or are these two families equal?

Theorem 3.5.10 The following strict inclusions hold:

1. Zk_seo-poca(C) 2 Lk—_sEQ—DrAes 2. Zk_seo-poca(A) 2 Lk_SEQ-DFAe-

Proof. We shall prove both strict inclusions at once. First, let us prove the inclusions. Every
strictly state-equiloaded deterministic finite automaton with e-transitions can be simulated by a
strictly state-C-equiloaded (and thus also strictly state-A-equiloaded) deterministic one-counter
automaton with the counter value being constantly zero. Details of this construction are as in the
proof of Theorem 3.5.3.

Now, let us prove that these inclusions are strict. In Example 3.1.5, we have observed that
both the family Zx_spq-poca(C) and the family #x_spo-poca(A) contains some nonregular
language. However, a nonregular language cannot be in .Zx_sgg—prae neither. The theorem is
proved. g

Corollary 3.5.11 The following strict inclusions hold:

6The proof of the following statement is straightforward and since similar ideas have already been used a number of
times in this thesis, we consider it to be clear. The details are therefore left to be worked out by the reader (if needed).
These positive integers can be defined to be positive integers dy, dy, such that (t, — t;)dy = (t3 — t4)da.
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1. Zx—seg-poca(C) 2 Lx_seQ-DFa, 2. Zk-seg-poca(A) 2 Zk_seQ-DFa-
Proof. The statement is a direct corollary of Theorem 3.5.10 and of Theorem 2.2.8. O

Theorem 3.5.12 The following relations hold:
1. The families A% _spo-poca(C) and Zx_seg-prae are incomparable.
2. The families A% _spo—poca(€) and Zx_spo—prae are incomparable.
3. The families A% _spo-poca(C) and Zx_spq-pra are incomparable.
4. The families Ak _spg-poca(€) and Lk _spo-pra are incomparable.

Proof. We shall prove all four incomparability relations at once. In Example 3.1.6, we have
observed that the non-prefix-dense language

L={a"b|n>1}U{e}

is both in Ax_seg-poca(C), and in Ax_spo-poca(€). However, it is a direct consequence of
Theorem 1.7.5 that the language L is neither in Zx_spo—_prae, Nor in Zx_seo—pra-

On the other hand, clearly, the language L' = {a} is both in the family % s EQ-DFAe and
in the family Zx_spo—pra. However, since it does not contain the empty word ¢, it cannot be
neither in A% _spo—poca(C), norin Ax_seg—poca(€). The theorem is proved. O

Theorem 3.5.13 The following relations hold:
1. The families %x_spq-poca(C) and Z are incomparable.
2. The families .Zx_spo—poca(A) and Z are incomparable.
3. The families 4% _spo-poca(C) and Z are incomparable.
4. The families Ak _spg-poca(€) and # are incomparable.

Proof. In all four cases, let us disprove both possible inclusions. In Example 3.1.5, we have
observed that the nonregular language

Ly ={we{ab}*| Yue{ab}*, uisprefix of w : #,(u) > #,(u)}

is both in Zx_spo—poca(C), and in Zx_spg—poca(A). In Example 3.1.4, we have observed that
the nonregular language
Ly ={a"b" |n >0}

isin Ax_spo-poca(&). Finally, let us consider the state-C-equiloaded deterministic one-counter
automaton A from example 3.1.5, with the property L(A) = L;. Clearly,

N(A) ={w e {a,b}" | #,(w) = #,(w) and Yu € {a,b}*, uis prefix of w : #,(u) > #,(u)} .

This language is obviously nonregular, however is in Ax_seg-poca(C).

To disprove the converse inclusions, let us consider an arbitrary regular non-prefix-dense
language, e.g., L3 = {a}"{b}. By Theorem 1.7.5, this language cannot be neither in the family
Zx—seg-poca(C), nor in the family Zx_spo—poca(A). Further, the language Lz does not con-
tain the empty word .8 Thus, it is not neither in Nk—seo-poca(C), nor in Ax_seq—-poca(E).
The theorem is proved. O

8In contrast to our previous statement, this is not the general property of regular non-prefix-dense languages. In fact,
in Example 3.1.6, we have observed that there is a language that is non-prefix-dense, regular, contains ¢, and is both in

Ak—seq-poca(C) and in Ax_seq-poca(€)-
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In what follows, we shall focus on the relation between the families of strictly state-S-equi-
loaded DOCA-languages and the families of strictly transition-S-equiloaded DOCA-languages.
In Theorem 2.2.9, we have observed that in the case of deterministic finite automata, strictly
state-equiloaded automata have greater computational power than strictly transition-equiloaded
automata. In the following theorem, we shall prove that this observation generalizes also to the
case of deterministic one-counter automata.

Theorem 3.5.14 The following strict inclusions hold:

1. Z5_seo-poca(C) G Zk—seg-poca(C), 3. Ms5-seg-poca(C) S Ax—seg-poca(C),
2. Z5_seg-poca(A) & Zx—seo-poca(A), 4. N5_seo-poca(€) C Nk—seo-poca(€).

Proof. We shall prove all four statements at once. First, let us prove the improper inclusions. Let
A = (K, %, 46,90, F) be astrictly transition-S-equiloaded deterministic one-counter automaton, for
some S in {C, A, £}. We shall construct a strictly state-S-equiloaded deterministic one-counter
automaton A’ = (K, %/, ¢',q(, F'), such that L(A") = L(A), and N(A") = N(A).

The idea behind the construction shall be as follows: the set of states of the automaton A’ shall
be precisely the set of transitions of the automaton A. Moreover, the following invariant shall be
hold: if a nonempty computation path 7 of the automaton A on a word w ends by going through
a transition e in D 4 and with the counter value being ¢, then the corresponding computation path
7" of the automaton A’ on the word w ends in the state e in K' = D4 and with the couter value
being t as well.

Two further details need to be addressed. The initial state of the automaton A’ shall be an
arbitrary transition of the automaton A leading to the state qo (we shall suppose that such a
transition exists; otherwise, the accepted language would be necessarily finite and a discussion
would become more-or-less trivial). Finally, the set of accepting states of the automaton A’ shall
be the set of all transitions of the automaton A leading to accepting states.

The formal construction is as follows: K’ = D4, ¥/ = ¥, the transition function ¢’ is defined
forp,ginK,c,din %, t,#' in {0,1} and " in {—1,0,1} by

& ((pc,t' qr"),dt) = ((q.dtpr(6(q,d1),pry(6(q,d,1)),pry(8(q,d,t)))

if 5(q,d, t) is defined for the automaton A. If it is not defined, then the transition function ¢’ is
left undefined for the corresponding inputs as well. Moreover, g;, is defined to be an arbitrary
member of the set

{(p.ctqr) €Dalg=qo}
Finally, the set of accepting states F/ is defined by

F' = {(p,C,t,q,r) €Dy | q e F}.

It is obvious that the above mentioned invariant holds. Thus, it is not hard to see that indeed
L(A’) = L(A) and N(A’) = N(A), and that the automaton A’ is strictly state-S-equiloaded
(assuming that A is strictly transition-S-equiloaded).

Now, let us prove that these inclusions are proper. The statement is a direct corollary of
Theorem 3.5.6 and of Theorem 3.5.13. To be more specific, in Theorem 3.5.13 we have proved
that each of the four families on the right side of our relations contain at least one nonregular
language. However, in Theorem 3.5.6 we have proved that none of the four families of languages
on the left side contain any nonregular language. The theorem is proved.

3.6 Closure Properties

In this section, we shall prove some of the closure properties of the families of strictly S-equiloaded
DOCA-languages. The closure properties that are not stated in this section are open up to now.
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Closure Properties of the Families of Strictly Transition-S-Equiloaded DOCA-Languages

Now, we shall concentrate on closure properties of the families of strictly transition-S-equiload-
ed languages, % _spo-poca(C), Z5-seo-poca(A), A5-seg-poca(C), and, finally, the fam-
ily A5_seg-poca(€). By Theorem 3.5.1 and Theorem 3.5.2, to prove that none of these fam-
ilies is closed under a certain operation, it suffices to find operands,’ such that they are in
Ns5—seo—poca(C), but the result of the operation applied to these operands is not a member
of the family .%5_sro—poca(A). This is the case because the fact that a language is in the family
Ns5—seo—poca(C) implies that it is also in the other three families. Conversely, if a language is
not in the family .%5_spo-poca(A), it also cannot be in any of the remaining three families.

Theorem 3.6.1 None of the families D%_SEQ_DOCA(C), g&—SEQ—DOCA<A>/ JV&—SEQ—DOCA (C),
and A45_spq-poca(€) is closed under concatenation.

Proof. Let us consider the languages L; = {a}", and L, = {¢,b}. Clearly, both the language L,
and the language L, are in .45_spo—poca(C): the construction of strictly transition-C-equiloaded
deterministic one-counter automata accepting these languages by empty memory is left to the
reader as a more-or-less trivial exercise.

We shall prove that the concatenation of these languages, the language

Li-Ly={a"b' |n e N,i e {0,1}},

is not in .Z5_sgg-poca(A). For the purpose of contradiction, let us suppose that the language
Li-Lyisin Z5_spo-poca(A). Then, a strictly transition-.A-equiloaded deterministic one-counter
automaton A = (K, X, 6, qo, F) exists, such that L(A) = L; - L. Since A is strictly transition-.A-
equiloaded, a nonnegative integer constant k in IN exists, such that the inequality

l#tle, v] —#[f, ]| <k (3.14)

holds for all transitions e, f in D and all accepting computation paths 7y of the automaton A. Let
us denote the number of a-transitions of the automaton A by m. Let us consider some accepting
computation path v, corresponding to some accepting computation on the word w = a1 Tt
follows from the Pigeonhole principle that an a-transition e; in D exists, such that

#leq, Yw) > k+ 1.

Furthermore, since there is a word containing the character b in the accepted language L(A), the
automaton A has to have at least one b-transition e,. However, clearly,

#[ebr ’Yw] =0.
Thus,
[#[ea, Yw] — #lep, Yw]| > k+ 1. (3.15)
However, (3.15) contradicts (3.14), and thus, the language L; - L, is not a member of the family
“Zs5-seQ-pocA(A)- O

Theorem 3.6.2 None of the families .Z5_spq-poca(C), Zs5—seo-poca(A), Ns—seo-poca(C),
and .A45_seq-poca(€) is closed under union.

Proof. Let us consider the same counterexample as in the proof of the previous theorem, i.e., the
languages Ly = {a}" and L, = {¢,b}.

By a very similar reasoning as in the proof of the previous theorem, we shall prove that the
language Ly U L, is not in .%5_spo-poca(A). For the purpose of contradiction, let us suppose
that the language L U Ly is in .%5_spo—poca(A). Then, a strictly transition-.A-equiloaded de-
terministic one-counter automaton A = (K, %, 4, go, F) exists, such that L(A) = Ly U L. Since

90r an operand, in the case of unary operations.
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A is strictly transition-A-equiloaded, a nonnegative integer constant k in IN exists, such that the
inequality
l#tle, v] —#[f, 7]l <k (3.16)

holds for all transitions e, f in D and for all accepting computation paths < of the automaton A.
Let m denote the number of a-transitions of the automaton A, and let us consider some accepting
computation path 7, corresponding to some accepting computation on the word w = a¥*+1. By
the Pigeonhole principle, an a-transition e, in D exists, such that

#leq, Yw] > k+1.

As in the proof of the previous theorem, the automaton A has to have at least one b-transition e,
such that

#lep, Yw] = 0.
Thus,
[#lea, Yo] — #lev, Yol | = k+ 1. (3.17)
However, the inequality (3.17) contradicts the inequality (3.16). g

Theorem 3.6.3 None of the families jﬁ—SEQ—DOCA (C), g&—SEQ—DOCA(VLU/ %—SEQ—DOCA (C),
and A5_spq-poca(€) is closed under complementation.

Proof. Let us consider the language L = {¢,a} over the alphabet X = {a}. Clearly, the language
L is a member of the family of languages .45_sro—poca(C)-
We shall prove that the complement of the language L, the language

L = {a* |k >2}

is not in .Z5_spg-poca(A). For the purpose of contradiction, let us suppose that the language
LC is in Z_g EQ-DocA(A). Then, a strictly transition-.A-equiloaded deterministic one-counter
automaton A = (K, X, 6, go, F) exists, such that L(A) = LE. For every i in IN, let us define the set
of states

K'={g€K|3tcN:(g,d,0) " (g1}

Clearly, none of the states in K and K! is accepting.
Since the language LC is infinite, it follows from the characterization given in Theorem 3.3.1
that a nonnegative integer j > 1 in IN exists, such that

(90,4,0) E* (qo,¢,0).
Then, since the automaton A is deterministic, we have
Kt =K.

Thus, none of the states in K/t is accepting. However, by the definition of K/*!, this implies that
at1is not in L(A). However, since j > 1, this contradicts our assumption that L(A) = L. O

Theorem 3.6.4 None of the families .%5_spq-poca(C), Zs—seq-poca(A), As—seo-poca(C),
and .A45_spq-poca(€) is closed under closure.

Proof. Let us consider the language L = {¢,a,b}. Obviously, the language L is in the family of
languages .45 _seo-poca(C)-

We shall prove that the language L* = {a,b}" is not in .%_spg_poca(A). For the purpose
of contradiction, let us suppose that L* is in .%5_sro-poca(A). Then, a strictly transition-A-
equiloaded deterministic one-counter automaton A = (K, %, J, qo, F) exists, such that L(A) = L*.



Strictly S-Equiloaded Deterministic One-Counter Automata 123

Since the automaton A is strictly transition-.A-equiloaded, a nonnegative integer constant k in IN
exists, such that

e, v] —#[f, 7]l <k (3.18)

holds for all transitions ¢, f in D and all accepting computation paths -y. Let us denote by m the
number of a-transitions in D, and let us consider some accepting computation path <, corre-
sponding to some accepting computation on the word w = a*"*+1. By the Pigeonhole principle,
an a-transition ¢, in D exists, such that

#leq, Yw] > k+ 1.

