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Abstrakt
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poctoch. PredloZenych je niekol'ko definicii automatov s rovhomernym vyuZivanim prostried-
kov (vyvéazenych automatov). Tieto definicie st formulované pre abstraktné deterministické au-
tomaty, tj. pre abstrakciu automatov definovanti pre tento Gcel. Vyvazenost' je potom predme-
tom $tidia pre tri Specidlne pripady abstrakinych deterministickych automatov: pre determi-
nistické kone¢né automaty, deterministické kone¢né automaty s prechodmi na prazdne slovo a
deterministické jednopocitadlové automaty. V praci je dokdzanych viacero charakterizacii tried
vyvazenych automatov. Praca sa tieZ zaobera triedami jazykov akceptovanych vyvaZzenymi au-
tomatmi.
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Introduction

In this thesis, 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 thesis, 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 thesis, we continue the research initiated in several previous works. In [27] and [28],
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 thesis are based on the definitions used in
these previous works, however are significantly generalized. This generalization is twofold: first,
the definitions presented in this thesis 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 thesis 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 [27] and [28], slightly differ from the definitions of transition-equiloaded deterministic finite
automata, used in [25]. Thus, one of the aims of this thesis is to unify both theories by showing
equivalence of certain definitions and by studying some aspects of equiloaded deterministic fi-
nite 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 thesis, 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 thesis 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 thesis.
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 [27], [28], 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.

In order to preserve a reasonable length of this thesis, we have been forced to omit some of the
material. Some proofs have been omitted or partially omitted in this thesis, and some explanatory
examples have been excluded. Moreover, some of the more advanced mathematics (e.g., the
Perron-Frobenius theory) is used without providing an introduction to the topic. However, the
reader may find the omitted material in the report [26] that is in fact an extended version of this
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 thesis and to examine some of their basic properties that hold independently of 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 thesis. Most importantly, we shall present definitions of computa-
tional models that we shall study in this thesis: 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 thesis.

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 in-
dependently of 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 of 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 thesis. 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.

We assume that the reader is familiar with the idea behind one-counter automata. Thus, we
shall omit the standard definitions of a confinguration, a computation step, an accepted language,
and of a language accepted by empty memory, as well as definitions of a transition and a com-
putation path that are analogous to the definitions for DFA and DFAe. The reader may find these
definitions in our report [26].

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 thesis, 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 thesis, 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 thesis, 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.
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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, . is an input alphabet, G is a (finite or infinite)
set of possible auxiliary memory contents, H 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 (XZU{e}) x H— K x GC is a partial transition function, qo 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

VpeKVhe H: (3(q,u) € KxGC:6(p,e,h) = (q,1)) =
—~(3a e 23(q, 1) € Kx GO :6(p,a,h) = (¢, 1))

is required to hold.

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 .
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,X,G,H,{,Z,5,q0,F) be an abstract deterministic automaton. A
configuration of the automaton A is a triple (g, w, g) in K x £* x G, where g 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, c 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) = 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:

(pycw,8) Fa (qw,8") < 6(p.c,2(8) = (q 1),

where p,garein K, cisin 2 U {e}, wisinX*, g, ¢’ are in G, and y : G — G is a mapping, such that
u(g) = ¢'. If A is 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,

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.
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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,%,G,H,{,Z,6,q0, F) be an abstract deterministic automaton. The
language accepted by the automaton A is the set

L(A) ={w e X" [3(q,8) € FxG: (q0,w,Z2) F4 (4,68)}-

Definition 1.2.5 Let A = (K,X,G,H,{,Z,5,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: (q0,w,Z) -4 (9,€8)}-

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 {0,4}. 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,5,q0,F) be an abstract deterministic automaton. A
transition of the automaton A is a five-tuple

o, hd',u) € Kx (ZU{e}) x Hx K x G,
q q.,u

such that 6(g,c,h) = (4, ). We shall denote the set of all transitions of the automaton A by D4
(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,6,q0,F) be an abstract deterministic automaton. A
computation path of the automaton A is a finite sequence

v =A@ e, q, ), (Gns T, Gy pin) } € Dy
of n transitions of the automaton A, such that q; = go, and the following two properties hold:
(i) Fork=1,...,n—1, the property ;41 = g; holds.
(ii) There is a sequence of auxiliary memory contents,

g=1{g1,...,9n41} € G",

such that:
1. g1 = Z.
2. Fork=1,...,n, the property hy = {(gx) holds.
3. Fork =1,...,n, the property p(gx) = gk+1 holds.

The length |y| of the computation path <y is the number |y| = n. A computation path v 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.
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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.

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',{’,Z', ¢, q;,, F') isomorphic to
A as follows: let K’ = K, X/ = £, G’ = {o}, H = {o}. Next, the read function {’ : G’ — H'is
defined by /(o) = o, and Z’ = o. The transition function 8’ : K’ x (£’ U {e}) x H' — K’ x G'¢'
is defined by

3'(p,e,0) = (q.1d) < d(p,c) =4,

where p,garein K = K/, cisinX U {e} = X' U{e}, and Id : G’ — G’ is an identical mapping on
G’ (i.e., Id(o) = o). Finally, let us define q{, = g0, and F' = F.

Automata A and A’ are clearly isomorphic. Moreover, A’ has ¢-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',8,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'S’ will be defined by

& (pet) = (qu) <= é(p.ct)=(q71),

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

Since the definition of deterministic one-counter automata ensures that if + = 0 then » > 0, the
fl}nction jir always adds r to the counter (auxiliary memory). Finally, let us define g, = o, 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 thesis, 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 thesis.

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

Notation 1.2.10 Let A be an abstract deterministic automaton.
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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 n 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.

f) Acc(A, < n) denotes the (always finite) set of all accepting computation paths of A of length
less than or equal to #n 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 N
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,7v], we shall denote the number of uses of the state g in the computation path <. Similarly,
by the symbol #4 e, 7v], 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 =} #ala,7],  #ale,Cmpl= ) #ale,].
Yy€Cmp Yy€Cmp

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 [27], [28], and [25], in order to study balanced use of
resources in DFA. However, the definition used in this thesis 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
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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.

a) A is said to be strictly state-S-equiloaded, if a real constant # in R exists, such that for all
computation paths 7y in S(A) and for all pairs of states p, g in K, the property

[#lp, v = #la. <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 7y in S(A) and for all pairs of transitions e, f in D, the property

#le, v —#[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—x(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 Ak _spg—«(S),
and the family of strictly transition-S-equiloaded x-languages accepted by empty memory by
Ns5-sEQ—x(S)-

In this thesis, 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 Aby £(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),...},
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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
[27] and [28]. 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.

Definition 1.5.1 Let S be a function which for each pair (A, 1), 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:

mingck #[p, Sn] + 1
maxgex #[q, Su] +1°

Ba(S,n) =

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

mingeD #[e, Sn] + 1
maxgep #[f, Sp] +1°

BA(S,VZ) =

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

a) The (lower) state-equiloadedness S-measure of an automaton A is defined by:
B4(S) = liminf (S, n).

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

BA(S) = li%’nioglfBA(S,l’l).

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 (A, 1), 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 B4(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—E0—-x(S) (Lxk-wEQ-x(S))- Similarly, we shall denote the family of all (weakly) transition-
S-equiloaded x-languages by Z5_gq—x(S) (Ls5-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.
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In this thesis, 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) e S(A,n) =C<(A,n) =Comp(A,<n)
o S(A,n)=A_(A,n) = Acc(A,n) o S(A,n)=A<(A,n)=Acc(A < n)
o S(A,n)=E_(A,n)=eAcc(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 thesis,
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

o H#p S 1
Ba(S) = (p%Iéle lim inf H0S 41 (1.1)

and 4o S .
BA(S) = min liminf F1 51 1 1.2)

(e.f)ep? n—oo #[f, S|+ 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 N, we have

#[p,/ Sl’l] Z ];)nelllg#[p’ Si’l}/

#[q',Su] < max#lg, S,].
gekK

Thus, for all # in IN, the inequality

minpex #[p, Su] +1 _ #[p/,S,] +1

S,n) =
Ba(S,n) maxgex #[q, Sul +1 ~ #[q/, 54 +1

holds. Thus,

/
Pa(S) = liminfB,(S,n) < liminf #lp,Su] +1

N—00 N— 00 #[q/rsn]+1 (13)

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

< 1 .
PalS) < o g S 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 r;?e? (p, Snl,

M, := max#[q, Sy].
gekK

For the purpose of contradiction, let us suppose that the inequality

B(S) = limint ™ L o in timine FP S0 1

=:/ 1.4
n—oo M, +1 (pg)ek2 n—o0 #[q, Sn] +1 (1.4



Definitions and Basic Abstract Results 13

holds. Let us denote
Ba(S)+¢

2
From (1.4), it is possible to conclude that there is an infinite sequence {j, }$_, of nonnegative
integers, such that

A=

mj, +1

M]'n +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 K? exists, such that

#[Pn, Sn] = My, and #[qn, Sn} = My,

<A

there is an infinite sequence {k;, }°_, of nonnegative integers, and states p’, 4" in K, such that
Tf’l]'kn +1 _ #[p/, Sjkn] +1
M +1  #q.,S;, ]+1

holds for all n in IN. Thus, we have

and, as a consequence,

min liminf M <A
(pg)ek? n—oo #[q, Sn] +1

7

which contradicts our assumption that

min liminf# p/Sul 41

= /.
(pg)ekz n—co #[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 thesis 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 7 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_p0-x(S) € Lx_weo—x(S), 3. Mk—£0-x(S) € Mk-—wEQ-x(S),
2. L5 po-«(S) € ZL5_weo—x(S), 4. N5 £o—x(S) € M_weo—»(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-seq-x(C) € Lk pg-«(C=), 5. Ax-seQ-x(C) € Ak—po-»(C=),
2. L5 spo-x(C) C€ L po«(C2), 6. M5-seQ-x(C) C Aspg-2(C=),
3. Zk-seq-x(A) C Lkpo-x(A=), 7. M—seg-x(E) € M—Epg-x(E=),
4. L5 spg-x(A) C L po (A=), 8. Ms5-seQ-x(E) € A pox(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

S (A ). (15)

r};leag#[f, S—(A,n)] = D]

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

= I}Eag#[f, S=(A,n)] —n-|S=(A,n)|,

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

.. minep#[e,S—(A,n)] +1
Bl ) = e ¥ o= (A ) 41 =

maxgep #1f, S (A,m)] = 5 [S=(A,m)| +1 _

> liminf

n—co maXsep #[f, S— (A,Tl)} +1
o B n-1S=(A,n)| _
= lim inf (1 max;ep #1f,S_(A,n)] +1)

if the automaton A is strictly transition-S-equiloaded, since, by the inequality (1.5),

0 < limsup 1 15=(A,n)| < limsup 1-15=(4,n)]

= 0,
nco. MaXgep #[f,S=(A,n)] +1 = e ] |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) - fprefixr 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(€)-
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1.7 Prefix-Dense Languages and Strict S-Equiloadedness




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 [27] and [28], 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 [27], [28], and [25] slightly differ from those used in
this thesis. However, using the terminology introduced in this thesis, we can say that in [27] and
[28], families of strictly state-.A-equiloaded DFA and state-.4—-equiloaded DFA have been stud-
ied! and in [25], we have studied the families of strictly transition-.A-equiloaded DFA, transition-
A_-equiloaded DFA, and weakly transition-A—_-equiloaded DFA.

In this chapter, we shall briefly restate the main results obtained in [27], [28], and [25] using
the terminology and notation of this thesis (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
thesis are far more general than the definitions used in [27], [28], 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 thesis is far more general than related
definitions used in [27], [28], 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 quanti-
ties 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 [27] and [28] 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 [27] and [28], 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 our report [26].

