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ABSTRACT

State complezity is a fundamental topic in formal languages and automata
theory. The study of state complexity is also strongly motivated by appli-
cations of finite automata in software engineering, programming languages,
natural language and speech processing and other practical areas. Since many
of these applications use automata of large sizes, it is important to know the

number of states of the automata.

In this thesis, we firstly discuss the state complexities of individual op-
erations on regular languages, including union, intersection, star, catenation,
reversal and so on. The state complexity of an operation on unary languages
is usually different from that of the same operation on languages over a larger

alphabet. Both kinds of state complexities are reviewed in the thesis.

Secondly, we study the exact state complexities of twelve combined opera-
tions on regular languages. The state complexities of most of these combined
operations are not equal to the compositions of the state complexities of the
individual operations which make up these combined operations. We also

explore the reason for this difference.

Finally, we introduce the concept of estimation and approximation of state
complexity. We show close estimates and approximations of the state complex-
ities of six combined operations on regular languages which are good enough

to use in practice.

Keywords: state complexity, regular languages, combined operations, deter-
ministic finite automata, nondeterministic finite automata, estimation of state

complexity, approximation of state complexity.
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Chapter 1

Introduction

Automata theory is one of the oldest research areas in computer science. It
started in the 1930’s [102], before electronic computers were invented [52].
Since then, much research has been done in the area. Although it already has
a long history, new problems in automata theory arise due to its increasing
application. Research on many topics in automata theory is ongoing. For
example, statecharts, which are widely used as a modeling tool in software
engineering, come from automata theory [71]. The use of finite automata has
been shown to be successful in lexical analysis in programming languages [98].
In parallel programming, automata theory has been associated with optimiza-
tion problems [75]. Automata theory also serves as the basis for pattern recog-
nition in natural language and speech processing [74, 78]. These applications
motivate the study of state complexity, a fundamental subarea in automata

theory.

1.1 Why State Complexity?

One basic question in research on finite automata and regular languages is
how to measure the size of a deterministic finite automaton (DFA). There are
three ways to do this: the number of states, the number of transitions, or a
combination of the two [105]. For a complete DFA, whose transition function

is defined for every state and every possible input symbol, the number of



transitions is linear in the number of states if the alphabet is considered as a
constant [30]. Thus, the number of states becomes the key point when we try
to measure the size of a complete DFA. State complexity is the study of the
number of states of finite automata.

Generally speaking, the study of complexity issues mainly focuses on the
following two kinds of issues: (1) time and space complexity issues, (2) de-
scriptional complexity issues [105]. State complexity is a type of descriptional
complexity. It is based on the finite automaton model. The state complexity
of an operation on regular languages gives a lower bound for the space com-
plexity and the time complexity of the operation. For many operations, the
bounds given by the state complexities are tight.

Compared to other representations of regular languages such as nonde-
terministic finite automata (NFAs) [25, 49] and regular expressions, the DFA
model has the following advantages [105]. (1) It takes almost linear time to
check two DFAs to determine if they are equal [1], while for NFA and regular
expressions it is PSPACE-complete. (2) For a regular language, the minimal
DFA that accepts the language is unique up to isomorphism, while other mod-
els are not unique in general. (3) There is an O(nlogn)-time minimization
algorithm for DFAs; however, the same problem for other models is not known
to be solvable in polynomial time. Thus, the size of a minimal DFA is a natural

and objective measurement for the language it accepts [105].

1.2 Why State Complexity of Combined operations?

During the last 20 years, motivated by new applications of regular languages
that require automata of very large sizes, state complexity has received in-
creased attention and many papers have been published on this topic. Exam-
ples include [3, 4, 5, 6, 7, 8, 9, 14, 15, 16, 17, 18, 20, 21, 22, 23, 24, 35, 36, 37,
38, 39, 40, 41, 42, 43, 44, 46, 47, 48, 50, 54, 55, 56, 57, 58, 59, 60, 61, 63, 66, 67,
68, 77,79, 80, 81, 82, 83, 84, 85, 87, 93, 94, 95, 96, 99, 100, 105, 106, 110, 111].

Most of these papers focused on individual operations, for example, union,
intersection, star, catenation, reversal, shuffle, orthogonal catenation, propor-
tional removal, cyclic shift and so on. However, in practice, the operation

to be performed is often a combination of several individual operations in a



certain order rather than only one individual operation. The state complexity
of combined operations is certainly an important research direction in state
complexity research. The state complexities of a number of combined opera-
tions have been studied in the past five years. It has been shown that the state
complexity of a combination of several operations is usually not equal to the
composition of the state complexities of individual participating operations
(28, 31, 45, 62, 70, 92].

There seems to be no common method to compute the state complexities
of combined operations because each combined operation has its own special
features. Although the composition of individual state complexities of com-
ponent operations of a combined operation would give an upper bound to the
state complexity of the combined operation, the upper bound is usually too
large to be useful. For example, for two regular languages L, and Ly accepted
by m-state and n-state deterministic finite automata, respectively, the state
complexity of (LU Ly)* is actually 2m+n=1 —2m=1_9n=1 4 1 while the compo-
sition of the individual state complexities is 27"~ 4-2m"=2 So it appears that

the state complexity of each combined operation has to be studied specifically.

1.3 Why Estimation and Approximation of State Com-
plexity of Combined Operations?

There are only a limited number of individual operations on regular languages.
However, the number of combined operations on regular languages is unlim-
ited. Thus, it is important to obtain general results that cover not only single
combined operations, but also infinite classes of combined operations. A good
estimate of the state complexity of a combined operation can be used in many
applications.

The method of estimation through nondeterministic state complexity was
proposed in [97, 108]. For most combined operations that include the star
operation or reversal, it gives good estimates. For example, the estimation of
the state complexity of (L; U Ls)* through nondeterministic state complexity
is 2t +2 Note that m + n + 2 is the direct mathematical composition of
the two individual nondeterministic state complexities and no optimization is

made. This estimation is close to the exact state complexity of this combined



operation: 2mtn-t —gm=1 __gn-1 4 1

However, this method has its limitations. Considering the union of k£ >
1 regular languages accepted by DFAs of nq,...,n, states, respectively, the
estimate of its state complexity through nondeterministic state complexity
would result in 21T +7+k=1 Tt can be easily shown that the state complexity
of this operation is no more than ny - - - ny.

Although an estimate of the state complexity of a combined operation is
simpler and more convenient to use, it does not show how close it is to the
exact state complexity. The concept of approximation of state complexity
solves this problem by defining the ratio bound which provides the error range
of the estimate [32].

Approximation of state complexity can play useful roles in two different
cases. In the first case, the exact state complexities have not been obtained.
They may be very difficult to obtain. However, approximations with low
ratio bounds can be obtained rather easily and they can be used for practical
purposes in general. In the second case, the exact state complexities have
been proved. The approximations of those results with low ratio bounds can
simplify the formulae of the complexities and make them more intuitive and
easier to apply. Thus, approximation of state complexity is clearly a useful and

important concept in the study of state complexity of combined operations.

1.4  New Contributions of the Thesis

This thesis focuses on two topics on the state complexities of combined oper-

ations on regular languages:

(1) exact state complexity of combined operations, and

(2) estimation and approximation of state complexity of combined opera-

tions.

In this thesis, we discuss exact state complexity of combined operations on
regular languages. It is one of the major topics of the study of state complex-
ity in the past five years. We choose 12 combined operations which are com-
monly used in practice and investigate their exact state complexities. These
combined operations include: combinations of union, intersection and comple-

mentation, multiple catenations, combinations of star and catenation, reversal



and catenation, Boolean operations and catenation, Boolean operations and
star, Boolean operations and reversal. For all these combined operations, we
obtain tight bounds on their state complexities.

We also study estimation and approximation of state complexity of com-
bined operations on regular languages. We revisit the method of estimation
of state complexity through nondeterministic state complexity and clarify the
boundaries of its usage. We introduce the concept of approximation of state
complexity and obtain approximations of the state complexities of 6 combined
operations on regular languages. All of them are close to the corresponding
exact state complexities.

An important aspect of the research of this thesis is that it combines ab-
stract theoretical work with the use of software systems, such as Grail+ [112],
to help us find worst-case examples experimentally. Hundreds of DFAs of large
sizes are used in the experiments. If we do all these experiments on paper,
the researcher can often get no result. State complexity is a theoretical topic.
However, experiments play an important role in the study of state complexity.
Although the final results always have to be proved theoretically, experiments

verify or reject our initial proposal and greatly speed up the research process.

1.5 Outline of the Thesis

The thesis is structured as follows:
Chapter 2 presents basic notation and definitions used in this thesis.

Chapter 3 gives a survey of research results on the state complexities of

individual operations on regular languages.

Chapter 4 presents the current results of the state complexities of combined
operations, including star of union, star of intersection, star of catenation, star
of reversal, reversal of union, reversal of intersection, reversal of catenation and

power.

Chapter 5 presents the exact state complexities of 12 combined operations,
including catenation combined with star and reversal, catenation combined

with union and intersection, combined Boolean operations and multiple cate-



nations.

Chapter 6 introduces the research results on estimation and approximation

of state complexity of combined operations on regular languages.

Chapter 7 concludes the thesis with discussions of state complexity of com-

bined operations and future work.



Chapter 2

Basic Definitions and Notation

In this chapter, we review some basic knowledge about formal languages and
automata theory [52, 53, 90, 91, 101, 104] that is related to this thesis. This
knowledge is the foundation of any study not only in state complexity but also
the whole of computer science. We also specify the notation which is used in

the thesis.

2.1 Languages

An alphabet is a finite, nonempty set of symbols, denoted by 3. The symbols in
the alphabet are also called letters. The notation ¥* means the set containing
all the finite strings whose symbols are chosen from an alphabet X.

Strings, which are finite sequences of letters, are also called words. A
special word is the empty word, denoted by e. It is over any alphabet.

For a word x over an alphabet >, its length is the number of occurrences
of letters in . It is denoted by |z|. The a-length of the word z is the number
of times that the letter a appears in z. It is denoted by |z|,.

A language over X is a set of words which are chosen from >*. The lan-
guages {e} and () are over any alphabet. We use the notation |L| to denote
the cardinality of a language L, i.e., the number of words in L. (There should

be no confusion with the same notation used for the length of a word.)

2.2 Operations

For a word z over an alphabet ¥, the reversal of z is denoted by zt. It is «

itself if x = e; it is yfa if x = ay, where a is a letter in ¥ and y is a word over



Y. By the definition, if x = a; - - - a,, where n > 0 and aq,--- ,a, are letters
in ¥, then 2% =a,, - - a;.

For a language L over an alphabet 3, the reversal of L is denoted by L%,
and L% = {z% | 2z € L}.

For words x and y over an alphabet ¥, the catenation of x and y is denoted
by zy. It is the word obtained by attaching y to the end of z. Catenation is
associative. The length of the new word xy is the sum of the length of  and
the length of y.

For a language L; and a language L, over an alphabet 3., the catenation
of Ly and Ly is denoted by LiLy, and Ly1Ly = {xy | x € Ly, y € Ly}.

For a language L over an alphabet Y, the star of L is denoted by L*. The
operation L* is also called Kleene closure. We define L = {e} and L' = L' 'L,
where ¢ > 1. We define L* = U2, L". Similarly, we define LT as U2, L'. The
operation L™ is called positive closure.

Given a set S, the power set of S is the set of all subsets of S, denoted by
P(S).

Let R and L be two languages over the alphabet 3. Then the left quotient
of R by L, denoted by L\R, is the language

{y |2y € Rand z € L},
and the right quotient of R by L, denoted by R/L, is the language

{z|2zy€ Rand y € L}.

2.3  Grammars

Definition 2.1 Context-free Grammars
A context-free grammar (CFG) G is specified by a quadruple (N, %, P, S)
where
N is the set of nonterminals (variables);
Y is the set of terminals, XN N = ;
P C N x (NUZX)* is the set of productions;

S € N is sentence symbol;



and N, ¥, and P are all finite [109].

A CFG generates a word by rewriting (or derivation) [109]. Let G = (N, %, P, S)
be a CFG and 3,5 € (NUX)*. If B = p1ABy for A € N, By, 52 € (N UX)*,
A — a € P and ' = [iafs, then we say that § can be rewritten as (',
denoted by § = 5’ [109].

B =* B,i>0, if # can be obtained from 3 in i rewriting steps [109].
g =t ' if § can be obtained from 3 in at least one rewriting steps [109].
g = pLipg=p o =75 [109].

The language that consists of the words generated by the CFG G is denoted
by L(G) and
L(G)=4{we X | S =" w} [109].

Example 2.1 A CFG for {a'd’ | i > 1} is as follows: S — aSb | ab, N = {S}
and ¥ = {a,b}. O

Definition 2.2 Right Linear Grammars
A CFG G = (N, X%, P,S) is right linear if every production in P is of one
of the forms:

A—z, A—»zxzB, A, BE€ N, z € X" [109.

Definition 2.3 Left Linear Grammars
A CFG G = (N,%, P,S) is left linear if every production in P is of one of
the forms:
A— 1z, A— Bx, A, B€ N, z € X" [109.

Definition 2.4 Regular Grammars
A CFG G is said to be reqular if it is right linear or left linear [109].

Example 2.2 A regular grammar for {w € {a,b}* | |lw| > 1} is as follows:
S —aS|bS|a|b, N={S}and ¥ = {a,b}. O
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2.4 Regular Expressions

Definition 2.5 Regular Expressions

A regular expression over the base alphabet 3 is a well-formed string over
the larger alphabet ¥ U A, where A = {,0,(,),+,*}; we assume X N A =
0 [101]. Valid regular expressions can be defined with a CFG grammar as
follows [101]:

S — E,|E |G

E. - E.+F|F+F
F — E,|G

E, — E.G|GG

G — E,.|C|P

C — 0lela (a€X)
E, — Gx

P — (9)

The meaning of the variables is as follows [101]:

e S generates all reqular expressions.

o F, generates all unparenthesized expressions where the last operator was

+.

E, generates all unparenthesized expressions where the last operator was -

(implicit concatenation).

E, generates all unparenthesized expressions where the last operator was

x (Kleene closure).

C generates all unparenthesized expressions where there was no last op-

erator (i.e., the constants).
e P generates all parenthesized expressions.
Here, by parenthesized we mean there is at least one pair of enclosing paren-

theses [101]. If the word u is a regular expression, then L(u) represents the

language that u is shorthand for [101].

Example 2.3 Consider the regular expression uv = (0 4+ 1)*1. Then L(u)
represents all the words over {0, 1} that end with 1. O



2.5 Regular Languages

There are four levels of languages according to the Chomsky hierarchy of
formal languages, which are the regular languages, the context-free languages,
the context-sensitive languages and the recursively enumerable languages. In
this thesis, regular languages are discussed. A language L is regular if and
only if there is a regular expression F such that L = L(FE).

Regular Languages are generated by regular grammars. A language L is
regular if and only if there is a regular grammar G such that L = L(G) [109].

Finite languages make up a specific subset of the class of regular languages.
Each finite language contains only a finite number of words. They are regular
since a finite language can be described by a regular expression that is the

union of every word in the language.

2.6 Deterministic Finite Automata

Definition 2.6 Deterministic Finite Automata
A deterministic finite automaton (DFA) is a 5-tuple (Q, X, §, qo, F'), where

Q is a finite set of states;
Y is a finite set of all the input symbols, often called the alphabet;

0 s a transition function that takes a state and an input symbol as ar-
guments and returns a state. If p is the current state, and a is the input
symbol, then 6(p,a) = q means the DFA transfers from p to q by reading
the letter a;

qo s an initial state where qy € Q;

F is a set of final states and F C Q).

An extended transition function 0 describes what happens when we start
in any state and follow any sequence of inputs [52]. We define 6 by induction
on the length of the input string, as follows [52]:

Basis: g(q,s) = ¢q. That is, if we are in state ¢ and read no inputs, then we
are still in state q.

Induction: Suppose w is a string of the form xa; that is, a is the last symbol

11



of w, and x is the string consisting of all but the last symbol. Then

~

d(q,w) = 6(0(q, 7), a).

The language accepted by a DFA is the set of strings that take the initial
state to one of the final states. If a language L is accepted by some DFA, then
L is a regular language. Two DFAs are equivalent if they accept the same

regular language.

Example 2.4 Let the DFA A = (Q, %, 0, qo, F') be given by @ = {0,1,2,3,4,5},
Y ={a}, =0, F ={5}, and

d(m,a) =n, meq, n=(m+1)mod6.
The regular language accepted by A can be denoted by
L(A)={a'|i=5 (mod 6)}.

The transition diagram of A is shown in Figure 2.1. O

Figure 2.1: The transition diagram of DFA A in Example 2.4

A complete DFA is one that has transitions defined for each state in () and
each input symbol in . A sink state is a state from which there exists no
sequence of transitions to a final state.

For every DFA A, there exists an automaton B such that L(A) = L(B)
and (1) every state of B is reachable from the initial state and (2) from every
state, except at most one sink state, a final state can be reached. The DFA B
is called a reduced DFA.

Note that we assume that all the DFAs used are complete in this thesis.

12



2.7 Minimization of DFAs

There are many DFAs that accept the same regular language. An important
way to test the equivalence of DFAs is to minimize them. That is, for each DFA
we can find an equivalent DFA that has as few states as any DFA that accepts
the same language [52]. Since minimal DFAs are used in the study of state
complexity, we will go through DFA minimization algorithms. Firstly, the
Myhill-Nerode theorem implies that there is an essentially unique minimum-

state DFA for each regular language [53].

Theorem 2.1 (The Myhill-Nerode theorem). The following three statements

are equivalent:

1) The set L C X* is accepted by some finite automaton.

2) L is the union of some of the equivalence classes of a right invariant

equivalence relation of finite index.

3) Let the equivalence relation Ry, be defined by xRy if and only if for all

zin X, xz is in L exactly when yz is in L. Then Ry is of finite index.

We say that states p and ¢ in a DFA are equivalent if:

For all input strings w, 6(p, w) is a final state if and only if §(q, w) is a
final state [52].

If two states are not equivalent, then we say they are distinguishable [52].
State p is distinguishable from state ¢ if there exists at least one string w such
that one of 4(p,w) and (g, w) is final, and the other is not final [52).

There is a simple method to minimize DFAs. Let A = (Q, %, 0, qo, F) be
a DFA. To minimize A, we firstly eliminate all the states which cannot be
reached from the initial state. Secondly, we use the table-filling algorithm to

partition the remaining states into blocks such that:
1. All the states in a block are equivalent.
2. No two states chosen from two different blocks are equivalent [52].

The table-filling algorithm shown in [53] is as follows:

13



begin
for pe F' and q€ @ —F do mark (p,q);
for each pair of distinct states (p,q) in F X F or (Q—F)x(Q—F)
do
if for some input symbols a, (§(p,a),d(q,a)) is marked then
begin
mark (p, );
recursively mark all unmarked pairs on the list for (p,q)
and on the lists of other pairs that are marked at this step;
end
else /*mno pair (0(p,a),0(q,a)) is marked * /
for all input symbols a do
put (p,q) on the list for (d(p,a),d(q,a)) unless
6(p,a) = d(q, a);
end

After partitioning the set of states () into blocks of mutually equivalent
states by the algorithm described above, we can construct the minimum-state
equivalent DFA B by using the blocks as its states. The initial state of B is
the block containing the initial state of A. The set of final states of B is the
set of blocks containing final states of A. Note that if one state of a block
is accepting, then all the states of that block must be accepting. The reason
is that any final state is distinguishable from any non-final state. Thus, you
cannot have both final and non-final states in one block of equivalent states.

A detailed example of DFA minimization can be found in [52]. The time
complexity of the above minimization algorithm is O(n?). Most textbooks on
automata theory give the above algorithm to minimize the number of states
in a DFA, because it is simple and easy to grasp. However, J. Hopcroft pub-
lished an O(nlogn)-time minimization algorithm [51]. It is more complex

but faster because it uses a different approach to partition the states. If
A={Q,%,6,q,F} is a DFA, the O(nlogn) algorithm is as follows [51]:



begin

for g€ @ and a€ X do
construct 6 1(q,a) = {t | §(t,a) = q};
construct B(1) = F and B(2)=Q — F;
for a €Y and 1<i<2 do
construct a(i) = {s|s € B(i) and 6 !(s,a) #0};

k= 3;

for a € ¥ do

construct L(a) = {

{1} it Ja(D)] < fa(2)],

{2} otherwise;

while there exists a € ¥ such that L(a) #0 do
for a € ¥ and i€ L(a) do
begin
delete i from L(a);
for j <k do
if there exists t € B(j) with d(t,a) € a(i) then

end

end

begin
partition B(j) into B'(j) ={t|d(t,a) € a(i)} and
B"(j) = B(j) = B'(j);
B(j) = B'(4);
B(k) = B'())
for a € X do
begin
construct corresponding a(j) and a(k);
L(a) = { L(a)U{j} if j ¢ L(a) and 0 <|a(j)| < |a(k)],
L(a) U{k} otherwise;
end
k=Fk+1;

end

15



2.8 Nondeterministic Finite Automata

Definition 2.7 Nondeterministic Finite Automata
A nondeterministic finite automaton (NFA) is a 5-tuple (Q, ¥, 6, qo, F),

where

Q is a finite set of states;
Y is a finite set of all the input symbols, often called alphabet;

0 1s a transition function that takes a state in Q) and an input symbol in
Y2 as arguments and returns a subset of Q). If p is the current state, and
a is the input symbol, then §(p,a) = {q,r,t} means the NFA transfers
from p to q,r ort by reading the letter a;

qo s an initial state, where qo € Q;

F is a set of final states, where F' C Q).

An NFA can have multiple initial states, which is not the usual convention.
In this case, the NFA can be denoted by a 5-tuple (Q, X, §, S, F'), where S is
the set of the initial states.

An e-NFA is a further extension of NFA. Its transition function §: @ x
(X U {e}) — 29 allows the e-transitions between states.

Comparing the definitions of a DFA and an NFA, we find that the defini-
tions of their transition functions are different. The transition function of a
DFA maps a pair of a state and an input symbol into one state. The transition
function of an NFA maps a pair of a state and an input symbol into a set of
states.