Furthermore, since L(A) = L*, at least one b-transition e;, has to exist in D. Clearly,
#lep, Yw] = 0.

Thus,
|#(ea, Yw) — #lep, ]| > k+ 1. (3.19)

The inequality (3.19) contradicts (3.18). (|

Theorem 3.6.5 None of the families .Z5_spq-poca(C), Zs5—seo-poca(A), Ns—seo-poca(C),
and A5_spq-poca(€) is closed under positive closure.

Proof. Exactly the same counterexample, i.e., the language L = {¢,a,b}, and exactly the same
reasoning can be used as in the proof of Theorem 3.6.4. O

Theorem 3.6.6 None of the families .Z5_spq-poca(C), Zs5—seo-poca(A), Ns—seo-poca(C),
and .A45_spq-poca(€) is closed under reversal.

Proof. Let us consider the language L = {ab}"{¢,a}. It is not hard to construct a strictly
transition-C-equiloaded deterministic one-counter automaton accepting L by empty memory.
That iS, Lisin J%—SEQ—DOCA (C) .

We shall prove that the language LR = {¢,a}{ba}" is not in .%_srq_poca(A). For the pur-
pose of contradiction, let us suppose that LR is in .%_g EQ-DOCA (A). Then, a strictly transition-.A-
equiloaded deterministic one-counter automaton A = (K, %, d, o, F) exists, such that L(A) = LR.
The properties (i) and (ii’) of the characterization given in Theorem 3.3.1 have to be satisfied by
the automaton A.

By the infiniteness of the language L(A) = LR, and by the property (ii’) of this characteriza-
tion, at least one word w in T exists, such that (g9, w,0) =T (go,¢,0). If every such word was of
the form ax for some x in £*, then there would be only a finite number of words in L(A) begin-
ning by b, and that would contradict our assumption L(A) = LR. An analogous contradiction
can be reached also in the case when every such word is of the form by for some y in *.

Thus, a word u in * exists, such that (g, au,0) FT (go,¢,0), and a word v in ©* exists, such
that (go,bv,0) =1 (g0, ¢,0).

Let the word au end with the character a. Then, the word auau contains at least one occurence
of the subword aa. Furthermore,

(go, auau,0) =T (go,au,0) =T (qgo,€,0).

Since the language L(A) is infinite, it is possible to reach an accepting configuration from some
configuration with the state gg and the counter value 0. In other words, a word z in £* exists, such
that (g0,z,0) F* (gq,¢ t), where g in F is an accepting state and f in IN is a nonnegative integer.
This implies that

(g0, auauz,0) =T (go,auz,0) =+ (q0,2,0) H* (g,¢t),

i.e., auauz is in L(A). However, since aa is a subword of auauz, this contradicts our assumption
that L(A) = LK.
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Thus, the word au ends with the character b. Then, the word aubv contains at least one oc-
curence of the subword bb. Similarly as in the previous case, it is possible to prove that

(g0, aubvz,0) =1 (qo,bvz,0) F1 (g0,2,0) F* (g,¢,1),

where z is in £*, g is in F, and ¢t is in IN. Consequently, aubvz is in L(A), and that is again a
contradiction with our assumption that L(A) = LX. O

Theorem 3.6.7 None of the families .Z5_spq-poca(C), Ls5—seo-poca(A), Ns—seo-poca(C),
and .A45_spq-poca(€) is closed under inverse homomorphism.

Proof. Let us consider the language L = {¢,a}, and the homomorphism / : {a,b}* — {a,b}*
defined as follows:

h(a) = a,

h(b) =e.

The language L is clearly in .45_sgo_poca(C). We shall prove that the language
W (L) = {w € {a,b}" | #:(w) < 1}

is not in .%;_spo—poca(A). For the purpose of contradiction, let us suppose that 1~1(L) is in
Z5_seq-poca(A). Then, a strictly transition-.A-equiloaded deterministic one-counter automa-

ton A = (K,%,9,q0,F) exists, such that L(A) = h~'(L). For the automaton A, a nonnegative
integer constant k in IN exists, such that for every two transitions ¢, f in D, and for all accepting
computation paths v, the inequality

[#le, 7] —#[f, 7l <k (3.20)

has to hold. Let us denote the number of b-transitions of the automaton A by m, and let us
consider some accepting computation path 7, corresponding to some accepting computation on
the word w = b"**1. By the Pigeonhole principle, a b-transition ¢, in D exists, such that

#lep, Yw] > k+1.

Furthermore, L(A) contains a word u such that #,(#) > 0. Thus, the automaton A has to have at
least one a-transition e,. However, clearly,

#[ear ’Yw] =0.
Thus, we have
#[ep, Yoo — #lea, Yol | > k+1, (3.21)
and that is a clear contradiction with (3.20). O

Closure Properties of the Families of Strictly State-S-Equiloaded DOCA-Languages

In what follows, we shall discuss some of the closure properties of the families of strictly state-S-
equiloaded DOCA-languages.

Theorem 3.6.8 The families Zx_spo-poca(C) and Zx_seg-poca(A) are not closed under con-
catenation.

Proof. Let us consider the languages L; = {a}" and L, = {b}. Itis a trivial task to construct
strictly state-C-equiloaded deterministic one-counter automata accepting these languages. Thus,
Ly and L; are both in £k _spg—poca(C), and in Zx_spo—poca(A). However, the concatenation
L; - Ly of these languages is clearly not prefix-dense, and thus, by Theorem 1.7.5, is neither in

Zx—seg-poca(C), norin Zx_sgo_poca(A). O
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Theorem 3.6.9 The families Zx_spo-poca(C) and Lk _spg-poca(A) are not closed under com-
plementation.

Proof. Let us consider the language L = {a"b | n > 0}*. We shall show that this language is
both in Zx_spo-poca(C) and in Zx_spo-poca(A). Let us define a deterministic one-counter
automaton A = (K, %, 4, qo, F) as follows: K = {q9,q1}, £ = {a,b},

5(%/ a, 0) = (QLO)I (5(%/ bro) = (q1/ +1)/ 5(411310) = (QO/ 0)/
o(qo,¢,1) = (91,0),  6(q1,4,1) = (q0,0), (q1,b,1) = (q0,0),

and F = {go}. Clearly, L(A) = L. Moreover, since every computation path of the automaton A
alternates between states go and g1, the automaton A is strictly state-C-equiloaded, and thus also
strictly state- A-equiloaded. Thus, L is both Zkx_spq-poca(C) and in Zx_seg-poca(A)-
However, the language L® = {a"b | n > 0} is not prefix-dense, and thus, by Theorem 1.7.5, is
neither in Zx_seo-poca(C), norin Zx_spo—poca(A). O

Theorem 3.6.10 The families Zx_spo-poca(C) and Zx_spo—poca(A) are not closed under re-
versal.

Proof. Letus consider thelanguage L = {ba" | n > 0}. This language is bothin .Zx_srq—poca(C)
and in Zx_spo-poca(A), since it can be accepted by the automaton A = (K, %, J, qo, F) defined
as follows: K = {q0, 41}, Z = {a,b},

5(q0,6,0) = (q1,+1),  6(q1,4,1) = (90,0),  d(q0,&1) = (q1,0),

and F = {g;}. This automaton is clearly strictly state-C-equiloaded, and thus also strictly state-
A-equiloaded.

However, the reversal of the language L, the language LR = {a"b | n > 0}, clearly is not prefix-
dense and thus, by Theorem 1.7.5, is neither in Zx_spo-poca(C), nor in Zx_seq-poca(A). O

Theorem 3.6.11 The families Zk_spo-poca(C) and Zx_spo-poca(A) are not closed under in-
verse homomorphism.

Proof. The finite language L = {b} is clearly both in Zx_sgq-poca(C) and in Zx_spq-poca (A).
Now, let us consider the homomorphism  : {a,b}* — {a,b}" defined by

h(a)

h(b) b

It is clear that the language h~!(L) = {w € {a,b}" | #,(w) = 1} is not prefix-dense, and thus, by
Theorem 1.7.5, is neither in %k _spq—poca(C), nor in Zx_spo—poca(A). O
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Conclusion

In this report, we have presented and analyzed several definitions of balanced use of resources
in deterministic sequential computations. The main aims of this report have been to generalize
the earlier definitions for DFA, presented in [26], [27] and [25] to higher models of computation,
to unify the earlier theories of state-equiloadedness and transition-equiloadedness for DFA, and
to initiate the study of equiloadedness for some model of computation accepting nonregular sets.
We may conclude that these aims have been successfully achieved.

In Section 1.2, we have defined a new abstract model of computation, the abstract deterministic
automata (ADA). ADA are an AFA-inspired abstraction of deterministic automata with a one-way
input tape and some kind of auxiliary memory. Many widely used models of computation, e.g.,
DFA, DFAe, DOCA, DPDA, or some variants of deterministic Turing machines, can be viewed as
special cases of ADA. This has enabled us to present our definitions of equiloadedness indepen-
dently from a particular model of computation — the definition for ADA applies to all models of
computation that we examine in this report.

Next, in Section 1.4 and Section 1.5, we have presented our definitions of strict S-equiloaded-
ness, S-equiloadedness, and weak S-equiloadedness. All of these definitions have been presented for
ADA and both for states and for transitions. These definitions generalize the earlier definitions
from [25], [26] and [27]. This generalization is twofold: first, the definitions are stated for ADA
instead of DFA. Second, in the earlier works, only accepting computation paths have been taken
into account. Our definitions include the parameter S that makes it possible to specify the set of
computation paths that we are interested in.

Further, we have examined some properties of equiloadedness that hold for abstract deter-
ministic automata in general. Most importantly, we have proved some relations between the
families of equiloaded languages that hold for every model of computation that is a special case
of ADA. Moreover, we have defined the concept of prefix-dense languages that can be used to
prove that a given language is not strictly S-equiloaded for any model of computation that is a
special case of ADA.

Later in this report, we have studied several families of equiloaded DFA, DFAe and DOCA, as
well as the corresponding families of equiloaded languages. Equiloaded DFA have been studied
already in the earlier works [26], [27] and [25], however we have presented some new results.
Equiloaded DFAe and DOCA have not been studied yet.

For several families of equiloaded automata, we have proved their characterizations. Table
Concl.1 contains the summary of these characterizations, including the numbers of correspond-
ing theorems. Among characterizations, probably the most important results are the characteri-
zation of weakly state-C—-equiloaded DFA and DFAe (Theorem 2.3.31) and the characterization
of strictly transition-S-equiloaded DOCA for S in {C, A, £} (Theorem 3.3.1). Both these charac-
terizations are completely new. The first of these characterization emphasizes the importance of
Perron-Frobenius eigenvalues related to DFA and DFAe as a characteristic that can be used to an-
alyze various quantitative properties of finite automata. The second is up to now the only known
characterization of equiloaded DOCA. Since it characterizes the families of strictly transition-S-
equiloaded DOCA by some properties of computation paths, the decidability of this characteriza-
tion have not been immediately clear. However, we have proved this decidability and presented
an algorithm that decides if a given DOCA is strictly transition-S-equiloaded by deciding if the
conditions imposed in the characterization from Theorem 3.3.1 are satisfied.
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The Model Type of Equiloadedness | Resource | For S in Characterization
. . States C,A Theorem 2.2.1
Strict 5-Equiloadedness Transitions | C, A Theorem 2.2.2
C— Theorem 2.3.31
States
Weak S-Equiloadedness AL, A< ?
DFA and DFAe q Tramsitions |_C=r A= Theorem 2.3.18
anstions C<, A< Theorem 2.3.19
. States C_,A_,C<, Ac|?
S-Equiloadedness Transitions | C—, A-,C<, A<| ?
) ) States C,AE ?
DOCA Strict S-Equiloadedness Transitions | C, A, & Theorem 3.3.1

Table Concl.1: The summary of theorems providing characterizations of the families of equiloaded au-
tomata studied in this report.

In Section 2.1, we have observed that several basic quantities used in our study of S-equi-
loaded DFA and DFAe may be computed as solutions to initial value problems for homogeneous
systems of first-order linear OAEs with constant coefficients. Moreover, we have observed some
relations between the matrices of these systems and the transition matrix of a given automa-
ton. Since systems of this kind can be solved relatively easily, this have lead us to the elegant
mathematical method of computing closed forms of these basic quantities, and to the numerical
algorithm of computing equiloadedness measures for DFA and DFAe. Furthermore, since the
matrices of the presented systems are all nonnegative, the results obtained in Section 2.1 have
enabled us to use the Perron-Frobenius theory to study the asymptotic properties of these basic
quantities.

In Subsection 2.3.1, we have proved that the alternative definition of S-equiloaded DFA and
DFAg, based on the definitions given in [26] and [27], is equivalent to our definition of S-equi-
loadedness. This result unifies the earlier theory of state-equiloaded DFA ([26] and [27]) with the
earlier theory of transition-equiloaded DFA ([25]).

Z5_seo-poca(C) Z5_seq-pocA(A) —= %

L5 _SEQ-DFAe
ZL5_SEQ-DFA )

Ns—seg-poca(C) Ns—seq-poca(E)

Figure Concl.1: The diagram of relations between various families of strictly transition-S-equiloaded lan-
guages. If 4] and % are families of languages, the arrow .27 — % is supposed to be read as a proper
inclusion .27 C .%5. A dotted line between two families of languages indicates that the families are incom-
parable.

Relations between various families of equiloaded languages have also been a subject of our
study. We have proved numerous results on inclusions, strict inclusions, identities and incom-
parability relations between the families of equiloaded languages. We depict some of them in
diagrams. In Figure Concl.1, the diagram representing the relations between the families of
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strictly transition-S-equiloaded languages is shown. The diagram in Figure Concl.2 represents
the relations between the analogous families of strictly state-S-equiloaded languages. Finally,
the diagram in Figure Concl.3 shows the relations between the families of transition-equiloaded
DFA-languages and DFAe-languages.