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 g. 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., [32]). Later in this
chapter, we shall make use of this fact and apply the Perron-Frobenius theory (see, e.g., [32]) 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 the report [26], 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
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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 thesis.
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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

o 1 ifinF .
Cl_{ 0 otherwise =01 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. g

In a similar manner, one could devise systems that enumerate the number of uses of a given
transition in computation paths of length at most n. We shall not state these systems explicitly
in this thesis, however we suppose that the reader is able to derive these systems by himself.
Moreover, the systems are presented in our report [26].

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.

Quantity Function Matrix Eigenvalues
|Comp (A, n)| Fo(n) A 0 X A1, .o, 0 X A
|Acc(A,n)] fo(n) A o X Aq, e, 0 X Ay
|Comp(A, < n)| Go(n) < 131 i ) Ay X AL, e, 0 X A +mx 1
|[Acc(A, < n)| go(n) ( 181 2 ) Q) XAy, 0 X Ap+m x 1
(9j,,k) A%
#[(qj, ¢, qx), Comp (A, n)] T, (n) 0 A 207 X Aq, ..., 20 X Ay
(q;.c.x) A %
#[(q,¢,qx), Acc(A, n)] t (n) 0 A 2000 X Ay, ..., 20 X Ay
(o) I, A =«
#[(qj, ¢, qx), Comp(A, < n)] qu" Ak (n) 0 A = 2010 X Aq, .., 20 X Ap+m x 1
0 0 A
(o) I, A =x
#[(qj, ¢, qx), Acc(A, < n)] uoq]' g (n) 0 A =« 200 X Aq, .., 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 A4, ..., A, and their multiplicities, 4, . .., a;. 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.

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 (< n). The functions for these quantities shall
be expressed in terms of functions counting the number of uses of a given transition.

Theorem 2.1.9 Let A = (K, X%, 4,90, F) be a DFAe with K = {q0,41,...,qm-1}- Let g; in K be a
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state. Then the following equations hold for g; # go:

Sgl (n) — Z Té‘ik,cqu) (”)/
(qx.cq1)€D

Sgl (n) _ Z t(()qk,crqz) (n),
(qr.cq1)€D

ng(n) > uéqkfcz‘ﬂ)(n),

(qr.c,q1)€D
ol (n) = Z u(()ﬂer/CIl)(n)'
(qrc1)€D

The following equations hold for gq; = go:

SP(n) =Fon)+ Y Ty (n),
(qr,cq0) €D

S =fom+ L g m),

(qx,c90)€D

VP(n) = Gom)+ Y Ul (),
(qx.c,90) €D

o) =go(m)+ Y ug ) (n),
(qk.c,90)ED

(the sums go through all g5 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 v?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 our report [26]). 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 IN, x,, is a column vector with m entries
_ T
Xn = (xO(n)/ s Xm—1 (”)) .
In an initial value problem, the vector xq is given explicitly as a vector of initial conditions
T
Xp = (CQ, ce ,Cmfl) .

In this thesis, 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 xy(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 x((n) can be summarized
as follows:
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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, ..., Ay, and their algebraic multiplicities by &4, ..., . Let us denote by «

the multiplicity of a zero eigenvalue.

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

k a;i—1 ) a—1
xo(n) =3y Y cij-WAT+ Y e [n =] (2.3)
i=1 j=0 =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.’

In our report [26], one may find an extensive example of the application of the above pre-
sented method in practice, for a particular choice of a deterministic finite automaton.

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 present 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 [27] and [28], 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.

3Probably 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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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 [27] and [28], 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. We shall prove only the first statement, the proof of the second statement is analogous.
Let us first prove the left-to-right implication. Let the automaton A be strictly state-C-equiloaded,
i.e., let the inequality

#p, vl —#lg, 7] <k (2.4)
hold for some k in IN, all computation paths 7y in Comp(A) and all states p,q 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 2%,

(g0, u0) = (p,0) F* (p,e),

where the state g is not used in the computation

(po) F* (p,e)

and is used at most once in the computation

(90, uv) =~ (p, ).

Now, let us consider the word uv**2 and let us denote the corresponding computation path by
7. Then it is clear that
#lp oyl =#lg = k+1,
which contradicts (2.4).
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<#g7 <1

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

#p Al —#arl <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 multi-
cycle through all states. Then it can be clearly seen that for all states p, g in K and all computation
paths 7,

#lp, o] =#a 7] < 1.

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

4This means that the accepted language L(A) is finite, and at the same time, there is no state g in K, such that (g, 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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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-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 cycle through all states.

Proof. The proof of this theorem is analogous to the proof of Theorem 2.2.1. 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 [27], [28] (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.

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= {uguy...upo} {uy, uuy, ..., uquy ... uy}

for some fixed nin IN, uq,us, ..., uyin X*and vin 2.
1, U2

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—seg-pra(A) =: Lx_sEQ-DFAs
2. Zx_seo-prae(C) = Lx—seQ-prac(A) =1 Lk_SEQ—DFAes
3. Z5_seo-pra(C) = Z5_seo-pra(A) = L5_seo—Dra,
4. L5 sp0-Drae(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

5This 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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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. g

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-.4-equiloaded), but not strictly state-C-equiloaded (strictly transition-C-equiloaded).
Then, the family of languages £k _spo—x(A) (£5-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 S = C,
strictly state-equiloaded (strictly transition-equiloaded) DFA-languages (DFAe-languages).

Theorem 2.2.8 The following strict inclusions hold:
1. Zx seQ-Dra & LK SEQ-DFAe/
2. L5 SEQ-DFA & “L5-SEQ-DFAe-

Proof. The claims Zkx_spg-pra C© Zk-seQ-DrAe and L5 seg-pra C -Z5-sEQ-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, %, 6, o, F), such that L(A) = L. Let us define the automaton A as
follows: K = {q0,q1}, 2 = {a}, F = {q1}, and

6(q0,a) = q1,
5(q1,€) = qo.

Figure 2.1: The deterministic finite automaton A with e-transitions, accepting the language L = {a} .

The automaton A is strictly state-S-equiloaded for both S = 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_spq-prae
and in Z5_spQ DFAe-

However, by applying Theorem 2.2.3, it is easy to prove that L is neither in Zx_sgo_pra, nor
in %Z5_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
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Theorem 2.2.9 The following strict inclusions hold:
1. %5 seo-pra & Lk—SEQ-DFA,

2. L5 _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(e) 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 £k _spo—pra (since it can be accepted by a DFA consisting of one single state),
and thus, by Theorem 2.2.8, also in Zx_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 a, then every word from L(A) has to begin with a, 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

2.2.3 Closure Properties

In this subsection, we shall state the closure properties of the families of strictly S-equiloaded
DFA-languages and DFAe-languages. However, in order to keep the length of this thesis reason-
able, we shall omit proofs. The proofs of the closure properties of the families of languages that
have already been examined, can be found in [27], [28], and [25]. The proofs of the closure prop-
erties of the families of languages that have not been examined yet, can be found in our report
[26] (the extended version of this thesis).

Theorem 2.2.10 The closure properties of the families of strictly S-equiloaded languages are as
follows:

1. The family £k _spo—pra is closed under intersection and is not closed under concatenation,
union, complementation, Kleene star, Kleene plus, reversal, homomorphism, and inverse
homomorphism.

2. The family Zx_spo-prae is closed under intersection and is not closed under concatena-
tion, union, complementation, Kleene star, Kleene plus, reversal, homomorphism, and in-
verse homomorphism.

3. The family .Z5_spo—_pra is closed under intersection and is not closed under concatenation,
union, complementation, Kleene star, Kleene plus, reversal, homomorphism, and inverse
homomorphism.

4. The family .%5_spo—prae is closed under intersection and homomorphism, and is not closed
under concatenation, union, complementation, Kleene star, Kleene plus, reversal, and in-
verse homomorphism.
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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 thesis as a generalization of the older definitions).

In [27] and [28], state- A—-equiloaded deterministic finite automata without e-transitions have
been studied. However, the definition used in [27] and [28] is conceptually different from the def-
inition used in this thesis 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 thesis, 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
[27] and [28] for state-equiloadedness and, in Subsection 2.3.1 of this thesis, 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.

However, before we begin the study of S-equiloaded finite automata, let us state a well-
known number-theoretic lemma that we shall use extensively in our studies. The proof of the
lemma can be found, e.g., in [3]. The same proof can be found also in the appendix of our report
[26].

Lemma 2.3.1 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 > 1y, such that 4 divides n,
nisin S.

2.3.1 Alternative Definitions of S-Equiloadedness for S = C— and § = 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 2.3.5 presented in this subsection, are based on the definitions of state-.A_-equiloaded
DFA used in [27] and [28].

However, before we present these alternative definitions, we shall prove three lemmas that we
shall use in the proof of Theorem 2.3.5. First, in Lemma 2.3.2, 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.
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Lemma 2.3.2 Let A = (K, %, 4, qo, F) be a DFA¢ 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

Fy(n) = [Comp (A, m)| = ©(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.

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 2y P ezm(p*l)/l",/\l, .V

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

for j = 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 aq, ..., 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 o k-1
Fo(n) = Y ¢j-p" - P4 3 Y gAY =
=0

j=1 h=0
p—1 » kool

= (Z ¢ ezm”f/”> Y Y AT (2.5)
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)
-1
PZ cj- 2/, (2.6)
j=0

arising in (2.5), is clearly periodic with period p. We shall prove that the value of the function
(2.6) is nonzero for all n in IN.
By the results obtained in Section 2.1,

F, = A" - Fy,

with
F'rl = (Po(n),P1(n),. . .,Pm—l(n))T

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

E" = {(xl,...,xm) e R

m
X 20,...,xm20,2x1-—1}.
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 Z Xp.

Thus,
F, =A"-Fg> A" -x, = p" - xp.

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". (2.7)

Now, for the purpose of contradiction, let us suppose that (2.6) is zero for some # in IN. Then,
the periodicity implies that (2.6) is zero for infinitely many n in IN. However, this clearly contra-
dicts (2.7). Thus, the value of the function (2.6) is nonzero for all # in IN.

Moreover, the function (2.6) 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

Dtj—l

k
];Pg)cjrh'nh'/\;’ <b-p"

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 (2.6) has to be real as well.

Further, we shall prove that the function (2.6) is not only real, but in fact positive. We have
already proved that the value of the function (2.6) at given # is real and nonzero. For the purpose
of contradiction, let us suppose that it attains a negative value for some n. Then, by the periodicity
of the function (2.6), it follows that (2.6) 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 (2.6) 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(4,n)| = ©(p").
Thus, the lemma is proved. O

Next, in Lemma 2.3.3, we shall prove that a similar property as in Lemma 2.3.2 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 2.3.3 Let A = (K, L, 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 1y, such that at least one accepting computation path of length n; exists in
the automaton A. Then

fo(ng) = |Acc(A, n)| = ©(p™).
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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 IN and thus, by
Lemma 2.3.2, the Perron-Frobenius eigenvalue p of the matrix A is nonzero (this can be of course
easily proved also without the use of Lemma 2.3.2).

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*.
Let S be a set of nonnegative integers s, such that a word w in 2* exists, such that

(‘10/ ZU) - (‘10/ g).

Clearly, the greatest common divisor of elements of S is d, and the set S is closed under addition.
Thus, by Lemma 2.3.1, a nonnegative integer 7 in IN exists, such that for all n in IN, n > ng, such
that d divides n, n is in S. Let n7 be the smallest nonnegative integer greater than or equal to n,
such that d divides ny.