Two finite automata are equivalent if they accept the same language. Given
an n-state NFA A, we can always find a 2"-state DFA A" which is equivalent to
A by performing the subset construction [52, 89]. A language L is accepted by
some DFA if and only if L is accepted by some NFA. Thus, DFAs and NFAs
accept exactly the same class of languages as regular expressions describe,
which we have termed the “regular languages” [52]. Sometimes, in the study
of state complexity, an upper bound on the number of states can be estimated

using an NFA and converting it into a DFA at the end.
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2.9 State Complexity

Definition 2.8 State Complexity

1. The state complezity of a reqular language L is the number of states of
the minimal DFA that accepts L [105].

2. The state complexity of a class of reqular languages is the largest among

the state complexities of all the languages in the class [105].

There are two kinds of state complexity with respect to different complexity
types: average-case state complexity and worst-case state complexity. Average
state complexity was first studied by C. Nicaud [76]. In this thesis, we study
only worst-case state complexity.

With respect to different automaton models, there is deterministic state
complexity and nondeterministic state complexity [26, 35, 36, 42, 43, 44, 47,
48, 49]. As we discussed in Section 1.1, the DFA model is more suitable to
represent regular languages in general than the NFA model when we study
state complexity. So the state complexity we study here is deterministic state
complexity.

With respect to different problem types, we have operational state complex-
ity and representational state complexity. Representational state complexity
studies the state complexity of transformations between models. For example,
given an n-state NFA, the DFA which is equivalent to it has at most 2" states.
Operational state complexity studies the state complexity of operations on
regular languages.

When we speak about the state complexity of an operation on regular
languages, we mean the state complexity of the resulting languages from the
operation [105]. For example, when we say that the state complexity of the
union of an m-state DFA language and an n-state DFA language is mn, we
mean mn is the state complexity of the class of languages each of which is the
resulting language of the union of an m-state DFA language and an n-state
DFA language. In other words, there exist two regular languages which are
respectively accepted by an m-state DFA and an n-state DFA, such that their
union is accepted by an mn-state DFA in the worst case.

In this thesis, when we study the state complexity of an operation, we may

assume the operand languages of the operation are over the same alphabet
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without loss of generality.

Thus, the state complexity we study in this thesis is worst-case, determin-
istic, operational state complexity.

In the next chapter, we will review the state complexities of many individ-

ual operations on regular languages.
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Chapter 3

State Complexity of Individual Operations

Many papers on the state complexities of individual operations have been
published since the early 1990’s, for example, [23, 56, 58, 83, 93, 105, 110,
111]. The state complexities of most individual operations such as union,
intersection, catenation, star, etc., have been obtained. In this chapter, we
first review the state complexities of these operations on regular languages over
a general alphabet. For catenation, star and reversal, both the upper bounds
and the worst-case examples of their state complexities are presented. Next, we
review the mathematical model for DFAs that accept unary regular languages
and the state complexities of individual operations on unary regular languages.
Lastly, the state complexities of individual operations on finite languages, both

over a general alphabet and over a unary alphabet, are presented.

3.1 State Complexity of Individual Operations on Regu-

lar Languages

3.1.1 Regular Languages over a General Alphabet

The following theorems about the state complexities of individual operations
on regular languages over a general alphabet have been proved in [72, 73, 110,
111].

State Complexity of Catenation

Theorem 3.1 For integers m > 1 and n > 2, there exists a DFA A of m
states and a DFA B of n states, such that any DFA that accepts L(A)L(B)
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needs at least m2™ — 2"~ 1 states.

Theorem 3.1 is given in [111]. It can be proved in two cases. The first
one is when m = 1 and n > 2. Define DFA A = {Q, X, 04, qo, Fa} where
Q={q},X={a,b}, Fa = {q}, 04(qo,a) = go and d4(qo, b) = qo. Define DFA
B ={P,%,0p,po, Fg} where P = {pg, p1,- -+ ,pn_1}, & = {a,b}, Fp = {pn_1},
and

= Do,
= D1,

)

)
0(pn-1,a) = p1,

) = piy1, 1<i<n-—2

)

Figure 3.1 shows the transition diagram of B. It has been proved that any
b

b ‘

o)

O ""

b

Figure 3.1: Witness DFA B for the first case of Theorem 3.1

DFA that accepts L(A)L(B) needs at least 2"~ states [111].
The second case is when m > 2 and n > 2. Define DFA A = {Q, X, 04, qo, Fa}
where Q = {q0,q1,"** ,gm-1}, X ={a,b,c}, Fa ={q¢n_1} and each i, 0 <1i <

m — 1, and

qj, j:(z‘f‘l) mod m, 1f)(:a7
04(0, X) = ¢ qo, if X =0
q;, if X =c.
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Figure 3.2: Witness DFA A for the second case of Theorem 3.1

Figure 3.2 shows the transition diagram of A. Define DFA B = {P, %, dp, po, Fp}
where P = {po,p1,* " yPn-1}, & = {a,b,c}, Fp = {p,_1} and for each 1,
0<?1<n-—1,and
pj, j=(+1) mod n, if X =b;
op(pi, X) =< pi, if X =a;
p, if X =c

Figure 3.3 shows the transition diagram of B.

Figure 3.3: Witness DFA B for the second case of Theorem 3.1

It has been proved that any DFA that accepts L(A)L(B) needs at least
m2™ — 2" states [111]. Theorem 3.1 gives the lower bound on the number of

states of the DFA that accepts the catenation of two regular languages.



Theorem 3.2 Let A and B be two DFAs defined on the same alphabet, where
A has m states and B has n states, and A has k final states, 0 < k < m. Then
there exists a (m2"™ — k2" 1)-state DFA that accepts L(A)L(B).

Theorem 3.2 is shown in [111]. It gives an upper bound on the number of
states of the DFA that accepts the catenation of two DFA languages. This
upper bound coincides with the lower bound in Theorem 3.1. So the bounds
are tight and we get the state complexity of catenation of regular languages

shown in following theorem [111].

Theorem 3.3 The number of states that is sufficient and necessary in the
worst case for a DFA to accept the catenation of an m-state DFA language

and a one-state DFA language is m.

State Complexity of Star

Theorem 3.4 For anyn-state DFA A = (Q, 3,0, qo, F') such that |F{ qo}| =
k> 1 and n > 1, there exists a DFA A’ of at most 2"~! + 2"=*=1 states that
accepts (L(A))*.

Theorem 3.4 is given in [111]. According to this theorem, if k£ > 1, A’ has
at most 2771 4 277171 = 9n=l 4 9n=2 otates. If k = 0, then A’ needs only n

states. So the following corollary can be obtained from this theorem [111].

Corollary 3.1 For any n-state DFA A, n > 1, there exists a DFA A’ of at
most 2"~ + 2772 states that accepts L(A") = (L(A))*.

Theorem 3.5 For any integer n > 2, there exists a DFA A of n states such
that any DFA that accepts (L(A))* needs at least 2"1 4 2" states.

Theorem 3.5 is given in [111]. For n = 2, it is clear that L = {w € {a, b}* |
|w|, is odd} is accepted by a two-state DFA, and L* = {e} U{w € {a,b}* |
|w|, > 1} cannot be accepted by a DFA with less than three states [111].

Forn > 2, DFA A ={Q,%,6,0, F'} where @ = {0,1,--- ,n—1}, ¥ = {a, b},
F ={n—1}, and

d(i,a) = (i+1) mod n, 0<i<n,
o(i,b) = (i+1) mod n, 1<i<n,
§(0,0) = 0.
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a,b

Figure 3.4: Witness DFA for Theorems 3.5 and 6.3

Figure 3.4 shows the transition diagram of A. It has been proved that any
DFA that accepts (L(A))* needs at least 2"~! + 2"72 states.

State Complexity of Left Quotient

Theorem 3.6 For any integer n > 0, 2" — 1 states are both sufficient and
necessary in the worst case for a DFA to accept the left quotient of an n-state

DFA language R by an arbitrary language L (L \ R).

Theorem 3.6 shows the state complexity of left quotient of regular lan-

guages. It is given in [111].

State Complexity of Right Quotient

Theorem 3.7 For any integer n > 0, n states are both sufficient and nec-
essary in the worst case for a DFA to accept the right quotient of an n-state

DFA language R by an arbitrary language L (R/L).

Theorem 3.7 shows the state complexity of right quotient of regular lan-

guages. It is proved in [111].

State Complexity of Reversal

Theorem 3.8 For any integer n > 1, 2" states are both sufficient and nec-
essary in the worst case for a DFA to accept the reversal of an n-state DFA

language.

Theorem 3.8 is given in [111]. For any n > 1, E. Leiss has designed an
n-state DFA such that the reversal of the language accepted by this DFA is
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accepted by a minimal DFA of 2" states [69]. A modified n-state DFA A was
designed by S. Yu, Q. Zhuang and K. Salomaa [111]. L(A)" is also accepted

by a minimal DFA of 2" states. The following example shows this modified
DFA.

Example 3.1 Define DFA A = (Q,,0,0, F) where @ = {0,1,--- ,n — 1},
Y. ={a,b,c}, F ={0}, and

Figure 3.5: Witness DFA for Theorems 3.8, Lemma 4.3 and Theorem 5.15

State Complexity of Intersection and Union

Theorem 3.9 For integers m,n > 2, m - n states are both sufficient and
necessary in the worst case for a DFA to accept the intersection (union) of an

m-state DFA language and an n-state DFA language.
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Theorem 3.9 gives the state complexities of intersection and union of reg-

ular languages. It is shown in [111].

3.1.2 Unary Regular Languages

The following results on the state complexities of several operations on regular

languages with a one-letter alphabet have been proved in [83, 111].

Basic Lemmas and Models

We denote the greatest common divisor of two integers m and n by ged(m,n)
and denote the least common multiple of m and n by lem(m,n). Lemma 3.1,

Fact 3.1 and Lemma 3.2 in the following are given in [111].

Lemma 3.1 Let m,n > 0 be two arbitrary integers such that ged(m,n) = 1

(m and n are relatively prime).

1. The largest integer that cannot be represented as cm—~+dn for any integers

c,d >0 is mn.
2. The largest integer that cannot be represented as cm+dn for any integers

¢c>0andd>0is(m—1)n.

3. The largest integer that cannot be represented as cm~+dn for any integers

c,d >0 s mn— (m+n).

Fact 3.1 Let R C X* be a regular language. If there exists an integer n such
that

max{|w| |w e X", w¢ R} =n

then any DFA that accepts R needs at least n + 2 states. In particular, if ¥ is
a singleton, the minimal DFA that accepts R uses exactly n + 2 states.

Lemma 3.2 Suppose a,b are positive integers. Then each number of the form
ax + by, with x,y > 0, is a multiple of ged(a,b). Furthermore, the largest
multiple of ged(a,b) that cannot be represented as ax + by, with x,y > 0, is
lem(a, b) — (a +b).
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Since the alphabet of a unary regular language has only one letter, the
words of the language can be considered as a set of numbers by associating
a" with n (assuming ¥ = {a}). In this way, the state complexity can be
obtained from the analysis of these numbers. So a mathematical model for
the DFA that accepts a unary regular language is designed as two numbers by
G. Pighizzini and J. Shallit [83]. It has been shown in [83] that the transition
diagram of a unary DFA A, with n states, has a “tail” consisting of u > 0

states and a “circle” of A > 1 states. Furthermore, if the transition diagram is

u states

Figure 3.6: The model of DFAs that accept unary regular languages [83]

Theorem 3.10 A unary language L is regqular if and only if there are two
integers p >0, X > 1, such that for any n > u, the word o € L if and only if

a"th e L.

Given a unary language L, the pair of integers (A, 1) in Theorem 3.10 is
the size of the DFA that accepts L, and more precisely [83]:

Theorem 3.11 Given a unary regular language L and two integers p > 0,

A > 1, the following statements are equivalent:

(1) L is accepted by a DFA of size (\, ),

(ii) for anyn > u, a™ € L if and only if a™™ € L.



A condition which characterizes minimal unary DFAs is presented in [76, 83]:

Theorem 3.12 A unary DFA A = (Q,%,0,qo, F) of size (A, u) is minimal if

and only if both the following conditions are satisfied:

(1) For any maximal proper divisor d of A (i.e., A = a - d for some prime
number o > 1) there exists an integer h, with 0 < h < X, such that
pn € Fif and only if phyapmoar & F, i.e., a"th ¢ L if and only if

au+h+d ¢ L’.
(i) qu—1 € F ifand only if px_1 ¢ F, i.e., a*~' € L if and only if a**~1 ¢ L.
Using Theorem 3.12, Corollary 3.2 is shown and proved in [83].

Corollary 3.2 Given two integers u > 0, A > 1, let L = a#***~1(a*)*. Then
the size of the minimal DFA that accepts L is (A, ).

State Complexity of Catenation

Theorems 3.13 and 3.14 in the following are given in [111] concerning the state

complexity of catenation of unary regular languages.

Theorem 3.13 Let m,n be two arbitrary positive integers such that ged(m,n) =

1. Then there exists an m-state DFA language Ry and an n-state DFA lan-
guage Ry, over a one-letter alphabet, such that any DFA that accepts Ry Rs

needs at least mn states.

Theorem 3.14 For any integers m,n > 1, let A and B be an m-state DFA
and an n-state DFA, respectively, over a one-letter alphabet. Then there exists
a DFA of at most mn states that accepts L(A)L(B).

Theorems 3.15 and 3.16 in the following are given in [83] concerning the sizes

of DFAs for the catenation of unary regular languages.

Theorem 3.15 Given any p/,p” >0, N, N > 1, let L' and L" be two unary
languages accepted by two automata A’ and A” of size (N, ') and (N, u”),
respectively. Then, the catenation of L' and L" is accepted by a DFA of size
(A, ), where A =lem(N, \") and p = p/ + ¢ + lem(N, \”) — 1.
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Theorem 3.16 For any p/,p” > 2, NN > 2, such that gcd(N,\") > 1,
there exist two unary languages L' and L” which are accepted by two DFAs
A" and A" of size (N, ') and (N, "), respectively, such that the catenation
of L' and L" is accepted by a DFA of size (A, ), with X =lem(XN,\") and
p=p + " +lem(N,\") — 1.

State Complexity of Star

Theorem 3.17 is given and proved in [111]. Tt shows the state complexity of

star of unary regular languages.

Theorem 3.17 The number of states that is both sufficient and necessary in
the worst case for a DFA to accept the star of an n-state DFA language, n > 1,

over a one-letter alphabet is (n — 1) + 1.

State Complexity of Intersection and Union

Theorem 3.18 in the following is given in [111] concerning the state complexities

of union and intersection of unary regular languages.

Theorem 3.18 The number of states which is both sufficient and necessary
in the worst case for a DFA to accept the intersection (union) of an m-state
DFA language and an n-state DFA language, m,n > 1, ged(m,n) =1, over a

one-letter alphabet 1s mn.

Theorems 3.19 and 3.20 in the following are given in [83] concerning the sizes

of the DFAs for the union and intersection of unary regular languages.

Theorem 3.19 Let L' and L” be two languages accepted by unary automata
A" and A" of the size (XN, ') and (N', 1), respectively. The intersection (the
union, respectively) of L' and L" is accepted by a DFA of the size (lem(X, \"),
max(i, 1))

Theorem 3.20 For any u',p” > 0, N, N > 1, there exist two languages L'
and L" which are accepted by DFAs of size (N, 1) and (N, 1), respectively,
such that the minimal DFAs that accept L' U L" and L' N L" have both size
(lem(XN', N"), max(p/, p)).
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3.2 State Complexity of Individual Operations on Finite
Languages

In this section, we assume that all the DFAs mentioned are reduced DFAs. The
following theorems and corollaries about the state complexity of operations on

finite languages have been proved in [13].

3.2.1 Finite Languages over a General Alphabet

State Complexity of Star

Theorems 3.21, 3.22 and Corollary 3.3 in the following are given in [13] con-

cerning the state complexity of star of finite languages.

Theorem 3.21 Let A = (Q,%,0,0, F) be a DFA that accepts a finite language
L, where 0 ¢ F, |F| =t > 2, |Q| =n > 4. Then there exists a DFA of at

most 273 4+ 27712 states that accepts L*.

Corollary 3.3 Let A= (Q,%,0,0, F) be a DFA that accepts a finite language
L, where |Q| =n > 4. Then there exists a DFA of at most 2"3 4+ 2"~* states
that accepts L*.

Theorem 3.22 There exists a DFA A = (Q, %, 4,0, F) with |Q| =n > 4 such
that any DFA recognizing (L(A))* has at least 273 + 2"~ states.

State Complexity of Catenation

We use the following notation:

(2)-2()

Theorems 3.23, 3.24, Corollaries 3.4 and 3.5 in the following are given and

proved in [13] concerning the state complexity of catenation of finite languages.

Theorem 3.23 Let A; = (Q;,%;,6;,0, F;), i = 1,2, be two DFAs that accept
finite languages L;, respectively, where |Q1| = m, |Qs| = n, |X| =k and |Fy| =
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t. There exists a DFA A = (Q,%,9,0, F') that accepts L(A) = L(A;)L(Ay) and

Q<m_2 o n—2 n—2 e n—2
\|_;mm ) < ) <1 +min , < .

Corollary 3.4 Let A; = (Q;,%,0;,0,F;), i = 1,2, be two DFAs that accept
finite languages L;, respectively, where |Q1] = m, |Qs| = n, |Fi| = t and
t > 0. Then there exists a DFA A = (Q,%,6,0, F) of O(mn'~t + n') states
that accepts L(A) = L(Ay)L(A,).

Corollary 3.5 Let A; = (Q,%;,0;,0,F;), i = 1,2, be two DFAs that accept
finite languages L;, respectively, where |Q1| = m, |Qz| = n, || =k, k = 2
and m+1>n > 2. Then there exists a DFA A = (Q,%,0,0,F) of (m —n+
3)2"72 — 1 states that accepts L(A) = L(A;)L(As).

Theorem 3.24 The bound given by Corollary 3.5 for k = 2 is attainable.

State Complexity of Reversal

Theorems 3.25, 3.26 and Corollary 3.6 in the following are shown and proved

in [13] concerning the state complexity of reversal of finite languages.

Theorem 3.25 Let A = (Q,%,0,0, F) be a DFA that accepts a finite language
L, where |Q| =n > 3, |X| =k > 2. Lett be the smallest integer such that
on=1=t <kt Then there exists a DFA, with

t—1
Qpl <) K2n
=0

that accepts the reversal of L.

Corollary 3.6 Let |X| = 2 and A be a DFA of n > 3 states that accepts a
finite language L C ¥*. Then there exists a DFA B that accepts the reversal
of L such that B has at most 3 - 2P~ — 1 states if n = 2p or 2P — 1 states if
n=2p—1.

Theorem 3.26 The bounds given by Corollary 3.6 are attainable.
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3.2.2 Finite Languages over a One-letter Alphabet

Note that if DFA A = (@, {a},d,0, F') is a minimal DFA that accepts words
whose largest length is [, then |Q| =1+ 1.
Theorem 3.27 is given in [13]. It shows the state complexities of operations

on finite languages.

Theorem 3.27 Let A; = (Q;,{a},0;,0,F;), i = 1,2, be two minimal DFAs
with |L(A;)| < oo, |Q1] =m, |Q2] =n. Let A= (Q,{a},d,0,F), |Q| =k, be
a minimal DFA. Then we have the following:

a) If L(A) = L(Ay) U L(Ag), then k = max{m,n}.
b) If L(A nL

L(Ay) N L(As), then k < min{m,n}.

L(A;y) — L(Ag), then k < m.

d) If L(A

(4)
(4)
c) If L(A)
(A) = {a}* — L(A,), then k =m.
(4)

e) If L(A

L(A))L(Ay), then k =m +n — 1.
f) If L(A) = L(Ay)*, then k <m? —Tm + 13 form >4 and m = 3, k <2

otherwise.
g) If L(A) = a\ L(A;), then k = m — 1.
h) If L(A) = L(A))®, then k = m.

3.3 Conclusion

After reviewing the above results on the state complexities of operations on
regular languages, we find that most basic individual operations have been
studied. Tight bounds have been found and proved.

We assume that languages L; and Ly are accepted by an m-state DFA
A; and an n-state DFA A, respectively, m,n > 1. L; and L, are over the
same alphabet Y. The state complexities of individual operations on regular
languages are listed in Table 3.1.

From Table 3.1, we know that the state complexity of an individual oper-
ation on regular languages over a general alphabet may not be the same as its

state complexity on unary regular languages. Note that the state complexities
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Table 3.1: The state complexities of individual operations on regular

languages [105]

X =1 X >1
Ly U Ly | mn, for ged(m,n) =1 mn
LN Ly | mn, for ged(m,n) =1 mn
X — 14 m m
LiLy | mn, for gcd(m,n) =1 | m2" — 271
LF m 2m
L (m—1)2+1 gm—1 | gm-2

of some individual operations on regular languages over a two-letter alphabet
remain open.

Using these results as the foundation, we can start the study of the state
complexity of combined operations on regular languages. The direct compo-
sitions of the state complexities of these individual operations can give the
upper bounds for combined operations. In the next chapter, we will study

whether these bounds are tight or not.



Chapter 4

Recent Results on State Complexity of

Combined Operations

The research on state complexity of combined operations started in 2005. Up
to now, the state complexities of some combined operations have been studied,
e.g., star of union and intersection, star of catenation and reversal, reversal of
union and intersection, reversal of catenation and star, etc. [23, 62, 70, 86,
92]. These results are reviewed in this chapter. We will start with the state

complexities of star of union and star of intersection in the following.

4.1 State Complexity of Star of Union and Star of Inter-

section

It is known that the state complexity of the union operation on a DFA of m;
states and a DFA of my states is my - ms. The state complexity of the star
operation on a DFA of m states is 2771 4+ 2m~2, The direct composition of

state complexities of the union and star operations on regular languages is
2m1m2—1 + 2m1m2—2.
However, the actual state complexity of the star of a union is very different

from the composition of the state complexities of the individual operations
(62, 92].