R Zk-seq-pocA(C) = = = = = = — = > LK SEQ-DOCA(A) v R

\/

LK -SEQ—DFAe
PLK_SEQ-DFA

Nk—seg-poca(C) Nk—seQ-poca(€E)

Figure Concl.2: The diagram of relations between various families of strictly state-S-equiloaded languages.
If 4 and % are families of languages, an arrow ] — % is supposed to be read as a proper inclusion
2 € %. A dashed arrow £ --» % is an inclusion %] C %5 with a strict inclusion being open. A dotted
line between two families of languages indicates that the families are incomparable.

Z5_seQ-prA(C) —— L5_seg-pra(A)
Z5_£Q-pFa(C<) —> Z5_£Q-pFa(C=) —— Z5_£Q-Dra(A=) <— &5 _pg-DralA<)

Z5-weQ-pra(C<) — Zs5_weo-DraA(C=) — L5_weQ-Dra(A=) — L5 weo-pra(A<)

Z5-weQ-DrA(C<) — Ls5_weQ-DFA(C=) — L5 wEQ-DFae( A=) — L5 weQ-Drae(A<)
A A A A

| | | |
Z5_£0-DFA(C<) —> L5 £Q-DFae(C=) — Ls5_pQ-Drac( A=) <— Z5_EQ-DFae(A<)

T~ P

Z5_seQ-DFAe(C) —— L5 _seQ-Drac(A)

Figure Concl.3: The diagram of relations between various families of transition-equiloaded DFA(e)-
languages. If .} and .% are families of languages, an arrow .27 — %5 is supposed to be read as a proper
inclusion .27 € .%. A dashed arrow .4} --» % is an inclusion .2} C .%, with a strict inclusion being open.
A solid line between two families of languages indicates that the families are equal.

We have also studied the closure properties of several families of equiloaded languages. We
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summarize our results in Table Concl.2. The families of languages, for which we have not stud-
ied the closure properties yet, are omitted from the table. Some of the closure properties pre-
sented in this table have already been proved earlier — the closure properties of Zx_sro—pra and
ZLx—£Q-DrA(A=) are due to [26] and [27], the closure properties of the families .Z5_sro—pra,
gg,EQ,DpA (.A:) and $§7WEQ7DFA (.A:) are due to [25].

ulnl|c| |+ ]| R| K |h't

ZLK-SEQ-DFA No | No | Yes | No | No | No | No | No | No
LK -SEQ-DFAe No | No | Yes | No | No | No | No | No | No
Z5_SEQ—DFA No | No | Yes | No | No | No | No | No | No
Z5_SEQ—DFAe No | No | Yes | No | No | No | No | Yes | No
“Zk-r0-prA(A=) | No | No | No | No | ? ? | No | No | No

gé*EQ*DFA (C:) No | No | No | No | No | No | No | No | No
Zs5_ro-pra(A=) | No | No | No | No | No | No | No | No | No
Z5_£o-pra(C<) No | No | No | No | No | No | No | No | No
Zs5_ro-pra(A<) | No | No | No | No | No | No | No | No | No
D%_EQ_DFA€<C:) No | No | No | No ? ? ? ? No
féfEQfDFAE(A:) No | No | No | No ? ? ? ? No
Z5_£Q-DrAe(C<) | No | No | No | No | ? ? ? ? | No
Z5_£Q-prae(A<) | No | No | No | No | ? ? ? ? | No
Zs_weQ-pra(C=) | No | No | No | No | No | No | No | No | No
Zs_weg-pra(A=) | No | No | No | No | No | No | No | No | No
Zs_weq-pra(C<) | No | No | No | No | No | No | No | No | No
Zs_wEeQ-prA(A No | No | No | No | No | No | No | No | No

A

)
Z5_weQ-Drae(C=) | No | No | No | No | ? ? ? ? | No
Z5_weQ-Drae(A=) | No | No | No | No | ? ? ? ? | No
g&—WEQ—DFAs(CS) No | No | No | No ? ? ? No
g&—WEQ—DFAs(AS) No | No | No | No ? ? ¢ ? No
gKfSEQfDOCA( ) No ? ? No ? ? No ? No
ZLx—seg-poca(A) | No | ? ? | No| ? ? | No| ? | No
Zs_seo-poca(C) | No |No| ? | No|No|No|No| ? | No
gJ—SEQ—DOCA(A) No | No ? No | No | No | No ? No
L/K;_SEQ_DOCA(C) No | No ? No | No | No | No ? No
</V575EQ7DOCA (5) No | No ? No | No | No | No ? No

Table Concl.2: The summary of closure properties of various families of equiloaded languages that have
been proved up to now.

In our future research, we plan to focus mainly on the families of S-equiloaded and weakly
S-equiloaded DOCA and to extend the theory also to some models of computation higher than
DOCA. However, also some interesting open problems on equiloaded DFA(e) and strictly S-
equiloaded DOCA have arisen in this report that may be as well a subject of a fruitful future
research.
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Appendix A

Mathematical Preliminaries

In this appendix, we shall briefly review some of the mathematical concepts used in this report.
We shall concentrate only on (from the perspective of theoretical computer science) more ad-
vanced topics. That is, we assume that the reader is familiar with some of the basic mathematics,
most importantly linear algebra, discrete mathematics, and calculus.

A1 Vandermonde and Generalized Vandermonde Matrices

In this section, we shall define Vandermonde matrices and generalized Vandermonde matrices and
shall state the formulas for their determinants (the proof of the formula for a generalized Vander-
monde determinant will be omitted). The results obtained in this section shall be used in Section

A2 dealing with proving linear independence of sequences.

Definition A.1.1 Let ay, 4y, ..., &, in C be complex numbers. A matrix

1 1 1
o Ay ... Qp
V(wl,az, .. .,(xn) =
n—1 n—1 n—1
oq % R 44

is said to be a Vandermonde matrix. The determinant of a Vandermonde matrix is said to be a
Vandermonde determinant.

Some authors define a Vandermonde matrix to be the transpose of this matrix (see, e.g., [36]).
In this report we follow the definition used, e.g., in [10], or [15].! However, this ambiguity does
not have any effect on the value of a Vandermonde determinant and in most applications of
Vandermonde matrices, we are concerned solely by the value of the determinant. The choice
of one of these definitions can be therefore considered to be only a matter of convenience. The
formula for a Vandermonde determinant is being proved in the following theorem.

Theorem A.1.2 Let ay,a3,...,a, in C be complex numbers, let V(ay,a,...,ay) be the corre-
sponding Vandermonde matrix. Then the value of the corresponding Vandermonde determinant

is
V(ar,az,...00) = J] (0 —a).

1<i<j<n
Proof. By induction on n (we shall follow a proof presented in [22]).

1. If n = 1, then the determinant |V («y)| is clearly 1. That is, the theorem holds.

"However, in [15], a Vandermonde matrix is defined only for real entries.
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2. Let us suppose, that the theorem holds for n = k. We shall prove that it holds for n = k + 1.
Let us denote
g(t) = |V(0€1,£¥2, cee s Opy t)|/
that is clearly a polynomial of degree k with roots a1, ..., a;. The leading coefficient of the
polynomial g(t) is obtained by the Laplace expansion along the (k + 1)-st column, that is
the leading coefficient is |V (aq, &z, . . ., ) |. Thus, we have

k
g(t) = |V(0€1,0¢2,. . .,Dék)‘ g(t —Déi).

Using the induction hypothesis, we get

K
st)= 1] (“j—“i)'g(f—“i)/

1<i<j<k i
therefore for t = a1 we get

Vw2, opee)| = [T (65 —w),
1<i%j<h+1

that is, the theorem holds also for n = k + 1.

The theorem is thus proven. O

Now, we shall define a generalized Vandermonde matrix [22]. Let us note, that for k = n, and
ny = ny = ... = ng = 1, the generalized Vandermonde matrix is exactly the above-defined
Vandermonde matrix.

Definition A.1.3 Let a1, ap,...,a; in C be arbitrary complex numbers, let 11,1y, ..., 1, in IN be
nonnegative integers, such that Zf-‘zl n; = n for some positive n in IN. The generalized Vandermonde
Matrix V(aq,...,a,; 11, ..., 1) is defined to be a block matrix

V(le,...,ak;nl,...,nk) = (Rl,Rz,...,Rk),
where, fori = 1,...,k, R; is a matrix of type n x n; with columns ¢; 1, ..., ¢; ,, defined by

1 ,
- G=D (g
Cl,] (]71)|f (al)

forj=1,...,n;, where £(t) is defined to be a column vector
£(t) = (1,¢,...,t" HT,

and £ () is its k-th derivative (i.e., a column vector consisting of k-th derivatives of entries of
£(1)).

The determinant of a generalized Vandermonde matrix is said to be a generalized Vandermonde
determinant.

Next, we shall state a formula for a generalized Vandermonde determinant. However, since
the proof is rather technical, we shall not present it in this report.

Theorem A.1.4 Letaj, ay,...,a; in C be complex numbers, let 1, 115, . . ., 1 in IN be nonnegative
integers, such that Zi'{:l n; = n for some positive n in IN. Then the value of the corresponding
generalized Vandermonde determinant is given by

|V(“l/~--,ﬂék;n1,..,,nk)| = H (a]._txl.)ninj.
1<i<j<k

Proof. A sketch of several possible proofs of this theorem can be found in [22]. Another sketch
of a proof can be found in [10]. O
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A.2 Proving Linear Independence of Sequences

In this section, we shall provide basic information about proving linear independence of se-
quences. More concretely, we shall introduce the concept of the matrix of Casorati, and state
a theorem about linear independence of sequences of certain specific form. The linear indepen-
dence of these special sequences is used in our examinations in Chapter 2. The results can be
also used to build up the theory of systems of linear OAEs. However, in Section A.3 dealing with
these matters, we use a different, faster approach.

First, we shall introduce the concept of the matrix of Casorati and its determinant, referred to
as the Casoratian. These concepts are closely related to the matrix of Wronski and the Wronskian,
playing a crucial role in the theory of linear differential equations (see, e.g., [6]).

Definition A.2.1 Let x1,x2,...,x5 : IN — C be given complex sequences. The matrix of Casorati
for sequences x1, X2, ..., X, is the matrix

x1(n) x(n) . X (1)
W) = xl(n:+ 1) xz(n:+ 1) . xm(n:—k 1)
x1(n —|—.m—1) xa(n —|—'m—1) xm(n+.m—1)
The determinant
w(n) = [W(n)]

of the matrix of Casorati is called the Casoratian.

In the following theorem we shall prove that if a Casoratian of a given set of complex se-
quences is non-zero, then the set is linearly independent.

Theorem A.2.2 Letxy, xp,..., Xy : N — C be given complex sequences. Let w(n) be a Casoratian
for these sequences and for some n in IN. If w(n) # 0, then the sequences xq,x,..., X, are
linearly independent.

Proof. For the purpose of contradiction, let us suppose that w(n) # 0and sequences x1, X, ..., Xy
are linearly dependent, that is not-all-zero constants ¢y, ¢y, . . ., ¢y in C exist such that for all non-
negative integers k in IN

c1x1(k) + coxa(k) + ... + cmxm(k) = 0. (A1)

Since the equation (A.1) holds for all k in IN, it holds also for k = n,n+1,...,n 4+ m — 1. From
that we have

c1x1(n) +caxa(n) + ...+ cmxm(n) =0,
cixi(n+1)+cxo(n+1)+...+cmxu(n+1) =0,

cxy(n+m—1)4+cxo(n+m—1)4+...+cmxm(n+m—1) =0.

That is, we have a homogeneous system of linear equations with unknowns ¢y, cy, .. ., ¢, which
can be written in a matrix form as

x1(n) x2(n) Xm (1) €1 0
x1(n+1) x2(n+1) Xm(n+1) | e 0

xiin+m—1) xon+m—-1) ... xp(n+m—1) Cm 0
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ie.,
C1 0
Co 0
W(n) . . —
Cm 0

Since w(n) # 0, the matrix of the system W(n) is nonsingular and a system has only one
trivial solution (c¢1,¢3,...,¢m) = (0,0,...,0), and that contradicts (A.1). O

Thus, the Casoratian can be used as a powerful tool for proving linear independence of se-
quences. In the following theorem, we shall use the Casoratian to prove the linear independence
of sequences of certain specific form.

Theorem A.2.3 Let 21,2y, ...,z in C\ {0} be distinct nonzero complex numbers, for some k in
IN. Let mq,my, ..., my be nonnegative integers. Then the sequences

o An -2 g, W™ 2,

{20 A2 g, AW 25,

2o An -2 hlo o An™ 20
are linearly independent.

Proof. For the purpose of contradiction, let us suppose that the sequences are linearly depen-
dent. That is, constants ¢ijin C exist fori=1,...,kj=0,...,m;, such that

k. m; )
Y. ) cj-n-2 =0
i=1j=0
Now, since (’]1) is a polynomial of degree j, it is clear that for each j in IN constants do, dy, ..., d; in

C exist such that .
. J
n = Z dl' . (7’1) .
i=0 J

Thus, if the sequences

{Z o An- 2o, 0™ 21

{# o {n- 23 o, 0™ B,

{Zﬂ}:;o An- ZE}ZO:O N ZZ}ZO:O

are linearly dependent, then also the sequences

(6) 1y, A G) ), ) =),
(0) 4, A G ), ) =)

()17 () ) () )

NI
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are linearly dependent. Moreover, since zy, ...,z are nonzero, z;' = Zl - 2" for all jin IN and
i=1,...,k where 2/ is a constant term. That is, the sequences

{6)4), AC) =) () )
{6)4),AC) =) ) 2

()47 AC) () )

are also linearly dependent. However, the matrix of Casorati for these sequences is clearly the
generalized Vandermonde matrix V(zq,...,z;my +1,...,m; + 1), and therefore the Casoratian
for these sequences has a value of the generalized Vandermonde determinant

w(n) _ H (Z] _ Zi)(mi+l)(mj+l).