Let k be in IN. By Lemma 2.3.2,

Fo(mi — ([K| = 1) = ny — 7) = |Comp(A, m — (|K| — 1) — my — )| = @(p" (KD =mr) —
= 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) — ny — 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 ¢(n; — 11 — r) the number of maximal® computation paths of length at most n —ny — r
ending in g9, we have

@(ng —ny —r) > Fo(ng — (K[ = 1) —ny —7) = O(p™),
- p(ng —ny —r) = Q(p").

Clearly, all of these ¢ (1 — n; — r) computation paths are of length divisible by d. Thus, by
the structure of the set S, all of these ¢(ny — n; —r) can be prolonged to a computation path of
length 1y — r ending in go. 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 gg, we have

P —1) = @(ng —ny —r) = Q(p"),

ie.,
P(ng —r) = Qp™).

However, since the accepting state g is reachable from gg in 7 steps, this implies

fo(me) = |Ace(A, )| = (g — 1) = Q(p™),

= fo(ng) = [Acc(A, ni)| = Q(p").

®In 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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However, on the other hand we have

fo(ng) = |Acc(A, ng)| < |Comp(A, ng)| = Fo(ng) = ©(p"),

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

Finally, in Lemma 2.3.4, we shall state one easy observable yet useful property that we shall
use later in our study.

Lemma 2.3.4 Let A = (K, %, 4, go, 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 2.3.2, 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 2.3.2,
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. O

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 [27] and [28], is
equivalent to our definition of state-A_-equiloadedness, and that a similar property holds also
for some other types of S-equiloadedness defined in this thesis.

Theorem 2.3.5 Let A = (K, %, J,qp, F) be a DFA¢. 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, g 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 # 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)][ <1 -[S(A,n)|

holds.
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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 # 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

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

Thus,
n

D |IS(A,n)| < reréalljx#[e,S(A,n)] <n-|S(A,n)|,
ie.,
max#[e, S(A,n)] = ¢(n)|S(A,n)|,

ecD

where g(n) is ©(n). Now, if the inequality
e, S(A,m)] — HIF, S(A,m)]| < - 1S(An)

holds for all e, f in D and for all n 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.(n)| = O(1).
Now, if |S(A, n)| is zero for all n > ng for some 1 in N, then, applying Lemma 1.5.3,

@) ) SAm 11
P e R (gl (oIS (A1 AT

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,

g(n) +re(n))|S(Am)| +1 _
g(n) +r¢(n))|S(A,n)[+1

(

(

B4(S) = min liminf S
8(n) +re(1me))|S(A, ni)|
)

(e,f)eD? n—00

= min liminf

(
(
(
(

(e.f)eD? k- (g(m) +1s(m))[S(A, mi)|
glme) | re(ng)
74_7
= min lim infM min liminf —% " —1,
(ef)eD? k—eo &(mi) +75(nk)  (ef)eD? k—oo glm) | Trlme)

Mg Mg
and % tend to 0 as k goes to infinity and %’Z‘) is bounded from below (and
also from above) by a positive constant. Thus, the first implication 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 fo(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~ is in the normal form of a reducible

since both ("k )



Deterministic Finite Automata 39

matrix. That is, for some p in IN,

Al,l A1,2 . ALH
P.A p_l B 0 A2,2 . AZ/H
0 0 ... Ay

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]-,]-, forj =1,...,u. Thus, also the spectrum of the transition matrix A is the union
of the spectra of the blocks A]-,]-, forj=1,...,n

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

11 2mi/p; 1 2mi(p;i—1)/p;
p],p]e p],”',p],.e (p] )P/

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 2.3.4 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,s;) in IN?, such that s; < sy, 51,5 are coprime and ;- e2mi51/%2 is 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;, , the algebraic multiplicity of the eigenvalue p; - e?7Ms1/%2 (more
precisely, p; - e2™51/%2 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, ..., Ay and their algebraic multiplicities by ay, ..., ay,
where k in N 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 ¢ in IN (we shall assume
this in the rest of the proof),

r /3]',51,5271 ] K a1
=5 LR g @ T gt
=1 (sys)es =0 =1 =0
where
CjIS]rSZIh’ ] =1,...,r, (51,52) €S,h=0,.. "5fr51/52 -1
and

C]',h, jZl,...,k,hZO,...,DC]‘—l

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

p= max Biss

(s1,52)€S

by setting the newly introduced constants c;, s, , to 0. Thus, we obtain

‘B_l k tX]'—l

r .
fn)y=Y Y n" Yo sy € /%2 ] + Yo N cine n'. AL (2.8)

j=1h=0 (51,52)€S j=1 h=0
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Next, since e2™N = 1 for all nonnegative integers N in IN, the function

27ti
Z Cisy,80,h " € ns1/2 (2.9)
(s1,52)€S8

(of variable 1) is clearly periodic with period s, where s is the least common multiple of all non-
negative integers s, in IN, such that (s1,s) isin 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 — IN the function defined by

Pa(n) = f(n-s+a)

for n in IN. From (2.8) and from the periodicity of the function (2.9), it follows that

r B-—1 ka1
@a(n) = Z Z (n-s+a)t Cin -p}“‘” + Z Z Cip-(n-s+ a) -)t}“*” (2.10)
=1 h=0 =1 h=0

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 2.3.2, it is possible to prove that the constants
Cj 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;, exists in (2.10), is p; for some ] in {1,...,r}, then each
eigenvalue A; (with jin {1,...,k}) with some nonzero coefficient ¢;; (with /in {0,...,a; —1}) in
(2.10) is of absolute value strictly smaller then p;.

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 (2.10) for some /. This implies that
a computation path < of the automaton A exists, such that 7 visits some state q 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 A; as an eigenvalue. However, by linear independence of involved
functions, this implies that all coefficients Cil, 1=0,..., aj— 1 are zero, i.e., a contradiction.

This strongly connected component has a Perron-Frobenius eigenvalue p; for some b taken
from {1,...,r}. Thus, clearly p, > [A;| > 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 2.3.2 we have ¢(n) = @(p} ). Thus,

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

since the computation path 7 may continue by all of (1) computation paths of the automaton
B. However, this is an obvious contradiction.

We shall omit the proof for the case f(n) = fo(n) = |Acc(A, n)|. It makes use of Lemma 2.3.1
and Lemma 2.3.3 and may be found in our report [26].

Thus, we may conclude that

Pa(n) = 0O ((n s+a). p?”“) , (2.11)

where H is a greatest nonnegative integer, such that c; y is nonzero (by our assumptions, at least
one such nonnegative integer exists).
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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; (1) = #[e, Comp(A,n)], and #{(n) = #[e, Acc(A,n)]. Let ¢ N - N

denote one of the functions Tif(n) = #[f,Comp(A,n)], and t{(n) = #[f, Acc(A, n)] (depending
on the case for which the implication is being proved).

Moreover, let (pgl) :IN — IN denote the function
1
oi () =g (n-s+a)
fora=0,...,s—1,and (p£,2) :IN — IN denote the function

PP (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(n) and ¢,(n), we obtain

r 2p-1 k 2a—1
o)=Y Z n-s+a)" DY) p75+“+2 Z diy) - (nes+a)t A, (2.12)
j=1 h=0 j=1 h=
( r 28— 1 201
— ns+a L Ans+a
_]; L (n-s+a) ]h 0] —i—]Z% hZ: d (n-s+a)t AP, (2.13)

where D;}T),Dﬁ), j=1,...,r,h =0,...,28 —1 are real constants, and d}lh),dﬁ), i=1...k
h=0,.. .,21x] — 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,

> #ly, S(An)] =n-|S(A,n).
yeD

Thus, for at least one transition ey in D, an infinite increasing sequence of nonnegative integers

{ni}r2, exists, such that
e S(A )] = 5 S(4,m)

for all k in IN. Thus, taking into account (2.11), (2.12), and (2.13), it can be easily seen that if the
automaton A is equiloaded, then the constants D}ll){ 41 and D}zl){ 41 have to be both nonzero and
equal. Moreover, the constants D;lL) and D;zg have to be zero for L > H + 1. Thus, the coefficient

at (n-s+a) -p?”” is zero for h > H, in (pél) (n) — (p,g2) (n) ‘ Thus, we have

4’511)(71) - (pE}) (Tl)‘ =0 ((n s+ {1) P?S-HZ) )

The correctness of the implication then clearly follows from (2.11).
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 2.3.5 does not hold for S = C<
and S = A< —itis a trivial task to construct a deterministic finite automaton accepting a finite
language, such that it satisfies the alternative definition from Theorem 2.3.5, but at the same time,
the automaton is not S-equiloaded.
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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 2.3.15 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 2.3.6 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 2.3.7 Let A = (K, %, J, 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, . 1)L (2.14)
j-1 m—j

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

-
m

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

n—=1
t=Ln Xg1+ A Xpp+...+ A" 2o + A" oxg = Y AT x4 (2.15)
i=0
Thus, if we introduce the notation
(1) (i) i)
M B
1
Al — 1o i1 41
M 4 (i)
dnifl,O d,, 1 dnifl,mfl
for i in IN, from (2.14) and (2.15) we obtain the identity
n—1 .
#e, Acc(A,n)] = t5(n) = Y di)) - [Acc(Ag,n —i—1)|. (2.16)
i=0

However, if we define

then d(()i; is clearly the first entry of the column vector A’ - y, i.e., by Theorem 2.1.4,
dy) = |Ace(Al9),1)].

Thus, (2.16) can be rewritten as

n—1
#le, Acc(A,n)] = t§(n) = Y |Acc(A,i)| - |Acc(Ag, n —i—1)|.
i=0
That is, the lemma is proved. g

We shall omit the proof of the next lemma that provides us with an alternative method for
computing the quantities #[q, Comp (A, n)] and #[g, Acc(A, n)], counting the number of uses of a
specified state. The lemma may be proved analogously as Lemma 2.3.7, or can be proved as a
corollary of this lemma. The proof using the second approach can be found in our report [26].

Lemma 2.3.8 Let A = (K, %, 9, qo, F) be a DFAe with K = {40,491, ..,qm—1}, for some m in N. Let
q; in K be a state, for some jin {0,1,...,m — 1}. Then, for all n in IN, the identities

n
#(g;, Comp(A,n)] = Y [Acc(A1, i)| - |Comp(A,, n — i),
i=0

and ;
#lg;, Acc(A,n)] = Y |Acc(AU, i) - |Acc(Ayy,n — )|
i=0

hold.
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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 2.3.15 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 2.3.16).

However, before we proceed to the statement and proof of Theorem 2.3.15, 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., [32]). We shall
present three alternative characterizations of this concept. We shall omit proofs of Lemma 2.3.9
and of Theorem 2.3.11. 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., [32]).

Lemma 2.3.9 Let A = (K, %, J, qo, F) be a DFAe with strongly connected graphical representation.
Then, a positive integer P4 in IN™ exists, such that K can be partitioned into P4 disjoint sets

2(0), 2(1),...,2(Py — 1),
such that

(i) If, for some g in K, w in £* and 7 in N, the property

(q0,w) F" (q,€)
holds, then g is in 2 (n mod Py).

(ii) A nonnegative integer 1y in IN exists, such that for all # > np and all g in #(n mod P,), a
word w in X* exists, such that the property

(q0,w) F" (q,¢€)
holds.

Definition 2.3.10 Let A = (K, X, J, qo, F) be a DFA¢e with strongly connected graphical represen-
tation. We shall call the positive integer P4 from the previous lemma the period of the automaton
A.

Theorem 2.3.11 Let A = (K, %, J, qo, 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 2.3.15, let us prove one lemma that we shall use in
its proof.