Theorem 4.1 Let L; = L(A;) and A; be a complete DFA of m; states, i = 1, 2.
Then (Ly U Ly)* is accepted by a complete DFA of no more than 2m™+m2=1 —
2mi—l _9m2=1 4 1 stqtes.
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Figure 4.1: Witness DFAs A; and A, for the star of a union

Note that this upper bound

2m1+m271 - 2m171 - 2m271 4 1

is much smaller than

2m1m271 + 2m1m272

This upper bound has been proved to be attainable with the witness DFAs
shown in Figure 4.1 [62, 92].

Theorem 4.2 For all integers my > 2 and mo > 2, there exist binary DFAs
A and B of my and msy states, respectively, such that the state complexity of
the language (L(A) U L(B))* is 2mitmz=1 _gmi=l _ gma=1 4 7,

After considering other cases, the following corollary has been obtained in [62].

Corollary 4.1 For every alphabet 3, such that |X| > 2, the state complexity

of the star of a union over X is:

gmitme=l _gmi=l _gma=l 4 1 ifmy, my > 2,

3'2m1—2’ mel 22, m2:1,
f(m17m2) = -2 .
3-2m2me ifmy =1, mg > 2,
2, mel = M9y = 1.

The state complexity of intersection operation on a DFA of m; states and
a DFA of my states is also m; - my. Thus, the direct composition of state
complexities of the intersection and star operations on regular languages is

also
2m1m2—1 + 2m1m2 -2



This is an upper bound on the state complexity of the star of an intersection
[92]. It has been proved to be attainable by some witness DFAs shown in
Figure 4.2 [62].

b,c,d,ef b,d,f b,d,ef b,d,ef

Figure 4.2: Witness DFAs A and B for the star of an intersection

Theorem 4.3 For all integers my > 2 and mg > 2, there exist DFAs A and

B of m and n states, respectively, defined over a six-letter alphabet, such that

the state complexity of the language (L(A) N L(B))* is 2mimz=1 4 gmimz=2,

4.2 State Complexity of Star of Catenation and Star of

Reversal

The state complexity of the combined operation the star of a catenation has
been proved to be much smaller than the direct composition of state complex-

ities of catenation and star [28, 31].

Theorem 4.4 Let Ly and Ly be two reqular languages accepted by an m-state
and n-state DFA, respectively, m, n > 2. Then there exists a DFA of at most
gmAn=l 4 gmin=4 _gm=1 _9n=1 4 m + 1 states that accepts (LyLy)*.

The state complexity of the star of the catenation of an m-state DFA language
and a one-state DFA language is at most m + 1. The state complexity of the
star of a catenation of a one-state DFA language and an n-state DFA language

is upper bounded by 2".
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It has also been shown in [28, 31] that the upper bound in Theorem 4.4 is
tight, when m > 2 and n > 2. Figure 4.3 shows the transition diagrams of the
witness DFAs A and B.

Theorem 4.5 For all integers m > 2 and n > 2, there exist DFAs A and B
of m states and n states, respectively, defined over a four-letter input alphabet
and such that any DFA that accepts (L(A)L(B))* needs at least 2™ "1 +

gmtn—4 _om—1 _ on=1 4 1 1 1 states.

b,cd b,d b,d b,d
B WP T
\E/

Figure 4.3: Witness DFAs A and B for the star of a catenation

The state complexity of the star of a reversal on regular languages can-
not attain the direct composition of the state complexities of its component

operations either 28, 31].

Lemma 4.1 Let A= (Q,%,4,s, F) be a DFA, where |Q| =n > 2 and

(F4 s})| =k withl <k<n-—1, and L = L(A). Then there exists another
DFA B = (Qp,%,05, s, F) of no more than 2" — (2F — 1)2" k=1 1 1 states
that accepts (L?)*.

After considering the case when n = 1, the following lemma concerning an

upper bound on the state complexity of (L%)* has been obtained [28, 31].

Lemma 4.2 Let A= (Q,%,9,s,F) be a DFA of n > 0 states and L = L(A).
Then there exists a DFA B = (Qp,%,0p,Sp, F's) of no more than 2" states
that accepts (LT)*.
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The witness DFA A for the state complexity of the star of a reversal is
the same as the witness DFA for the state complexity of reversal operation on
regular languages. The transition diagram of A is shown in Figure 3.5. It is

the worst-case example attaining the upper bound precisely [28, 31].

Lemma 4.3 There exists an n-state DFA A, for any n > 0, such that any
DFA that accepts (L(A)®)* has at least 2" states.

By Lemmas 4.1, 4.2 and 4.3, the following theorem has been concluded [28, 31].

Theorem 4.6 The state complexity of the star of a reversal of an n-state DFA

language is exactly 2", for any n > 0.

4.3 State Complexity of Reversal of Union and Reversal

of Intersection

The state complexity of the reversal of an m-state DFA language is known
to be 2™. As we mentioned before, the state complexity of the union of an
my-state DFA language and an msy-state DFA language is my - ms. Thus, the
direct composition of state complexities of the union and reversal operations
on regular languages is 2™™2. In fact, this upper bound is not attainable [70].
It can be reduced to 2mitm2 — 2m1 _ 9m2 4 9 which can be attained by the
witness DFAs shown in Figure 4.4 [70].

Theorem 4.7 Let Ly and Ly be languages accepted by my-state and mo-state
complete DFAs, my, ms > 3. Then the state complexity of the combined oper-
ation (Ly U Ly)® 4s 2mitmz2 _ gm1 _ gma2 4 9,

The direct composition of state complexities of the intersection and reversal
operations on regular languages is also 2"'"2. However, the actual state
complexity of this combined operation is the same as that of the reversal of

union, 2™ M2 — 2m — 2m2 4 2 [70], since

—R —
(LiNLy)® = (LiULy) = (LU Ly)E.

Theorem 4.8 Let Ly and Ly be languages accepted by my-state and mo-state
complete DFAs, my,ms > 3. Then the state complexity of the combined oper-
ation (Ly N Ly)® 4s 2mitmz — gmi _ gm2 4 9,
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Figure 4.4: Witness DFAs A; and A, for both the reversal of a union

and the reversal of an intersection

4.4 State Complexity of Reversal of Catenation and Re-

versal of Star

For the state complexity of the reversal of a catenation, only an upper bound
has been obtained [70].

Theorem 4.9 Let Ly and Lo be languages accepted by m-state and n-state
complete DFAs, respectively, with m, n > 1. Then there exists a DFA with no
more than 3 - 2™T""2 — 2" + 1 states that accepts (L1Lq)".

Since (L*)® = (L?)*, the state complexity of (L*)¥ is the same as that of
(L) [70].

Theorem 4.10 Let L be a language accepted by an n-state DFA. The state

complexity of the reversal of star operation on L is exactly 2", for any n > 0.

4.5 State Complexity of Power

The state complexity of the power of a language: L*, has been studied in
23, 86]. The state complexity of L? has been shown to be at most n2" —2"~1,
where L is a language accepted by an n-state DFA. This bound can be attained
for any n > 3 over an alphabet of size two [86]. The following results concern

the state complexity of L* for k > 2 [23].
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Theorem 4.11 For every n-state reqular language L, with n > 1, the lan-
quage L* requires at most n2*~V" states. Furthermore for every k > 2,
n > k+1, and alphabet ¥ with |X| > 6, there exists an n-state reqular language
L C ¥* such that L* requires at least (n — k)20 =F) siqtes.

The worst-case example used in Theorem 4.11 is a sequence of automata
Ak (2 < k < n) over the alphabet ¥ = {a,b,c,d, e, f}. Let each A, have a
set of states @ = {0,1,...,n — 1}, of which 0 is the initial state, n — 1 is the
sole final state, and where the transitions are defined as follows:
j+ 1, if

n—k+1<j57<n-2;
n—k+1,if j=n—1;

GALiLI<j<n—k-1
0(j,a) =14 Lifj=n—k 8(j,b) =

7, otherwise, ] )
7, otherwise,

Lifj=0; 1 if b
. . , 1 =n—-k+1
6(j,c) =4 0,if j =1, 5(]’d){ j X .
) ) 7, otherwise,
7, otherwise,
n—1,if 5 =0; L ifi—1
n—1if j=1;
6Gie) =4 j-Lifn—k+2<j<n—1  6(,f)= I
n — 2, otherwise.

J, otherwise,

Figure 4.5: Witness DFA A,, for L3

The state complexity of L? has also been obtained [23].

Theorem 4.12 For every n-state reqular language L, with n > 3, the state
complexity of L? is at most %4"— (n—1)2" —n. This upper bound is attained

on every alphabet of at least four letters.

Figure 4.5 shows the witness DFA A,, for the combined operation L®. It has
been pointed out that any witness for the worst-case state complexity of L? is

a witness for L? as well [23].
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4.6  Conclusion

In this chapter, we have reviewed the state complexities of 10 combined oper-
ations on regular languages. These results are shown in Table 4.1. We assume
that L, and Lo are accepted by an m-state DFA A; = (Q1, %, d1, s1, F1) and
an n-state DFA Ay = (Q2, X, 09, S9, F), respectively, and m,n > 3.

Table 4.1: The state complexities of 10 combined operations

Operation State complexity
(Ly U Ly)* gmin=l _gm=1 _gn=1 4 1 [92]
(Ly N Ly)* gmn—l 4 gmn=2[G9]
(LyLy)* | 2mtn=t 4 gmidn—d _gm=1_on=l 4+ m+1 [31]
(LE)” 2 [31]
(L U Ly amAn _ gm — 2 4+ 2 [70]
(Ly N Ly amAn _ gm — 2n 2 [70]
(LiLs)" 02 [70)
(L))" 2™ [70]
L? gm=Sqgm — (m —1)2™ —m [23]
L" O(m2k=m) (23]

We can see that for most of these combined operations, their state complex-
ities are very different from the direct compositions of the state complexities
of their component operations. There is only one combined operation, star of
intersection, whose state complexity is exactly the same as the direct combi-
nation of the state complexities of intersection and star.

Thus, although the direct combination of the state complexities of indi-
vidual operations can provide an upper bound on the state complexity of a

combined operation, this upper bound may not be tight [92].



Chapter 5

Exact State Complexity of Combined

Operations

In this chapter, we investigate the exact state complexities of combined opera-
tions on regular languages. We choose 12 combined operations and investigate
their exact state complexities, including combinations of union, intersection
and complementation, multiple catenations, combinations of star and cate-
nation, reversal and catenation, Boolean operations and catenation, Boolean
operations and star, and Boolean operations and reversal. These combined
operations are widely used in practice. For example, the state complexity
of LiL is equal to that of catenation combined with antimorphic involu-
tion (L10(Ly)). An antimorphic involution is the natural formalization of the
notion of Watson-Crick complementarity in biology. The combination of cate-
nation and antimorphic involution can naturally formalize a basic biological
operation: primer extension [2].

We will first study the state complexities of catenation combined with star

and reversal in the following.

5.1 State Complexity of Catenation Combined with Star

and Reversal

5.1.1 State Complexity of L]Lo

In this subsection, we investigate the state complexity of L(A)*L(B) for two
DFAs A and B of sizes m,n > 1, respectively. All the results in this subsection

are from our paper [12].
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We first notice that, when n = 1, the state complexity of L(A)*L(B) is 1
for any m > 1. This is because B is complete (L(B) is either () or ¥*), and
we have either L(A)*L(B) = () or ¥* C L(A)*L(B) C ©*. Thus, L(A)*L(B)
is always accepted by a one-state DFA. Next, we consider the case when A
has only one final state and it is also the initial state. In such a case, L(A)*
is also accepted by A, and hence the state complexity of L(A)*L(B) is equal
to that of L(A)L(B). We will show that, for any A of size m > 1 in this form
and any B of size n > 2, the state complexity of L(A)L(B) (also L(A)*L(B))
is m(2" — 1) — 2" + 1 (Theorems 5.1 and 5.2), which is lower than the state
complexity of catenation in the general case. Lastly, we consider the state
complexity of L(A)*L(B) in the remaining case, that is when A has at least
one final state that is not the initial state, and n > 2. We will show that
its upper bound (Theorem 5.3) coincides with its lower bound (Theorem 5.4),
and the state complexity is 5 - 2m"=3 —2m=1 _ 9 4 1 [12].

Now, we consider the case when the DFA A has only one final state and
it is also the initial state, and first obtain the following upper bound on the
state complexity of L(A)L(B) (L(A)*L(B)), for any DFA B of size n > 2.

Theorem 5.1 For integers m > 1 andn > 2, let A and B be two DFAs with
m and n states, respectively, where A has only one final state and it is also the
initial state. Then there exists a DFA of at most m(2" — 1) — 2"~ + 1 states
accepting L(A)L(B), which is equal to L(A)*L(B).

Proof: Let A = (Q1,%,01,81,{s1}) and B = (Qs, %, 02, S2, F3) be two DFAs
with m and n states, respectively. We construct the DFA C' = (Q, %, 4, s, F)
such that

Q=0Q1 x (2940} )4 si} x (2972 40} ),
s = (s1,{s2}),
F={{q,T)eQ[TnF#0},
6({q, T),a) = (¢',T"), for a € &, where ¢ = 0,(q,a) and T" = RU {s5}
if ¢ = s1, T" = R otherwise, where R = §5(T, a).
Intuitively, @) contains the pairs whose first component is a state of @); and

second component is a subset of Q3. Since s; is the final state of A, without

reading any letter, we can enter the initial state of B. Thus, states (g, )
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such that ¢ € (1 can never be reached in C, because B is complete. More-
over, () does not contain those states whose first component is s; and second
component does not contain ss.

Clearly, C has m(2" — 1) — 2"~ + 1 states, and we can verify that L(C) =
L(A)L(B). g.e.d.

Next, we show that this upper bound can be attained by some witness

DFAs in the specific form.

Figure 5.2: Witness DFA B for Theorem 5.2 when m > 2

Theorem 5.2 For integers m > 1 and n > 2, there exists a DFA A of m
states and a DFA B of n states, where A has only one final state and it is also



the initial state, such that any DFA accepting the language L(A)L(B), which
is equal to L(A)*L(B), has at least m(2" — 1) — 2"~ + 1 states.

Proof: When m = 1, the witness DFAs used in the proof of Theorem 1 in [111]
can be used to show that the upper bound proposed in Theorem 5.1 can be
attained.

Next, we consider the case when m > 2. We provide witness DFAs A and
B, depicted in Figures 5.1 and 5.2, respectively, over the three-letter alphabet
Y. ={a,b,c}.

A is defined by A = (Q1,%,01,0,{0}) where Q; = {0,1,...,m — 1}, and

the transitions are given by

e 01(i,a) =1+ 1 mod m, fori € Qq;

e 01(i,z) =1, for i € @1, where x € {b, c}.

B is defined by B = (Q2,%,02,0,{n — 1}) where @, = {0,1,...,n — 1},

where the transitions are given by

e 0y(i,a) =1, for i € Qa;
e 05(i,b) =1+ 1 mod n, for i € Qo;

e 05(0,¢) =0, 03(i,¢) =i+ 1 mod n, forie {1,...,n—1}.

Following the construction described in the proof of Theorem 5.1, we con-
struct the DFA C' = (Q, X, 0, s, F') that accepts L(A)L(B) (also L(A)*L(B)).
To prove that C' is minimal, we show that (I) all states in @) are reachable
from s, and (II) any two different states in () are not equivalent.

For (I), we show that all states in @) are reachable by induction on the size
of T

The basis clearly holds, since, for any i € @1, the state (i, {0}) is reachable
from (0, {0}) by reading a’, and the state (i,{j}) can be reached from state
(i,{0}) on &/, for any i € {1,...,m — 1} and j € Q.

In the induction step, we assume that all states (g, T’) such that |T'| < k
are reachable. Then we consider the states (¢, T") where |T| = k. Let T =
{j1,J2,- -, Jr} such that 0 < j; < jo < -+ < jp < n—1. We consider the

following three cases:
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1. j3 = 0 and j» = 1. For any state i € (), the state (i,T) € @ can be

reached as

<Z.a {07 1aj3a s 7.]k}> = 5(<0a {O7j3 - 15 s 7.j/€ - 1}>7ba'i)7

where {0,73 —1,...,jr — 1} is of size k — 1.

2. j1 =0 and j, > 1. For any state i € Q)q, the state (i, {0, ja, ..., ji}) can
be reached from the state (i, {0,1,js—j2+1,...,Jrx — jo+1}) by reading
2L

3. j1 > 0. In such a case, the first component of the state (¢, T") cannot be
0. Thus, for any state i € {1,...,m — 1}, the state (i, {j1, 752, -, J})
can be reached from the state (i, {0, 52 — j1, ..., Jx — j1}) by reading ',

Next, we show that any two distinct states (¢, 7") and (¢’, T") in @ are not

equivalent. We consider the following two cases:

1. ¢ # ¢'. Without loss of generality, we assume ¢ # 0. Then w =
" lag™=ap" distinguishes the two states, since 0({(¢,T),w) € F and
6({¢", T"),w) ¢ F.

2. ¢=¢ and T # T'. Without loss of generality, we assume that |T| > |T"|.
Then there exists a state j € T —T". It is clear that, when ¢ # 0, b»~1~J
distinguishes the two states, and when ¢ = 0, ¢ !~/ distinguishes the

two states since j cannot be 0.

From (I) and (IT), the DFA C has at least m(2" — 1) — 2"~ ! 4 1 states and

is minimal. qg.e.d.

In the rest of this subsection, we focus on the case when the DFA A contains
at least one final state that is not the initial state. Thus, this DFA is of size at
least two. We first obtain the following upper bound for the state complexity.

Theorem 5.3 Let A = (Q1,%,01, 81, F1) be a DFA such that |Q1] = m > 1
and |F1 4 s1} = k1 > 1, and B = (Q2,%, 02, $2, F5) be a DFA such that
|Q2| =n > 1. Then there exists a DFA of at most (%2”‘ 12 —1)— (2™ -
2m=ki=1y(on=1 _ 1) states that accepts L(A)*L(B).
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Proof: We denote F} 4 s1} by Fy. Then |Fo| =k > 1.
We construct the DFA C' = {Q, X%, 0, s, F'} for the language LiL,, where
Ly and L, are the languages accepted by DFAs A and B, respectively.

Let Q ={{(p,t) |[pe Pand t € T} {( p/,t') | p' € P' and t' € T"}, where

P = {RIRC(@Q1—Fy)and R#AD}U{R|RC Q1,81 € R, and RN Fy # (I},
T o= 2% o} |

P = {R|RCQ,s €R, and RN Fy # 0}, and

T = 2@ {eh gy

The initial state is s = ({s1}, {s2}).

The set of final states is defined to be F'= {(p,t) € Q | t N Fy # 0}.
The transition relation ¢ is defined as follows:

<p,7t,>7 1fp,ﬂF1 :(Z)v
(p'U{s1},t' U{sa})  otherwise,

((p,t),a) = {

where a € 3, p' = §1(p,a), and t' = d(t, a).

Intuitively, C' is equivalent to the NFA C’ obtained by first constructing
an NFA A’ that accepts L}, then catenating this new NFA with the DFA B
by e-transitions. Note that in the construction of A’, we need to add a new
initial and final state s}. However, this new state does not appear in the first
component of any of the states in (). The reason is as follows. First, note that
this new state does not have any incoming transitions. Thus, from the initial
state s} of A’, after reading a nonempty string, we will never return to this
state. As a result, states (p,t) such that p C Q,U{s}}, s| € p, and t € 292 are
never reached in the DFA C' except for the state ({s}}, {s2}). Then we note
that in the construction of A’| states s} and s; should reach the same state on
any letter in 3. Thus, we can say that states ({s]}, {s2}) and ({s1},{s2}) are
equivalent, because either of them is final if s, & F5,, and they are both final
states otherwise. Hence, we merge these two states and let ({s1}, {s2}) be the
initial state of C.

Also, we notice that states (p, ) such that p € P can never be reached in
C, because B is complete.

Moreover, C' does not contain those states whose first component contains

a final state of A and second component does not contain the initial state of

B.



Therefore, we can verify that the DFA C' indeed accepts LiLo, and it is
clear that the size of @) is
3
(12’” —1)(2" —1) — (2™t —gmTRmlygn=l ),
q.e.d.

Next we show that this upper bound is attainable by some witness DFAs.

c,d c,d

c,d

Figure 5.3: Witness DFA A for Theorem 5.4

Figure 5.4: Witness DFA B for Theorem 5.4

Theorem 5.4 For integers m,n > 2, there exists a DFA A of m states and
a DFA B of n states such that any DFA that accepts L(A)*L(B) has at least
5.2min=3 _gm=1_9on 4 1 states.
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Proof: We define the following two automata over a four-letter alphabet > =

{a,b,c,d}.
Let A = (@Q1,%,61,0,{m — 1}), as shown in Figure 5.3, where @1 =
{0,1,...,m — 1}, and the transitions are defined as

e 01(i,a) =1+ 1 mod m, for i € Qq;
e 01(0,0) =0, 01(4,0) =7+ 1 mod m, fori € {1,...,m — 1};
e 4i(i,x) =1, for i € Qq, x € {c,d}.

Let B = (Q2,%,02,0,{n — 1}), as shown in Figure 5.4, where @ =

{0,1,...,n — 1}, and the transitions are defined as
e 5o(i,x) =1, for i € Qq, x € {a,b};
e §y(i,c) =i+ 1 mod n, for i € Qy;
e 0y(i,d) =0, for i € Qs.

Let C = {Q, %, 9, ({0},{0}), F} be the DFA for the language L(A)*L(B)
which is constructed from A and B exactly as described in the proof of Theo-
rem 5.3.

Now, we prove that the size of () is minimal by showing that (I) any state
in @ can be reached from the initial state, and (II) no two different states in
() are equivalent.

We first prove (I) by induction on the size of the second component ¢ of
the states in Q.

Basis: for any i € @)y, the state ({0}, {i}) can be reached from the initial
state ({0}, {0}) on ¢. Then by the proof of Theorem 5 in [111], it is clear that
the state (p,{i}) of @, where p € P and i € s, is reachable from the state
({0}, {i}) on strings over letters a and b.

Induction: assume that all states (p,t) in @ such that p € P and |t| < k
are reachable. Then we consider the states (p,t) in Q where p € P and |t| = k.
Let t = {j1,72,- -, jersuch that 0 < jy < jo < - < jp <m—1.