1<i<j<k

However, since z1, ..., zx are distinct, the Casoratian w(n) is clearly nonzero, and the sequences
are linearly independent, i.e., a contradiction. O

A.3 Systems of Linear OAEs

In this section, we shall discuss systems of first-order linear ordinary difference equations (OAEs,
i.e., recurrences)? and present a linear-algebraic method of solving initial value problems for ho-
mogeneous systems of first-order linear OAEs with constant coefficients. The presented method
can also be easily extended to nonhomogeneous systems. For a more comprehensive treatment,
see, e.g., [10], or [24].

Definition A.3.1 An initial value problem for a system of first-order linear OAEs is a problem of de-
termining m unknown functions®

X1,%2,..., %, :IN = C,
satisfying

x1(n) =agp(m)x1(n—1) +ao(n)xa(n—1) 4+ ...+ ay,(n)xu(n —1) + f1(n)
xp(n) = aga(n)x1(n —1) +agp(n)xa(n—1) + ... 4+ agu(n)xm(n — 1) + fo(n)

xm(n)': A1 (n)x1(n—1) +apa(n)xa(n—1) + ...+ amm(n)xu(n —1) + fiu(n)

for n > 1 with initial conditions
xl(o) = C],XZ(O) = Cz,. . .,xm(o) = Cm,

where a;; : N* — C (with 1 < i,j < m)and f; : N* — C (with 1 < i < m) are functions and
C1,Cy,...,Cy in C are complex constants.

2Not to be confused with differential equations. Although this need not be always true, in this report we use the terms
difference equation and recurrence as synonyms. However, we shall prefer the term difference equation.

3From a strictly mathematical viewpoint, the term sequence is more appropriate. However, in computer science it is
common to call sequences of this type functions. In this section, we shall therefore be switching between both terms.
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The system can be therefore expressed in a vector-matrix notation as

Xpn = An - Xp—1+ fn, n>1,

where
Xn = (x1(n), x2(n), ..., xm(n))T
is the n-th vector of unknown functions,
611,1 (Tl) 611/2(1/1) . al,m (Tl)
ap1(n) app(n) ... ayy,(n)
An - . .
am,l(n) am,Z(”) e am,m(”)

is the n-th matrix of the system,

fu = (fi(n), fo(n),-.., fn ()T
is the n-th vector of known functions f;, and where the vector of initial conditions

Xg = (Cl,CQ,...,Cm) e C"

is given. A sequence {x, };_, with values in C"" is said to be a solution to the initial value problem,

if it satisfies the conditions above.
Moreover, we shall say that the system is homogeneous, if the identities

fi(n) =0, i=1,...,m

hold. Otherwise, we shall say that the system is nonhomogeneous. Finally, if constants c;; in
C,1 <i,j < mexist, such that

a;j(n) = cij, ij=1,...,m,

we say that the system has constant coefficients.* Thus, any homogeneous system of first-order linear
OAEs with constant coefficients can be written as

Xn = A Xy_1, n=>1,

where x;, is the n-th vector of unknown functions, and A is a matrix. Initial conditions are given
by
Xp = (Cl, C2, ey Cm)T.

In what follows, we shall present a method based on linear algebra that enables us to solve
any initial value problem for homogeneous systems of first-order linear OAEs with constant co-
efficients (to be more precise, in this report we shall be interested only in finding the closed form
for x1(n) instead of x,). Let us begin with the theorem that ensures that every such initial value
problem has exactly one solution.

Theorem A.3.2 The initial value problem for homogeneous system of first-order linear OAEs
with constant coefficients
X, =A-x,_1, n>1 (A.2)

has a unique solution for each given xg.

4Systems with constant coefficients are also referred to as autonomous systems.
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Proof. Let us define x;, for n > 1 by
x, = A" - xq.

Clearly, this is a solution to the initial value problem.
The uniqueness of the solution stems from the fact that for every solution 'y = {yo,y1,...},
the equation (A.2) implies
Yn = A" Yo = A" * XQ-

However, x = {xo, X1, ...} is clearly the only sequence of vectors satisfying this property. O

In what follows, we shall make a strict distinction between systems and initial value problems
in the sense that for systems there is no initial vector xg given.

By a particular solution of a given system, we shall understand any solution of some initial
value problem for that system. By the general solution of a system, we shall understand the set
of all particular solutions of the system. In what follows, we shall show that a general solution
of a system is in fact a linear space — that is, for each particular solution, any scalar multiple of
that solution is also a particular solution, and for any two particular solutions, their sum is also
a particular solution. More concisely, any linear combination of two particular solutions is also a
particular solution.

Theorem A.3.3 Letu = {ug, uy,...}, v={vp, vy,...} be particular solutions of a homogeneous
system of first-order linear OAEs with constant coefficients,

Xp=A x,_1, n>1, (A.3)
and let «, B in C be arbitrary complex numbers. Then
z = au + Bv = {augy + pvo, aug + vy, ...}
is a particular solution of the system (A.3).

Proof. The particular solution u is a solution to an initial value problem for system (A.3), where
the initial conditions are given by ug. Similarly, v is a solution to an initial value problem for
system (A.3), where the initial conditions are given by vy.

Let us now consider an initial value problem for system (A.3), where the initial conditions
are given by aug + Bvg. By Theorem A.3.2, this initial value problem has a unique solution, say
w = {wp, Wy, ...}. We shall prove that w = z.

Clearly, for w we have

wy = aug + By, (A4)

and
w, = A'wy, n>1. (A.5)

By plugging the right side of (A.4) into (A.5), we get

wy, = A" (aug + Bvg) = aA"ug + BA" vy = auy, + Bvy = 2, n>1,
that is, w = z. Thus, we have proved that z is a solution to some initial value problem for (A.3),
that is, z is a particular solution. 0

The general solution of a given homogeneous system of first-order linear OAEs with constant
coefficients therefore forms a linear space.

There is more then one possible way to solve initial value problems for systems of our type.
One frequently used approach is based on finding m linearly independent particular solutions
(where m is the size of the matrix of the system) and proving that every system with the matrix
of size m has a general solution of dimension at most m. Thus, the general solution is the set of
all linear combinations of those m particular solutions. Each particular solution has a form f(n)c,
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where f : N — C is a function, and ¢ € C™ is a constant vector. Thus, the general solution is
then expressed as a set of linear combinations

C(l)f(l) (n)c(l) + .. + C(m)f(m) (n)c(m),

where f(l), . ,f(m) : IN — C are fixed functions, ¢(1), ..., c(™) are fixed vectors, and ¢(1), ..., c(m)
are variable coefficients. For a given initial value problem, it is possible to determine the variable
coefficients by solving a system of linear equations. This approach is similar to the methods used
in the theory of linear differential equations (see, e.g., [6]). For proving linear independence of
functions occurring in the general solution, one needs the concepts of the matrix of Casorati (see
Section A.2), and of the generalized Vandermonde matrix (see Section A.1).

In this report, we shall use a slightly different (though closely related) method of solving
initial value problems. Instead of finding a general solution for x,, we shall find a “general
solution” for each of its components x;(1),i = 1,...,m. Thus, instead of m variable coefficients,
we will have m? variable coefficients. However, the derivation of the method will be considerably
simpler and we shall avoid the need of computing (possibly generalized) eigenvectors. Moreover,
in this report we shall be always interested only in finding a solution for one single component
of x;;, so the number of variable coefficients to be determined will remain unchanged (i.e., m).

However, let us note that although the method to be presented works fine for the purpose of
solving initial value problems, it is insufficient for the purpose of finding the general solution for
x;, — for this purpose, the method sketched above is more suitable.

Theorem A.3.4 Let m in IN™ be a positive integer, and A be an m x m matrix with distinct eigen-
values Ay, Ay, ..., Ay with algebraic multiplicities a1, &g, ..., &g, &1 + a2 + ... + ap = m. Then, for
s =1,...,m, the s-th component of the solution to the initial value problem

Xp = A X,_1, n>1 (A.6)

with x;,; denoting a column vector

Xn = (xl(n)IXZ(n)r .- '/xm(n))T

and with initial conditions given by a column vector
Xg = (CerZI . ,Cm)T S mel
can be expressed in a form

k ai—1 .
xs(n) = 2 . Cijs (7) )\:‘1_] (A7)

for some constants Cijj,sr i=1,...kj=0,...,a;,— 1.5

Proof. It is clear that the equation

x1(n) G
xo(n) G

: —ar | (A.8)
xm'(n) (fm

holds. By the well-known result of linear algebra (see, e.g., [41]), the matrix A can be decomposed
into the form
A=P.]-P1,

5Tn this result, we use these common conventions: (;’)/\”‘f =0forj>mn,and 0° = 1.



Mathematical Preliminaries 141

where P is an invertible matrix, and | is a matrix in the Jordan canonical form, i.e., | is a block-
diagonal matrix

J1
J2

Jr

where r in N is a positive integer satisfying k < r < m, and for eachi = 1,...,r, J; is a Jordan
block corresponding to some eigenvalue® Aj, 1 < j <k, ie., asquare matrix of size m; x m; (for
some nonnegative integer m; in IN satisfying 1 < m; < vc]-)7 of the form

1

Aj

According to basic results of linear algebra [41], the properties

_ il
T
0 Al (AT
]ln _ '] (m,-—z) ] , 1:1’ T,
0 0 Al
and
JT
= &
J

hold. Moreover, it is clear that
At=p.J".pL (A.9)

Therefore, by plugging the right-hand side of (A.9) to (A.8), we obtain

X1 (1’1) C1
szn) _p.prpl. sz
xm‘(n) Cm

However, since Cy, ..., C,, are all constants, and since all of the entries of P and P~ are constant
as well, from the form of [” it is obvious that the s-th entry of the left-hand side column vector
has a form

k ai—1 n )

.
x(m)=Y Y cl-,j,s( .)Ai J (A.10)

i=1 j=0 J

for some suitable constants Cijjss i=1,...,kj=0,...,a; — 1 (the size of each Jordan block
corresponding to eigenvalue A; is at most «;). The theorem is proved. O

®There can be more than one Jordan block corresponding to the same eigenvalue.

"Moreover, my + my + ...+ m, = m. The number of blocks corresponding to a given eigenvalue is its geometric
multiplicity. Each block corresponds to some subspace of dimension 1 of the eigenspace corresponding to the given
eigenvalue and its size is given by the number of eigenvectors from this subspace.
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Since (7) is a polynomial of degree j 2 it is clear that for A; # 0

i—1 ) i—1
T e (M =5 e (M) L ar = pmyar (A11)
s\ )t T s\ i)y i =P i’ :
i

=0 j=0 ]

where p(n) is a polynomial of degree at most a; — 1. Thus, it seems that (A.7) can be significantly
simplified. However, there is a problem with repeated zero eigenvalues, since in general it is
impossible to write 0"~/ in a form c - 0" for some constant ¢ (as it was in the case of nonzero A;).
However, (;‘)0”’7' can be expressed in the Iverson notation’ as [n = j]. Thus, we have proved the
following corollary:

Corollary A.3.5 Let m in N be a positive integer, and A be a m x m matrix with distinct eigen-
values A1, Ay, ..., Ay with algebraic multiplicities aq, a2, ..., &, &1 + a2 + ... +a = m. Leta bea
multiplicity of the zero eigenvalue. Then, for s = 1, ...,m, the s-th component of the solution to
the initial value problem

Xp = A X,_1, n>1 (A.12)

with x,, denoting a column vector

Xn = (x1(n), x2(n), ..., xm(n))T
and with initial conditions given by a column vector

Xg = (Cl,Cz, - ,Cm)T S Cle

can be expressed in a form

ai—1 . x—1
xs(m) =Y Y cijs AT+ ) cujs - 1 =] (A.13)
Ao 10 j=0

for some constants Cijj,sr i=1,...,kj=0,...,4; —1land Cn:j,S/j =0,...,a—1.

Thus, the method of solving initial value problems for homogeneous systems of first-order
linear OAEs with constant coefficients can be summarized as follows:

1. Write down the system in a matrix form x, = A - x,,_1.
2. Compute the eigenvalues of the matrix A.
3. The solution for each component of x,, has a form (A.13).

4. Determine the constants in (A.13) by solving a system of linear equations obtained from the
initial conditions.

Let us note that this method can be easily turned into a numerical algorithm for solving these
systems, with a time complexity constant with respect to # (i.e., dependent only on m). The only
nontrivial step in this method is the computation of eigenvalues. However, these can be numeri-
cally computed by using, e.g., the QR algorithm [11][12][28] (for an explanatory treatement, see,
e.g., [15]).

However, for not extremely large values of n, one could consider using a simple (but suffi-
ciently efficient) algorithm with time complexity O(logn) (m is considered to be negligible com-
pared to ). Anyhow, in this report we are not interested in numerical computation, but solely in
theoretical matters of this method.

Finally, in order to practically demonstrate the above described method, we shall work out
few examples. Example applications of the method to solving problems concerning deterministic
finite automata can be found in Section 2.1.

8From the definition () = w
°If P is a predicate, then [P] = 1, if P is true, and [P] = 0 otherwise.
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Example A.3.6 Let us consider an initial value problem for a homogeneous system of first-order
linear OAEs given by

x1(n) =3x1(n—1) +2x3(n—1)
xp(n) = —2x1(n—1)+x2(n—1) —2x3(n — 1)
x3(n) = 2x3(n —1)

for n > 1, with initial conditions x1(0) = 1, x2(0) = 1, x3(0) = 2. We shall solve this initial value
problem successively for all unknown functions x1, x2, x3 (although in practical applications of
this method to problems concerning automata, we shall be interested only in determining one of
the functions).