Lemma 2.3.12 Let A = (K, X, 6, g9, F) be a DFA¢ with strongly connected graphical representa-
tion. Let S, T C (k) be nonempty sets, for some fixed k in {0,1,...,P4 —1}. Then

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

for some real constant c in R.
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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—1 o
‘Acc(As,n)‘ = (Z cj~ezm”]/”> " +o(p")
j=0
and
p—1 .
’ACC(AT,YZ)‘ _ <Z dj.EZmrz]/p) .pn +0(Pn),
j=0

where p is the Perron-Frobenius eigenvalue of the transition matrix A, and where ¢y, .. - Cp1
and dy, . ..,d, 1 are (in general complex) constants. Further, by Theorem 2.3.11, p is equal to the
period P4 of the automaton A.

The functions

p-1 - p-1 -
Z ¢ eZmn]/p and Z d]' X e2mn]/p
=0 j=0
are clearly periodic with period p = P4. Moreover, in the proof of Lemma 2.3.2, 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(A®, 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 2.3.3 that both

p—1 p—1

.. p2mikj/p .. p2mikj/p
Z cj-e and Z d] e
j=0 j=0

are nonzero. Thus, clearly, the statement of the lemma holds for the real constant ¢ defined by
=1 _ oxiki/
. Z]: 0Cje e
oyl pamiki/p
Yo dj - esHF
Thus, the lemma is proved. O

Before we use this lemma to prove the main result of this subsection, Theorem 2.3.15, let us
state one auxiliary lemma and its corollary that we shall use in the proof of Theorem 2.3.15. The
proofs of both following statements are easy and left to the reader (however, they may be found
in our report [26]).

Lemma 2.3.13 Let {a,}5>, {bx}>, 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.7 Then also

Corollary 2.3.14 Let {a,}>", {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).

7The statement holds also for L = +oco, but the case where L is in R is sufficient for the purposes of this thesis.
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Then also
n n
Z ajy =0 (Z bk> )
k=0 k=0

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 2.3.15 Let A = (K, %, J, g0, F) be a DFA¢ with strongly connected graphical representa-
tion. Then for each transition e in D, a real constant 4, in R exists, such that

#[e, Comp(A,n)] = (a.n £ O0(1)) - |Comp(A,n)|,

and
#le, Acc(A,n)] = (an +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)] = (asn £ 0(1)) - |Acc(A®, n)| (2.17)

for all sets of states S C K. If S is empty, then both |Acc(A®, 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 2.3.11, and
from Lemma 2.3.3, that

Py-1 o
#]e, Acc(AS,n)] = ( Y cj - 62”'”]/PA> n-p"+0(1) - |Acc(AS, )|,
=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 2.3.2, the periodic

function
Py—1

Y o Q27N / Py
j=0

is always real, and, by Lemma 2.3.3, |Acc(AS, 1) | = ©(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,
e8]

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

#le, Acc(AS,n)] = (byn £ 0(1)) - |Acc(A®, n)|. (2.18)
We shall first prove that a real constant 4, in R exists, such that (2.17) 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(A%,n)] = (bin £ O(1)) - |Acc(A%,n)|

holds. We shall prove that b,f is the same for all such S, and that will be our constant a,.
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First, we shall prove that b§ = b] for all nonempty S, T C #(0). By Lemma 2.3.12,

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

(As,n)‘}> . (2.19)

By Lemma 2.3.7, and subsequently by (2.19), Corollary 2.3.14, and once again Lemma 2.3.7,

#le, Acc(AS,n)] = Z |Acc(A,1)] - [Acc(AS n—i—1)| =

n—1

=) |Acc(Al} 1) - (c' |Acc(Aqu,n —i—1)|+
i=0

+o (max {1, \Acc(A;?k,n —i— 1)|}) ) =
= (Zc |Acc(Al,1)] - |Acc(AL n —i—1)>i0(1)~|Acc(As,n)|—

i=0

= ( Z |Acc(A}, )| - |Acc(AT o —i— 1)) +0(1) - |Acc(AS,n)| =

i=0
= c-#[e, Acc(AT,n)] £ 0(1) - |Acc(A®, n)|.

This clearly implies that bg = bg =:by.
Now, let T C (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 thatb,” "’ = bp. However,

#le, Acc(AZ®), )] = Y (#[e,Acc(A{q},nfk)]'\Acc(A‘;z(k),k)H
qeZ(0)

+ |Acc(AT, 0 — k)| .#[e,Acc(Af”(“,k)]) -

= ¥ (Mo Acc(a®,n—K)]-|acc(a]®, 0)]) +
7€2(0)

+ ¥ (lAcc(al,n—k)|-#le Acc(a]",0)]). (2.20)
q€2(0)

Moreover, clearly,

Acc(A7®,m)) = Y |Acc(Al 1 — k)| |Acc(A] W K)].
4e2(0)

Thus, by what we have proved above,

y (#[e, Acc(AW, n— k)] - |Acc(A] ™, k) |) =

42 (0)
- ¥ ((bo(n — k) £0(1)) - |Acc(AT, 1 — k)| - |Acc(Af’<">,k)|) -
geZ(0)
- ¥ ((bon +0(1)) - |Acc(AD, n — k)| - |Acc(Af”<k),k)|) =
42 (0)
— (bon+0(1))- Y |Acc(AlD, 1 — k)| |Acc(A] W, k)| =

ge2(0)
= (bpn £0(1)) - |Acc(AZ®), )| (2.21)
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Moreover, since #]e, ACC(A;] k) k)] is a constant that is zero whenever |ACC(A;} ®) k)| is zero, we
have

y (|Acc(A{‘7},n — k)| - #e, Acc(A;f”("),k)}) =

q€2(0)
—0| ¥ JAcc(AD,n—K)|-|Acc(Aa” M,k | =
q€2(0)
= O0(JAcc(AZ0), )|y = O(1) - |Acc(AZ W), ). (2.22)

Now, by plugging (2.21) and (2.22) into (2.20), we obtain
#le, Acc(A7®) )] = (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(A%,n)] = #le, Acc(AS?®) )] = (bon + O(1)) - |Acc(AS"PK) 1) =

= (bon £ 0(1)) - |Acc(A%, n)|.

Since this holds for all kin {0,1, ..., P4 — 1}, the theorem is proved. O

Theorem 2.3.15 directly implies the following corollary for the quantities representing the
numbers of uses of states.

Corollary 2.3.16 Let A = (K, %, 6, 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

#[q, Comp(A,n)] = (a;n+0(1)) - [Comp(A,n)|,

and
#[q, Acc(A,n)] = (agn £ 0(1)) - |Acc(A, n)|.

Proof. In Theorem 2.1.9, we have observed that the identities

#lq, Comp(A,n)] = ) #(p,c q),Comp(A,n),
(peg)eD

#lg, Acc(A,n)] = ). #(pcq),Acc(A,n)]
(pcqg)eD

hold for all states g # go, and that for the state gg, the identities

#lqo, Comp(A,m)] = [Comp(A,n)| + Y #[(p,c,q0),Comp(A, )],
(p.cq0)€D
#[g0, Acc(A,n)] = |Acc(A, n)| + Z #[(p,c,q0), Acc(A,n)]
(PrWO)ED

hold (the sums go through all p in K and ¢ in £ U {e}). Thus, as a direct consequence, the claim
holds for

g = Z A(p,cq)
(pcq)eD

That is, the corollary is proved. O
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2.3.4 Almost-Equivalence of Transition-Equiloadedness S-Measures

In this subsection, we shall use Theorem 2.3.15 to prove Theorem 2.3.17 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 transition-equiloadedness measures have to be the same.

Theorem 2.3.17 Let A = (K, X, 6, o, 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)| (2.23)
and
#le, Acc(A,n)] = O(1) - |Acc(A, n)]. (2.24)

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 2.3.14,
k
Z e,Comp(A,n;) (Z#[fl,Comp (A, n; )]) (2.25)
j=0 =0
and
k k
Y #le, Acc(A, m;) (Z [f2, Acc(A, m; )]) (2.26)
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 2.3.5, for some kg in IN, 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 (2.25) resp. (2.26) 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 2.3.15, 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 lim inf #[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 B
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 2.3.18 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 2.2: 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 2.2 (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, we have computed the state-equiloadedness S-measures of the
automaton A (the details of this computation may be found in our report [26]). The results are as

follows: . ’ 1
palC-) =3, Pa(A) =0, BalCs)=7%,  PalA<) ==

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 thesis is based on the proof from [25], however
is slightly different. The remaining characterizations presented in this subsection are entirely
new.

Theorem 2.3.19 Let A = (K, X%, 6, 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 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

#le, Acc(A,n)] < |Acc(A,n)
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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

a transition f in D and an infinite increasing sequence of nonnegative integers {7 };° , 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 79 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-.4—_-equiloaded, and thus also weakly
transition-.4_-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 .4_-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)] (2.27)

holds (as above in this thesis, A; denotes the automaton A with its initial state changed to ¢). 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 2.3.2,

|Comp(Ap,n)| = O(p")
for each p in K. Therefore, it follows that a real number M’ > 1 exists, such that

Comp(Ap,n)| < M’ - min [Comp(A,,
max|Comp(Ap,n)| < M'- min |Comp(A,, )|

for all n in IN. We define M by
M = 2|K| |z ]2 M.

We shall prove the inequality (2.27) 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
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corresponding computation path can be arbitrarily prolonged - thus, it can be prolonged
also to the length of .

That is, we have proved that
#4,le, Comp(Ag,n)] > 1.
However, on the other hand, clearly
#,[f, Comp(Ag, n)] < 2|K||z?X

(since in each state there are at most |X| 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,

#a,1f, Comp(Ag,n)] < 2|K|[Z[?K - #, [e, Comp(Ag, n)].
That is, since 2|K||Z|2Kl < M, the basis of the induction is proved. However, we shall keep

in mind that for n in {|K|,|K| +1,...,2|K| — 1}, we can use also 2|K]||Z|?/Kl instead of M —
we shall use this fact in the proof of the induction step.

. Let us suppose that (2.27) holds for all n in {|K|, |K| +1,...,k|K| — 1}. We shall prove that

the property (2.27) 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 n 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 7y ends, we have

#a,lf, Comp(Agm)] = ¥ (#a,[f,7]-|Comp(A, (), n — IK)|+
y€Comp(Ag,[K|)

+#a,., [f, Comp(A, ), n— \K|)]) <

< Y (#alf.7- max|Comp(ay,n — K])|+
y€Comp(Ay,|K]) Pe

IH
+#a,., [f, Comp(A,,),n— \K|)]) <

IH
< #a,[f, Comp(Ay, [K|)] - max|Comp(Ap, n — |K|)|+

+ Z M- #Ap(w) [e, Comp(A,(,),n — [K])],
7€Comp(Ay,|K|)

where [H 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 (A, [K])], we may
continue the derivation as

#4,f, Comp(Ay,n)] < 2|K|[Z|*K] - #, [e, Comp(A,, |K])] -max |Comp (A, n — KI)|+

+M- ) #a,0) e, Comp(A,(,),n — |K])]
yE€Comp(Ag,|K])

and since, as we have already noted,

max |Comp(Ap, n — |K])

< —+— -min |Comp(A,,n— |K|)|,
pek = SR g | Comp(Apn = IKD)
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we obtain

#,(f, Comp(Ag,n)] < M -#4,[e, Comp(Ag, |K])] - min|Comp(Ay,n — |K])| +

+M- Y. #4,, le;Comp( A, ), n — [K|)] =
7€Comp(4y,|K|)
=M} (#ale] min Comp(Ap,n K|+

r€Comp(Ay/|K])
+#a,, le,Comp(A,,),n— \K|)]) <

<M.y (#aylen]- IComp(Ay,n— K|)|+
7€Comp(Ay IK])

+#4a,,, e, Comp(A, ), n — [K])]) =
= M- #,le,Comp(Ag,n)].