Note that the states such that p = {0} and j; = 0 are reachable as follows:

<{O}> {Oaj% cee ,]k;}> = 5(<{0}, {O,jg —jg, .. 7jk — j2}>,cj2am_1b),

Then the states such that p = {0} and j; > 0 can be reached as follows:

{0}, {41, dos - - dn}) = 6(({0}, {0, jo — ju, -, Gk — a ), ).
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Once again, by using the proof of Theorem 5 in [111], the states (p,t) in
@, where p € P and |t| = k, can be reached from the state ({0}, ¢) on strings
over letters a and b.

Next, we show that any two states in () are not equivalent. Let (p,t) and

(p', ') be two different states in Q). We consider the following two cases:

1. p # p'. Without loss of generality, we assume |p| > |p'|. Then there
exists a state i € p — p/. It is clear that a™ '~'dc" is accepted by C
starting from the state (p,t), but it is not accepted starting from the
state (p/,t').

2. p=p and t #t'. We may assume that [t| > || and let j € t —¢'. Then
the state (p,t) reaches a final state on ¢!/ but the state (p/,t') does

not on the same string. Note that when m — 1 € p, we can say that
J#0.

From (I) and (IT), the DFA C has at least 5 - 2mtn=3 — 2m=1 _ 9on 4 1

reachable states, and any two of them are not equivalent. qg.e.d.

5.1.2 State Complexity of L;L;

In this subsection, we consider the state complexity of L; L3 where L; and Lo
are two languages accepted by two DFAs of sizes m and n, respectively. All
the results in this subsection are from our paper [10].

We notice that if the n-state DFA has only one final state that is also its
initial state, this DFA also accepts Lj. Thus, in such a case, an upper bound
for the number of states of any DFA that accepts L;L} is given by the state
complexity of catenation as m2" —2"~1. We first show that this upper bound is
attainable by some DFAs of this form. Next we consider the state complexity
of L1 L} in the other cases, that is when the n-state DFA contains some final
states other than the initial state.

First, we show that there exist two DFAs A and B, where the latter DFA
has only one final state that is also its initial state, such that the number of
states of any DFA for L(A)L(B)*, which is equal to L(A)L(B), attains the
upper bound given by the state complexity of catenation. One example can

be obtained by slightly modifying the examples used in [58]. We change the
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initial state of the DFA B in [58] into the only final state, and obtain the
following result [10]:

a

a,b ma,b a,b
L
u

Figure 5.6: Witness DFA B for Lemma 5.1

Lemma 5.1 For any m > 2 and n > 2, there exists a DFA A of m states
and a DFA B of n states, where B has only one final state and it is also the
initial state, such that any DFA for the language L(A)L(B), which is equal to
L(A)L(B)*, has at least m2™ — 2" states.

Proof: We use the DFAs A, as in Figure 5.5, and B, as in Figure 5.6, which
are originally from [58] and we only modify the final state of the DFA B. For
the sake of clarity, we repeat the definitions of these DFAs.

Let A = (Qa,%,04,q0, Fa) be a DFA, where Qa4 = {qo,¢1,---,@m-1},
Y ={a,b}, Fa = {¢mn_1}, and for any i € {0,1,...,m — 1},

¢;,J = (i+1) mod m, if X =aq;

Git15 ifi <m—3and X =b;
5A(qlaX): ! e -

4o, ifi=m—2and X =b;

gi,d=(m—-n+1)mod (m—1), ifi=m-—1and X =0.
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Let B = (Qp,%,05,0, Fp) be a DFA, where Qg = {0,1,...,n— 1}, Fg =
{0}, and for any i € {0,1,...,n — 1},

1+ 1, ifi<n—2and X = a;
0p(i,X)=4¢ n—1, ifi=n—1and X =q;
(t+1) modn, if X =0

We construct the DFA C' = (Qc¢, 2, ¢, {qo}, Fc) that accepts L(A)L(B)
following the construction described in [58]. Note that the state set Q¢ and
transition rules d¢ are exactly the same as those of the DFA C’ constructed
in [58] and only the final state sets are different. In the DFA C| if a state
contains the state 0 of B, it is a final state, but, in the DFA C” in [58], it is a

final state if it contains the state n — 1. Thus, the state set of Q¢ is

Qe ={{a}usS[0<i<m—2and S CQp}U{{gn1}US|SCQpt 0}},

and the size of Q¢ is m2"™ — 2"~1. To prove the lemma, it is sufficient to show
that (1) any state in Q¢ is reachable and (2) no two different states in Q¢
are equivalent. Since the state set Q¢ and transition rules do are the same
as those of the DFA C” in [58], the proof for the reachability of states is the
same, and hence is omitted. Therefore, we only prove (2) as follows.

Let {¢;} US and {¢;} UT be two different states in Q¢ with 0 <7 < j <
m — 1. There are two cases:

1. 7 < j. Then the string a™ 171" is accepted by the DFA C starting from
the state {¢;} U S, but it is not accepted starting from the state {¢;} UT.

2. 1 = j. Without loss of generality, there is a state [ in Qg such that [ € S
and [ ¢ T. Note that [ > 1if i = j = m — 1. Then b"! is accepted by the
DFA C starting from the state {¢;} U .S, but not accepted starting from the
state {¢;} UT. qg.e.d.

Note that if n = 1, according to Theorem 3 in [111], for any DFA A of size
m > 1, the state complexity of a DFA that accepts L(A)L(B) (L(A)L(B)*) is
m.

In the rest of this subsection, we only consider the cases when the DFA
for L, contains at least one final state that is not the initial state. Thus, this
latter DFA is of size at least two.

When considering the size of the former DFA, we notice that, when the

size of this DFA is one, the state complexity of Ly L3 is one.
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Lemma 5.2 Let A be a DFA of one state and B be a DFA of n > 1 states.
Then the sufficient and necessary number of states for a DFA to accept L(A)L(B)*

18 one.

Proof: Since A is complete, L(A) is either () or ¥*. We need to consider only
the case when L(A) = ¥*. Then we have ¥* C L(A)L(B)* C ¥*. Thus,
L(A)L(B)* = ¥*, and it is accepted by a DFA of one state. g.e.d.

Now, we focus on the cases when m > 1 and n > 1, and propose an upper

bound for the state complexity of L;L3.

Theorem 5.5 Let A = (Q1,%, 01, 81, F1) be a DFA such that |Q] = m > 1
and |Fi| = k1, and B = (Qq, %, 09, S2, F3) be a DFA such that |Qs] = n > 1
and |Fy £ s3}| = ko > 1. Then there exists a DFA of at most m(2"! +
on—ke=1y _ p on=k2=b spates that accepts L(A)L(B)*.

Proof: We denote F5 £ so} by Fy. Then |Fy| = ko > 1.

We construct the DFA C' = {Q, 3, 9, s, F'} for the language L L3, where L,
and L, are the languages accepted by DFAs A and B, respectively. Intuitively,
C' is constructed by first constructing the DFA B’ that accepts L3, then cate-
nating A with this new DFA. By careful examination, we can check that the
states of B" are s, and the elements in P {0} , where s, is the additional
initial and final state in the construction and P is defined below. As the state

set we choose
Q={rUp|reRandpe P}, where for ¢; € Q;

R:{ {qi}a if ¢; ¢ F;

{¢:, s},  otherwise,

P:{S|SQQ2—F0}U{T|TQQ2,SQET, andTﬂFo#@},
{ {Sl}U{@}, if S1 ¢F1,

{s1,s5} U{0},  otherwise.

The set of final states F' is chosen to be F = {S € Q | SN (Fa U {s}}) # 0}.
We denote a state in @ by {¢;} UG1 U Ga, where ¢; € Q1, G; C {s}}, and
G5 C Q5. Then the transition relation § is defined as follows:

({4} UG1UGy,a) = D1 U Dy U D3, for any a € 3, where



Dy: If 01(qi,a) = ¢, € Fi, Dy = {q, s}, otherwise, D; = {q}}.

@a 1f Gl - @7
D2 = 52(82,&), if (52(82,0J>QF0 :@,
da(s2,a),U{sy}  otherwise,

@, if G2 = (Z),
D3 = (52(02,&), if 52(G2,G)QFO = (Z),
32(Go,a),U{sy}  otherwise.

We can verify that the DFA C indeed accepts L;L3. The computation of
C always starts with the initial state of A, and after reaching a final state
of A, it also reaches s, by the e-transition of the catenation operation. Up
to this point, the states of () we have visited contain only one state ¢ of A,
and s, if ¢ is a final state. After reaching some states of B’, the computation
simulates the transition rules of both A and B’. It is clear that each state in
(@ should consist of exactly one state in )1 and the states in one element of
P {0} . Moreover, if a state of @ contains a final state of A, then this state
also contains the state s,. The transition rules of A are simulated by Dy, and
the transition rules of B’ are simulated by Dy and D3. We should notice that
the simulation of A is deterministic. Finally, due to the construction of B’,
any state in @) that contains either the state sj, or a final state of B is a final
state of C.

To get an upper bound for the state complexity of catenation combined
with star, we should count the number of states in (). However, as we will
show in the following, some states in () are equivalent. Thus, we calculate the
number of states after merging the equivalent states.

In order to show the equivalent states, let us recall the construction for
B’ and Dy. We notice that, in the construction of B’, states s, and s, reach
the same state on any letter in ¥. This is the reason for having D, in the
transition rules. Moreover, a state of ) contains s, only when it contains a
final state of A. Therefore, we can formally show that a pair of two states in
@, denoted by {qy, sy, s2} UT and {gy, s5} U T such that g is a final state of
A and T either is the empty set or consists of some states of B, are equivalent

as follows. For a letter a € ¥ and a string w € ¥*,

5({(]f7 5/2’ 82} U T’ aw) = 5({(]f’ 8,2} U T> aw) = 5(5({(”’ 8,2} U T’ a)>w)'
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Note that the equivalent states are only in the set Fy x {s5} x {S | § C

(Q2 — Fy)}, and we can further partition this set into two sets as follows:

Fyx{sy} x ({s2 U{S"[ S C (@ = Fo £ s2})}) U
Fix{sy} x {5 5" C (Qa = Fo £ s2})}-

It is easy to see that, for each state in the former set, there exists one and
only one equivalent state in the latter set, and vice versa. Thus, the number
of equivalent pairs is k2" *2~1,

Finally, we calculate the number of inequivalent states in (). Notice that
there are m elements in R. There are 2" %2 elements in the first term of P,
and (22 —1)2"~*2=1 elements in the second term of P. Therefore, the size of Q
is |Q| = m (2"t + 277*271). Then after removing one state in each equivalent

pair, we obtain the following upper bound
m(2n—1 + 2n—l€2—1) . k12n—k2—1.
q.e.d.

Next, we give examples to show that this upper bound can be attained.

b,c

b,c
[
sls

Figure 5.7: Witness DFA A for Theorem 5.6

Theorem 5.6 For integers m > 2 and n > 2, there exists a DFA A of m
states and a DFA of n states such that any DFA that accepts L(A)L(B)* has

3
at least mEQ" — 272 states.

Proof: We first give an example of two DFAs A and B of sizes m > 2 and
n = 2, respectively, and we show that the number of states of a DFA that
accepts L(A)L(B)* attains the upper bound given in Theorem 5.5. We use a
three-letter alphabet ¥ = {a, b, c}.

o4

Define A = (Qla Ea 51a qo, {QTR—l})’ as in Figure 57a where Ql - {QOa q1,- -+, qm—1}7

and the transitions are given as follows:
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e 01(qi,a) = qit1,1 €40,...,m =2}, 61(¢m-1,a) = qo,

e 01(qi,b) = qir1,1 €40,...,m — 3}, 01(¢m_2,b) = qo, 01(¢m_1,b) = @2,
® 01(¢i,¢) = qiy1,1 €10,...,m =3}, 61(gm—2,¢) = qo, 61(¢m-1,¢) = Gm-1-
Define B = (Q2, %, 02,0, {1}), where @ = {0, 1}, and the transitions are

given as follows

52(0,&) = 1, 52(O,b) = 0, 52(0,0) = O,

| | S —

DFA A4 a, b, c

Figure 5.8: NFA for L(A)L(B)*

Following the construction described in the proof of Theorem 5.5, we con-
struct the DFA C' = (Qs, X, 63, s3, F3) that accepts L(A)L(B)*. Note that set
P only contains three elements P = {(), {0},{0,1}}. To prove that C' attains
the upper bound, it is sufficient to show that 1) all the states in @3 are reach-
able from s3, 2) after merging the equivalent states {¢,,—1,0'} and {gn—1,0’,0},
the remaining states are pairwise inequivalent.

We first consider the reachability of all the states. It is clear that the state
{q:} U{0}, for i € {1,...,m —2}, and the state {g,,_1,0'} U{(} are reachable

m=1 respectively. Then on letters b and

from ss by reading the strings a’ and a
¢, we can reach states {¢,_2,0} and {g_1,0’,0}, respectively, from the state
{¢mn-1,0"}. Moreover, the state {¢;,0}, i € {0,...,m — 3}, can be reached
from the state {¢,,_2,0} by reading the string b*™!. Lastly, the state {¢;,0, 1},
i €{0,...,m—2}, and the state {g,,_1,0’,0,1}, are reachable from {g¢,, 1,0}

on inputs a**! and a™, respectively.



Since states {¢,_1,0'} and {g,,—1,0’,0} are equivalent, we remove the state
{qm-1,0,0} from @3, and show that the rest of the states are pairwise in-
equivalent. Let {¢;} UG and {g;} U H be two different states in Q)3 with
0 <i<j<m—1. There are three cases:

m—1—1

1. ¢ < 7. Then the string a c is accepted by the DFA C' starting from
the state {¢;} U G, but it is not accepted starting from the state {¢;} U H.
Note that after reading a™'~c, the state {¢;} UG reaches a state that contains
states ¢n—1 and 0'. In contrast, the state reached by {¢;} U H on the same
input does not contain these states. Moreover, the resulting states cannot
contain the state 1, since on letter ¢, C' remains in the state 0 from the state
0 and goes to the state 0 from the state 1.

2. 1 =37 # m—1. Since P = {0,{0},{0,1}} consists of only three
elements, we consider them individually. It is obvious that the state {¢;,0,1}
is not equivalent to either {g;} or {¢;, 0}, since it is a final state but the latter
two are not. States {¢;} and {¢;,0} are inequivalent, since via the string ab
we can reach a final state from the state {¢;,0} but not from the state {g;}.

3. i =j=m—1. There are only two states {¢,,—1,0'} and {¢,_1,0’,0,1}.
They are inequivalent, because after reading the letter b, the state {g,,—1,0’,0, 1}
leads to a final state of C' but {gm,_1,0'} does not.

In the rest of the proof, we consider more general cases when the first DFA
is of size m > 2 and the second DFA is of size n > 3. We again use the same
DFA A, and give an example of the DFA D such that the number of states
of a DFA that accepts L(A)L(D)* attains the upper bound. We use the same
alphabet ¥ = {a, b, c}.

Figure 5.9: Witness DFA D for Theorem 5.6
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Define D = (Q4,%,64,0,{n — 1}), as shown in Figure 5.9, where Q, =

{0,1,...,n — 1}, and the transitions are given as follows:

e dy(i,a)=1+1,i€{0,...,n—2}, &4(n—1,a) =0,
0 0,(0,b) =0, 64(i,b) =i+ 1,i€{l,....n—2} ds(n—1,b) =1,
o 0y(i,c) =1,1€{0,...,n—2}, d4(n—1,¢) = 1.

Let E = (@5, X, 5, s5, F5) be the DFA that accepts the language L(A)L(D)*
constructed from A and D exactly as described in the proof of the previous
theorem. Then we will show that (1) all the states in @5 are reachable from the
initial state, and (2) after merging the states that are shown to be equivalent
in the previous theorem, all the remaining states are pairwise inequivalent.

We first consider (1). Recall that every state in Q5 consists of exactly one
state of ()1 and the states of an element in P defined from the states of D as
in the previous theorem. Moreover, if a state of (5 contains a final state of A,
then this state also contains 0. Thus, we denote each state in Q5 as Q} U S,
where Q) = {¢;} fori € {0,...,m—2}, @, 1 = {gm-1,0'}, and S € P. States
QL U{0}, ..., Q1 U{0} are reachable since @} U {0} = d5(Q, U {0}, a?), for
i€{1,2,...,m —1}. Then we prove that the rest of the states are reachable
by induction on the size of S.

Basis: We show that, for any ¢ € {0,...,m — 1}, the state @} U S such
that S contains only one state of B is reachable. We first consider two special
cases when S = {0} and S = {1}.

For the case when S = {0}, since Q/,,_; U{(0} is reachable, we have @)/, ;U
{0} = 05(Q), ; U{0},¢). Then from the state @/, ; U {0}, by reading the
letter b, we can reach the state @/, , U {0}. Furthermore, we can reach the

other states where S = {0} as follows:

Q,u{0} =05(Q, ,U{0}, &), forie {0,...,m— 3}.

m

For the case when S = {1}, we can reach the state @, U {1} for i €
{1,...,m — 2} from states Q);_; U {0} by reading the letter a. Moreover, the
state QyU{1} can be reached from the state @)/, _,U{0} by reading the letter a.
Note that the state @, ; U {1} has not been considered, but we will consider

it later.
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Then we consider the state @ U {j} where j > 2, for i € {0,...,m — 2}.

We can easily verify that they can be reached as follows:

QU{j}=0s(Qu{1}, V),
where

- i—(—1)mod(m—1)+m-—1, ifi—(j—1) mod (m—1)<O0;
) i- (j —1) mod (m — 1), otherwise.

So far, the only states that have not been considered are states Q. _,U{j},j >
1. However, it is clear that they can be reached from @', ,U{j—1} by reading
the letter a.

Induction: Fori € {0,...,m— 1}, assume that all states Q; U S such that
|S| < k are reachable. Then we consider states @} U S where |S| = k. Let
S ={j,72,-- skt such that 0 < jy < jo < - < jp<n—1ifn—-1¢S5,
ji=n—1land 0= jy, <--- < jr <n—1otherwise. There are four cases:

1. ji=n—1and j, =0. Then for i € {1,...,m — 1},

Q:US =065(Q,_US a)

where S ={n—2,j3 —1,...,jx — 1}, which contains k — 1 states.

For the reachability of the state @ U S, we consider the following two
subcases. (1) if js = 1, @ U S can be reached from @/, ; U{n —2,0,j; —
1,...,Jx — 1} by reading the letter a, (2) otherwise, it can be reached from

oU{n—2,43—1,...,jr — 1} by reading the letter b. Note that in both of
the two subcases, the state Q)j U S is reached from a state where the size of S
is k — 1 as well.
1. Then QU S = 05(Q.,_; U S’ a), and for i €
{1,...,m—1}, Q:US = 65(Q;_,US’,a), where ' = {n—1,0,j5—1,..., 5. —1}.
The state Q; U S, i € {0,...,m — 1}, is considered in Case 1.
3. j71=0and jo =1+t t>0. Then for i € {0,...,m — 2},

2. jleande:

Qi US =d5(Q U S, b)

l_{i—tmod(m—1)+m—1, if i —t mod (m—1) <0;

i —t mod (m — 1), otherwise,
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and " ={0,1,j3 —t,...,jx — t}, which is considered in Case 2.
For the state @), ; U S, we can verify that it is reachable from the state
Q.,_1US" by reading the letter ¢, where S" = {2, js,...,jx} and |S'| = k — 1.
4. j; =t > 0. We first consider the case when ¢t = 1. It is clear that the
state )y U S and the state Q; U S, i € {1,...,m — 1}, can be reached from

states @),_; U S" and Q;_, U S’, respectively, by reading the letter a, where
S"=40,5o —1,...,jx — 1}, which is considered in either Case 2 or Case 3.
Then we consider the cases when ¢ > 1. If i € {0,...,m — 2}, the state

QU S is reachable as follows:
Q;US:d’ﬁ(Q;U{LjQ_t_'_L7jk_t+1}7bt71)7

where

- i—(t—1)mod (m—1)+m—1, ifi—(t—1)mod (m—1)<0;
)i (t—1) mod (m —1) otherwise,

For the remaining states, the state @)/, _,US can be reached from the state
Q,, oU{l,jo—1,...,jxr — 1} by reading the letter a.

Now we show that, after merging the states that are proven to be equiva-
lent, the rest of the states are pairwise inequivalent. Let {¢;} UG and {¢;}UH
be two different states in ()5, where ¢;,¢; € Q1, with 0 <7 < j <m —1. Then
we consider the following three cases:

1. i < j. The string a™ "¢ is accepted by the DFA E starting from the
state {¢;} U G, but it is not accepted starting from the state {¢;} U H. The
reason is similar to that for the DFA C', but, on the letter ¢, E' remains in the
same state for any non-final state, and goes to the state 1 from the state n —1.

2. 1 =j # m — 1. Without loss of generality, there exists a state k of D
such that k € G and k ¢ H. We first consider a special case when H C G and
G — H = {0}. The only difference between G and H is that G contains one
more state 0 than H. In such a case, we can verify that the string ab"? is
accepted by the DFA C' starting from the state {¢;} UG, but it is not accepted
starting from the state {g;} U H. In other cases, we can assume that k£ > 0.
Then the string " '=* is accepted by the DFA E starting from the state
{¢:} UG, but it is not accepted starting from the state {g;} U H.

3. i =7 =m — 1. Recall from the proof of Theorem 5.5 that we can
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partition the subset {¢,,—1} x {0’} x {S | S C (Q4 — Fy)} of Q5 into

{am} x {0} x {0} U{S"| 8" C(Qu—Fo£ OPHU
{am} x {0} x{S"[ " S (Qa = Fo £ O}}.

Moreover, for each state in the former set, there exists one and only one
equivalent state in the latter set, and vice versa. Thus, we remove all the
states in the former set from )5. Then, without loss of generality, there exists
a state k of D such that k 20, k #£0, k € G, and k ¢ H. We can verify that
the string b*"~27% is accepted starting from the state {¢;} U G, but it is not
accepted starting from the state {q;} U H. g.e.d.

5.1.3 State Complexity of L¥L,

In this subsection, we study the state complexity of LIL, for an m-state DFA
language L; and an n-state DFA language L. All the results in this subsection
are from our paper [12].