The first step of the method is to write down the system in a matrix form. If we introduce a
notation x,, = (x1(n), x2(n), x3(n))T, we shall clearly get

3 0 2
X, = -2 1 =2 “Xp_1, n>1,
o o0 2

with initial conditions given by xo = (1,1,2)7.
The next step is to compute the eigenvalues of the matrix of the system. The characteristic
polynomial of the matrix is

3—A 0 2
ch(A)=| -2 1-2 -2 |=@B-A1-A)(2-2).
0 0 2—A

Therefore, the eigenvalues clearly are

and their multiplicities are

i.e., all of the eigenvalues are simple.
Now, we shall find a closed form for x;. According to Corollary A.3.5,

xl(n) =011 1" 4 €211 20 €311 " 3" (A.14)

for some constants c111,¢2,1,1,¢31,1- As a final step, we shall determine these constants. From
initial conditions, we have
T
xo = (1,1,2)".

Moreover, we can easily compute

3 0
xi=| -2 1 (7,-5,4)7
0 0
and
3.0 2\° /1
o= -21 2| |1 (29, -27,8)T.
0o 0 2 2
From that we have x1(0) = 1, x1(1) = 7, and x1(2) = 29. Thus, from (A.14) we obtain a system

of linear equations
L1 19+ 21,1 20 4 €311 30=1
cpi1- M 4eong-2t 43103 =7
c111 124021122+ c311 3% =29
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with ¢111,¢21,1, and ¢3 11 as the unknowns. By solving this system by Gaussian elimination, we
get

c111 =0,
011 =4,
63/1,1 = 5.

The solution for x; therefore is
x1(n)=5-3"—4.2"

Next, we shall find a closed form solution for x;. According to Corollary A.3.5, the solution is
the same as in the case of x1, i.e.,

Xz(?’l) =112 1" + €212 2n 4 €312 " 3" (A.15)
for some constants c1 12,¢212,¢3,12. From this we get a system of linear equations

1121042122 +c312-30 =1
c112- 1M+ o102 +e310-3' = -5

11,2 12 +c210- 22 +c312¢ 3?2 =_27

with ¢112,¢212, and c31 7 as the unknowns. By solving this system, we obtain the values of the
coefficients

1,12 = 2,
012 =4,
C3,1,2 = 5.

Thus,
xp(n)=-5-3"+4-2"42.

Finally, we shall find a closed form solution for the unknown function x3. Once again, the
solution has a form

x3(n) =0C113" 1" + €213 2" 4 €313 " 3" (A.16)
for some constants ¢y 13,213, c3,1,3- For these, we obtain a system of linear equations
113 10 +¢13- 20 +c313" 30 =2

115 1 +e15-2  +e315-3 =4

11312+ 1322+ 3153 =8

with ¢113,¢213, and ¢31 3 as the unknowns. By solving this system, we get the solution for the
coefficients

c1,13 =0,
013 =2,
C3,1,3 =0.

Thus,
x3(n) =2-2" = 2"t
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Example A.3.7 This example will be rather trivial, but we would like to demonstrate that the
above described method can be also applied to solve systems of this kind. Let us consider an
initial value problem for a homogeneous system of first-order linear OAEs given by

x1(n) =x(n—1)
xp(n) =0

for n > 1, and with initial conditions given by x1(0) = 0, x2(0) = 1. We are interested in finding
a closed form solution for x;. If we denote x, = (x1(n),x2(n))”, we can write the system in a

matrix form as
n 0 0 n—1s - 4

with initial conditions xy = (0,1)7.
The characteristic polynomial of the matrix is

-A 1

ch(A):’ N

‘ =A%
Thus, the matrix has only one distinct eigenvalue A; = 0 with multiplicity ay = 2. Thus, accord-
ing to Corollary A.3.5, the solution for x; has a form
x1(1) = cn=o1 - [0 = 0] +cnm1 - [ = 1]
for some constants c¢,—0,1, and ¢,—1 1. From the initial conditions, we have

xo = (0,1)T,

-(34) (3)-00r

Thus, we can determine the unknown coefficients c,—¢1 and c,—;1 from the system of linear
equations

and

Cn=01[0="0]+cpm11 - [0=1] =
ch=01-11=0]+cp=11-[1=1=1

with ¢,—01 and c,=11 as the unknowns. By solving these system, we determine the coefficients
as

cn=0,1 =0,
=11 = L.

Therefore, the solution for x; is

which can be alternatively written as

=1 ifn=1
1 ] 0 otherwise

Example A.3.8 Finally, let us consider an initial value problem for a homogeneous system of
first-order linear OAEs given by

x1(n) =x1(n—1)+2x(n—1) +5x3(n—1) +10x4(n — 1)

xp(n) =2x(n—1)+x3(n—1)

x3(n) =2x3(n—1) +2x4(n—1)

x4(n) = 2x4(n —1)
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with initial conditions x1(0) = 1,x2(0) = 1,x3(0) = 2, and x4(0) = 3. We shall be interested in
finding a closed form solution for x;.
In the matrix form, the system becomes

1 2 5 10
o210
=10 0 2 2 |
00 0 2
with initial conditions given by xo = (1,1, 2, 3)T.
The characteristic polynomial of the matrix is
1—-A 2 5 10
02— 1 0o | 5
ch(A) = 0 0 P T =(1-A)(2-A1).
0 0 0 2—A

Thus, the matrix has two distinct eigenvalues
AM=1 Ar=2

with algebraic multiplicities
N = 1, Ny = 3.

Thus, according to Corollary A.3.5, the solution for the unknown function x; has a form
€1,11 +¢2,1,1 2" 4 €221 n2" + €231 " n2o"

for some unknown constants c111,¢21,1,¢22,1, and ¢y 31. These constants can be determined as
the solution to the system of linear equations

110 0 c11,1 1
1 2 2 2 . 21,1 o 43
1 4 8 16 o1 || 161
1 8 24 72 €231 477
By solving this system, we get
ci1=-19, 11 =20,
FSNS COR-
221 = & 231 = 5

Thus, the closed form for x7 is

3 19
x1(n) = (2n2 + o +20) 2" —19.

A.4 Nonnegative Matrices

In this section, we shall cover the basics of the theory of nonnegative matrices. Most importantly,
we shall state and prove the Perron-Frobenius theorem, which plays a crucial role in the theory of
equiloaded deterministic finite automata (Chapter 2). We shall present only several most impor-
tant concepts of the theory, applied in this report. However, the theory of nonnegative matrices
is a quite extensive subject on which whole monographs have been written. Classical treatments
of the subject include [2] and [31]. Moreover, [39] also has a chapter on nonnegative matrices.
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Definition A.4.1 Let A be an n x m matrix, for some n,m in IN. The matrix A is said to be
nonnegative, if all of its entries are nonnegative. The matrix A is said to be positive, if all of its
entries are positive.

Let us note that every transition matrix of a deterministic finite automaton (or every adja-
cency matrix of a digraph) is a nonnegative matrix (in fact, these matrices are nonnegative integer
matrices). This is the main reason of the immense importance of nonnegative matrices in the
theory of equiloaded DFA and DFAe.

A.4.1 Irreducible Matrices

Now, we shall define the concepts of reducible and irreducible matrices, following the definition of
[31].

Definition A.4.2 Let A be an n X n square matrix, for some nonnegative integer »n in IN. For
n > 2, the matrix A is said to be reducible (or decomposable), if there exists an n x n permutation

matrix P, such that
4 pr_( B C
P-A.-P —( 0 D >,

where B and D are square submatrices, and 0 is a zero submatrix. The matrix A is said to be
irreducible (or indecomposable), if it is not reducible. For n = 1, the nonzero matrix is said to be
irreducible by definition. However, we shall consider the 1 x 1 null matrix to be reducible.°

Let us note that since every permutation matrix is orthogonal, we can rewrite the condition
from the previous definition also as

A p1_ (B C
P-A-P _(OD'

Following [31], we shall derive the alternative definition of irreducible matrices (Theorem
A.4.8).

Lemma A.4.3 Let A be an n x n irreducible nonnegative matrix, for some nin N, n > 2. Lety
be a nonnegative column vector with n entries that has exactly k, 1 < k < n — 1, positive entries.
Then (I,, + A) - y has more than k positive entries.

Proof. Let us denote
T
Y =Wy ym)
By our assumption, exactly k numbers of y1,12, ...,y are positive and the rest n — k numbers are
zero. Moreover, let P be a permutation matrix, such that for

P.y=x= (xl,xz,...,xn)T,

the entries x1, . .., x; are positive, and the entries x4, ..., x; are zero.
Since A is nonnegative, the column vector

(In+A)-y=y+Ay

must have at least k positive entries and at most n — k zero entries. We shall prove, that it has
more than k positive entries and less than n — k zero entries.

For the purpose of contradiction, let us suppose that it has exactly n — k zero entries. This
implies that if y; = 0, then (A-y); = 0, fori = 1,...,n. Therefore (P- A -y); = 0, whenever

10Since otherwise, many presented theorems on irreducible matrices would have to exclude this special case. However,
in [31], the 1 x 1 zero matrix is considered to be irreducible.
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xj =0,ie, (P-A-y); =0fori =k+1,...,n Furthermore,y = P~'-x = PT.x (since Pis a
permutation matrix, that is always orthogonal). So (P- A - PT -x); =0fori =k+1,...,n.
Now, letusdenote R =P - A - PT = (ri,]-)nxn. Then

n k
(R-x); = Ziri’jxj = Z%ri’jxj =0
= =

fori = k+1,...,n. Butsince xj > Oforj=1,...,k wehave tij = Ofori =k+1,...,nand
i=1,...,k Thus the matrix R = P - A - PT has a form

_p a.pr_( B C
R_PAP_<OD ,

where B and D are square submatrices, and 0 is a zero submatrix. Thus, A is reducible, and that
contradicts our assumption. U

Corollary A.4.4 Let A be an n X n irreducible nonnegative matrix, for some n inIN, n > 1. Lety
be a nonzero nonnegative column vector with 1 entries. Then (I, + A)"~! - y is a positive column
vector.

Proof. According to Lemma A.4.3, forn > 2, (I, + A)' -y has at least one more positive entry
than (I, + A)""! .y, fori = 1,...,n — 1. Since y = (I, + A)? - y has at least one positive entry,
(I, + A)"1 .y must have at least n positive entries, i.e., (I, + A)"~! - y is a positive column
vector. For n = 1, the statement of the corollary is obvious. O

Corollary A.4.5 Let A be an n x n nonnegative matrix, for some 7 in IN, n > 1. The matrix A is
irreducible if and only if (I, + A)"~! is a positive matrix.

Proof. Let the matrix A be irreducible. Let us denote the unit column vectors with # entries by

e; =(0,...,0,1,0,...,0)7, i=1,...,n

——— N —r
i—1 n—i

Then, according to Corollary A.4.4, (I, + A)”’1 - e; is a positive vector fori = 1,...,n. In other
words, all columns of the matrix (I, + A)"~! are positive. Thus, (I, + A)" ! is a positive matrix.

On the contrary, let (I, + A)"~! be a positive matrix. It is clear that each positive matrix
is irreducible, and so (I, + A)"~! is an irreducible matrix. But this implies that I, + A is also
irreducible, since if it was reducible, we could write

P-(In+A>-P1:(ﬁ g)

and therefore

—1
P-(I,+A)"1t.p _(P I, +A-P ) _<0 5 (% o)

ie, (I, + A)”_1 would be reducible. That is, I, + A is irreducible. But then also A is irreducible,
since for each matrix M, the diagonal entries of M have effect only on diagonal entries of the
matrix P - M - PT, but no effect on off-diagonal entries. The matrix A is therefore irreducible and
the corollary is proven. g

Lemma A.4.6 Let A be an n x n irreducible nonnegative matrix, for some 7 in IN. Then A does
not have any zero column.
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Proof. For the purpose of contradiction, let us suppose that the s-th column of the matrix A is
zero, for some sin {1,...,n}. Let us define the permutation matrix P by

P11 P12 --- Pin
po| P
Pn1 Pn2 --- Pun

where

i,j=1,...,n

_{ 1 if(i,j)=(Ls)or(i,j)=(s,1))orl1 #i=j#s
pij = !

0 otherwise

The left-multiplication of A with P does only permute the rows of the matrix A, and the zero
column is still present in the matrix P - A. The right-multiplication with pT permutes columns,
and therefore the first column of the matrix P - A - PT is zero. Now, if we define the submatrix B
to be the 1 x 1 null matrix, it is clear that the matrix P - A - PT has a form

A pr_( B C
PAP_(OD ,

where B and D are square submatrices, and 0 is a zero submatrix. Thus, the matrix A is reducible,
i.e., a contradiction. O

Lemma A.4.7 Let A be an n X n irreducible nonnegative matrix, for some # in IN. Then A does
not have any zero row.

Proof. The lemma can be easily proved in a similar manner as Lemma A.4.6. g

Theorem A.4.8 Let A be a nonnegative n X n matrix for some n in IN,

al,l 111’2 . {11’,,1
a2,1 azp ... A2p
A= .
an/l an,Z oo Anm
For k in IN, let us denote!!
(k) (k) (k)
RCGER
Ak — Gr1 Gy 45 1
k) (k) k
Ay1 Aup n,n

The matrix A is irreducible if and only if for all i, j in {1, ...,n}, nonnegative integer k in IN exists,
such that afl;.) > 0.

Proof. Let A be irreducible. From the Corollary A.4.5 it follows, that the matrix (I, + A)" ! is
positive. Let us denote

A, - (a;,]‘)nxn - (In + A)i’l—l . A.

Since (I, + A)”’1 is positive and, according to Lemma A.4.6, A does not have any zero column,
the matrix A’ is positive as well. Let ¢y, ¢3, ..., c,—1 in R be constants, such that

A=A+, - A" oy A4 A,

1I'We shall use this notation also later on in this section.



150 A.4 Nonnegative Matrices

ie.,
/ n n—1 2 1
a; = “z(,j) + Cn—1 '“z(,j ) +...+c ag,j) +c1 'az(,j)

for all i,j in {1,...,n}. But since al’-,]- > 0 for all ,j in {1,...,n}, it follows that for all 7,/ in

{1,...,n} there must be a nonnegative integer k in {1, ..., n} such that ”51;) > 0.