Thus, we have proved that the inequality (2.27) 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
_) = >
P = 0 RS Comp(a,n)] +1
#(e, Comp(A,n)] +1 1

> min liminf _1
N (e?}lenDZ g M -#[e,Comp(A,n)|+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—. Let e, f in D be transitions. Let {rn;};° ; be
the infinite increasing sequence of all nonnegative integers 7, such that |Acc(A,n)| > 0. First,
we shall show that a constant s in IN exists, such that for all nonnegative integers k, 1 > s, the
property

#[f, Comp (A, ny —s)] < #[f, Acc(A, ng)] (2.28)

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 2.3.1, contains all multiples of d greater than some nonnegative integer N in IN.

Moreover, let us define the set R as follows: a nonnegative integer n in IN 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 (o, w) F" (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 n; 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 R;;ax.

We shall prove that the inequality (2.28) holds for

s = N+ |K| 4+ Ryax-

It clearly suffices to show that every computation path < of length 1, — s can be prolonged to at
least one accepting computation path of length ;. In fact:

1. The initial state go can be reached from the resulting state of the computation path v in
at most |K| — 1 steps. If we denote the corresponding prolonged computation path by
7', then |7/| has to be divisible by d, since the walk in the graphical representation of A
corresponding to the computation path 1/ is obviously closed.
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2. Since ny — R(ng) and thus also (1 — R(n;)) — || are divisible by d, and since the inequality
(ng — R(ng)) — |7'| > N holds, the computation path 7’ can be prolonged to a computation
path " of length 1y, — R(ny) ending in go.

3. From the definition of the set R, it follows that the computation path " can be prolonged
to a computation path of length 7, ending in an accepting state.

Thus, we have proved that (2.28) holds. Moreover, clearly
#[f, Acc(A, ny)] < #[f, Comp(A,ny)].
for all k in IN. Thus, for all k in IN, such that n;, > s, we have
#[f, Comp (A, n; —s)] < #[f, Acc(A, ng)] < #[f, Comp(A, ng)]. (2.29)

Once again, for a given computation path v, let us denote by p(7) the resulting state of this
computation. Now, for k in IN, such that ny > s, we have

#f,Comp(A,m) = ¥ (#[f,7]- IComp(Ay(y),8)| +#a, [f, Comp(Ay(y),9)]) <
yeComp(A,ng—s)

< #[f,Comp(A, ny —s)] - max |Comp(A,,s)|+
pe
+ D # A, L Comp(A (), 8)] <
yeComp(A,ng—s)
< #[f, Comp(A, ny —s)] - max |Comp(Ap,s)|+
r

+ |Comp (A, ny —s)| -mealz(#Ap [f,Comp(Ay,s)].
P

Now, both

r;gz( |Comp(Ap,s)] and rﬁea%#Ap [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, ny)] < Q - (#[f, Comp(A, ng —s)] + [Comp(A, ny —s)|) -

However, since we have already proved that the automaton with strongly connected graphical
representation is weakly transition-C—-equiloaded, clearly

#f, Comp (A, ny — 5)] = w (|Comp(A, n —s)]),

and thus,
#[f, Comp (A, n)] < 2Q - #[f, Comp(A, ng —s)] (2.30)
for ny greater than some N’ in IN. Thus, for n greater than some Nj in IN, we have
(2.29) (2.30) (2.27)
#f,Acc(A,ng)] < #[f,Comp(A,ng)] < 2Q-#[f,Comp(A,n;—s)] <
(2.27) (2.29)

< 2MQ - #e,Comp(A,n; —s)] < 2MQ -#[e, Acc(A,ny)],
since (2.29) holds also for f = e. Thus, by Lemma 1.5.3,

. #le,Acc(A,n)] +1
Ba(Az) = (e?}lennz lim inf #(f, Acc(A,n)] +1 —

> min liminf #le, Acc(A, n)] +1 _ 1 >0
T (ef)ep? n—e 2MQ - #le, Acc(A,n)]+1  2MQ !
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i.e., the automaton A is weakly transition-.A—-equiloaded. The theorem is proved. O

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-.4_-equiloadedness.

Theorem 2.3.20 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 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) Aisweakly 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

#le, Acc(A, < n)] = #e, Acc(A, < ng)]

holds. Thus,
- #[e,Acc(A, < mp)] +1
Ba(A<) = =0
A(A<) (e,r}}lenm #[f, Acc(A, < ng)] +1

i.e., the automaton A is weakly transition-.A<-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, < ng)] +1
Ba(C<) = v
A(C<) = mmin 47, Comp(A, < o) +1

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 2.3.17, the equality

Ba(A<) = Ba(A=)

holds. Thus, by Theorem 2.3.19, 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 AX = (K, %, 5, g0, K) is the automaton A with all states accepting. Thus, by Theorem
2.3.17, we obtain
Ba(C<) = Bk (A<) = Bk (A=).

Since the graphical representation of the automaton A is strongly connected if and only if the
graphical representation of the automaton AKX is strongly connected, it follows from Theorem
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2.3.19 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. g

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 S'in {C—,C<, A<}.

Theorem 2.3.21 Let L in # 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 2.3.20, the theorem holds also
for S = A<.

Now, by Theorem 2.3.19, it is clear that .Z5_wro-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 2.3.19 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
2.3.20. 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 2.3.22 Let A = (K, %, 6, 9o, F) be a DFA¢, such that its graphical representation has k
strongly connected components, corresponding to disjoint sets of states Koy, Ky, ..., Ki_1, such
that

k-1
Uk =K
i=0

and qp is in Ky. 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 q as an
initial state of the resulting automaton. Formally, A[K;, q] = (K;, %, 6,9, FN K;), where, for p, g in
Kiand cin %, §’(p,c) = g whenever é(p,c) = g.

Definition 2.3.23 Let the symbols have the same meaning as in Notation 2.3.22. 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, Kj, ..., K¢_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 g in K; exist, such that (p,c) - (q,¢) for
some cin X U {¢}.

Notation 2.3.24 Let the symbols have the same meaning as above. Let x = (K; ,K;,,...,K;) bea
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 Ay, 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 K;,, etc., and finally ends in some

state in K; . Similarly, by Accy(Ag, 1), we denote the set of all such accepting computation paths.
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Notation 2.3.25 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 2.3.26 Let the symbols have the same meaning as above. Let x = (KiHKiz/- . .,Kis) be a
path in SCC(A). Let q be a state in Kj;. For j = 0,1,...,k — 1, let us denote by p; the Perron-
Frobenius eigenvalue of the transition matrix A 4k ;1 of the automaton A[K;, q;], where g; is an
jAj
arbitrary8 state in K, forj = 1,...,k— 1. Let us denote by pu,x the greatest of the Perron-
Frobenius eigenvalues corresponding to strongly connected components on the path x, i.e.,

Omax = ]E}?X,S Pi]--
Then, if o0 > 0, the number of computation paths in Comp, (A, ) is asymptotically equal to

[Comp, (Ag,m)| = © (W - piay ),

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 pymax = 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 x; = (Ki,, Ky, . .,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,(,i)ux the greatest of the Perron-Frobenius eigenvalues cor-
responding to strongly connected components on the path x;, and by r(/), the number of strongly
connected components corresponding to vertices on x;, such that their Perron-Frobenius eigen-

() )

value is p,é',zx. That is, p%ax and rU) are defined analogously as o,y and r, but for the path X;
instead of x.

1. For j = 1, it is obvious that the property
|Comp,, (Ag, n)| = |Comp(A[K;y, q],n)]

holds. However, the graphical representation of the automaton A[K;,q] is strongly con-
nected, and thus, by Lemma 2.3.2,

|Comp(A[K;,,q],n)| = O(pj,)-
(1)

However, since K, is the only vertex on the path x1, clearly o, = p;,, and ) = 1. Thus,
the basis of the induction is proved.

2. Let us suppose that the statement of the lemma holds for all Xj, j=1,...,t for some t in
{1,...,5 —1}. We shall prove that it holds also for x;. 1. Let g¢rans in K;, be a state, such that

a state q;,,,,; in K, | exists, such that

(qtruns/ C) F (qi‘mns' ‘C')

for some c in 2 U {e}. Let P = Pk, ;) be the period of the automaton A[Kj,, q¢]. Then,

obviously, at least one number p in {0,1,...,P — 1} and a nonnegative integer ny in IN
exists, such that

Accy, (ALT} . p 4 p)

8This eigenvalue is obviously the same, no matter what state g j in K; is chosen.



60

2.3 S-Equiloadedness

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 thesis) that a constant C in IN exists, such that for n > n,,
every computation path of length (n — C) - P + p can be prolonged to a computation path
of length - P + p, ending in gtans. In other words,

Accxt(A;q”””S},n P+ p)‘ > ’Comet(Aq, (n—C)-P+ p)’ >

>C. ’Comer(Aq,n -P+p)l,

(2.31)

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,, (A4, n) is greater than

or equal to the number of uses of the transition (q¢rans, ¢, qimns) in these computation paths.
Moreover, by a direct combinatorial insight, it is clear that Lemma 2.3.7 can be generalized
to hold also for Comp, (Ag,n) instead of Comp(A, n). That s,

Compo(Aq,n)’ > # [(Eltrunsfcf q;mns),Compo(Aq,n)} =

n—1
= 2 ‘ACCxt(Atgqtmns}ri)‘ : |C0mp(A[Kit+1/ q;rans]/n —i— 1)| . (232)
i=0

Further, from the induction hypothesis and Lemma 2.3.2, it is clear that a positive real con-
stant D in Rt exists, such that

(Comp,, (Ag,i- P+ p)| - |Comp(A[Ki,,, Ghrans), 1 — (i P+ p) =1)] =

2P—1
>D- Z ‘Compn( g i-P+1) ’ |Comp(A[Ki,,,, Girans)n — (i- P+1) —1)|. (2.33)

Thus, with use of inequalities (2.31) and (2.33), we may continue’ the derivation (2.32) as
follows:

Comp,, . (Ag,n ‘ Z ‘ACCX A{qms} ’ ' lcomp(A[Kitqugmns]'” —i= 1)‘ 2
l

L(n 1- p)/P

v

‘ACCx A{qmns} i- P+P)‘
1:0
(2.31)
' |Comp(A[Kit+1/ q;mns}rn - (i P+ P) - 1)} >
@31 [(n—1— P)/PJ Crone)
> C- ’Compx (AgT i P+p)‘
z=0
(2.33)
: |C0mp(A[Kif+1/q;mns}/n - (i P+ P) - 1)} >

(233) n—1 ) , .
> DY ‘Compxt(Aq,z)‘ . |Comp(A[Ky,,.,, Thrans),n —i — 1)
i=0

Now, let us first examine the case 0 < p;, ., = pﬁé,)lx = p%;}l) =: p. Then, rtt) = (1) 41,

9 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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and by the use of induction hypothesis and Lemma 2.3.2, we obtain
I = AU IE i1
CompxtH(Aq,n)‘ZC-D-Z@(z 'P>'®<p ):
i=0

=l (t+1)_q
:E-p”Ez' :®(nr -p”).
i=0
where Ein RT is a positive real constant. Thus, in this case,

’Compo(Aq,n)‘ =0 (nr<t+1>71 -p") i

We consider to be obvious that the theorem holds also for the case 0 = p;,,, = p,%x = pg,i;xl).

Now, let us examine the case p;, | = pg,i:xl) > p,(é,)zx > 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

n . . —
ZaIbnfzfl = T4 oy b =0(a") (2.34)
i=0

holds. We obtain

‘CompxtH(Aq,n)’ >C'-D- t_i;@ <ir<f>1 ) (p}(ﬁu)i) ) (P:':li*l) .

(£)

For some ¢ > 0, such that p,éax +¢ < pj,,,, we have

o (o)) e (o) =

i=0

~Yo (i’“” : (pf,iix)i> 0 (o1 1) <
i=0

Fo(ferd) o)

However, both

o (o)) o).