We first show that the state complexity of L¥L, is upper bounded by
3-2mt=2 in general (Theorem 5.7). Then we prove that this upper bound can
be attained when m,n > 2 (Theorems 5.8 and 5.9). Next, we investigate the
case when m = 1 and n > 1 and prove the state complexity can be lowered to
2"~1in such a case (Theorem 5.10). Finally, we show that the state complexity
of LELy is 271 + 1 when m > 2 and n = 1 (Theorems 5.11, 5.12, 5.13 and
Lemma 5.3).

Now, we start with a general upper bound on state complexity of L¥L, for

integers m,n > 1.

Theorem 5.7 For two integers m,n > 1, let Ly and Lo be two regular lan-
guages accepted by an m-state DFA and an n-state DFA, respectively. Then
there exists a DFA of at most 3 - 2™ 2 states that accepts LI L.

Proof: Let M = (Qur, X, 0, Sur, Fiar) be a DFA of m states, k; final states
and Ly = L(M). Let N = (Qn,%,0n, sy, Fy) be another DFA of n states
and Ly = L(N).

Let M" = (Qur, 2, 0nr, For, {sa}) be an NFA with k; initial states. The
transition function oy (p,a) = ¢ if dp(q,a) = p where a € ¥ and p,q € Q.
Clearly,

L(M') = L(M)® = LE.
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By performing the subset construction on NFA M’ we can get an equiva-
lent, 2™-state DFA A = (Q4, %, 04, 54, Fa) such that L(A) = L. Since M’ has
only one final state sy;, we know that Fa = {i | i C Qur, sy € i}. Thus, A has
2™~1 final states in total. Now we construct the DFA B = (Qp, %, 05, sp, Fi5)
that accepts the language LI*L,, where

Qs ={(i,j) | i€Qa jCQn},
{ <SA’®>7 if s4 & Fla;
SB =

(sa,{sn}),  otherwise,

Fp={(i,j) € Qp | j N Fy # 0},

o { (', §, if 54(i,a) =4, 6x(j,a) = ', a €%, i’ ¢ Fu;
op((i,4),a) =5 " o . . . .

(W', U{sny}, ifdali,a) =7, 0n(j,a) =7, a € X, i € Fy.

From the above construction, we can see that all the states in B starting with

i € Fy must end with j such that sy € j. There are in total 271 . 27! states

that don’t satisfy this condition.
Thus, the number of states of the minimal DFA that accepts LEL, is no

more than
2m+n . 2m—1 X 2n—1 =3. 2m+n—2'

qg.e.d.

This result gives an upper bound for the state complexity of LT Ly. Next

we show that this bound is attainable when m,n > 2.

Theorem 5.8 Given two integers m,n > 2, there exists a DFA M of m states
and a DFA N of n states such that any DFA that accepts L(M)®L(N) has at

least 3 - 2m1"=2 states.

Proof: Let M = (Qu, %, 0p,0,{m — 1}) be a DFA, as shown in Figure 5.10,
where Qy = {0,1,...,m — 1}, ¥ = {a, b, ¢,d}, and the transitions are given
as follows:

e dy(i,a) =i+ 1modm,i=0,...,m—1;

e 0p(i,b)=14,1=0,...,m—2, 0y (m—1,0) =m — 2;

e oyyim—2c)=m—1, dy(m—1,¢) =m — 2,

if m >3, dy(i,c)=14,i=0,...,m—3;
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Figure 5.10: Witness DFA M of Theorem 5.8 showing that the upper

bound in Theorem 5.7 is attainable when m,n > 2

e 0y(iyd)=1,i=0,...,m— 1.

Let N = (Qn,%,0n,0,{n —1}) be a DFA, as shown in Figure 5.11, where
Qv =10,1,....,n—1}, ¥ = {a,b,c,d}, and the transitions are given as follows:

e in(i,d)=i+1modn,i=0,...,n— 1.

Now we construct the DFA A = (Qa, X, 04, {m — 1}, Fy), where Q4 = {q |
g CQu}t, X ={abc,d}, Fa={q]|0 € q, q € Qa}, and the transitions are

defined as follows:

5A(p7€):{j|6M(jae) :iaiep}apeQAa e €.

It is easy to see that A is a DFA that accepts L(M)®. We prove that A is

minimal before using it.

(I) We first show that every state I € ()4 is reachable from {m —1}. There

are three cases.

1. [I| =0. |[I] =0 if and only if I = (. Then d4({m — 1},b) = I = 0.



Figure 5.11: Witness DFA N of Theorem 5.8 showing that the upper

bound in Theorem 5.7 is attainable when m,n > 2

2. [I|=1. Let I = {i}, 0 <i<m—1. Then d4({m —1},a™ ") = 1.
3. 2 < |I| < m. LetI:{il,ig,...,ik},OSil < g < vee <Zk Sm—l,
2 <k <m. Then d4({m — 1},w) = I, where

w = ab(ac)iQ_il_lab(ac)i?’—i2—1 Ce ab(ac)ik_ik_l_la,m_l_ik.

(IT) Any two different states I and J in Q4 are distinguishable.
Without loss of generality, we may assume that |I| > |J|. Let z € I — J.

Then the string a® distinguishes these two states because

(5,4([,&90) - FA,
oa(J,a") ¢ Fa.

From (I) and (IT), A is a minimal DFA with 2™ states that accepts L(M).
Now let B = (@Qp, %, dp, sg, Fa} be another DFA,| where

Qs = {(19) |p€Qa—Fa,qCQn}
U{{.d) P €Fa,qd CQn, 0€q},
Y = {a,b,cd},
sp = ({m—1},0),
Fp = {(p.g)[n—1€q, (p,q) € @},
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and for each state (p,q) € @p and each letter e € X,

(',q), iféalp,e)=p" ¢ Fa, on(q,e) = ¢;
(', q), ifda(p,e) =p € Fa, on(g,e) =1', ¢ =1"U{0}.

o((p,q),e) = {

As we mentioned in the previous proof, all the states in B that starts with
p € F4 must end with ¢ C @y such that 0 € ¢. Clearly, B accepts the
language L(M)RL(N) and it has

2m . 2n - 2m71 . 2n71 — 3 . 2m+n72

states. Now we show that B is a minimal DFA.

(I) Every state (p,q) € @p is reachable. We consider the following six
cases:

1.p=0,q=0. (0,0) is a sink state of B. dg({{m — 1},0),b) = (p, q).

2. p#@,qzﬁ Letp:{p17p27"'apk}71§p1<p2<"'<pk§m_1a
1 <k <m—1. Note that 0 ¢ p, because 0 € p guarantees 0 € q.

op({({m — 1},0),w) = (p, q), where
w = ab(ac)m*mflab(a@psﬂ?zfl . .ab(ac)pkfpk,lflamflfpk.

Note that w = a™ 7P when k = 1.

3. p=10, ¢ #0. In this case, let ¢ = {q1,q2, ..., q}, 0 <1 < 2 < -+ <
q<n-—1,1<1<mn. Then dg({{m — 1},0),z) = (p, ¢), where

T = amdQI_QZ—l amdQI—l_Ql—Q e amdq2—q1amd‘h b

4.p#0,0¢ p, qg#0. Let p={pi,ps,....;}, 1 < p1 <pa < -+ <

pr<m—-1,1<k<m-1and ¢ ={q1,¢2,---,q}, 0 < 1 < 2 <

< q <n—1,1 <1 < n We can find a string uv such that
dp({{m —1},0),uv) = (p, ¢), where

U = ab(ac)m—p1—1ab(a0)p3—p2—1 . ab(ac)pk—pk_l—lam—l—pk’

V= amdQZ_QZ—l amdQI—l_QL—Q e amdq2—q1amdq1.
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5.p#0,0ep, m—1¢p, qg#0. Let p={p1,p2,..., 0}, 0 = p1 <
pp < - <po<m-—1,1<k<m-1and ¢ = {q,q,...,q},
O=qg <@p<---<qg<n-—1,1<1<n. Since 0 is in p, according to
the definition of B, 0 has to be in ¢ as well. There exists a string u/v’
such that dg({{m — 1},0),uv") = (p, ¢), where

u = ab(ac)pzfmflab(ac)p?ﬁmfl L ab(a@pkfpk,lflamefpk’
v = qMdU U1 U1 A2 . gM RN M N

6. p#0,{0,m—1} Cp, g #0. Let p={p1,p2,...,0x}, 0 =p1 < p2 <
e <pp=m—=1,2<k<mand q¢={q,q0,. ...q4},0=q < @<
o< <n—1,1<1<n. In this case, we have

<p q>: 5B(<{0a]-7p2+]-7"-7pk;—1+1}aQ>aa')7 1fm_2¢pa
’ 6B(<p{ m_1}7q>7b)a 1fm_2€pa
where states ({0,1,pa +1,...,px—1 + 1},¢) and (p { m — 1},¢) have

been proved to be reachable in Case 5.

(IT) We then show that any two different states (p1,¢1) and (ps,¢2) in @p

are distinguishable.

1. g1 # q2. Without loss of generality, we may assume that |g;| > |go|. Let
T € q1 — q. The string d"~17% distinguishes them because

6B(<p17q1>adn_1_m) € FBa
65((p2, qo),d" ") ¢ Fp.

2. p1 # p2, 1 = q2. Without loss of generality, we assume that |pi| > |ps].
Let y € p; — po. Then there always exists a string a¥c?d™ such that

5B(<p1’q1>aa'y02dn) S FB)
5B(<p2aq2>aa'y02dn) ¢ Fg.

Since all the states in B are reachable and pairwise distinguishable, the DFA
B is minimal. Thus, any DFA that accepts L(M)®L(N) has at least 3-2m+"2
states. q.e.d.

65



This result gives a lower bound for the state complexity of LfL, when
m,n > 2. It coincides with the upper bound shown in Theorem 5.7 exactly.
Thus, we obtain the state complexity of the combined operation L¥L, for

m > 2 and n > 2.

Theorem 5.9 For integers m,n > 2, let Ly be an m-state DFA language and
Ly be an n-state DFA language. Then 3-2™2 states are both necessary and

sufficient in the worst case for a DFA to accept LEL,.

In the rest of this subsection, we study the remaining cases when either
m=1orn=1.

We first consider the case when m = 1 and n > 2. In this case, L1 =
or Ly = ¥*. Lng = L, L, holds regardless of whether L; is () or ¥*, since
P = and (X*)f = ¥*. It has been shown in [111] that 2"~! states are both
sufficient and necessary in the worst case for a DFA to accept the catenation
of a one-state DFA language and an n-state DFA language, n > 2.

When m = 1 and n = 1, it is also easy to see that one state is sufficient and
necessary in the worst case for a DFA to accept L¥L,y, because L¥ L, is either
() or X*. Thus, we have the following theorem concerning the state complexity
of Lf"Lg form=1and n > 1.

Theorem 5.10 Let L; be a one-state DFA language and Lo be an n-state
DFA language, n > 1. Then 2" ! states are both sufficient and necessary in
the worst case for a DFA to accept L L.

Now, we study the state complexity of LEL, for m > 2 and n = 1. Let us
start with the following upper bound.

Theorem 5.11 For any integer m > 2, let Ly and Ly be two reqular languages
accepted by an m-state DFA and a one-state DFA, respectively. Then there
exists a DFA of at most 2~ + 1 states that accepts LT L.

Proof: Let M = (Qu, X, du, Sur, Fiur) be a DFA of m states, m > 2, k; final
states and Ly = L(M). Let N be another DFA of one state and Ly, = L(N).
Since N is a complete DFA, as we mentioned before, L(N) is either () or

¥*. Clearly, L -0 = (. Thus, we need to consider only the case when
Lo = L(N) = &,
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We construct an NFA M’ = (Qu, 2, 6y, Far, {sm}) with k; initial states
which is similar to the proof of Theorem 5.7. &y (p,a) = q if dy(q,a) = p
where a € ¥ and p,q € Q). It is easy to see that

L(M") = L(M)® = L%

By performing the subset construction on NFA M’, we get an equivalent,
2m_state DFA A = (Qa,X, 04,54, F4) such that L(A) = L. Fy ={i|i C
Qur, Sy € i} because M’ has only one final state sy;. Thus, A has 2™~ final

states in total.
Define B = (QBa Ea(SBa $B, {fB}) where fB ¢ QAa QB = (QA _FA) U{fB}a

SA, if SA ¢ FA;
S = .
fB, otherwise,

and for any a € ¥ and p € @p,

5A(pa a’)> lf 5A(p7 a) ¢ FA7
op(p,a) =< fg, if 64(p,a) € Fy;
/B, if p= fp.

The automaton B is exactly the same as A except that A’s 2m~! final states
are made to be sink states and these sink, final states are merged into one,
since they are equivalent. When the computation reaches the final state fg,

it remains there. Now, it is clear that B has
2m_2m—1+1:2m—1+1
states and L(B) = LEY*. qg.e.d.

This theorem shows an upper bound for the state complexity of L¥L, for

m > 2 and n = 1. Next we prove that this upper bound is attainable.

Lemma 5.3 Given an integer m = 2 or 3, there exists an m-state DFA M
and a one-state DFA N such that any DFA that accepts L(M)RL(N) has at
least 2™ + 1 states.

Proof: When m = 2 and n = 1, we can construct the following witness DFAs.
Let M = ({0,1},%,0,0,{1}) be a DFA, where ¥ = {a, b}, and the transitions

are given as follows:
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Let N be the DFA that accepts X*. Then the resulting DFA for L(M)f%* is
A= ({0,1,2},%,04,0,{1}) where

e 04(0,a) =1,04(1,a) =1, 64(2,a) = 2;

o 5A(O,b) = 2, 5,4(1,[)) == 1, (SA(Q,b) = 2.

When m = 3 and n = 1. The witness DFAs are as follows. Let M’ =
({0,1,2},% 6p1,0,{2}) be a DFA, where ¥’ = {a,b,c}, and the transitions
are given as follows:

o dp(0,a) =1, 0pr(1l,0) =2, Spr(2,a) = 0;

L4 5M/(O,b) = O, 5M/(1,b) = O, 5M/(2,b) = 1;

L4 5M/(O,C) = O, 5M/(1,C) = 2, (SM/(Q,C) =1.

Let N’ be the DFA that accepts X*. The resulting DFA for L(M")EYX™ is
A= ({0,1,2,3,4},%' 54/,0,{3}) where

L (5,4/(0,&) = 1, (5,4/(1,&) = 3, 5,4/(2,&) = 2, 5,4/(3,&) = 3, 5,4/(4, a) = 3;

L (5,4/(0,()) = 2, (5,4/(1,()) = 4, (5,4/(2,()) = 2, 5A/(3,b) = 3, (5,4/(4, b) = 4;

° (5,4/(0,0) = 1, (5,4/(1,0) = O, 5,4/(2,0) = 2, (5,4/(3,0) = 3, (5,4/(4, C) =4.

qg.e.d.

The above result shows that the bound 2™~ ! + 1 is attainable when m is

equal to 2 or 3 and n = 1. The last case is when m > 4 and n = 1.

Theorem 5.12 Given an integer m > 4, there exists a DFA M of m states

and a DFA N of one state such that any DFA that accepts L(M)®L(N) has
at least 2™t + 1 states.

Proof: Let M = (Qu, %, 00,0,{m — 1}) be a DFA, as shown in Figure 5.12,
where Qy ={0,1,...,m—1}, m >4, ¥ = {a,b,c,d}, and the transitions are

given as follows:

e dy(i,a) =1+ 1modm,i=0,...,m—1;
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Figure 5.12: Witness DFA M of Theorem 5.12 showing that the upper

bound in Theorem 5.11 is attainable when m > 4 and

n=1
e 0p(i,0)=1,i=0,...,m—2, d0p(m—1,b) =m — 2;
e Oy(i,e)=1,i=0,...,m—3, dpy(m—2,¢) =m—1, yy(m—1,¢) = m—2;

e 0y(0,d)=0,0p(,d)=i+1,i=1,....m—2,dy(m—1,d) = 1.

Let N be the DFA that accepts ¥*. Then L(M)EL(N) = L(M)®%*. Now
we construct the DFA A = (Qa,%,d4,{m — 1}, F4) similar to the proof of
Theorem 5.8, where Q4 = {¢ | 4 C Qur}, 5 = {a.b,e.d), Fa = {g]0 € 4, q €

@4}, and the transitions are defined as follows:

5A(p76):{j|6M(jae) :iaiep}apeQAa e €.

It is easy to see that A is a DFA that accepts L(M)%. Since the transitions
of M on letters a, b, and ¢ are exactly the same as those of the DFA M in
the proof of Theorem 5.8, we can say that A is minimal and it has 2™ states,

mel

among which states are final.

Let B = (Qp,%,08,58,{fs}) be a DFA where fg ¢ Qa, Qp = (Qa —
Fa) U{fs},

{ SA, if8A¢FA;
Sp =

fB, otherwise,



and for any e € ¥ and I € Qp,

(5,4([,6), lf (5,4(],6) @é FA;
op(l,e) =1 [, if 64(1,e) € Fa;
/B, if I = fg.

The DFA B is the same as A except that A’s 2™~ ! final states are changed
into sink states and merged to one sink, final state, as we did in the proof of
Theorem 5.11. Clearly, B has 2™ — 2™~1 +1 = 2™~ 4 1 states and L(B) =
L(M)%3*. Next we show that B is a minimal DFA.

(I) Every state I € Qp is reachable from {m — 1}. The proof is similar to

that of Theorem 5.8. We consider the following four cases:

1. I=0. Then d,({m —1},b) =1 = 0.

2. I = fg. Then §,({m — 1},a™ ') =1 = f5.

3. I = 1. Assume that I = {i}, 1 < i < m — 1. Note that i # 0
because all the final states in A have been merged into fg. In this case,
da({m —1},am 174 = I.

4. 2 < |I| < m. Assume that I = {iy,i0,..., 0}, 1 < i3 <ipg < -+ <ip <
m—1,2<k<m. da({m—1},w) = I, where

w = ab(ac)iQ—il—1ab(ac)i3—i2—1 . ab(ac)ik_ik—l_lam_l_ik.

(IT) Any two different states I and J in Qp are distinguishable.

Since fp is the only final state in (), it is inequivalent to any other state.
Thus, we consider the case when neither of I and J is fg.

Without loss of generality, we may assume that [I| > |J|. Let z € T — J.
x is always greater than 0 because all the states which include 0 have been

merged into fz. Then the string d*!a distinguishes these two states because

53([,611710/) = fBa
5B(‘]a dm_la) 7é fB'
Since all the states in B are reachable and pairwise distinguishable, B is a

minimal DFA. Thus, any DFA that accepts L(M))"X* has at least 2! + 1
states. qg.e.d.
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After summarizing Theorem 5.11, Theorem 5.12 and Lemma 5.3, we obtain

the state complexity of the combined operation LIL, for m > 2 and n = 1.

Theorem 5.13 For any integer m > 2, let L be an m-state DFA language
and Lo be a one-state DFA language. Then 2™~ + 1 states are both sufficient

and necessary in the worst case for a DFA to accept L¥L,.

5.1.4 State Complexity of L; L&

In this subsection, we study the state complexity of L; L% for regular languages
Ly and Lo. All the results in this subsection are from our paper [10]. We will

first look at an upper bound on this state complexity.

Theorem 5.14 For two integers m,n > 1, let Ly and Ly be two reqular
languages accepted by an m-state DFA with ki final states and an n-state
DFA with ko final states, respectively. Then there exists a DFA of at most
m2" — k27 k2(2%2 — 1) —m + 1 states that accepts L LE.

Proof: Let M = (Qur, X, 0, Sur, Fiar) be a DFA of m states, k; final states
and Ly = L(M). Let N = (Qn,%,0n, sy, Fiy) be another DFA of n states,
ks final states and Ly = L(N). Let N = (Qn, X, 0N, Fy, {sny}) be an NFA
with ks initial states. dn/(p,a) = q if On(q,a) = p where a € ¥ and p,q € Qn.
Clearly,

L(N") = L(N)® = L¥.

After performing the subset construction on N’, we can get an equivalent,
2"-state DFA A = (Q4, %, 04, 54, F4) such that L(A) = LE. Note that A may
not be minimal and since A has 2" states, one of its final states must be Q.
Now we construct the DFA B = (Qp, %, 05, S, F'p) that accepts the language
L LE, where

Qp ={(i,J) | i € Qu, j € Qa},
Fp={(i,j) € Qp | j € Fa},
. :{ (sar,0),  if sar & Fars

(sy, Fiv), otherwise,

(7, 7", if Opr(i,a) =74, 0a(j,a) =4',a€ X, i & Fy;
(I, jUFyN), ifoy(ia) =14, 04(4,a) =j',a € X, i € Fy.

5B(<i>j>’a) = {
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It is easy to see that dp((i,Qn),a) € Fp for any i € Q) and a € X. This
means all the states (two-tuples) ending with @)y are equivalent. There are m
such states.

On the other hand, since NFA N’ has k, initial states, the states in B
starting with ¢ € F); must end with j such that Fiy C j. There are in total
k27 *2(2k2 — 1) states which don’t satisfy this condition.

Thus, the number of states of the minimal DFA that accepts L; L% is no
more than

m2" — k2722 — 1) —m + 1.

q.e.d.

This result gives an upper bound for the state complexity of L;L¥. Next

we show that this bound is attainable.

ab

ab

ab

Figure 5.13: Witness DFA M of Theorem 5.15 showing that the upper
bound in Theorem 5.14 is attainable when m > 2 and
n>2

Theorem 5.15 Given two integers m > 2, n > 2, there exists a DFA M of m
states and a DFA N of n states such that any DFA that accepts L(M)L(N)®

has at least m2" — 21 —m + 1 states.

Proof: Let M = (Qu, %, 00,0,{m — 1}) be a DFA, as shown in Figure 5.13,
where Qy = {0,1,...,m — 1}, ¥ = {a, b, ¢}, and the transitions are given by

e dy(i,z)=14,1=0,....,m— 1,z € {a,b};

e 0y(i,c)=i+1modm,i=0,...,m—1.
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Let N = (Qn,%,0n,0,{0}) be a DFA, where Qn = {0,1,...,n — 1},
Y. ={a,b,c}, and the transitions are given by

e 0n(0,a)=n—1,0n(i,a) =i—1,i=1,...,n—1;

e on(0,0) =1, 0n(i,0) =d,i=1,...,n—1;

e on(0,¢) =1,0n(1,¢) =0, 0n(j,c)=37,7=2,...,n—1,if n > 3.
N is the same as the witness DFA for the state complexity of reversal operation
on regular languages. The transition diagram of N is shown in Figure 3.5.