Now, let us prove the converse statement. We shall prove, that if the matrix A is reducible,
(k)
i

i

p.A.pT:(B C>

then there exist i,jin {1,...,n}, such thata;’ = 0 for all k in N. Since A is reducible, a permuta-

tion matrix P exists, such that

0 D

where B and D are square submatrices, and 0 is a zero submatrix. Let B be an s X s submatrix.
Clearly, for all (i,j) withiin {s+1,...,n} and with jin {1,...,s}, the (i,j) entry of P - Ak . pT s
zero for all k in IN. But there clearly is a one-to-one correspondence between entries of P - M - PT
and entries of M, that is the same for all matrices M of size n x n (for fixed P). Thus, the matrix A

also has the entry (i/,j') in {1,..., n}z, such that af,k;, = 0 for all k in IN. The theorem is therefore

proven. g

As already mentioned, Theorem A .4.8 provides the alternative definition of irreducible matri-
ces. In fact, the manipulation with the definition according to Theorem A.4.8 is sometimes more
easier than the manipulation with the original formulation from Definition A.4.2 (at least for the
purposes of this report). In some texts, the definition provided by Theorem A.4.8 is actually used
as a primary definition (e.g., in [5]). However, the definition provided by Theorem A.4.8 says
almost nothing about the etymology of the term irreducible.

There is an interesting connection of the notion of an irreducible matrix to graph theory (and
as a consequence also to the theory of deterministic finite automata). From Theorem A.4.8, it
is clear that a digraph has an irreducible adjacency matrix if and only if the digraph is strongly
connected and different from the isolated vertex without any loops (because the entry (i, j) of the
k-th power of the adjacency matrix is exactly the number of walks of length k from the i-th vertex
to the j-th vertex). In other words, a deterministic finite automaton has an irreducible transition
matrix if and only if its graphical representation is strongly connected and different from the
isolated state without any transitions.

However, this can also be seen, after a little effort, directly from Definition A.4.2. A transfor-
mation P - A - PT of an adjacency matrix A of a given graph, where P is a permutation matrix,
can be interpreted simply as a relabeling of vertices. The graph therefore has a reducible tran-
sition matrix if and only if its set of vertices V(G) can be decomposed into two sets V; and V,
(corresponding to submatrices B and D in Definition A.4.2) such that there is not any edge from
vertex in V; to vertex in Vj. If we would contract the vertices of both of this sets into a single
vertex, the resulting graph would be clearly a directed acyclic graph. In other words, the graph
is not strongly connected. The converse can be observed in a similar manner. The role of permu-
tation matrix P is only to relabel the vertices in order to “bring together” the vertices in the same
strongly connected component.

In the following theorem, we shall show that every nonnegative eigenvector of an irreducible
nonnegative matrix is strictly positive.

Theorem A.4.9 Let A be an n X n nonnegative irreducible matrix. Let x be a nonnegative eigen-
vector of A with corresponding eigenvalue A. Then x is positive.

Proof. Since x is an eigenvector with corresponding eigenvalue A,
A-x=A-x (A.17)

Since both the matrix A and the eigenvector x are nonnegative, (A.17) implies that A has to be
nonnegative as well. Moreover, from (A.17) we have

(L+A)-x=(14+1)x (A.18)
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For the purpose of contradiction, let us suppose that x is not positive, i.e., that x has k > 0 zero
entries. It is clear that (1 + A) - x has k zero entries as well. However, according to Lemma A .4.3,
(I, + A) - x has less than k zero entries, which contradicts (A.18). Thus, x cannot have a zero
entry, i.e., the eigenvector x is strictly positive. O

A.4.2 The Collatz-Wielandt Function

In this subsection, we shall define and study some properties of the Collatz-Wielandt function.
The Collatz-Wielandt function will be of crucial importance for the proof of the Perron-Frobenius
theorem, presented in Subsection A.4.5. In this subsection, we shall follow [31]. Moreover, in this
subsection we shall use the symbol IP to denote the set of nonnegative real numbers.

Definition A.4.10 (The Collatz-Wielandt Function [7] [40]) Let A be an n x n irreducible non-
negative matrix, for some n in IN. The Collatz-Wielandt function associated with the matrix A is
the function f4 : P" \ {0} — P defined by

. (A'XT>i
fa(x) = min

for all nonzero x = (x1,...,x,) in P".12

In the following lemma, we shall prove several basic properties of this function. As a con-
sequence of the lemma, we shall also acquire an intuitive understanding of the concept of the
Collatz-Wielandt function.

Lemma A.4.11 Let A be an n X n irreducible nonnegative matrix, for some nonnegative integer
nin IN. Let f4 : P"\ {0} — IP be the Collatz-Wielandt function associated with A. Then the
following three properties hold:

1. The function f, is homogeneous of degree zero, i.e., for all x in IP" \ {0} and for all « in
P\ {0},
fa(a-x) =" fa(x) = fa(x).

2. For given x in P" \ {0}, f4(x) can be defined by

fA(x):max{pEIP ‘A-xT2p~xT},

i.e., fa(x) is the largest nonnegative!3 real number p, such that A - xT > p - xT.

3. For given xin P"\ {0} andy = ((I, + A)"! -xT)T, the inequality f4(y) > fa(x) holds.
Proof. We shall prove each claim separately.
1. Letx = (x1,...,x,) beinP" \ {0} and a be in IP \ {0}. Then,

(AT, e (AT),(AT),
falax) = min = ot = min oS S min S = fa o).

12In the context of the Collatz-Wielandt function (unlike in the rest of this report) we work primarily with row vec-
tors instead of column vectors. The reason for this is notational convenience (despite some complications with using
transposes).

131t is obvious that A - xI > 0, so the number p is well defined. The number p therefore could be, equivalently, defined
to be the largest such real number.
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2. It follows directly from the definition of the Collatz-Wielandt function that
A-xT > fa(x)-xT

and that for at least one coordinate k in {1,...,n}, (A-xT), = (fa(x)-x"),. Thus, for all
p' > fa(x), there is at least one coordinate kin {1,...,n}, such that (o - x7), is greater than
(A -xT),. The claim is therefore proved.

3. As we have observed,
A-xT > fa(x)-xT. (A.19)

By multiplying both sides of (A.19) by (I, + A)"~!, we obtain
L+ A"V AXT > fa(x)- (I, +A)" - xT. (A.20)
Now, clearly A - (I, + A)"~! = (I, + A)"~! . A, that is, we can rewrite (A.20) as
A-(Li+A)"1xT > fa(x)- (1, + A" LoxT,
ie, A-yT > fa(x)-y!. The result f4(y) > fa(x) now follows from the claim 2.

The lemma is proved. U

As we have already anticipated, it is possible to acquire an intuitive understanding of the
concept of the Collatz-Wielandt function from Lemma A.4.11. From the claim 2 of the lemma, it
is clear that if x” is the (right) eigenvector of the matrix A, then f4(x) is equal to the eigenvalue
corresponding to x” (since both the matrix A and the eigenvector x' are real and nonnegative,
the eigenvalue corresponding to x! has to be real and nonnegative as well). If x is not the
eigenvector, then the value of the Collatz-Wielandt function at x can be interpreted as a “lower
eigenvalue” corresponding to x”. In other words, the matrix A “behaves as” the scalar value
fa(x) for at least one coordinate of x”, and for each other coordinate of x”, the matrix A “behaves
as” some larger scalar value.

Notation A.4.12 Let n be in IN. By E", we denote the standard (n — 1)-simplex, i.e., the set

E" = {(xl,...,xn) cP"

ixizl}.

i=1

The following theorem is of crucial importance for the proof of the Perron-Frobenius theorem,
presented in Subsection A.4.5.

Theorem A.4.13 Let A be an n x n irreducible nonnegative matrix, for some #n in IN. Then the
Collatz-Wielandt function f4 associated with A attains a maximum in E".

xGE”}.

The set G can be clearly seen to be a closed and bounded subset of R”, and thus, G is compac
By Corollary A.4.5, (I, + A)"~! is a positive matrix, and therefore all n-tuples in G have all
components strictly positive. It can be easily seen that f4 is continuous at any such n-tuple, thus
fa is continuous on G.

Proof. Let us define the set G by

G = { ((In +A)n71 -XT)T

.14

This follows from the Generalized Heine-Borel theorem (see, e.g., [35]).
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Every continuous function defined on a compact subset S of R” attains a maximum in S."
Thus, f, attains a maximum in G (at some point y"** = (y{"*, ..., y;***) in G). Now, let X;;;5x be
defined by

1

i Y
Clearly, Y1 4 x"% =1, and thus x™** is in E". Now, let x be an arbitrary vector in E", and

let y in G be defined by y = ((I, + A)"! ~xT)T. By the claim 3 of Lemma A.4.11, we have
fa(x) < fa(y). By the maximality of y"** in G, we have f4(y) < fa (y"™**). And finally, by the
claim 1 of Lemma A.4.11, we obtain

fA (ymuX) — fA <<éy;’l’lﬂx> 'Xmax> — fA (xmaX) .

max

Thus, fa(x) < fa (x™*) for all x in E", i.e., the function f4 attains a maximum in E" at the point
xmax_ |:|

A.4.3 The Perron-Frobenius Eigenvalue

In this subsection, we shall in fact prove a part of the Perron-Frobenius theorem and show that ev-
ery irreducible nonnegative matrix has a unique (as to the algebraic multiplicity) real eigenvalue
equal to its spectral radius, referred to as the Perron-Frobenius eigenvalue. However, the Perron-
Frobenius theorem involves more claims, and we shall state and prove the complete theorem in
Subsection A.4.5. We shall follow the presentation of [31].

Theorem A.4.14 Let A be an n X n irreducible nonnegative matrix,

al,l ﬂ]lz e al,n
a2,1 112,2 . {ern

= . . 7
Lln,1 ﬂn,z ve e an,n

for some 7 in IN. Let p be the spectral radius of A. Then p is an eigenvalue of A, referred to as
the Perron-Frobenius eigenvalue [4] of the matrix A.'® Moreover, there is a positive eigenvector x,

in E" corresponding to p'” and the formulas'®

T
p=maxfa(x), X = (argg;%zsf/a (X)>
hold.

Proof. According to Theorem A.4.13, a vector x™** in E" exists, such that f4 (x™**) > fa(x) for
all xin E". Let us define

A= faq (XM
The number A is clearly positive, since for u = % -(1,1,...,1) we have
———
n
. (A . uT) ) ) n
)\ZfA(u):izrnl}{l’ni% L :izrnl,l..r.l,n];ai/j>0,

15See, e.g., [29].

16The eigenvalue p is also referred to as the maximal eigenvalue [31], or as the leading eigenvalue [18] of the matrix A.
17Referred to as the Perron-Frobenius eigenvector, the maximal eigenvector, or as the leading eigenvector.

18The first formula is referred to as the Collatz-Wielandt formula [30].
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where the last inequality follows from the fact that an irreducible matrix cannot have a zero row
(Lemma A.4.7). We shall first show that A is an eigenvalue, and that there is a positive eigenvector
corresponding to A. Later, we shall show that A is equal to the spectral radius p.

Let us show that A is an eigenvalue of A with corresponding eigenvector (x"** )T. According
to the claim 2 of Lemma A.4.11, A - (x™)T > A . (x")T We shall show that A - (x™*)T =
A- (x0T e, that A is an eigenvalue and that (xmax)T s a corresponding eigenvector. For the
purpose of contradiction, let us suppose that A - (x™)T £ A . (x#¥)T Then

A- (xmaX)T —A- (xmaX)T
is a nonzero nonnegative column vector. Thus, according to Corollary A.4.4, the column vector

(Lot A" (A ()T - (o))

T
is positive. Now, let us define y"** = (y}"™*,...,yj") = ((In + At (x"””‘)T) . Since clearly

L+ A A=A (1, + A",

the column vector
A (ym )T — A (yme)T

is positive as well. Thus, a positive number ¢ exists, such that the column vector
A-(y" )T = (A+e) - (ym)T
is nonnegative. Thus, by the claim 2 of Lemma A.4.11,

Ate< fa(y™),

ie.,
A< fa(y™). (A.21)
Now, let us define x< by
1
x< = Cymax
1y

Then by the claim 1 of Lemma A.4.11,

fa(y") = fa (x7).
Thus, (A.21) implies
A< fA (X<) ,

is clearly in E", contradicts the definition of A. Thus, A is an eigenvalue and
"ex is in E", x™** is nonnegative, and therefore, by

which, since x<

x"* is a corresponding eigenvector. Since x
Theorem A.4.9, positive.
It remains to show that A = p. Since A is a positive real number, it suffices to show that for all
eigenvalues A’ of A, |\/| < A.
In fact, let A in C be an eigenvalue of Aand z = (z1,...,z,) Thea corresponding eigenvector,
ie.,
A-z=) -z

Then,

n
/\’-zt:;at,j~zj, t=1,...,n,
]:
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and thus
n
‘A/"‘Zt|§2at,j'|2]'|, t=1,...,n.
j=1

That is,
A ]z] < A-Jz|,

where |z| denotes the column vector |z| = (|zq],...,|zu|)T. Thus,

N) < fallel) = fa (g 1ol ) <

i=1 |zl

where the first step is by the claim 2 of Lemma A.4.11, the second step is by the claim 1 of Lemma
A.4.11 (the vector |z| is being normed as to belong to E”), and the third step is by the definition
of A. O

In the following lemma, we shall observe that the dimension of the eigenspace corresponding
to the Perron-Frobenius eigenvalue (i.e., its geometric multiplicity) is always 1. We shall use the
lemma in the proof of Theorem A.4.16, where we shall show the same for the algebraic multiplic-
ity of the Perron-Frobenius eigenvalue.

Lemma A.4.15 Let A be an n x n irreducible nonnegative matrix, for some 7 in IN. Let p be the
Perron-Frobenius eigenvalue of the matrix A. Then the geometric multiplicity of p is 1.