Lo ((eere)) 0 (o)

i=0

and

are © (pZH), by (2.34). Thus, also

’;Z;@ (ir<t)1 . (pgfiz)zx)i) o) (p?[;iﬂ) —0 (PZH) ’
and that implies
(Comp,,, (g n)] = 0 (" (si)").

The proof of the previous case with p%,)zx = 0 s left to the reader.
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(t+1) ()

Finally, let us examine the case 0 < p;,,; < Pimax’ = Pmax- In this case, we have P = 4(t),
By a slightly more involved process than in the previous case, it is possible to prove that

Fo (7 (o) ) o (1) =0 (r" " (k)).

and thus also
’Compo (Aq,n)‘ =0 (nr(m)_l : (p%;xl))”) :

The proof of the previous case with p;, ., = 0 is left to the reader, once again.

Thus, we have proved that

‘Compo(Aq,n)‘ =0 (nr(t+1)_1 . (p%;{xl))n)

holds for all three possible cases, and it remains to prove that

‘Compo(Aq,n)’ =0 (n”(m)*l . @g;{”)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 2.3.27 Let the symbols have the same meaning as in Notation 2.3.22. 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, (Ay,n)| = max |Comp, (A n)| | .
o] = B [compan] =0 _max [Comp, ()

Proof. Itis clear that every computation path v in Acc(Aff‘, n) is also in Comp (A4, 1), for some
x in Pth[Kj, K;]. The converse is also obviously true. Moreover, if 7 is in Comp, (A4, 1), and 7
is in Compy(Aq,n), for some x,y in Pth[Kj, K], x # y, then clearly 71 # 7. That is, the first
identity is proved.

Now, obviously,

1
1=z pag kgL

xePth[K/-,Ks]

|Compx(A‘7’ 1’1)

max Comp, (Ag,n
xePth[Kj,K}| Px(4g

7

and
max |Comp, (A, n)| < Comp, (Ag,n)|,
xEP’th[Kj,Ks} ’ * i ‘ XGPch[Kj,KS] ’ * i

and since 1/[Pth[Kj, K]| is a constant, the second asymptotic identity is proved as well. Thus,
the lemma is proved. O

Notation 2.3.28 Let the symbols have the same meaning as in Notation 2.3.22. Let K;, K;, K; be
vertices of SCC(A). Then, by Pth[K;, K;, K;], we shall denote the set of all paths x = (K;,, Klz, .., Ki)
in SCC(A), such thatrin {1,2,...,s} exists, such that (K; , ..., K; ) is in Pth[K;, K]] and (K;,,...,K;,)
is in Pth[K;, Kj]. That is, by Pth[K;, K}, K;] we denote the set of all paths xin SCC(A) from the ver-
tex K; to the vertex K}, such that the vertex K; lies on x.

Furthermore, we shall use a notation

k—1
Pth[K;, K;, *] = | Pth[K;, K, K;].
1=0
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Lemma 2.3.29 Let the symbols have the same meaning as in Notation 2.3.22. Let g 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[Ky, K, Ks]. Let us denote by r the greatest positive integer, such that a path x in Pth[Ky, K;, K]
exists, such that there are r strongly connected components on x with the Perron-Frobenius eigen-
value equal to pj;ax. Then:

(i) If ppax > 0, and 0j = Pmax, then
# {q,Acc(AKs,n)} =0 (n" - phax) -
(i) If ppax > 0, and 0j < Pmax, then
# {q,Acc(AKs,n)} =0 (n"l -p%x) .
(iii) If pymax = pj =0, then
# [q, ACC(AKS,V[)} =0
for all n greater than some 7 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 71 strongly connected compo-
nents with Perron-Frobenius eigenvalue py,.x, and a path x; in Pth[K;, K| with r, strongly
connected components with Perron-Frobenius eigenvalue pjx, so that r{ + 1 = r 4+ 1.
Moreover, since Kj lies both on x; and x5, it follows that r; > 0, and also r, > 0.

Thus, from Lemma 2.3.26 and Lemma 2.3.27, it follows that
‘ACC(AKj,Tl)‘ =0 (nrl*l -p%x> .

Similarly,
‘Acc(Ags,n)‘ =0 (nrz*l -p%ax) .

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(Ags,n — l)‘ =0 (i) ‘ACC(AKJ',I')‘ : ‘Acc(Af](S,n - 1)’)

(the definition of ® that is required to hold for all n greater than some 7 in IN is used here).
Thus, by Lemma 2.3.8, we have

# {q,Acc(AKS,n)} =

I M:

Acc(A{q} ‘ : )Acc(A;@,n - i)‘ -

(ZO ‘Acc(AKf,i)‘ : ‘Acc(AffS,n - z‘)D
( -t pmax) -0 ((Tl - i)rz_l ’ P%;;) =

@
< max erl ! (n_l)rz 1) =0 (nr1+r2—l ‘P‘me) =

pmax

I
I M:
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(if) In this case, there has to be a path x; in Pth[Ky, K;] with 1 strongly connected components
with Perron-Frobenius eigenvalue py,y, and a path x; in Pth[K;, Ks] with 75 strongly con-
nected components with Perron-Frobenius eigenvalue pj4x, so that r; + 1 = r.

Then, the result may be proved in a similar manner that in the case of claim (i), with the
difference that the case ry = 0 (resp. , = 0) has to be handled as well.

(iii) This claim is considered to be obvious.

The lemma is proved. g

Lemma 2.3.30 Let the symbols have the same meaning as in Notation 2.3.22. Let g be a state in K;,
for some jin {O, 1,...,k— 1}. Let us denote by 0; the Perron-Frobenius eigenvalue corresponding
to Kj, and by puax the greatest of the Perron-Frobenius eigenvalues corresponding to strongly
connected components on paths in Pth[Kp, K;, *]. Let us denote by r the greatest positive integer,
such that a path x in Pth[Kp, K, ¥] exists, such that there are r strongly connected components on
x with the Perron-Frobenius eigenvalue equal to pj;x. Then:

(i) If pmax > 0, and Pj = Pmax, then
#1q,Comp (A, n)] = O (n" - pjay) -
(i) If pmax > 0, and Pj < Pmax, then
#[q, Comp(A,n)] = © (nr‘l ~pﬁmx) :
(iii) If pymax = pj = 0, then
#[q,Comp(A,n)] =0
for all n greater than some g in IN.
Proof. The lemma is a direct consequence of Lemma 2.3.29, and of the obvious fact that
k-1
#[g,Comp(A,n)] = Y_ # [q,Acc(AKi,n)} )
i=0
where k is a constant. U

In our report [26], the reader may find a demonstration of Lemma 2.3.30 applied to an exam-
ple. 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
UKi=K
i=0

qo is in Ko, and every strongly connected component is reachable.’® Fori = 0,1,...,k—1, let
pi denote the Perron-Frobenius eigenvalue of the transition matrix A, 4, of the automaton
A[Kj, qi], 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:

10Tt 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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(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.,

0 =p1=".. = 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[Kp, K;, *]. It follows
from Lemma 2.3.30 that
#(q;, Comp (A, n)] = © (W - pliae)

for some 7 in IN.

Now, if pmax < pj, then, by Lemma 2.3.30, the property

#lq;, Comp(A,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 pmax = pj, then s in {0,1,...,k —1} has to exist, such that ps = 0j = Pmax, and by Lemma
2.3.30, such that

#lgs, Comp(A,n)] = Q (w1 ply, )

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 2.3.30 that the automaton A is not weakly state-C_-equiloaded.

<«: This implication follows directly from Lemma 2.3.30.
The characterization is proved. O

Although we leave the characterizations of weakly state-S-equiloaded DFA and DFAe 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.

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 £k _rg—pra (A=), L5—po-pra(A=),
and .%5_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.
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Theorem 2.3.32 The following identities hold:
1. L5 weg-pra(C=) = L5 weQ-pra(A=) = L5-weg-pra(C<) = L-weg-Dpra(A<),
2. L5 weQ-Drac(C=) = L5 wEQ-DrA(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 2.3.19, and
of Theorem 2.3.20. 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. Z5_weQ-pra(S) C L5_weQ-Drae(S),
2. %5 £Q-DrA(S) © Z5_£o-DraAe(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_weg-_pra:(C=) and
in Z5_po_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 2.3.21, 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. Z5_po-pra(C<) € L5 po-pra(C=) = Z5_pg-pra(A=),
2. L5 £0-DrAe(C<) € L5 p0-Drac(C=) = L5 £Q-Drae (A=),
3. Zs_ro-pra(A<) € Ls_ro-pra(C=) = Z5_ko-pra(A=),
4. L5 _po-prac(A<) © Ls_ro-prae(C=) = ZL5_£g-prac(A=).
5. The families .%5_go_pra(C<) and .Z5_go_pra(A<) are incomparable.

6. The families .%5_po_prae(C<) and Z5_po_prae(A<) are incomparable.
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Proof. First, we shall prove that %5 _rg_pra(C=) = Z_ro-pra(A=) and Z5_go_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 2.3.17, such an automaton is transition-C—-equiloaded if and only
if it is transition-A—-equiloaded. Thus, the identities £5_ro_pra(C=) = Z5_go-pra(A=) and
Z5-£Q-DrA:(C=) = Z5_£Q-DFac(A=) are proved.

Now, we shall prove the proper inclusions from claims 1 — 4. First, we shall at once prove
the inclusions %5 _pq pra(C<) & %5 £Q-pra(C=) and L5 pq prae(C<) & Z5-EQ-DFae(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_pras(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 Li. For the purpose of contradiction, let us suppose that such a DFAe
A exists. Let g 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 4. Clearly, there has to be a
transition ¢ = (g,4,4q’) on a leading from g to some other state g’ — otherwise, there would not
be any word in L; beginning with g, and that would be a contradiction. Moreover, there has to
be a transition f on b reachable from ¢’, such that for every computation path v in Comp(A),
the inequality #[f,y] < 1 holds, and #[f,y] = 1 implies also #[e,y] = 1 - otherwise, the word
ab would either not be in Lj, 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, 7] = 0.
Thus, #[e, Comp(A)] > #[f, Comp(A)]. However, since Comp(A) is finite, there is a nonnegative
integer 19 in IN, such that Comp(A) = Comp(A, < n) forall n > ng. Thus, #[e, Comp(A, < n)] >
#(f,Comp(A, < n)] for all n > ny, 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},

#lx,Acc(A)] = {w € Ly | w[1] = x}|.

However, there are two words in L; beginning with a and b, but only one word in L beginning
with c 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, Bo(A<) < 1, and that contradicts our assumption that the automaton A is transition-
A<-equiloaded.
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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;) = Lj, and a transition-C<-equiloaded DFA A, =
(K, 25,602,490, F2), such that L(A;) = L. We shall define these automata as follows: K; =
{po, p1,p2}, X1 ={a,b}, F = {p2}, and

91(po,a) = p1,
51(P11b) = p2.

As it can be easily observed,
#le, Acc(A,<n)] =1

for every transition e in D4, and all 7 in IN, such that #n > 2. Thus, the automaton A is transition-
A<-equiloaded.

(a) The automaton A;. (b) The automaton Aj.