Now we construct the DFA A = (Q4,X,04,{0}, Fa), where Q4 = {q | ¢ C
Qn}, X ={a,b,c}, Fa={q|0 € q, ¢ € Qa}, and the transitions are defined

as:
5A(p76) = {.] | 5N(jae) :ia [ Ep}a p € QAa e € 2.

It has been shown in [111] that A is a minimal DFA that accepts L(N)~.
Let B = (Qp,%,0p, s, F4) be another DFA, where

Qs = {polreQut m—1},¢eQat Qn}U{0,Qn)}
U{{m—1,q) lgeQat @n} {0} €q},
Y = {a,b,c},
sg = (0,0),
Fgo = {({p,q) ¢ € Fa, (p,q) € @5},

and for each state (p,q) € @p and each letter e € X,

L), it du(pe) =p #Fm—1,04(q,¢) = ¢ # Qn;
.q), ifou(p,e)=p =m—1,

o5((p,q). €) = dalg,e) =1', ¢ =r"U{0}, ¢ # Qn;
0,Qn), if onr(p,e) =m—1,04(q,e) =71, U{0} = Qnp;
(0,Qn), if opr(p,e) #m —1,06a(q,e) = Qn.

As we mentioned in the previous proof, all the states (two-tuples) ending with

\

@y are equivalent. So, we replace them with one state: (0,Qy). According
to the definition of B, all the states in B that starts with m — 1 must end
with j € Q4 such that 0 € j. It is easy to see that B accepts the language
L(M)L(N)®. Tt has m2" — 2”71 —m + 1 states. Now we show that B is a
minimal DFA.



(I) We first show that every state (i,7) € Qp is reachable by induction
on the size of j. Let k = |j] and k < n — 1. Note that the state (0, Qy) is
reachable from the state (0, ()) via the string ¢™b(ab)" 2.

When k& = 0, ¢ is less than m — 1 according to the definition of B. Then
there always exists a string w = ¢’ such that d5((0,0), w) = (i, 0).

Basis (k = 1): The state (m — 1,{0}) can be reached from the state
(m —2,0) on c. The State (0,{0}) can be reached from the state (m —1,{0})
on ca™ ', Then for ¢ € {1,...,m — 2}, the state (i, {0}) is reachable from the
state (i —1,{0}) on ca™*. Moreover, for i € {0,...,m — 2}, the state (i, j) is
reachable from the state (i, {0}) on a’.

Induction: Assume that all states (i, j) such that |j| < k are reachable.
Then we consider the states (i, j) where |j| = k. Let 7 = {J1,J2,...,jk} such
that 0 < 71 < jo < -+ < jr < n — 1. We consider the following four cases:

1. j1 =0 and j, = 1. The state (m —1,{0, 1, j3,...,jx}) is reachable from
the state (m — 2,{0,73,...,jx}) on ¢. Then for i € {0,...,m — 2}, the state
(i,7) can be reached from the state (m — 1,{0,1,7s,...,7%}) on 'L
2. 1=0, j; =0, and j5 > 1. The state (0, j) can be reached as follows:

0, {41, g2, -, k) = 0p((m—2,{js—jo+1,..., Jk—Jot+1,n—jo+1}),c%a” ).

3. i =0 and j; > 0. The state (0, j) is reachable from the state (0, {0, j, —

Jis- s Jk — J1}) on a’t.

4. We consider the remaining states. Fori € {1,...,m—1}, the state (7, 7)
such that j; = 0 and j, > 1 can be reached from the state (i —1, {1, jo, ..., jr})
on the letter ¢, and for i € {1,...,m — 2}, the state (i, j) such that j; > 0 is
reachable from the state (i, {0, 72 — j1,...,J& — j1}) via the string a’'. Recall
that we do not have states (i, j) such that ¢ =m — 1 and j; > 0.

(IT) We then show that any two different states (iq,71) and (is, j2) in @p
are distinguishable. Let us consider the following three cases:

1. 71 # jo. Without loss of generality, we may assume that |j;| > |j2|. Let
x € 71— Jj2. We don’t need to consider the case when x = 0, since the two states
are clearly in different equivalence classes if 0 € j; — jo. For 0 < x < n —1,

there always exists a string ¢ such that

op((i1,j1),t) € FBg,
6p((iz, j2),t) & FB,
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where
a" ", if ip #m —1, j1 # J2;
t=4¢ a" *lea, ifig=m—1, 5 # jo, n > 2;
C, lflgzm—l,jl#jg,TLZQ

Note that under the second condition, after reading the prefix a”~*~! of ¢, the
state n — 1 cannot be in the second component of the resulting state since
x & Jjo.

Also note that when n = 2, ji, jo € {Qn,{0},{1}}, where Qn = {0, 1}.
Moreover, when i, = m — 1, the state (ig, jo) can only be (m — 1,{0}). Due
to the definition of B, we have that, for s > 1, (s, Qn) ¢ Qp. Thus, it is easy
to see that (i1, 1) is either (i, {1}) or (0,{0,1}). When (i1, j1) = (i1, {1}),
0 € ji — Jo, so the two states are distinguishable. When (iq, j;) = (0,{0,1}),

the letter ¢ distinguishes them because

5B(<07{071}>7C> € Fp,
op((m —1,{0}),c) ¢ Fs.

2. j1 = j2 # Qn, 11 # i3. Without loss of generality, we may assume that
71 > i9. In this case, i # m — 1. Let z € Qn — j;. There always exists a

string u = a" " T1hc™ 1741 such that

6p((i1, j1),u) € Fpg,
5B(<i2aj2>au) ¢ FB.

Let (i1, j1) and (ig, 71) be two states reached from states (i, j1) and (ia, j2)

on the prefix "% +!

of u, respectively. We notice that the state 1 of N cannot
be in ji. Then after reading another letter b, we reach states (i, j;) and
(19, 77), respectively. Tt is easy to see that states 0 and 1 of N are not in
j1. Lastly, after reading the remaining string ¢™ '~ from the state (i1, j7),
the first component of the resulting state is the final state of the DFA M and
therefore its second component contains the state 0 of the DFA N. In contrast,
the second component of the resulting state reached from the state (is, 77) on
the same string cannot contain the state 0, and hence it is not a final state of
B. Note that this includes the case when j; = jo = 0, i1 # is.

3. We don’t need to consider the case when j; = jo = Qn, because there

is only one state in @)p that ends with Q. It is (0, Qn).



Since all the states in B are reachable and pairwise distinguishable, the
DFA B is minimal. Thus, any DFA that accepts L(M)L(N)® has at least
m2"® — 2"~1 — m 4 1 states. qg.e.d.

This result gives a lower bound for the state complexity of L(M)L(N)%
when m,n > 2. It coincides with the upper bound when k; = 1 and ky, = 1. In
the rest of this subsection, we consider the remaining cases when either m =1
or n = 1. We first consider the case when m =1 and n > 3. We have L; = ()
or Ly = ¥*. When L; = 0, for any Lo, a one-state DFA always accepts LlLf,
since L L = (). The following theorem provides a lower bound for the latter

case.

Theorem 5.16 Given an integer n > 3, there exists a DFA M of one state
and a DFA N of n states such that any DFA that accepts L(M)L(N)® has at

least 21 states.

Proof: Let M = (Qur, 2,00, 0,{0}) be a DFA, where Q) = {0}, ¥ = {a, b},
and 0,7(0,e) = 0 for any e € ¥. Clearly, L(M) = £*.

Figure 5.14: Witness DFA N showing that the upper bound in Theo-

rem 5.14 is attainable when m > 1 and n > 3

Let N = (Qn,%,0n,0,{n —1}) be a DFA, as shown in Figure 5.14, where
Qnv =10,1,...,n— 1}, ¥ = {a, b}, and the transitions are given by

e 0n(0,a)=n—2,0x(i,a)=i—1,i=1,...,.n—2,dy(n—1,a) =n—1
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L 5N(O,b):n—1, 5N(j,b)2j,j:1,,n—1

Now we design a 2"-state DFA A = (Qa, 2,04, {n — 1}, F4), where Q1 =
{g1q¢CQn}, 2={a,b}, Fa={q|0 € q, g€ Qa}, and the transitions are

defined as follows:

5A(p7€):{j ‘ 5N(jae) :i,iep},pEQA, e € M.

It is easy to see that A is a DFA that accepts L(N)®. Let B = (Qp, %, 05, 55, Fa}
be another DFA, where ¥ = {a, b},

Qs = {(0,9)[¢€Qan—1€q},
SB = <O7 {n_1}>7
Fp = {<O>q>|q€FAa <O,q>€QB},

and for each state (0, ¢) € @p and each letter e € ¥,

08((0,q),e) = (0,¢") if 64(q,e) = ¢" and ¢’ = ¢" U {n — 1}.

Clearly, the DFA B accepts L(M)L(N)®. Since n — 1 € j for any state
(0,7) € Qp, B has 2" ! states in total. Now we show that B is a minimal
DFA.

(I) We first show that every state (0,j) € Qp is reachable. We omit the
case when |j| = 1 because the only state in Q) satisfying this condition is the
initial state (0, {n — 1}). When |j| > 1, assume that j = {n — 1, j1, jo, ..., Jx}
where 0 < j1 < jo < - < jpr <n—2,1 <k <n—1. There always exists a
string

w = baltTIk=1pgIk-17Ik=2 L hgd2 I gt
such that 65((0,{n — 1}),w) = (0, 7).

(IT) We then show that any two different states (0, 7;) and (0, j2) in Qp are
distinguishable. Without loss of generality, we may assume that |j1| > |Ja2].
Then let x € j; — jo. Note that x # n — 1 because n — 1 has to be in both j;

and j,. We can always find the string u = a" =1~ such that

(53((0,j1),u) € Fg, and (53((0,j2),u) ¢ Fg.

Since all the states in B are reachable and pairwise distinguishable, B is a
minimal DFA. Thus, any DFA that accepts L(M)L(N)® has at least 27!
states. qg.e.d.
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Now, we consider the case when m =1 and n = 2.

Lemma 5.4 There exists a one-state DFA M and a two-state DFA N such
that any DFA that accepts L(M)L(N)® has at least two states.

Proof: M is defined the same as in Theorem 5.16, and let N = (Qn, X, oy, 0, {1})
be a DFA, where Qn = {0, 1}, ¥ = {a, b}, and the transitions are given by

e on(0,a) =0, 0n(1,a) =1,

° 5N(0,b) = ]_, 5N(1,b) = 1.

It is easy to see that L(N) contains all the strings over {a, b} that has at
least one b. So L(N)f = L(N) and

L(M)L(N)® = £*L(N) = L(N).

N is a minimal DFA that accepts L(M)L(N)%. Tts two states are reachable
and distinguishable obviously. qg.e.d.

Lastly, we consider the case when m > 1 and n = 1. When L, = (), for any
L4, a one-state DFA always accepts LlLf = (. When L, = ¥*, LlLf = L2%,
since (X*)f = ¥*. According to Theorem 3 in [111], which states that, for any
DFA A of size m > 1, the state complexity of L(A)X* is m, we can get the

following corollary immediately.

Corollary 5.1 Given an integer m > 1, there exists an m-state DFA M and
a one-state DFA N such that any DFA that accepts L(M)L(N)® has at least

m states.

After summarizing Theorems 5.14, 5.15, and 5.16, Lemma 5.4 and Corol-

lary 5.1, we obtain the state complexity of the combined operation L;L%.

Theorem 5.17 For integersm > 1, n > 1, m2"—2""1 —m 41 states are both
necessary and sufficient in the worst case for a DFA to accept L(M)L(N)E,
where M 1s an m-state DFA and N is an n-state DFA.

5.2 State Complexity of Catenation Combined with Union

and Intersection

In this section, we will present and prove the state complexities of L;(Ly U L3)

and L;(Ly N Lg). All the results in this section are from our paper [11].



5.2.1 State Complexity of Li(Ly U Ls)

In this subsection, we consider the state complexity of L(A)(L(B)U L(C)) for
three DFAs A, B, C of sizes m,n,p > 1, respectively [11]. We first obtain the
following upper bound (m — k)(2"? — 2" — 2 + 2) + k2"*?~2 (Theorem 5.18),
and then show that this bound is tight for m,n,p > 1, except the situations
when m > 2 and n = p =1 (Theorems 5.19 and 5.20).

Theorem 5.18 For integers m,n,p > 1, let A, B and C be three DFAs with
m, n and p states, respectively, where A has k final states. Then there exists
a DFA of at most (m — k)(2"TP — 2" — 2P + 2) 4 k2"P~2 states that accepts
L(A)(L(B)UL(C)).

Proof: Let A = (Q1,%,d1, 51, F1) where |Fi| =k, B = (Q2,%, 2, 59, F»), and
C = (A3, %, 03, 83, F3). We construct D = (Q, %, 9, s, F') such that

Q={q1.0.¢) | ¢ € Q1 — Fi,q2 € 292 {0} g3 € 29° {0}}
U{(q1,0,0) | 1 € Q1 — F1}
U{{q1, {s2} U e, {53} U gs) | 1 € F1,q € 2927152} gy € 2Qa{saly,
s=(s1,0,0) if s; & F1,s = (s1,{s2}, {s3}) otherwise,
F={{q:qa6)€QanNF#0orqgnF;#0}

5(<q1a q2, 93>> a) = <Qi7 Qé7 qé)) for a € Ea where Qi = 51(q1a a’) anda
for i € {2,3}, ¢ = S; U{s;} if ¢| € F1, ¢, = S; otherwise,
Si = Ureqi{éi(r, a)}

Intuitively, @ is a set of triples such that the first component of each triple is
a state in ()7 and the second and the third components are subsets of ()5 and
()3, respectively.

We notice that if the first component of a state is a non-final state of @)y,
the other two components are either both the empty set or both nonempty
sets. This is because the two components always change from the empty set
to a non-empty set at the same time. This is the reason to have the first and
second terms of Q).

Also, we notice that if the first component of a state of D is a final state

of A, then the second component and the third component of the state must
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contain the initial state of B and C|, respectively. This is described by the
third term of Q).

Clearly, the size of Q is (m — k) (2" — 2" — 2P 4 2) 4 k2""P~2_ Moreover,
one can easily verify that L(D) = L(A)(L(B) U L(C)). g.e.d.

In the following, we consider the conditions under which this bound is
tight. We know that a complete DFA of size one only accepts either () or 3*.
Thus, when n =p =1, L(A)(L(B) U L(C)) = L(A)X* if either L(B) = ¥* or
L(C) =%*, and L(A)(L(B) U L(C)) = 0 otherwise. Therefore, in such cases,
the state complexity of L(A)(L(B)U L(C)) is m as shown in [111].

Now, we consider the case when n = 1 and p > 2. Since L(B) U L(C) =
L(C) when L(B) = 0, it is clear that the state complexity of L(A)(L(B) U
L(C)) is equal to that of L(A)L(C'), m2P —k2P~! given in [111], which coincides
with the upper bound obtained in Theorem 5.18. The situation is analogous
to the case when n > 2 and p = 1.

Next, we consider the case when m =1 and n,p > 2.

Theorem 5.19 Let A be a DFA of size 1. Then for integers n,p > 2, there
exist DFAs B and C with n and p states, respectively, such that any DFA that
accepts L(A)(L(B) U L(C)) has at least 2"P~2 states.

Proof: We use a four-letter alphabet ¥ = {a,b,¢,d}, and let A be the DFA
that accepts *.

Let B = (Q2,%,02,0,{n — 1}), as shown in Figure 5.15, where @y =
{0,1,...,n — 1}, and the transitions are given by

e )y(i,a) =1+ 1modn, fori e {0,...,n—1};

e 0y(i,x) =i for i € @2, where x € {b,d};

e 05(0,¢) =0, 03(i,¢) =i+ 1 mod n, forie {1,...,n—1}.

Let C = (Qs3,%, 03,0, {p — 1}), whose transition diagram is similar to the
one shown in Figure 5.15, where Q3 = {0,1,...,p — 1}, and the transitions
are given by

e 03(i,z) =i for i € Q3, where x € {a, c};

e 03(i,0) =i+ 1 mod p, fori e {0,...,p—1};
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b,c,d

Figure 5.15: The DFA B used for showing that the upper bound in

Theorem 5.18 is attainable when m = 1 and n,p > 2

Figure 5.16: The DFA C used for showing that the upper bound in
Theorem 5.18 is attainable when m =1 and n,p > 2

e 03(0,d) =0, d3(i,d) =i+ 1 mod p, fori e {1,...,p—1}.

Let D = (@,{a,b,c,d},o,(0,{0},{0}), F) be the DFA that accepts the
language L(A)(L(B)UL(C)) constructed from those DFAs exactly as described

in the proof of the previous theorem, where

Q = {(O, {O} U qa2, {O} U q3> | Q2 € 2@2*{0}’q3 c 2@3*{0}}’

F = {{g,¢@)cQn—-1cqgorp—1cqg}.

We omit the definition of the transitions.

Then we prove that the size of @ 2"™~2 is minimal by showing that (I)
any state in ) can be reached from the initial state, and (II) no two different
states in () are equivalent.

For (I), we first show that all states (0, ¢, q3) such that g3 = {0} are
reachable by induction on the size of ¢s.

The basis clearly holds, since the initial state is the only state whose second

component is of size 1.



In the induction step, we assume that all states (0, g2, {0}) such that |g,| <
k are reachable. Then we consider the states (0, go, {0}) where |ga| = k. Let
g2 = {0,72,...,jk} such that 0 < jo < j3 < -+ < jr < n — 1. Note that the

states such that j, = 1 can be reached as follows

(0,0, 1,73, -, gk}, {0}) = 6((0,{0, 53 = 1, ., ji = 1},{0}), a),

where {0,753 —1,...,jx — 1} is of size k — 1. Then the states such that j, > 1

can be reached from these states as follows

(0,{0, 72, .- -, Jx }, {0}) = 6({0,{0, 1, js—t, ..., jx—t},{0}), c"), where t = j,—1.

After this induction, all states such that the third component is {0} have
been reached. Then it is clear that, from each of these states (0, g2, {0}), all
states in () such that the second component is ¢ and the size of their third
component is larger than one can be reached by using the same induction step
but using the transitions on letters b and d.

Next, we show that any two distinct states (0, go, ¢3) and (0, ¢}, ¢4) in Q
are not equivalent. We only consider the situations where ¢u # ¢, since the
other case can be shown analogously. Without loss of generality, there exists a
state r such that r € ¢ and r € ¢b. It is clear that r # 0. Let w = dP~1c" 17",
Then §((0, q2, g3), w) € F but ({0, ¢, ¢4), w) & F. g.e.d.

Next we consider the more general case when m,n,p > 2.

Example 5.1 We use a five-letter alphabet ¥ = {a, b, ¢, d, e} in the following
three DFAs, which are modified from the two DFAs in the proof of Theorem
1in [111].

Let A = (Q1,%,01,0,{m — 1}), where Q; = {0,...,m — 1} and, for each
state i € @, 01(i,a) = j, 7 = (i + 1) mod m, §(¢,x2) = 0, if x € {b,d}, and
0 (i,x) =1, if v € {c,e}.

Let B = (Q2,3,02,0,{n — 1}), where Q2 = {0,...,n — 1} and, for each
state i € Q2, 02(i,0) = 7, j = (i + 1) mod m, 62(i,c) = 1, and 62(i, x) = 4, if
x € {a,d, e}.

Let C' = (Q3,%,03,0,{p — 1}), where Q3 = {0,...,p — 1} and, for each
state i € Q3, 63(i,d) = j, j = (i + 1) mod m, d3(i,e) = 1, and d3(i, ) = 4, if
x € {a,b,c}. O
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Following the construction in the proof of Theorem 5.18, the DFA D can be
constructed from the DFAs in Example 5.1. It shows that the upper bound is
attainable for m,n,p > 2. We note that similar to the proof of Theorem 5.19,
the DFAs B and C' in this example change their states on disjoint letter sets,
{b,c} and {d, e}. Thus, by using a proof that is similar to the proof of Theorem
11in [111] that shows the upper bound on the state complexity of catenation can
be attained, we can easily verify that there are at least (m—1)(2""? —2"—2P +
2) 4 2"*P=2 distinct equivalence classes of the right-invariant relation induced
by L(A)(L(B) U L(C)) [53]. Therefore, the upper bound can be attained and
the following theorem holds.

Theorem 5.20 Given three integers m,n,p > 2, there exists a DFA A of m
states, a DFA B of n states, and a DFA C' of p states such that any DFA that
accepts L(A)(L(B) U L(C)) has at least (m — 1)(2"P — 2" — 2P 4 2) + 2n+p—2

states.

A natural question is that, if we reduce the size of the alphabet used in
DFAs A, B, C, using a three-letter alphabet, can we attain the upper bound
as well? We give a positive answer in the next theorem under the condition

m,n,p > 3.

Figure 5.17: Witness DFA A for Theorem 5.21

Theorem 5.21 For integers m,n,p > 3, there exist DFAs A, B and C of m,
n, and p states, respectively, defined over a three-letter alphabet, such that any
DFA that accepts L(A)(L(B) U L(C)) has at least (m — 1)(2"P — 2" — 2P 4
2) + 27172 siates.

Proof: We define the following three automata over the three-letter alphabet
Y ={a,b,c}.
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Let A = (Q1,%,01,0,{m — 1}) be a DFA, as shown in Figure 5.17, where

Q1 =40,1,...,m — 1}, and the transitions are given as follows:
e )1(i,a)=1+1forie{0,...,m—2}, 6(m—1,a) =0;
e 01(i,e) =i for i € @1, where e € {b, c}.

Let B = (Q2,%,02,0,{n — 1}) be a DFA, as shown in Figure 5.18, where
Q2 ={0,1,...,n— 1}, and the transitions are given as follows:

e 0y(iya)=1ifori e {0,...,n—3},02(n—2,a) =n—1,5(n—1,a) = n—2;

e 0o(i,b) =i+ 1forie{0,....,n—2} d(n—1,0)=n—1,

e 0y(i,c) =1 for i € Q.