Proof. According to Theorem A.4.14, a positive eigenvector x = (x1,.. ., xn)T corresponding to
p exists. Let y be an arbitrary eigenvector of A corresponding to p. We shall show that x and y
are linearly dependent and the result will follow.
Since y is an eigenvector corresponding to p, y = (y1,...,y»)" is a nonzero column vector
and the identity
Ay=p-y (A.22)

holds. From (A.22), we may derive (in exactly the same way as in the proof of Theorem A.4.14,
with the use of the fact that p is positive) the inequality

A-lyl=p-lyl,

where |y| = (|y1],..., [yn])T. If A+ |y| # p - |y, then, in the same way as in the proof of Theorem
A.4.14, it is possible to conclude that for y’ = (I, + A)"~! - |y|, the inequality

o < faly')

holds. This leads to the same contradiction as in the proof of Theorem A.4.14. Thus, |y| is an
eigenvector of A corresponding to p. The eigenvector |y| is clearly nonnegative, and therefore,
by Theorem A.4.9, positive. Thus, y does not have any zero entry. Specially, y; # 0. Moreover,
this is true for all eigenvectors y corresponding to p, so we may conclude that if a column vector
has a zero entry, then it is not an eigenvector corresponding to p.

Let us now consider a column vector y1 - x — x1 - y. The first entry of this column vector is
zero, and thus it is not an eigenvector corresponding to p. However, it is a linear combination of
eigenvectors corresponding to p and therefore is in the eigenspace corresponding to p. Thus,

Yyi-x—x1-y=0,
where x1,17 # 0, i.e., the vectors x and y are linearly dependent. g

In the following theorem, we shall show that the Perron-Frobenius eigenvalue is always sim-
ple, i.e., its algebraic multiplicity is always equal to 1.
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Theorem A.4.16 Let A be an n x n irreducible nonnegative matrix,

Ll1/1 ﬂ1,2 . aLn

tlz/l 612’2 e 612’,,1
A= ) S : ,

ap1 A2 .- Aun

for some 7 in IN. Let p be the Perron-Frobenius eigenvalue of the matrix A. Then the algebraic
multiplicity of p is 1.

Proof. Letch(A) = |A — A - 1,| be the characteristic polynomial of the matrix A. We shall show
that p is a simple root of the polynomial ch(A). We have already proved that p is an eigenvalue of
A, and therefore is a root of ch(A). Thus, it remains to show that p is not a multiple root of ch(A).
To prove this, it suffices to show that ch’(p) # 0, where ch’(A) is the first derivative of ch(A).

Let us first derive a formula for the first derivative of the determinant of a matrix of differen-
tiable functions. Let X(A) be a matrix

xlrl()\) xlrz()\) xl,n()\)
X()\) _ erl.()x) erz‘()t) xZ,n.()L) ,
Xp1(A) xp0(A) oo xpa(A)
with Xij R — R being a differentiable function of variable A, fori,j =1,...,n. Then,
%‘X(AH:% ngn qur() ngn ( Anxza ) =
TES, oESy
= Z sgn Z (d/\ ltf( ) H xk,(r(k)()\) =
oEeS, i=1 1<k<n
ik
L d
=) ) (Mxi,(r(i)(/\)) -sgn(o) - [T xem(A) =
i=10€S, 1<k<n
i£k
n d n—1
= Z <d)in,j(/\))' Z (— 1)1+] sgn(c ka+[k>z] a’(k+[k>1])+[0/(k+[k>1])>]]( )=
ij=1 o’'€S, 1
no/d o n—1
=L (cmxi'fm) (DT ) senle ka+[k>l] ! (k4 (ki) + [0 (k- ki) 251 (A) =
i,j=1 o’'eS, 1 k=
L d
- ¥ (dAxl](A)) X;(A)
ij=

where X; ;(A) is the cofactor of the entry (i, j) of the matrix X(A), i.e, X;j(A) = (—1)"/ - |Y;;(A)],
where Y;;(A) is an (n — 1) x (n — 1) matrix obtained from matrix X(A) by deleting the i-th row
and the j-th column.

Thus, we may express the derivative ch’(A) of the characteristic polynomial (we shall denote
the cofactor of the entry (i, j) of the matrix A — A - I, by cof; (A — A - 1,)) as

d o(d
Ch/()t) = f‘A—)\-In| = Z <d/\ (111‘,]' —51‘/]' . )) 'COfl'/]‘(A—/\-In) =

d n
<d/\ (aii — A)) ~cofji(A=A-T,) = =) cofii(A—A-T,) =
i1

= —tr(adj(A — A -1,,)).
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Thus,
et (p) = —tr(adi(A — p - 1,)).

Now, from the elementary properties of the adjugate matrix and from the fact that p is a root of
|A — A -1,|, we obtain

(A—p-Iy)-adj(A—p-I;) = [A—p T4 - I, = 0. (A.23)

By Lemma A.4.15, the Perron-Frobenius eigenvalue p has a geometric multiplicity equal to 1,
i.e., the eigenspace corresponding to p has dimension 1. Thus, the rank of the matrix A — p - I, is
n — 1. As a consequence, at least one cofactor of A — p - I, is nonzero, and thus

adi(A—p-1,) £ 0.

The adjugate matrix adj(A — p - I;) therefore has at least one nonzero column. Letiin {1,...,n}
be a number of some nonzero column of adj(A — p - I,,), and let ¢; be the corresponding column
vector.

By (A.23), we get (A —p-1,) - ¢; = 0. Thus, ¢; is an eigenvector corresponding to p. Since
p is of geometric multiplicity 1 and by Theorem A.4.14, p has a positive eigenvector, ¢; has to
be a nonzero real multiple of a positive column vector, i.e., the entries of ¢; are either all strictly
positive, or all strictly negative.

Since ¢; has been chosen as an arbitrary nonzero column of adj(A — p - I,), it follows that each
column of adj(A — p - I,) is either strictly positive or strictly negative or zero. Moreover, there is
at least one nonzero column of adj(A —p - I,).

Further, adj(A — p - I,)T = adj(AT — p - I,,), where AT is an irreducible nonnegative matrix
with the Perron-Frobenius eigenvalue p. Thus, we may conclude the same for the columns of
adj(A —p-1,)7, i.e., each column of adj(A — p - I,;)7 is either strictly positive or strictly negative
or zero, and there is at least one nonzero column of adj(A — p - In)T. In other words, each row
of adj(A — p - I,) is either strictly positive or strictly negative or zero, and there is at least one
nonzero row of adj(A —p - I,).

As we have already observed, adj(A — p - I,;) has at least one nonzero entry, say, (i, j). Then the
whole i-th row must be strictly positive or strictly negative, which implies that either all columns
of adj(A — p - I;) are strictly positive or all columns are strictly negative. Thus, adj(A — p - I,) is
a positive matrix or a negative matrix. Therefore,

cH(p) = —tr(adj(A —p-1,)) £0,
i.e., the algebraic multiplicity of p is 1. O

We shall end up this subsection by a simple corollary of Lemma A.4.15, which assures that
the Perron-Frobenius eigenvector of a given irreducible nonnegative matrix is unique.

Corollary A.4.17 Let A be an n X n irreducible nonnegative matrix, for some n in IN. Let p be
the Perron-Frobenius eigenvalue of the matrix A. Then there is exactly one eigenvector x, in E",
corresponding to p. Moreover, the Collatz-Wielandt function f,4 (x) attains exactly one maximum
in E™.

Proof. Theorem A.4.14 assures the existence of at least one such eigenvector x;). However, by
Lemma A .4.15, the dimension of the eigenspace corresponding to p is 1, and thus each eigenvec-
tor corresponding to p has to be a scalar multiple of x;,. However, for ¢ # 1, ¢ - x;, cannot be in E".

0
. . ! .
Thus, the eigenvector x, = x,, is unique.

The existence of a maximum of f4(x) in E" is assured by Theorem A.4.13. However, in The-
orem A.4.14 we have proved that every such maximum is an eigenvector of A corresponding to
p. Thus, this maximum is unique as well. O
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A.4.4 Dominating Nonnegative Matrix

In this subsection, we shall present a definition of a dominating nonnegative matrix and prove an
important theorem (Theorem A.4.19) due to Wielandt [40] pointing out an interesting property of
these matrices. We shall use the presented theorem in the proof of the Perron-Frobenius theorem
in Section A.4.5. As in the previous subsections, we shall follow the presentation of [31].

Definition A.4.18 Let C = (c;;), . in C"*" be a complex matrix, and A = (a;;) _ inP"*" be
a nonnegative real matrix, for some 7 in IN. The nonnegative matrix A is said to dominate the

complex matrix C, if forall i,j in {1, ..., n}, the inequality \ci,j| < a;; holds.

In other words, a nonnegative matrix A dominates the complex matrix C, if each entry of A is
greater than or equal to the absolute value of the corresponding entry of C.

Theorem A.4.19 (Wielandt [40]) LetC = (c;;),  inC"*" beacomplex matrix,and A = (a; ;)

nx nxn
in P"*" be an irreducible nonnegative matrix dominating C. Let p be the Perron-Frobenius eigen-

value of the matrix A, and A be an arbitrary eigenvalue of C. Then the inequality
Al<p (A24)

holds. Moreover, the equality occurs in (A.24), if and only if a real number ¢ in R exists, such
that A = p-€'?, and
C=¢?.D-A-D!

for some complex diagonal matrix D = (d; j)nxn in C"*", such that |d;;| = 1fori=1,...,n.

Proof. Lety be an eigenvector of the matrix C corresponding to the eigenvalue A, i.e., a column
vectory = (y1,...,yn)" # 0, such that

Cy=A-y. (A.25)

By the triangle inequality, we may prove (in exactly the same way as in the proof of Theorem
A.4.14) that
ICl-Tyl =[] Tyl (A.26)

where |C| is the matrix (|cjj|)nxn, and |y] is the column vector (|y1],..., [yu])”. Now, since the
matrix A dominates C, and since all entries of |y| are nonnegative, (A.26) implies

A-lyl = [C]- ]yl = [A]- ]yl (A27)

and thus, consecutively by the claim 2 of Lemma A.4.11, by the claim 1 of Lemma A.4.11, and by

Theorem A.4.14,

A< Fally]) = fa (1 - |y|) <p (A28)

Y |yl
and the first part of the theorem is proved.

Now, let us prove the second part of the theorem. For the proof of the first implication, let
us suppose that C = ¢/ - D - A- D! for some ¢ in IR, and for some complex diagonal matrix
D = (dl-,]')nxn in C"*", such that |d;;| = 1fori = 1,...,n. The matrices C and ¢'? - A are then
similar, i.e., A = p - ¢? is an eigenvalue of C, and clearly |A| = p.

Let us now prove the converse implication. For this purpose, let us suppose that in (A.24), the
equality holds, i.e., |A| = p. Then, a real number ¢ exists, such that A = p - ¢'?. Then from (A.28),
we get fa(]y|) = p. Thus, according to Theorem A .4.14,

iyl = (; |yi|) (gopr ) - (; |yz-|) Xy
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is a positive eigenvector corresponding to p (i.e., a nonzero scalar multiple of the Perron-Frobenius
eigenvector). Therefore, (A.27) implies

A-lyl=ICl-lyl=p-lyl, (A.29)

ie.,
(A=I[C|)- [yl =0. (A.30)

Since |y| is a nonnegative column vector and, at the same time, a nonzero scalar multiple of
the Perron-Frobenius eigenvector, |y| must be positive (since, by Theorem A.4.14, the Perron-
Frobenius eigenvector is positive). Moreover, since A dominates C, A — |C| is a nonnegative
matrix, and thus (A.30) implies

A=|C|. (A.31)

Now, let us define the diagonal matrix D by
o
[y1l

D = |y2|

[y

Moreover, let us define 4
G = (gijJnxn=¢"9-D1.C-D.

Since clearly y = D - |y|, from (A.25) we obtain

C-D-|y|=A~D-|y|=p-ei4’-D~|y|.

Thus,

G-lyl=p-lyl
and by (A.29),

G-lyl=A4-lyl (A.32)
Now, G was defined so that |G| = |C| holds (where, as in the previous cases, |G| is defined to be

a matrix (|g; j[)nxn), and therefore, by (A.31),

|G| = A.
Thus, (A.32) implies
G- [yl =Gyl
That is,
(IGI=G)-lyl=0
ie.,

n

Y (lgijl = gij)-lyjl =0, i=1,...,n

=1

As we have already noted, the vector |y| is positive, and therefore, |y;| > 0 for j = 1,...,n.
Thus, since the real part of |g; ;| — g;; is clearly nonnegative fori,j = 1,...,n,[g;;| — gij = 0 for
i,j =1,...,n. Thus, we have proved that

G=|G|=A.
Thus, from the definition of G, we have
C=¢?.D.-G-D'=¢9.D-A-D!

and the theorem is proved. O
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A.4.5 The Perron-Frobenius Theorem

Now we are prepared to state and prove the main result of this section, i.e., the Perron-Frobenius
theorem. The core of the proof is by [31].

Theorem A.4.20 (Perron, Frobenius [33] [13]) Let A = (a;;)

ative matrix, for some n in IN. Let A := p(A) be the spectral radius of the matrix A. Then a
positive integer p in INT exists, such that the following properties hold:

, be ann x n irreducible nonneg-

1. The matrix A has exactly p complex eigenvalues of absolute value A, which are
A AT A2

All of these eigenvalues have their algebraic multiplicity equal to 1.

2. The (right) eigenvector x of the matrix A corresponding to the eigenvalue A is positive.
Moreover, all nonnegative eigenvectors of the matrix A are scalar multiples of x.

3. The matrix A is similar to e2m/P . A ie., the spectrum of the matrix A is invariant under the
multiplication by e/P.

Proof. In Theorem A.4.14, we have proved that A is an eigenvalue of the matrix A, and in
Theorem A.4.16, we have proved that the algebraic multiplicity of A is 1. Now, let us suppose
that the matrix A has p eigenvalues of absolute value A,

M Az Ap.