Figure 2.3: 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,¢,d}, F = {q1,92, 94},
and

o2(q0,8) =q1,  &2(q0.b)=q1,  d2(q0,¢) = g3,
o2(q0.d) = g3, S(q,a)=q2,  02(g3,¢) = ga.
The reader may easily convince himself that L(A;) = L,. Moreover, as can be clearly observed,
#le, Comp(A,<n)] =2

for every transition e in D4, and all 7 in IN, such that #n > 2. Thus, the automaton A is transition-
C<-equiloaded. That is, the theorem is proved. g

Theorem 2.3.35 For a given family of languages .Z, let #f denote the family of all infinite
languages in .Z. Then, the following identities hold:

1. "gélij;SQfDFA(C:) = gélﬁfEQfDFA('A:> = "gélij;QfDFA(CS) = "gz;iJ;SQfDFA(’AS)’
2. "gélij;SQfDFAs(C:) = "ggifEQfDFAs(‘A:) = ggifEQfDFAs(CS) = jgifEQfDFAs(AS)‘

Proof. Let L in Z™/ 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 2.3.17. O

We shall omit the proof of the following theorem, since it is a direct generalization of a theo-
rem that we have presented in [25]. The proof may be found in our report [26].
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Theorem 2.3.36 Forevery Sin {C—, A—,C<, A<}, the strict inclusion

Z5-£Q-DrA(S) € ZL5-wEQ-DFa(S)
holds.

We leave an analogous property for the families of S-equiloaded resp. weakly S-equiloaded
DFAe-languages as an open problem.

Open Problem 2.3.37 The inclusion Z5_go_prae(S) € Ls—weo—DFae(S) holds trivially for all
Sin {C=, A=,C<, A<}. Is this inclusion proper or does .Z5_rg_prac(S) = L5-weo—Drae(S)
hold for S in the set {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

(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 2.3.38 The following strict inclusions hold for all S in {C—, A_,C<, A< }:

1. Zk-weo-pra(S) & Lk-wEQ-DFae(S),
2. Zx rq-pra(S) & Lk—EQ-Drae(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 2.3.39 The following strict inclusions hold:

1. Zx-seg-pra(C) € Zk—£Q-pra(C=), 5. Zk-seq-prae(C) & Lk-£Q-DFA:(C=),
2. Z5-seq-pra(C) & Zs—£q-pra(C=), 6. Z5-seQ-DFae(C) & L5-£Q-prAe(C=),
3. Zk-seo-pra(A) & Zk-£o-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 Zx_sgo—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 gﬁ*SEQ*DPA (C), nor in %*SEQ*DFA(A)/ and that it is both in %*EQ*DFA(C:)/ and in
Z5-£Q-DFA(A=). u

2.3.7 Closure Properties

In this subsection, we shall briefly state the known closure properties of the families of S-equi-
loaded and weakly S-equiloaded languages. We shall omit proofs — the proofs of older results
may be found in the theses [27], [28] and [25], and the proofs of newer results may be found in
our report [26].

For the case of the families of state-S-equiloaded and weakly state-S-equiloaded DFA(e)-
languages, we leave most of their closure properties open. In the following theorem, we shall
only restate the closure properties of the family .Zx_ro_pra(A=), proved already in [27] and

Ultis easy to prove that this language is not in -Zx_wEg—pra(S) by using the Myhill-Nerode theorem [33].
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[28]. 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 2.3.40 The family .Zx_ro_pra (A=) is not closed under concatenation, union, intersec-
tion, complementation, reversal, homomorphism, and inverse homomorphism.

In the following theorem, we shall summarize the closure properties of the families of transit-
ion-S-equiloaded and weakly transition-S-equiloaded DFA (¢)-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 (for details, see our report [26]). Thus, our knowledge of the
closure properties is better than in the case of state-S-equiloaded and weakly state-S-equiloaded
languages.

Theorem 2.3.41 The closure properties of the families of transition-S-equiloaded and weakly
transition-S-equiloaded DFA(e)-languages can be summarized by Table 2.2.

U N C * + R ho | k1

Zs_p0-pra(C= No | No | No | No | No | No | No | No | No
Zs5_£o-pra(A= No | No | No | No | No | No | No | No | No
Zs5_£o-pra(C< No | No | No | No | No | No | No | No | No

No | No | No | No | No | No | No | No | No

X
™
T
N
b
—~
o~

A

— o — —

g&—EQ—DFAs(C No | No | No | No ? ? ? ? No
Z5_EQ-DFAs (A= No | No | No | No | ? ? ? ? | No
;.%,EQ,DPAE(CS No | No | No | No ? ? ? ? No
Zs5_£o-prae(A<) | No | No | No | No | ? ? ? ? | No
Zs_weq-pra(C=) | No | No | No | No | No | No | No | No | No
Zs_weq-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_weo-pra(A<) | No | No | No | No | No | No | No | No | No
$§7WEQ7DFA£ (C:) No | No | No | No ? No
Z5_weo-prae(A=) | No | No | No | No | ? ? ? ? | No
Zs5_weQ-Drae(C<) | No | No | No | No | ? ? ? ? | No
Zs_weQ-DFae(A<) | No [ No | No | No | ? ? ? ? | No

Table 2.2: The closure properties of the families of transition-S-equiloaded and weakly transition-S-
equiloaded DFA (¢)-languages.



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 = {q0,41,...,qs8}, 2 = {a,b}, F = {q0}, 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,qo, F) be a deterministic one-counter automaton. Let an upper
bound exist for the length of computation paths (accepting computation paths) [computation
paths accepting by empty memory] v of the automaton A, such that  reaches a configuration
with the state gp and with the counter value 0 only at its beginning. Let H; (H;) [H3] be the
smallest of such upper bounds. Then,

Hi <[K|([K[+1)  (Hy < [K[(|K[+1))  [Hs < [K[(|K] +1)].

Proof. We shall prove all three claims at once. For the purpose of contradiction, let us suppose
that Hy > [K|(|K| 4+ 1) (that Hy > |K|(|K]| 4+ 1)) [that H; > |K|(|K| 4+ 1)]. Then, a computation
path 71 (an accepting computation path ;) [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| = H3) [|v3] = H3].

First, let us suppose that the greatest counter value achieved by the computation path 7;
(the computation path 7;) [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 74 (the accepting computation path 77) [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) =* (q,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 4’ is accepting
(in F), and for the case of the computation path <3, the counter value t' 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) F* (q,0w,t) F* (q,w,t) F* (d,¢,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 y3]. However, this computation path clearly
reaches a configuration with the state g9 and with the counter value 0 only at its beginning, and
thus, HY (H3) [H3] is not an upper bound for the length of the corresponding set of computation
paths. That is a contradiction.

Now, let us suppose that the greatest counter value achieved by the computation path v; (the
computation path 7,) [the computation path 3] is t > |K| + 1. Then, it follows from the Pigeon-
hole principle that the computation path y; (the computation path ;) [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; < t,. Moreover, the counter value is always positive
during the computation

(q,vwx, t1) FT (g, wx,t2) F* (p, x,1).

For the case of the computation path 7, the state p’ is in F, and for the case of the computation
path 13, the counter value #' is zero.
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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 72, not for the computation path 73.) It directly follows that

(g0, uvwx,0) F* (q,0%wx, t) F (g, 0wx, t2) T (g, wx,2t) — t1) F*
* (p,x,t+ tr) — tl) - (pl,S,t, +t — tl)'

The corresponding computation path clearly reaches the configuration with the state gy and with
the counter value 0 only at its beginning. Moreover, it is longer than the computation path
(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

(p,x,t) F* (P, e, t).

Then, it follows from the Pigeonhole principle that words x, xp, x3 in X* exist, such that x =
x1x2x3, and such that the computation (3.1) can be rewritten as

(qo, uvwx1x2x3,0) F* (g, vwx1x2x3, t1) (s (g, wxy1x2x3,t2) F* (p, x1x0x3,) F*
H (g’ xaxs, ) BT (g x3, 1) (P e 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, x1x0x3,t) F* (q’, X2X3, t’z) H* (‘1// X3, ti)'

Now, let us denote by L the least common multiple of positive integers t, — t; and t; — #]. Letr, s
in N be positive integers, such that (r —1)(to — t1) = (s —1)(t) — #}) = L. Then, it is obvious
that

(g0, uv wx1x5x3,0) F* (g, 0" wx x5x3, 1) FT (q,0"  wxixSxs, 1) FH LT
T (g, owx1x5x3, ta + (r —2)(ta — 1)) FT (g, wx15x3, ta + (r — 1) (tp — £1)) F*
F* (p, x1x5x3,t+ (r = 1) (ta — t1)) F* (¢, Sxa, th+ (r — 1) (tp — 1))
Ft g, s (P =) (e —t)) T T
(g sty + (r=1) (b — 1) = (s =2)(t — 1)) BT
g i (= 1)~ h) = (5= 1)t — 1)) F (4, x5, 11) H* (P, ).

That is, r — 1 loops from the state g, each increasing the counter value by t; — t;, and s — 1 loops
from the state g/, 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 v3].

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

We shall omit the slightly technical proofs of the following two lemmas. The proofs may be
found in our report [26].
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Lemma 3.2.2 Let A = (K, %, 4, 4o, F) be a deterministic one-counter automaton. Let ¢, 4’ in K be
states and t in IN be a nonnegative integer counter value. If the state 4’ is reachable from some
configuration with the state g4 and with the counter value ¢, then a computation

(q.w,t) " (4'e,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.!

Lemma 3.2.3 Let A = (K, %, J,qo, 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 £*, (p,u,s) F* (q,¢,t),
then a nonnegative integer # 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*.

Corollary 3.2.4 Let A = (K, X, 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 qp and the counter value 0 is reachable from some
configuration with the state g4 and the counter value t, 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 4 and
the counter value t, 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

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.

I This upper bound is not meant to be tight.



Strictly S-Equiloaded Deterministic One-Counter Automata 77

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 y reaches a configuration

with the state gy and the counter value 0 only at its beginning, then |y| < M for some
fixed constant M in IN.

b) A is strictly transition-.4-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 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 -y is an accepting computation path of the automaton A, such that <y reaches a con-
figuration with the state gp and the counter value 0 only at its beginning, then \7| <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 qg 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 7 exists, such that y corresponds to a computation

(90, w,0) F" (qo,¢,0)

for some word w in £* and some positive integer n in NT, and

[#[e,v] —#[f,7]| > 1

for some ¢, 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
[#e, vl —#[f, ml| > k. (3.2)
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In the case S = C, (3.3) 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 kin IN. Thus, (3.3) 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 X*, some accepting state g in F, and some nonnegative integer ¢ in IN. Thus,
for an accepting computation path 7}, corresponding to the computation

(g0, w*u,0) F (g0, u,0) F" (q,¢,1),

the property
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;| > [, and #[e, x;] < 1 for each transitione = (go,¢,0,4’,7),
where cisin X, ¢’ is in K, and r is in {0, 1}. However, by the Pigeonhole principle, a transition f
in D exists, such that

!
# , K] Z —_.
Thus, we may conclude that for all k in IN, a computation path x;, exists, such that
|#le, k1, ] — #[f 11, ]| > 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

[#le,v] —#[f, 7] <M (34)

holds for all computation paths vy, and each two transitions ¢, f in D. Similarly, if (i) and (ii’)
are satisfied, the inequality (3.4) holds for all accepting computation paths v, and if (i) and (ii")
are satisfied, the inequality holds for all computation paths 7 accepting by empty memory. The
theorem is proved.

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,

such that y visits a configuration with the state g9 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 7 of length exactly M are
generated, such that < visits a configuration with the state gg and the counter value 0 only at
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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 gy 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, %, J, 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—Q

5: for each v in C do

6 Let S be the set of all computation paths 7 of length i, such that 9/ is a computation
path « prolonged by one extra transition.

7: C'—CuUs
8 end for
9: C—C
10: for each v in C do
11: if v begins and ends in a configuration with the state g9 and the counter value 0 then
12: C—C—{v}
13: if #[e,v] # 1 for some e in D then
14: return FALSE
15: end if
16: end if
17: end for

18: end for
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Algorithm 1 continued.