Figure 5.18: Witness DFA B for Theorem 5.21

Let C' = (Qs,%,03,0,{p — 1}) be a DFA, as shown in Figure 5.19, whose
transition diagram is similar to that of the DFA B, where Q3 = {0, 1,...,p—1},

and the transitions are given as follows:

o 53(i,a):ifori€ {0,,]9_3}, 53(p_2aa’):p_]-753(p_1aa’):p_27
o 03(i,b) =i for i € Qs;
e 3(i,c)=i+1forie{0,....p—2}, d3(p—1,¢)=p—1.

a,b a,b b b,c

@@ ______ R

Figure 5.19: Witness DFA C for Theorem 5.21
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Let D = (Q,{a,b,c},6,(0,0,0), F) be the DFA that accepts the language
L(A)(L(B) U L(C)) constructed from those DFAs exactly as described in the

proof of the previous theorem, where

Q = {{g1,2.6) |a €@ m—1},q €29 {0} g5 € 29 {0}}
U{(Q17@7@> ‘ q1 € Ql { m — 1}}
U{(m —1,{0} U gs, {0} Ugs) | go € 29271, g5 € 29711,

F = {{g,¢¢)cQ|n—-—1cqgorp—1cqgs}.

We omit the definition of transitions.

Then we prove that the size of Q m/(2"P — 2" — 2P +2) + 2772 is minimal
by showing that (I) any state in @ can be reached from the initial state and
(IT) no two different states in @) are equivalent.

Now we consider (I). It is clear that states (g1, 0, 0), for ¢ € Q1 m—1},
are reachable from the initial state on strings a?', and the state (m—1, {0}, {0})
can be reached from (m — 2,0, () on the letter a.

We first show by induction on the size of the second component that any
remaining state in ) such that its third component is {0} can be reached from
the state (m —1,{0},{0}). We only use strings over the letters a, b. Thus, the
last component remains {0}.

Basis: foranyi € {0,...,m—2}, the state (¢, {0}, {0}) can be reached from
the state (m —1,{0}, {0}) on the string a’*'. Then for any i € {0,...,m —2}
and j € {1,...,n},

Induction step: for i € {0,...,m — 1}, assume that all states (i, g2, {0})
such that |ga| < k are reachable. Then we consider the states (7, g2, {0}) where
lg2| = k. Let g2 = {Jj1,72, .-, jkp such that 0 < jy < jo < -+ < jp <m—1.

Note that the states such that j; = 0 are reachable as follows. If either

Jk<n—3orj,_1 =n—2and jr =n— 1, we have

(m —1,{0,j2,...,Jx},{0}) = 6((m — 2, {2, ..., 5}, {0}), @).

If jr = n — 2, the states (m — 1,{0,j2,...,jx},{0}) can be reached from
the states (m — 2, {ja2,...,Jk—1,n — 1},{0}) by reading the letter a. If j, =
n — 1, the states (m — 1,{0, ja, ..., Jjr},{0}) can be reached from states (m —



2,{ja, -+, jr—1,n — 2},{0}) by reading the letter a. In all the cases, we reach
the state from a state such that |go| = & — 1. Similarly, we can easily verify
that, by reading the letter a, states (0,{0,...,jx},{0}) can be reached from
the states (m — 1,{0,...,jx},{0}) and, for i € {1,...,m — 2}, the states
(1,{0, ..., jk}, {0}) can be reached from the states (i — 1,{0,..., 7}, {0}).
Next, we show that all states such that 0 & ¢o are reachable. Note that the
first component of these states cannot be m — 1. Thus, for ¢ € {0,...,m —2},

we have

(i, {1, gk, {03) = 8((i, {0, jo — jus -, i — Ji }, {0}), b7).

After the induction step, we can verify that all states in ) such that the
third component is {0} have been reached. Then we consider the states whose
third component is non-empty but not {0}. Note that if the second component
of a state does not contain the states n —2 and n — 1 or contains both of them,
this component does not change by reading the letter a. Thus, by using the
letter ¢ instead of the letter b in the same induction step, we can show that, for
i €40,...,m — 1}, the states (i, ¢z, ¢3) in @ such that ;p N {n —2,n—1} =0
or {n —2,n—1} C ¢ are reachable from the state (0, g2, {0}). The remaining
states to be considered are the states (i, g2, ¢3) such that ¢, contains either n—2
or n— 1 but not both, for i € {0,...,m —1}. Assume g contains n — 2. Then
by the same induction with the letters a,c, we can reach the states (i, g2, g3)
and states (7, ¢y, ¢5), 1,1 € {0,...,m—1}, from the state (0, g2, {0}) such that
¢ = (U {n —1}) 4 n —2}. Moreover, if we replace ¢, with ¢o, the union
of these two types of states is exactly all states in ) such that their second
component is go. It is clear that those states (7', g2, ¢5) are reachable from the
state (0, ¢, {0}) by following the same induction step with letters a,c. An
analogous argument can be applied to the states such that ¢ contains n — 1
but not n — 2.

Now all the states in () are reachable, and next we will show that the states
of the DFA D are pairwise inequivalent. Let (i,qs,q3) and (J, ¢}, ¢3) be two

different states. We consider the following two cases:

1. i < j. Then the string a™ =" 'cP~1la is accepted by the DFA D
starting from the state (i, g2, g3), but it is not accepted starting from the

state (J, g5, ¢3)-
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2. i = j. We only prove for the situation where g, # ¢, since the proof is
analogous when g3 # ¢5. Without loss of generality, there exists a state
r such that r € ¢y and r ¢ ¢b.
If i = j # m — 1, we can verify that ¢?~ 16" ""2q is accepted by D from
the state (i, g2, g3) but not from the state (J, ¢}, ¢3)-
If i =7 =m —1, it is clear that r # 0. We consider the following three

cases.

(a) r € {1,...,n—3}. After reading the letter a, i and j become 0 and
we still have r € ¢o and r € ¢,. Thus, the resulting situation has

just been considered.

(b) 7 = n—2. Then the state (i, ¢z, g3) reaches a final state on ac?~'ab,

but the state (j, ¢}, ¢4) does not on the same string.

(¢c) 7 =n —1. Then the state (i, g2, g3) reaches a final state by reading
ac?”'a, but the state (7, ¢}, q5) does not.

qg.e.d.

5.2.2  State Complexity of Li(Ly N Ls)

In this subsection, we investigate the state complexity of L;(Ls N L3), and
show that its upper bound (Theorem 5.22) coincides with its lower bound
(Theorems 5.23 and 5.24) [11]. The following theorem gives an upper bound

for the state complexity of this combined operation.

Theorem 5.22 Let Ly, Ly and L3 be three reqular languages accepted by an
m-state, an n-state and a p-state DFA, respectively, for m, n, p > 1. Then
there exists a DFA of at most m2" — 2"P=1 states that accepts Li(Ly N L3).

We omit the proof of Theorem 5.22 because m2™ — 2"~! is the math-
ematical composition of the state complexities of the individual component
operations, which is obviously an upper bound on the state complexity of
Li(Ly N L3). In the following, we investigate lower bounds on the state com-
plexity of this combined operation under different conditions.

When n =p =1, L(A)(L(B) N L(C)) = L(A)X* if both L(B) and L(C)

are X*. The resulting language is () otherwise. Thus, the state complexity of
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L(A)(L(B) N L(C)) in this case is the same as that of L(A)X*: namely, m
[111]. When n =1, p > 2,

0, if L(B) = 0;

LAEB) N L)) = { L(A)L(C), iL(B) = T

In this case, the state complexity of the combined operation is m2P — 2P~1,
which is the same as that of L(A)L(C) [111]. Similarly, when n > 2, p = 1,
the state complexity of L(A)(L(B)N L(C)) is m2™ — 2"~!. Next, we show the

upper bound m2™ — 2"~ is attainable when m,n,p > 2.

b,c,d [ C c

Beh B
O

b.d

a,bd

Figure 5.20: The DFA A used for showing that the upper bound in
Theorem 5.22 is attainable when m > 2 and n,p > 1

Theorem 5.23 Given three integers m,n,p > 2, there exists a DFA A of m
states, a DFA B of n states and a DFA C' of p states such that any DFA that
accepts L(A)(L(B) N L(C)) has at least m2"™ — 2"~ states.

Proof: Let A = (Qa,%,04,0,F4) be a DFA, as shown in Figure 5.20, where
Qa=A{0,1,... . m—1}, Fy ={m—1}, ¥ = {a,b,c,d} and the transitions are
given by

e da(t,a)=i+1modm,i=0,...,m—1;
® 04(1,) =0,i=0,...,m— 1, where x € {b,d};
® 0a(i,c)=1,i=0,...,m— 1.

Let B = (Qp,%, 05,0, Fg) be a DFA| as shown in Figure 5.21, where Qp =
{0,1,...,n— 1}, Fg = {n — 1} and the transitions are given by

e 0p(i,r)=14,1=0,...,n— 1, where x € {a,d};

e 0p(i,b) =i+ 1modn,i=0,...,n—1;
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Figure 5.21: The DFA B used for showing that the upper bound in
Theorem 5.22 is attainable when m > 2 and n,p > 1

e 0p(i,c)=1,i=0,...,n— 1.

Let C = (Q¢, %, 00,0, Fc) be a DFA whose transition diagram is shown in
Figure 5.22, where Q¢ = {0,1,...,p — 1}, Fo = {p — 1} and the transitions
are given by

e ic(i,r)=14,1=0,...,p— 1, where z € {a,b};

o 0c(i,e)=1,i=0,...,p—1;

e 0¢c(i,d)=1+1modp,i=0,....,p—1.

ab,c ab ab

a,b
@ N

Figure 5.22: The DFA C used for showing that the upper bound in
Theorem 5.22 is attainable when m > 2 and n,p > 1

We construct the DFA D = (Qp, X%, dp, sp, Fp}, where

Qp = {<U,U>|UEQ3,UEQ0},
Sp = <0,0>,

Fp = {(n=1p-1D},
and for each state (u,v) € @Qp and each letter e € X,

dp({u,v),e) = (u',v') if dp(u,e) =, dc(v,e) =’



Clearly, there are n-p states in D and L(D) = L(B)NL(C). Now we construct

another DFA FE = (Qg, X, 0, sg, Fg}, where

Qe = {{(¢R)|q€Qa—Fa, RCQptU{(m—1,5)]sp €S, SCQn},
sg = (0,0),

Fp = {{¢.R)| RNFp #10, (¢, R) € Qr},

and for each state (¢, R) € Qg and each letter e € X,

(¢, R), ifdalg,e)=q #m—1, 6p(R,e) =R

(¢,R), ifda(g,e)=q¢ =m—1, R =p(R,e)U{sp}.

It is easy to see that L(F) = L(A)(L(B)NL(C)). There are (m—1)-2" states

in the first term of the union for Q. In the second term, there are 1 - 2771

states. Thus,

op((q, R),e) = {

|Qp|=(m—1)-2" +1.2""1 = m2m? — 2"~ 1,

In order to show that E is minimal, we need to show that (I) every state
in E is reachable from the initial state and (II) each state defines a distinct
equivalence class.

We prove (I) by induction on the size of the second component of states in
Q. First, any state (¢,0), 0 < ¢ < m—2, is reachable from sg by reading the
string a?. Then we consider all states (g, R) such that |[R| = 1. In this case,
let R = {(x,y)}. We have

(@, {{z,9)}) = 0p((0,0),a™b"d"a").

Notice that the only state (¢, R) in Qg such that ¢ = m — 1 and |R| = 1 is
(m —1,{(0,0)}) since the fact that ¢ = m — 1 guarantees (0,0) € R.

Assume that all states (g, R) such that |R| < k are reachable. Consider
(q, Ry where |R| = k. Let R = {(x;,y;) | 1 <i <k} such that 0 < 2y < a9 <
o< rp<n—1lifgZFm—-—land0=21 <z < - - <xp <n-—1,y; =0,
otherwise. We have (¢, R) = 0g((0, R'), a™b* d¥" a?), where

R = {{z; —z, (y; —y +n)modn) | 2 < j < k}.

The state (0, R') is reachable from the initial state, since |R| = k — 1. Thus,
(q, R) is also reachable.
To prove (II), let (g1, R1) and (ga, R2) be two different states in E. We

consider the following two cases.
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1. q1 # qo. Without loss of generality, we may assume that ¢; > g». There

always exists a string t = ca™ 172p"1d@P~! such that

op({q1, R1),t) € FEg,
6p((q2, Ro),t) & Fp.

2. 1 = q2, Ry # R,. Without loss of generality, we may assume that
|R1‘ Z |R2‘ Let <l’,y> € R1 — RQ. Then

5E(<91>R1>>bn_1_$dp_1_y) € Fg,
5p((q2, Ro), 0" 77dP~17Y) ¢ Fp.

Thus, the minimal DFA that accepts L(A)(L(B) N L(C)) has at least m2™ —
2= states for m,n,p > 2. g.e.d.

Now we consider the case when m =1, i.e., L(A) = ¥*.

Theorem 5.24 Given two integers n,p > 2, there exists a DFA A of one
state, a DFA B of n states and a DFA C' of p states such that any DFA that
accepts L(A)(L(B) N L(C)) has at least 2"~ states.

Proof: Aswe mentioned in the proof of Theorem 5.23, whenn = 1, L(A)(L(B)N
L(C)) is either ) or L(A)L(C'). It has been proved in [111] that the state com-
plexity of L(A)L(C)is 2P~ form=1,p>2. Ifm=n=p=1, L(A)(L(B)N
L(C)) is either () or 3*, which are both accepted by one-state DFAs. Similarly,
when n > 2, p = 1, the state complexity of L(A)(L(B) N L(C)) is 2" 1.

When m = 1, n > 2, p > 2, we give the following construction. Let
A= ({0},%,84,0,{0}) be a DFA, where ¥ = {a,b,¢,d, e} and d4(0,¢) = 0 for
any letter t € X. It is clear that L(A) = ¥*.

Let B = (@p,%,05,0,Fp) be a DFA, as shown in Figure 5.23, where
Qp=10,1,...,n— 1}, Fg = {n — 1} and the transitions are given by

e ip(i,a)=i+1modn,i=0,...,n—1;

(
o Sp(ib)=i,i=0,....n—1;
e 05(0,¢)=1,6p(j,c)=4,j=1,...,n—1;
e 05(0,d)=0,0p(j,d)=5+1,j=1,....n—2,p(n—1,d) = 1;
o ip(i,e)=1i,i=0,...,n—1



Figure 5.23: Witness DFA B for Theorems 5.24

Let C = (Q¢, X%, 00,0, F¢) be a DFA, as shown in Figure 5.24, where Q¢ =
{0,1,...,p— 1}, Fc = {p — 1} and the transitions are given by

\.@
S
S~—
I
\.N
-~
I
=
3
|
=

i,b) =i+ 1modp,i=0,...,p—1;

e 0c(0,e)=0,6c(je)=7+1,j=1,....,p—2,9c(p—1,¢) = 1.

Figure 5.24: Witness DFA C for Theorems 5.24

Construct the DFA D = (Qp., %, dp, sp, Fp} that accepts L(B) N L(C) in the

same way as the proof of Theorem 5.23, where

Qp = {(wv) |ueRp veEQc}

sp = (0,0),

Fp = {(n=1p—1},
and for each state (u,v) € Qp and each letter t € X,

dp((u,v),t) = (u', v if 0g(u,t) =o', dc(v,t) =0'.
Now we construct the DFA F = (Qg, %, 0, sg, Fg}, where
Qe = {(0,R)[(0,0) € R,RC Up},

s = (0,{(0,0)}),
FE = {<0’R>|RQFD7A®a <0’R>EQE}7
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and for each state (0, R) € Qg and each letter t € X,
0((0, R),t) = (0, R') where R’ = dp(R,1).

Note that (0,0) € R for every state (0, R) € Qg, since 0 is the only state in A
and it is both initial and final. It is easy to see that L(E) = L(A)(L(B)NL(C))
and F has 27 —2m~1 = 2"P~1 gtates in total. Now we show that £ is a minimal
DFA by (I) every state in E' is reachable from the initial state and (II) each
state defines a distinct equivalence class.

We again prove (I) by induction on the size of the second component of
states in Qg. First, the only state in (0, R) € Qg such that |R| = 1 is the
initial state, (0, {(0,0)}).

Assume that all states (0, R) such that |R| < k are reachable. Consider
(0, R) where |R| = k+ 1. Let R = {(0,0),(x1,y1),..., (T, yx)} such that
0<z <5< ... < <n—1. We consider the following three cases.

Case 1. (0,y1) € R, y; > 1. If there exists (0,y;) € R, y; > 1,1 <1 <k,
then ;1 = 0 and y; > 1, since 0 < 21 < a9 < --- <2 < n— 1. For this case,

we have

(0, R) = d5({0, Ry), be* 1),

where

R1:{<0,0>}U51 UTl,
Sp = {<l’j,p— 1> | <"L‘j’0> € R’xj 7é O}a
T ={(zj, (yj —yp1 +p—1) mod (p—1)) [ (z;,y;) € R,y; #0,2 < j < k}.

Notice that (0,0) ¢ S;UT; and Sy NTy = (). So the state (0, R) is reachable
from the initial state, since |Ry| = k and (0, R;) is reachable.
Case 2. 1 > 1, (x;,0) € R, 1 < i < k. Tt is easy to see that every z; > 1

because x; > x1. We have
(0, R) = 65({0, Ry), ad™ 1),

where
Ry = {(0,0)} U Ty,
Ty = {((e; — v+ n— 1) mod (n—1).4,) | (2,9) € 1< < k.j # i),

There are k elements in Ry. So the state (0, R) is also reachable for this case.
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Case 3. xr1 > 1,y; > 1, 1 <i < k, because every z; > x; > 1, we have
(0, R) = 05({(0, R3), cd™tevr™1),

where
Rs = {(0,0)} UTs,
T3 = {{(zj—x1+1), (yj—y1+p—1) mod (p—1)+1) | (z;,y;) € R,2 < j < k}.

So every state (0, R) in E is reachable when |R| =k + 1.

To prove (II), let (0, R) and (0, R’) be two different states in E. With-
out loss of generality, we may assume that |R| > |R'|. So we can always
find (x,y) € R — R'. Clearly, (z,y) # (0,0). So there exists a string

w = a" 17*pP~17Y guch that
5E(<0,R>,w) c FE,
5u((0,R),w) ¢ Fu.

Thus, the minimal DFA that accepts X*(L(B) N L(C)) has at least 277~
states forn > 1, p > 1. qg.e.d.

This lower bound coincides with the upper bound given in Theorem 5.22.

Thus, the bounds are also tight for the case when m =1, n,p > 2.

5.3 State Complexity of Union and Intersection Com-

bined with Star and Reversal

In this section, we will show the state complexities of L7 U Ly and Lj N Ly. All

the results in this section are from our paper [33].

5.3.1 State Complexity of L] U Lo

We consider the state complexity of L} U Ly, where L, and Lo are regular
languages accepted by m-state and n-state DFAs, respectively. It has been
proved that the state complexity of Lj is %Qm and the state complexity of
Ly U Ly is mn [72, 111]. The mathematical composition of these functions is
%2’” -n. In the following, we show that this upper bound can be decreased

33].
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Theorem 5.25 For any m-state DFA M = (Qu, 2, Sy, Sar, Far) and n-state
DFA N = (Qn, %, 0N, sn, F) such that |Fyy £ sy} =k>1,m>2,n>1,
there exists a DFA of at most (2m~1 +2m=*=1).n —n + 1 states that accepts
L(M)* UL(N).

Proof: Let M = (Qur, 2, drr, Sar, Far) be a complete DFA of m states. Denote
|Frv € sy} by Fo. Then Fy =k > 1. Let N = (Qn, X, 6N, sy, Fiv) be another
complete DFA of n states. Let M" = (Qnr, %, darry Sprv, Farr) be a DFA where

sy ¢ Qv is a new initial state,

Qur = {sm} U{P | P C(Qu — Fy) & P # 0}
U{R|RC Quy & sy € R& RN Fy # 0},

Fyr={syu} U{R| RC Quy & RN Fy # 0},

and for R C Qy; and a € X2,

v (Syrya) = {60 (spr,0)}, if 0pr(spr,a) N Fy = 0;
o {0m(sp,a)} U sy}, otherwise,
Sur(R,a) = {0m(R, )}, if 3 (R,a) N Fy = 0
R {om(R,a)} U{sy}, otherwise.

It is clear that M’ accepts L(M)*. In the second term of the union for @,
there are 2™~% — 1 states. And in the third term, there are (2% — 1)2m~*-1!

states. So M’ has 2™~ ! + 2™~ k=1 gtates in total. Now we construct another
DFA A= (Q,%,0,s, F') where

s = (sar, 5N),

Q={(7)ieQmw 4 sw} jeQntU{st
6((i,5),a) = (omr (i, a), 0n (4, @), (i, j) € Q, a € 5,
F = {(Z,j> ‘ 1 E FM/ OI'j € FN}

We can see that
L(A) = L(M"YUL(N) = L(M)* U L(N).

Note (spr,j) ¢ Q, for j € Qn {4 sy}, because there is no transition going into
sy in the DFA M. So there are at least n — 1 states in () that are not reach-
able. Thus, the number of states of minimal DFA that accepts L(M)* U L(N)



is no more than

|Q| _ (Qm—l + 2m—k—1) n—n-+1.

qg.e.d.
If sp is the only final state of M (k = 0), then L(M)* = L(M).

Corollary 5.2 For any m-state DFA M = (Qar, 2, 00, Sy, Far) and n-state
DFA N = (Qn,%,0n, SN, Fn), m > 1, n > 0, there exists a DFA A of at most
32m . n —n+ 1 states such that L(A) = L(M)* U L(N).

Proof: Let k be defined as in the above proof. There are two cases in the

following.
(I) k=0. In this case, L(M)* = L(M). Then A needs at most m - n states,
which is less than 22™ - n —n + 1 when m > 1.

(IT) k> 1. The claim is clearly true by Theorem 5.25.

Next, we show that the upper bound %27” -n —n+ 1 is attainable.

Theorem 5.26 Given two integers m > 2, n > 2, there exists a DFA M of m
states and a DFA N of n states such that any DFA that accepts L(M)*UL(N)

has at least %2’” -n—n—+ 1 states.