Without loss of generality, let us suppose that A; = A, and A,,..., A, # A. Then, each of the
eigenvalues )\j, j=2,...,p, can be written as

Aj= A€,

for some nonzero ¢; in R. Moreover, the matrix A clearly dominates itself. Thus, by Theorem
A.4.19, a complex diagonal matrix Dj exists for j = 2,..., p, such that

A=¢é%.D; A Dj_l. (A.33)

In other words, the matrices A and ¢'% . A are similar, and therefore have the same spectrum.
Moreover, since A is a simple eigenvalue of A, A - ¢'?] is a simple eigenvalue of ¢'¥/ - A. That is,
forj=2,...,p, A-e'% is a simple eigenvalue of A. Since A is real, let 1 = 0.
Without loss of generality, let us suppose 0 = ¢1 < @2 < ... < ¢@p < 271. We shall show that
_2n(j-1)

= (A.34)
@i p

forj = 1,...,p. To achieve this, let 7, s be two (not necessarily distinct) numbers in {2,...,n}.
Then, by (A.33),

A=¢%.D,-A-D;t=¢%.D,. (ei9”5-DS~A-D;1) D' =
= oilortos) . (D,-Ds)-A-(Dy- Ds)_l,

i.e., the matrices A and ¢/(#r+%s) . A are similar for all r,s in {2,...,p} and thus for all 7,s in
{1,...,p}. Thus, forallr,sin {1,...,p}, A~ el (Pr+95) is an eigenvalue of A, and since its absolute
value is A, the equality

A-ellortes) — ) Lol — ),
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has to hold for some tin {1, ..., p}. It can be easily seen that this implies that el .. el are dis-
tinct p-th roots of unity, and from our assumptions about the order of ¢, ..., ¢p, (A.34) follows.

Now, let us prove the claim 2. The existence of the positive eigenvector x = (xq,...,x,)T
corresponding to A follows directly from Theorem A.4.14. Thus, it remains to show the second
part of the claim, i.e., that every nonnegative eigenvector of A is a scalar multiple of x.

To achieve this, it is clearly sufficient to show that the matrix A has exactly one eigenvector
in E" (see Denotation A.4.12). In fact, let y be a positive column vector in E" defined to be the
Perron-Frobenius eigenvector of AT. Since the spectrum of AT is the same as the spectrum of A,
y corresponds to the eigenvalue A.

Now, let z in E" be an eigenvector of the matrix A corresponding to an eigenvalue , i.e.,
A -z = { - z. If we denote the standard inner product on R"*! by (-, ), we obtain

I-(zy)=(A-zy)=(zAT y)=A-(zy). (A.35)

However, y is positive and z is in E”, and therefore (z,y) > 0. Thus, (A.35) implies { = A, i.e, z
is an eigenvector of A corresponding to A. The uniqueness of z then follows from Lemma A.4.15.
The claim 3 follows from (A.33) for j = 2. The theorem is therefore proved. O

Remark A.4.21 The Perron-Frobenius theorem obviously holds also for the 1 X 1 zero matrix,
which is not considered to be irreducible in this report (although is considered to be irreducible,
e.g., in [31]). Thus, we shall extend the notion of the Perron-Frobenius eigenvalue also to this
matrix (clearly, this eigenvalue is zero).

A.4.6 The Normal Form of a Reducible Matrix

The Perron-Frobenius theorem, presented in Subsection A.4.5, provides us with a useful partial
characterization of eigenvalues of irreducible matrices. However, as we have already mentioned,
in this report we are interested in the theory of nonnegative matrices mainly for the reason that
transition matrices of deterministic finite automata are nonnegative. But a transition matrix of
a deterministic finite automaton need not to be irreducible. Thus, the need arises to study the
eigenvalues of nonnegative matrices in general, without the assumption of irreducibility.

As we shall show in this subsection, a useful partial characterization of eigenvalues of non-
negative matrices in general can be obtained by using the concept of the normal form of a reducible
matrix. We shall show that a spectrum of a general nonnegative matrix is in fact a union of spectra
of irreducible matrices that can be found easily for a given nonnegative matrix.

In this report, we use the definition of [39], i.e., the normal form of a reducible matrix is an
upper-triangular block matrix. However, in [31], the normal form of a reducible matrix is defined
to be a lower-triangular block matrix.

Definition A.4.22 Let A be an n X n nonnegative matrix, for some 7 in IN. The matrix A is said
to be in the normal form of a reducible matrix, if it has a block form

Al,l ALQ ... Al,m
0 Az,z e Az,m

A= . ) . ,
0 0 ... Aunm

where m is in IN, and A;; are square submatrices for i = 1,...,m that are either irreducible or
1 x 1 null matrices.

Let us note that talking about the normal form of a reducible matrix may be quite misleading,
since in fact every irreducible matrix satisfies the normal form. That is, talking about the normal
form of a nonnegative matrix would probably be more accurate.

The concept of the normal form of a reducible matrix has a connection to graph theory. If a
digraph G has an adjacency matrix A, it is clear that a permutation matrix P exists, such that the
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matrix P+ A - P~! is in the normal form: it suffices to topologically sort the strongly connected
components of the digraph G and choose a permutation matrix P such that rows and columns
of P- A- P! corresponding to vertices of a given strongly connected component C have lower
indices than the rows and columns corresponding to vertices of each strongly connected com-
ponent that is after C in the topological order. Each diagonal block of a matrix in the normal
form of a reducible matrix therefore corresponds to one strongly connected component of the
corresponding digraph. Thus, it is intuitively clear that the following theorem holds.

Theorem A.4.23 Let A be an n x n nonnegative matrix, for some n in IN. Then an n X n permu-
tation matrix P exists, such that the matrix

P-A.-p!
is in the normal form of a reducible matrix.
Proof. By induction on n.

1. Let n = 1. Then the matrix A is either irreducible or 1 x 1 null, and thus A is in the normal
form of a reducible matrix.

2. Let us suppose that the theorem holds for all n < k — 1 for some k > 2. We shall show that
it holds also for n = k. Let A be a k x k nonnegative matrix. Then it is either irreducible
or reducible. If it is irreducible, then it is in the normal form of a reducible matrix and a
theorem holds.

Let us therefore suppose that A is reducible. Then, by the definition of reducible matrices,
square matrices B and D exist, such that

n._l_ BC
P-A-P _(0 b )

for some permutation matrix P and submatrix C. But B and D are nonnegative matrices of
size smaller than is the size of A and therefore, by the induction hypothesis, permutation
matrices P;, P, exist, such that

P -B-P!

and
P-D-Pyt

are in the normal form of a reducible matrix. Thus, clearly,

-1 -1
P 0 p.a.p-1. P 0 . P 0 . L P 0 )
(0 Pz)PAP (0 Pz) _<<O P, P)-4 0 P P
is in the normal form of a reducible matrix.

The theorem is proved. O

In other words, we have proved that each matrix is similar to a matrix in the normal form of
a reducible matrix. Moreover, the proof of Theorem A.4.23 provides us with a method of finding
this matrix. Therefore, for a given nonnegative matrix, to find eigenvalues with the maximal
absolute value it is sufficient to find this normal form and the Perron-Frobenius eigenvalues of
its diagonal blocks.



Mathematical Preliminaries 163

A.5 Three Number-Theoretic Lemmas

In this section, we shall present three number-theoretic lemmas, third of which we use in the
study of S-equiloaded deterministic finite automata, in Section 2.3 of Chapter 2 (the former two
are necessary for the proof of the third lemma). The presented lemmas are also of great use
in the theory of nonnegative matrices. For instance, they can be used to prove an extremely
useful characterization of primitive matrices (however, we are not concerned with this kind of
nonnegative matrices in Section A.4). More generally, we can say that the presented lemmas are
useful in situations, when there is a need to analyze the behaviour of cycles in directed graphs
(that are closely related to nonnegative matrices as well as deterministic finite automata). We
shall follow the presentation of [3].

Lemma A.5.1 Let S C Z be a set of integers containing at least one nonzero element ¢ # 0.
Moreover, let S be closed under addition and under subtraction. Then a positive integer 4 in N+
exists, such that S = {ka | k € Z}.

Proof. Since S is closed under subtraction and ¢ # 0isin S, also0 = c—cand —¢c = 0—¢
are in S. Thus, S contains both ¢ and —c, which implies that S contains at least one positive
element. Let a be the smallest positive element in S. Since S is closed under addition, the elements
a,2a = a+a,3a = 2a+a,... are all in S. Moreover, since S is closed under subtraction, the
elements —a =0—a,—2a = —a—a,—3a=—-2a—a,...areallin S. Thus S D {ka | k € Z}.
Now we shall prove S C {ka | k € Z}. Let bbein A. Then b = ka + r, where k is in Z, and
risin {0,1,...,a — 1}. But since S is closed under subtraction, b — ka = r is also in S. If r was
in {1,...,a — 1}, then a would not be the smallest positive element of S, i.e., we would obtain a
contradiction. Thus, r = 0 and b = ka for some k in Z. Since this holds for all b in A, the inclusion
S C {ka | k € Z} has to hold. O

Lemma A.5.2 (Bézout’s lemma) Letay,...,a; in N™ be positive integers with greatest common
divisor d. Then integers n1, ..., 1 in Z exist,1? such that

k
d= Z n;a;.
i=1

Proof. Let us define the set S by

k
S = { Z m;a;
i=1

ml,...,mkEZ}.

Let b and cbein S. Then

and

for some mgb), eeey m,({b), mgc), e, m]((c) in Z. Thus,

b+c= i (m(h) + m(c)) a;

i i
i=1

and
k

b—c= Z (ml(b) — mfc)) a;,

i=1

9The values of 11, . .., 1 can be found by the Extended Euclidean algorithm (see, e.g., [8]).
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ie,b+candb —carealsoin S. Thatis, the set S is closed under addition and under subtraction.
Therefore, according to Lemma A.5.1, a positive integer a in INT exists, such that S can be written
as S = {ka |k € Z}. Let

(@)

for some m; ", ..., m,((a) inZ.

Now, d is the greatest common divisor of ay,...,ax, and therefore d divides each a;, i =
1,...,k. Thus d divides a, which implies 0 < d < a. Moreover, a1, ...,a, are clearly all in S,
and since S = {ka | k € Z}, a divides each a;,i = 1,...,k. Therefore a is a common divisor of
ai,...,ax, and thus a < d, since d is their greatest common divisor. Thus, we have d < a and
a<d,ie,a=d. Thus,disin S and integers ny, ..., ny in Z exist such that

The lemma is therefore proved. O

Lemma A.5.3 Let S be a set of positive integers, satisfying the following two conditions:
(i) The greatest common divisor of the elements of S is d.
(ii) The set S is closed under addition.

Then a positive integer ng exists, such that for all positive integers n > ng, such that 4 divides n,
nisin S.

Proof. Let us first assume that d = 1. Every set of positive integers is countable, and therefore
the elements of S can be ordered into a sequence {a,,}$° ;. Let us define the function f () to be
the greatest common divisor of a1, ..., a, for all IN™. The function f(n) is clearly non-increasing
and bounded below by 1. Therefore, f(n) has a limit (the greatest common divisor?’ of elements
of S). Since the values of f(n) are integers, the limit has to be attained after a finite number of
steps. Therefore, a positive integer k in N exists, such that f(n) is the greatest common divisor
of elements of S, for all n > k.

Since the greatest common divisor of elements of S is 1, there is a positive integer k in N,
such that the greatest common divisor of a1, ...,ax is 1. Therefore, by Lemma A.5.2, integers
ny,...,n in Z exist, such that

k
1= 2 n;a;. (A36)
i=1

Let us define

P, = Z n;a;
1<i<k
n;>0

to be the sum of the positive elements of the sum in (A.36), and

201t is clear that if the limit exists, it has to be equal to the value of the greatest common divisor. Formally, it can
be proved as follows: since all function values f(n) are positive integers, the limit has to be a positive integer as well.
Now, if the limit L is smaller than the greatest common divisor, there has to be n such that f(n) = L, and that is the
contradiction. On the other hand, if the limit L is greater than the greatest common divisor, there must be a positive
integer m, such that a,, is not divisible by L (if not, L would be a common divisor greater than the greatest common
divisor, i.e., a contradiction). But this implies f(m) < L, and since f(n) is non-increasing, f(n) < L for all n > m. But
then the function f(n) cannot have L as the limit.
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to be the sum of the negative elements (made positive). From (A.36), we clearly have 1 = P —
P_. Clearly, both P, and P_ arein S.

Now, let n in N be an arbitrary positive integer, such that n > P_(P_ —1). As well as any
other positive integer, n can be written as

n=abP_+r,

where a is in N and r is in {0,1,...,P- —1}. Clearly, a > P_ — 1 (otherwise, we would have
a < P_ —2,and therefore n = aP_ +r < P_(P_ —1)). Now, since 1 = P. — P_, we have

n=aP_+r=aP_+r(Py —P_) = (a—r)P_ +rP;.

But since a > P_ — 1, we also have the inequality a > r,i.e.,a —r > 0. Sincen > P_(P_ —1) > 0,
at least one of the numbers a — r and r is positive. Thus, since P_ and P, are bothin S, botha —r
and r are nonnegative and at least one of them is positive, from the fact that S is closed under
addition, we may conclude that 7 is in S. Thus, we have proved the statement of the lemma for
nop = P_(P_ — 1).

Now, let d > 1. Then, if we divide all elements of S by d, we obtain the set S’ that is closed
under addition and the greatest common divisor of its elements is 1. Thus, by what we have
proved above, the positive integer n{ in IN™ exists, such that for all n > n, n is in S’. Thus, if we
multiply all elements of S’ by d, the resulting set will be clearly equal to S and the property from
the statement of the lemma will clearly hold. Thus, the lemma is proved. O
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