19: if S =

C then

20: if C = @ then

21: return TRUE
22: else

23: return FALSE
24: end if

25: else if S = A then
26:  fori« 1,(M+1)-|K|+2-|K[*do

27:
28:
29:
30:
31:
32:
33:
34:

35:
36:
37:

for each v in C do
if v ends in an accepting state or in g¢ with the counter value 0 then
return FALSE
end if
end for
C—0
for each v in C do
Let S be the set of all computation paths ' of length i, such that 7' is a computa-
tion path 7 prolonged by one extra transition.
C'—C'us
end for
C—C

38: end for

39: return TRUE

40: elseif S = £ then

4. 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: C'—0

48: for each v in 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'—C'us

51: end for

52: C—C

53: end for

54: return TRUE

55: end if

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, é(g,¢,0) is defined for at most

onecin X U {¢}.

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
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is, (q,¢,0,pr (6(q,¢,0)),pry(6(q,¢,0))) and (q,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

(90,w,0) =T (qo,¢,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 7 reaches a configura-
tion with the state gy and the counter value 0 at its beginning, at its end, but not otherwise, the
property
#le,9] =1

holds for every transition e in D. Now, if 4 = 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
g at the counter value 0, every such computation path -y has to visit the state g at least twice
with the counter value 0. Now, let us consider <y to be fixed. Without loss of generality, let
us suppose that the transition (g,c,0,pr;(d(q,¢,0)), pr,(5(g,¢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

(q,cu,0) =T (g,¢,0)

for some u in X¥*, such that a configuration with the state go 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, X%, 0, 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 {ql}fill in K*1, and a unique partition of the set of transitions {Si}i.‘:l in

(ZD)k exists, such that the following statement holds: let 7y be an arbitrary computation path
of the automaton A, such that |y| > 1 and 7 reaches a configuration with the state gy 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 7y with the counter value being 0 is identical to {qi}fill, and the set
of transitions used by 7 between the i-th and (i + 1)-th visit of a configuration with the counter
value 0is S;, fori =1,...,k. Clearly, g1 = gx+1 = 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 X U {e}, exactly once (except 4 = g that is
visited twice). Clearly, no other state can be visited by v with the counter value being 0, since the
computation would get stuck.

k+1

Now, we shall prove that {g;};; 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 7, and {rl}fill is a different sequence of states, such

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 i,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 v is strictly less than k + 1.

Finally, we shall prove that {S,'}i-‘:l 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
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from the characterization given in Theorem 3.3.1 that a computation path < exists, such that
|7| > 1 and 1y reaches a configuration with the state g 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}ile 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 {U;}¥_; exists, such that it is followed by some another computation
path, say v/, 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 { %}Ell 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 ), and another computation of the
form (g;,v,0) =* (gj11,¢€ 0) exists for some v in £, 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 y except that between
the states g; and g, it follows the path of 7/, i.e., the corresponding computation is the above
mentioned computation of the form (g;,v,0) F* (gj;1,¢0). Clearly, |y"| > 1 and 7" reaches
a configuration with the state o 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. O

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 thesis.

Theorem 3.5.1 The following strict inclusions hold:

1. As5-seo-poca(C) & Zs5-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_gpo_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',¥/,¢',q(, 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}
and rin {—1,0,1} by

&'((g,0ld),c,1) = ((q',0ld), 1) <= d(q,¢,1) = (q',71),
5 ((g,0ld),e,0) = ((q,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 g4 and the counter value 0 can be reached after
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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 .45_sgg—poca(C) has to contain the empty word e. However,
itis easy to find a language L in .Z5_spo—poca(C), such that e is not in 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. % seo-poca(C) S Z5_seo-poca(A), 2. Ms5-seg-poca(C) © A5_seo-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, bead}*. We shall prove that this language
isin %5 _seg-poca(A), but notin % spg poca(C).

We shall construct a deterministic one-counter automaton A = (K, X%, 4, o, 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={gi|i=0,..,20U{pi;|i=1,..., 4 Ulpsili=1,...,5 U{ps;i|i=1,...,9},

the alphabet X shall be & = {a,b, c,d}, the transition function J shall be defined as follows:

6(90,¢,0) = (q1,+1), 6(q1,a,1) = (P11, +1),

6(q1,b,1) = (p21,+1), 5(q1,¢,1) = (p31,—1),

6(q1,d,1) = (92, -1), 6(qi,e1) = (qi41,—1),  i=2,...,20,
6(q21,€,0) = (q0,0), o(priel) = (priv1, +1),  i=1,...,3,
S(prael) = (q1,+1), 5(paire 1) = (p2iv1,+1), i=1,...,4
5(pas.e1) = (q1,+1), 5(p3ie 1) = (pair1,+1),  i=1...8,
0(pao e 1) = (q1,+1),

and the set F of accepting states shall consist only of the initial state, i.e., F = {qo}. It is not hard
to see that this automaton indeed accepts the language L: to arrive from the state q; to the only
accepting state qo, it is first obviously necessary to reach a configuration with the state g1 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 g; for the last time before
the next visit of g, the counter value has to be increased by the value of 19.

There are three “cycles” from the state g1: 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. That is, L is in .%5_spo—poca (A).
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Now we shall prove that the language L is notin .Z5_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 ¢, 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 g, g, in K’ and 74,7, in {—1,0,+1}, e, = (g,4,1,94,72) and e, = (q,b,1, g, 13)
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,0wa,t) b (ga, wa, t +14) B (q,¢,t0) (3.5)

and
(q,bwy, t) = (qp, wp, t +1p) (g, tp) (3.6)

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
(3.5) and the computation (3.6). Furthermore, the inequalities 0 < ¢, < tand 0 < t; < t have
to hold, since otherwise either the counter value 0 would be reached, or the “cycles” (3.5) and
(3.6) 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 + 1 or 4k for some
kin IN.

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 ¢, = (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

(g, cwe, ta) F (ge,we, ta +1e) ¥ (g8 tc), (3.7)

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 prolonged?
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’).

2This 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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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 N,
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-E-equiloaded. Thus, L’ is in
N5-seq-poca(€)-

To prove that L’ is notin .45 _g EQ-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. Z5_seo-poca(C) 2 Z5_seQ-DFAes 2. Z5_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 Z5_spq_pra, 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,%,9,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', %!, ¢, q0, F') accepting L as follows: K’ = K, ¥/ =%, q;, = qo, F' = F, and

Vp,q € K'Vee X U{e}:6(p,c,0) = (q,0) < 6(p,c) =g

(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) =% (g0, €). By the definition of
the automaton A’, this implies that there is not any word w in (X')* = X*, such that (qo, w,0) %,
(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 -y
of the automaton A, the inequality |y| < k holds. Thus, the same property holds also for every
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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}" is in Z5_gpq—poca(C). We shall prove that L is not in %5_sgo_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, %, J, 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_seg-poca(C) 2 ZLs_seo—pra, 2. %5 seg-poca(A) 2 L5 seQ-Dra-

Proof. Follows directly from Theorem 3.5.3 and Theorem 2.2.8. O

In order to make the length of this thesis reasonable, we shall omit proofs of the following
theorems. The proofs may be found in our report [26].

Theorem 3.5.5 The following relations hold:
1. The families 45_spo—poca(C) and £5_spo—prae are incomparable.
&

2. The families .45_spo_poca(€) and Z5_spo—prae are incomparable.

(€)
(€)
3. The families .45_sgq-poca(C) and Z5_spq-pra are incomparable.
4. The families .A4;_spo—poca(€) and £5_spo—pra are incomparable.

Theorem 3.5.6 The following strict inclusions hold:

1. Z_seg-poca(C) C £, 3. M5_seo-poca(C) € %,
2. Z_seqg-poca(A) C %, 4. N;5_spo-poca(€) S Z.

Now, let us turn our attention to the families of strictly state-S-equiloaded DOCA-languages.
We shall continue in omitting the proofs that may be found in our report [26].

Theorem 3.5.7 The following relations hold:
1. The families Ak _seq-poca(C) and Zx_spo—poca(C) are incomparable.

2. The families J%(—SEQ—DOCA £) and gK—SEQ—DOCA A) are incomparable.

(©) (
(€) (
3. The families A% _spo-poca(C) and Zx_spo-poca(A) are incomparable.
(€) (

4. The families Ak _spg-poca(€) and Lk _spo-poca(C) are incomparable.



Strictly S-Equiloaded Deterministic One-Counter Automata 87

Theorem 3.5.8 The following strict inclusion holds:

Nk-seQ-poca(C) & Ak—seg-poca(E)-

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
$K75EQ7DOCA (.A) ? Clearly, Theorem 1.6.3 implies fosEQfDOCA (C) - gKfsEQfDOCA (A) . Is
this inclusion proper or are these two families equal?

Theorem 3.5.10 The following strict inclusions hold:

1. Zx_seg-poca(C) 2 Lk_se0—DFAes 2. Zx_seo-poca(A) 2 ZLk—_SEQ-DFAe-

Corollary 3.5.11 The following strict inclusions hold:

1. Zx-seg-poca(C) 2 Lx_seQ-DFa, 2. %k seg-poca(A) 2 Zk_seg-Dra-
Theorem 3.5.12 The following relations hold:

1. The families A% _spo—poca(C) and Lx_seg-Dprae are incomparable.

2. The families A% _spo-poca(€) and Lk _seo—prae are incomparable.
3. The families A% _spo—poca(C) and Lk_spo-pra are incomparable.
(€)

4. The families A% _spo-poca(€) and Lx_spg-pra are incomparable.

Theorem 3.5.13 The following relations hold:
1. The families Zx_spg—-poca(C) and Z are incomparable.
2. The families Zx_spq-poca(A) and Z are incomparable.
3. The families .#x_spo—poca(C) and # are incomparable.
4. The families Ax_spg-poca(€) and Z are incomparable.

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) S Zk—seg-poca(C), 3. Ms5-seg-poca(C) S Ax—seg-poca(C),
2. L5 seg-poca(A) © Lx_seo-pocal(A), 4. Ns5_seo-poca(€) G ANx—seo-poca(€).

Proof. We shall prove all four statements at once. First, let us prove the improper inclusions. Let
A = (K, %, 6,90, 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
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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 t, then the corresponding computation path
7" of the automaton A’ on the word w ends in the state ¢ 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 gqo (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

3'((p,c,t',q,7),d,t) = ((q.d,t,pry(8(q,d, 1)), pry(6(q,d,1))), pry(8(q,d, 1))

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, q; is defined to be an arbitrary
member of the set

{(petqr) €Dalg=qo}-
Finally, the set of accepting states F’ is defined by

F'={(p,c,t,q,r) €Dy |q€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. O

3.6 Closure Properties

In this section, we shall summarize the closure properties of the families of strictly S-equiloaded
DOCA-languages. We shall omit proofs that can be found in our report [26]. The closure proper-
ties that are not stated in this section are open up to now.

Theorem 3.6.1 None of the families géfsEQfDOCA (C), géfsEQfDOCA (.A), f/Vg,SEQ,DOCA (C),
and .A45_spq-poca(€) is closed under concatenation, union, complementation, closure, positive
closure, reversal, and inverse homomorphism.

Theorem 3.6.2 The families Zx_spg-poca(C) and Zx_seg-poca(A) are not closed under con-
catenation, complementation, reversal, and inverse homomorphism.
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In this thesis, we have presented and analyzed several definitions of balanced use of resources in
deterministic sequential computations. The main aims of this thesis have been to generalize the
earlier definitions for DFA, presented in [27], [28] 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 thesis.

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], [27] and [28]. 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 thesis, 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 [27], [28] 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 2.3.19
anstions C<, A< Theorem 2.3.20
. 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 thesis.

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 [27] and [28], is equivalent to our definition of S-equi-
loadedness. This result unifies the earlier theory of state-equiloaded DFA ([27] and [28]) 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 [27] and [28], 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 thesis that may be as well a subject of a fruitful future
research.
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