Proof: Let M = (Qu, X, 6ps,0,{m—1}) be a DFA, where @y, = {0,1,..., m—
1}, 3 = {a,b,c} and the transitions of M are

op(i,a) =i+ 1modm,i=0,1,..., m—1,

op(0,0) =0, 0p(3,0) =i+ 1modm,i=1,...,m—1,

Suliye) =i,i=0,1,...,m—1.
The transition diagram of M is shown in Figure 5.25.

Let N = (Qn, %, 0n,0,{n—1}) be another DFA, where Qn = {0,1,...,n—1}

and

(SN(i, a)
on(i,b)
5N(i, C)

i,i=0,1,....n—1,

i,i=0,1,....,n—1,

t+1modn,2=0,1,...,n—1.
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ab

Figure 5.26: Witness DFA N for Theorems 5.26 and 5.29

The transition diagram of N is shown in Figure 5.26.

It has been proved in [111] that the minimal DFA that accepts the star of an
m-state DFA language has %2’” states in the worst case. M is a modification of
the worst-case example given in [111] by adding a c-loop to every state. So we
design a 32™-state, minimal DFA M’ = (Qur, 2, 0arr, Sarv, Farr) that accepts
L(M)*, where

sy & Qv is a new initial state,

Qu ={su}U{P|PC{0,1,....m—2} & P # 0}
U{R|IRC{0,1,....m—1} & 0€ R& m—1¢€ R},

Fy ={sy}U{R|RC{0,1,...,m—1} & m —1 € R},

and for R C (Qy; and a € X2,

5M’(3M’a a’) = {6M(O7 a)}a



S (R, a) = {om(R,a)}, if m—1¢ 6y (R,a);
| {0m(R,a)} U{0}, otherwise.

Then we construct the DFA A = (Q, %, 9, s, F') that accepts L(M)*UL(N)

exactly as described in the proof of Theorem 5.25, where

s = (sy,0),

Q={{j)licQu+ sw}ijecQn}U{s}
({3, 4), a) = (O (i;a), 0n(j,a)), (i,j) € Q, a € X,
F={(i,j)|ie€ Fy orj=n—1}

Now we need to show that A is a minimal DFA.

(I) All the states in @) are reachable.
For an arbitrary state (i, 7) in @, there always exists a string w;ws such
that §((s,,0),wiwy) = (i, j), where
5M’(5M’a wl) = i) wy € {CL, b}*a

On(0,w2) = 7, wy € {c}".

(IT) Any two different states (i1, j;) and (is, j2) in @ are distinguishable.

1. i1 # i, jo # n — 1. There exists a string w; such that

5(<i17.j1>aw1) € Fa
5(<i27j2>7w1) ¢ Fa
where wy € {a,b}*, dppr (i1, w1) € Fyp and 8y, (19, wq) ¢ F},.

2. i1 # 19, jo = n — 1. There exists a string w; such that

5(<i1,j1),w1c) € F,
d((iz, jo2), wic) ¢ F,

where wy € {a,b}*, dpp (i1, w1) € Fyp and Sy (io, wy) & Fyp.

3. i1 =iy & Fap, J1 # Jo. For this case, the string ¢"~177! distinguishes
the two states, since 6((iy, 1), " 171) € F and §({iy, jo),c" " 1771) ¢
F.
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4. iy =iy € Fyp, j1 # ja. The string b™c"~ 17 distinguishes them,
because d((i1, j1), 0" c" 1 771) € F and 0((iz, jao), b ) & F.

Since all the states in A are reachable and distinguishable, the DFA A is
minimal. Thus, any DFA that accepts L(M)*UL(N) has at least 22™-n—n+1
states. qg.e.d.

This result gives a lower bound for the state complexity of L(M)* U L(N).
It coincides with the upper bound in Corollary 5.2. So we have the following

theorem.

Theorem 5.27 For integers m > 2, n > 2, %2’” -n —n + 1 states are both
sufficient and necessary in the worst case for a DFA to accept L(M)* U L(N),
where M 1s an m-state DFA and N is an n-state DFA.

5.3.2 State Complexity of L] N Lo

Since the state complexity of intersection on regular languages is the same as
that of union [111], the mathematical composition of the state complexities of
star and intersection is also %Qm. In this subsection, we show that the state
complexity of LiNLy is %Qm-n—n—i—l which is the same as the state complexity
of LT U Ly [33].

Theorem 5.28 For any m-state DFA M = (Qu, 2, 0y, Sy, Far) and n-state
DFA N = (Qn, %, 0N, sy, Fiv) such that |[Fpy £ syt =k>1, m>1,n>0,
there exists a DFA of at most (2™~ + 2m=k=1) . n —n + 1 states that accepts
L(M)* N L(N).

Proof: We construct the DFA A for L(M)* N L(N) which is the same as in
the proof of Theorem 5.25, except that its set of final states is

F=A{(,j) i€ Fu,je Fy}.

Thus, after removing the n — 1 unreachable states (sy,j) ¢ @, for j € Qn —
{sn}, the number of states of A is sill no more than (2™ 1 4+2m*"1).p —n4+1.

q.e.d.

Similarly to the proof of Corollary 5.2, we consider both the case when

M has no other final state except sy (L(M)* = L(M)) and the case when
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M has some other final states (Theorem 5.28). Then we obtain the following

corollary.

Corollary 5.3 For any m-state DFA M = (Qar, 3, 0ar, Sy, Far) and n-state
DFA N = (Qn,%,0n, SN, Fn), m > 1, n > 0, there exists a DFA A of at most
32m . n —n+ 1 states such that L(A) = L(M)* N L(N).

Next, we show that this general upper bound on the state complexity of
L(M)* N L(N) can be attained by some witness DFAs.

Theorem 5.29 Given two integers m > 2, n > 2, there exists a DFA M of m
states and a DFA N of n states such that any DFA that accepts L(M)*NL(N)

has at least %Qm -n—n+ 1 states.

Proof: We use the same DFAs M and N as in the proof of Theorem 5.26.
Their transition diagrams are shown in Figure 5.25 and Figure 5.26, respec-
tively. Construct the DFA M’ = (Qup, X, 0nr, sy, Fap) that accepts L(M)*
in the same way.
Then we construct the DFA A = (Q, %, 9, s, F') that accepts L(M)*NL(N)
exactly as described in the proof of Theorem 5.26 except that
F={{n—1)|i€ Fuy}.

Now we prove that A is minimal.

(I) Every state of A is reachable.
Let (i,7) be an arbitrary state of A. Then there always exists a string
wywsg such that §((syr,0), wiwy) = (i, j), where
5M’(£M’a wl) = i) w € {a'7 b}*a

On(0,ws) = 7, wo € {c}".

(IT) Any two different states (i1, j1) and (is, jo) of A are distinguishable.

1. iy # is.
We can find a string w; such that
5(<7’-17j1>7wlcn717j1) € F7
5(<7’-27j2>7wlcn717j1) ¢ F7

where wy € {a,b}*, dpp (i1, w1) € Fyp and Sy (ia, wy) € Fyyp.
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2. iy =iy & Fay, 1 # Jo-

There exists a string ws such that

5(<7’-17j1>7w2cn717j1) € F7
5(<7’-27j2>7w2cn717j1) ¢ F7

where wy € {a,b}* and (i1, we) € Fyyp.

3. i1 =19 € Fap, J1 # Jo.

5(<i17j1>7cn_1_j1) S Fa
8((iz, ja), "' 77Y) ¢ F.

From (I) and (II), A is a minimal DFA with 32™.n—n+1 states which accepts
L(M)* N L(N). g.e.d.

This lower bound coincides with the upper bound in Corollary 5.3. Thus,
the bounds are tight.

Theorem 5.30 For integers m > 2, n > 2, %2’” -n —n + 1 states are both
sufficient and necessary in the worst case for a DFA to accept L(M)* N L(N),
where M 1s an m-state DFA and N is an n-state DFA.

5.3.3 State Complexity of LI U Ly

In this subsection, we study the state complexity of LE U Ly, where L; and
Ly are regular languages [33]. It has been proved that the state complexity
of L is 2™ and the state complexity of L; U Ly is mn [72, 111]. Thus, the
composition of these two expressions is 2" - n. In this subsection we will prove
that this upper bound on state complexity of L U Ly cannot be attained in

any case. We will first decrease the upper bound in the following.

Theorem 5.31 Let Ly and Ly be two regular languages accepted by an m-
state and n-state DFAs, respectively. Then there exists a DFA of at most
2™ .p —n + 1 states that accepts LI U L.

Proof: Let M = (Qu, %, 0ar, Sur, Fr) be a complete DFA of m states and
Ly =L(M). Let N = (Qn, %, 0n, Sy, Fiv) be another complete DFA of n states
and Ly = L(N). Let M' = (Qur, 2, 0nr, Fary {sar}) be an NFA with multiple
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initial states. dyv(p,a) = ¢ if dp(g,a) = p where a € ¥ and p,q € Qu.
Clearly, L(M") = L(M)® = L. After performing the subset construction, we
get a 2M-state DFA A = (Q4,%, 04, Sa, Fl4) that is equivalent to M’. Since A
has 2" states, one of its final states must be Q)3;. Now we construct the DFA
B = (Qp,%,05,sp, Fg), where

Qs ={(i,J) |1 € Qa, j € Qn},

Sp = (84, 8N),

Fp={(i,j) €eQp|i€ Faorje Fy},

op((i,5),a) = (¢, j), if 64(i,a) =4 and oy (j,a) =5, a € X.
It is easy to see that dp({Qu,j),a) € Fp for any j € Qn and a € 3. This
means all the states (two-tuples) starting with () are equivalent. There are

n such states in total. Thus, the minimal DFA that accepts LI U Ly has no

more than 2™ - n —n + 1 states. qg.e.d.

This result gives an upper bound for the state complexity of LU L,. Now

let’s see if this bound is attainable.

Theorem 5.32 Given two integers m > 2, n > 2, there exists a DFA M of m
states and a DFA N of n states such that any DFA that accepts L(M)®UL(N)

has at least 2™ -n — n + 1 states.

Proof: Let M = (Qur, 2, 00,0,{0}) be a DFA, where Qy = {0,1,...,m—1},

Y. ={a,b,c,d} and the transitions are

opm(0,a) =m—1,60p(i,a) =i—1,i=1,...,m—1,

Sar(0,0) = 1, Sas(i,0) =i, i =1,...,m — 1,

om(0,¢) =1, 00 (1,¢) =0, 6y (g,c) =14, 7=2,...,m—1,
op(k,d) =k, k=0,...,m— 1.

The transition diagram of M is shown in Figure 5.27. Let N = (Qn, %, dn,0,{0})
be another DFA,| where Qn = {0,1,...,n— 1}, ¥ = {a,b,¢,d} and the tran-

sitions are



Figure 5.27: Witness DFA M of Theorem 5.32

The transition diagram of N is shown in Figure 5.28.

a,b,c

Figure 5.28: Witness DFA N of Theorem 5.32

Note that M is a modification of the worst-case example given in [111] for
reversal, by adding a d-loop to every state. Intuitively, the minimal DFA that
accepts L(M)® should also have 2™ states. Before using this result, we will
prove it first. Let A = (Qa, X, d4,{0}, Fia) be a DFA| where

Qa={qlq < Qu},

¥ ={a,b,c,d},

da(p,e) ={j | dm(ie) =4, 1 €p},p € Qa, e €L,
Fa={q|{0} € ¢, g € Qa}.

Clearly, A has 2™ states and it accepts L(M)®. Now let’s prove A is minimal.

(i) Every state i € 4 is reachable.
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1.i=0.
li| = 0 if and only if i = (). 54({0},b) =i = 0.

2. li| = 1.
Assume that i = {p}, 0 <p <m —1. 04({0},a?) = 1.

3. 2< il <m.
Assume that i = {iy,d9,... 0k}, 0 < 13 < i < -+ < i <m — 1,
2 <k <m. 04({0},w) =i, where

w = ab(ac)* 1" ab(ac) %271 gb(ac)? T e

(ii) Any two different states ¢ and j in Q4 are distinguishable.
Without loss of generality, we may assume that |i| > |j|. Let = € i — j.

Then the string ™" distinguishes these two states because
0a(1,a™ ") € Fy,
0a(j,a™™") & Fa.

Thus, A is a minimal DFA with 2™ states that accepts L(M)®. Now let
B =(Qp,%,05,{({0},0)}, F) be a DFA, where

Qe=1{{p,q) Ip€Qu+ Qu}, € Qn}U{{Qr0)},
¥ ={a,b,c,d},

FB:{<p7q> |p€FA OrqEFNa <p7Q>EQB}7
and for (p,q) € Qp, e € X

W), ifdalpe) =P, 0n(g,e) =, P # Qum;
o5((p.q).e) = .
<QM7 0)7 if 5A(p7 6) = QM
As we mentioned in the previous proof, all the states (two-tuples) starting
with Qs are equivalent. Thus, we replace them with one state: (@, 0). It is
easy to see that B accepts the language L(M)® U L(N). It has 2™ -n —n + 1

states. Now let us prove that B is a minimal DFA.

(I) All the states in Q)p are reachable.
For an arbitrary state (p, q) in @ p, there always exists a string d%w such
that d5(({0},0), dw) = (p, q), where w € {a,b,c}* and 04({0}, w) = p.

(IT) Any two different states (p1,q1) and (ps, g2) in @Qp are distinguishable.
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L ¢ = qo.
We can easily find a string d‘w such that

op((p1, 1), d'w) € Fg,
05((p2, g2), d'w) ¢ Fg,
where (i + ¢) modn # 0, w € {a,b,c}*, da(p1,w) € F4 and
0a(p2,w) & Fa.
2. pr=p2, @1 F @

The string d" 9w distinguishes these two states where w € {a, b, c}*

and d4(p1,w) ¢ Fy4, because

5B(<p17(h>7dniqlw) € FBa
op((p2, @), d" "w) ¢ Fp.

3. p1 # D2 1 F o
We first find a string w € {a,b, c}* such that d4(p;,w) € F4 and
da(p2,w) ¢ Fa. Then it is clear that

5B(<p17 Q1>7 dniqlw) € FBa
05((p2; o), d""w) ¢ Fp.
Since all the states in B are reachable and distinguishable, the DFA B is

minimal. Thus, any DFA that accepts L(M)®UL(N) has at least 2™-n—n+1
states. q.e.d.

This result gives a lower bound for the state complexity of L(M)®U L(N).

It coincides with the upper bound. So we have the following theorem.

Theorem 5.33 For integers m > 2, n > 2, 2™ -n —n + 1 states are both
sufficient and necessary in the worst case for a DFA to accept L(M)® U L(N),
where M 1s an m-state DFA and N is an n-state DFA.

5.3.4 State Complexity of LI N Ly

The state complexity of LI N L, is the same as that of LI U Ly, namely,

2™ .n —n+1, since

LANL,=LFUL, =L, UL,



according to De Morgan’s laws and LE = ZR, where L denotes the comple-
mentation of L, and the state complexity of the complementation of an n-state

DFA language is n.

5.4 State Complexity of Combined Boolean Operations

In this section, we will present and prove the state complexity of combined
Boolean operations. All the results in this section have been published in our
paper [27].

A combined Boolean operation in k operands (over languages over an alpha-
bet) is a function f(xq,...,xx) which can be constructed from the projection
functions and the binary union, intersection and the unary complementation
operations by function composition [27]. In other words, there is an expres-
sion denoting f which is built from the variables 1, ..., x; and the boolean
operations of conjunction, disjunction and complementation. Each variable
may be used any number of times. We say that such a combined operation f
depends on its ith operand, for i = 1, ..., k, if there exist languages L1, ..., Ly
and L) such that f(Li1,...,Ly) # f(L1,..., Li—1, L}, Liyq, ..., Ly). Any com-
bined Boolean operation f(xy,..., ;) may be viewed as a Boolean function
on truth values. It is clear that f depends on its ith operand iff there ex-
ist ¢1,...,¢1,¢i41,- .-, in {0, 1} such that, as a Boolean function on truth
values, it satisfies f(c1,...,¢i-1,0,¢i01, ... k) # fler, ..o e, 1 Gy ooy Cr)-
For example, x1 U (z1 Nx2) depends on its first operand, but does not depend
on its second. However, if there is an expression for f containing exactly one

occurrence of each x;, i = 1,...,k, then f depends on each of its operands

[27].

Theorem 5.34 Let f be a combined Boolean operation in k operands. Sup-
pose that f depends on each of its operands. Then for all integers ny, ..., ng
greater than 1, the state complexity of f is ny---ng, where for each v, n; de-

notes the state complexity of the ith regular operand language.

Proof: It is clear that n; - --n, is an upper bound. To prove that it is also a
lower bound, we construct an example that attains the bound. For this reason,

consider regular languages R; of state complexity n; over pairwise disjoint
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alphabets 3;, ¢+ = 1,..., k. In our argument, we will need the additional
property that for each R; and for any two not necessarily different left quotients
u 'R; and v~ !'R; there is a string z such that both ¢ € x ' 'R; and ¢ €
r~ 1w R;, and symmetrically, there is a string y such that neither ¢ € y~'u™'R;
nor £ € y 'v~!'R;. For the minimal automaton of R; this means that for any
two not necessarily different states ¢ and ¢’ there is a string x which brings
both ¢ and ¢’ to a final state, and there is also a string y which brings neither
of them to a final state. By minimality, we also know that when ¢ and ¢’ are
different, then there is a string z which brings exactly one of ¢ and ¢ to a
final state. For example, we may define R; as the set of all strings over the
two-letter alphabet {a;, b;}, ending in at least n; — 1 occurrences of the letter
a;, e, R; = (a; U bl-)*a;“*l.

Let Y be the union of the ¥;, and for each i, let R, = h;'(R;), where
h; : ¥* — %; is the homomorphism which is the identity function on ¥
and maps any other letter to the empty word. Then each R] is a regular
language of state complexity n; over the alphabet . Indeed, the minimal
automaton A, = (Q;, %, 0., s;, F;) for R, can be constructed from the minimal
automaton A; = (Qy, X4, d;, s, F;) for R; by adding a transition from any state
to itself under any letter in > — 3J;. We show that the minimal automaton for

R = f(RY,..., R}) is the (usual) direct product

A=Q=Q; x- - xQp,2,0,s=(s1,...,8), F)

of the A} with set of final states F' = {¢ € @ : Ju € R’ ¢'(s,u) = ¢}. Thus,
'((q1,- - aw),a) = (01(q1,a), - - -, 61 (qr, a)) for all (q1,...,qx) € Q1 X -+ X Q
and a € 2.

First we show that L(A") = R'. It is clear that R' C L(A"). Suppose now
that u € L(A"). Then there is a string v € R’ with §'(s,v) = §'(s,u), so that
0i(s;,v) = 0i(s,u) for all i. But this implies that for all i, v € R, iff u € R..
Thus, since v € R/, it follows that u € R'.

Now each state in @) is accessible from the initial state s. Indeed, given a
k-tuple ¢ = (q1, ..., qr), we can choose strings u; € Xf with 6;(s;, ;) = ¢;, for
all 2. Then let u = uy - - - ug. We have that §'(s,u) = ¢.

So to complete the proof of the fact that A’ is the minimal automaton for
R’, we have to show that for any two different tuples ¢ = (¢q1,...,qx) and ¢’ =
(q1,---,q,) there is a string v € ¥* such that exactly one of §'(¢,v) and §'(¢’, v)
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is in F. Since ¢ is different from ¢, there is some iy with ¢;, # ¢;,. Let us choose
strings u, v’ € ¥* with §'(s,u) = ¢ and §'(s,u’) = ¢'. For each 4, let u; = h;(u)
and u; = h;(u). By the minimality of A;,, there exists a string v;, € ¥j such
that exactly one of the states d;,(qs,, vi,) and d;,(qj,, vy,) is in Fj,. Since f de-
pends on each of its arguments, for some bits ¢y, ..., ¢;y—1, Cig41,- - -, in {0, 1}
we have that f(c1,...,¢i-1,0,Cigr1,---5¢k) 7 f(C1y--oyCig—1, 1, Cigt1y - - 5 Ck)-

Now, for each i # iy, by our assumption on the language R;, we can select a

string v; € XF with 6;(s;, wv;), 6;(si, uv;) € Fyif ¢; = 1 and 6;(s;, wiv;),0;(s;, uiv;) ¢

F;if ¢; = 0. Thus, if ¢; = 1, then both w;v; and uv; are in R; and if ¢; = 0, then
neither of these strings is in R;. Then let v = v - - - v, and consider the strings
wv and u'v. It is clear that exactly one of them is in R’. Since (s, u) = ¢ and
§'(s,u") = ¢, and since L(A) = R/, this means that exactly one of §'(¢q,v) and
8(q,v) isin F. q.e.d.

Remark 5.35 The above proof shows that the upper bound ny---ny can be
attained over an alphabet of size 2k. We conjecture that it cannot be attained
in general over an alphabet of a fixed size. The proof also shows that the
bound ny - - -ny can be attained by the same regular languages Ry, ..., Ry for

all combined Boolean operations which depend on k operands.

Example 5.2 Let f(z,y) be the “equivalence function” (x Ny) U (T N 7)
which depends on both of its operands. When R is the set of all strings over
{a,b} with an even number of occurrences of letter a and S is the set of all
strings with an even number of occurrences of letter b, then both R and S
have state complexity two. Now f(R,S) is the set of all strings over {a, b} of
even length, which also has state complexity two. So this example shows that
the state complexity of f(R,S) may be smaller than the product of the state
complexities of the operand languages R,S. O

Although we conjecture that ny - - - nj, cannot be attained in general for all
the combined Boolean operations on languages over an alphabet of a fixed size,
we show that the bound can be attained in infinitely many cases. We have
the following results. The first is a case over a one-letter alphabet. The next
two cases are over a two-letter alphabet. Note that the following results only
involve intersections. In the following, gcd and lem stand for greatest common

divisor and least common multiple, respectively.
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Theorem 5.36 Let Ry, ..., Ry, k> 1, be reqular languages, over a one-letter
alphabet, accepted by minimal DFAs of ny,...,ny states, respectively, where
ni,...,ng > 0 and ged(ng,n;) =1 for any 1 < i < j < k. Then the number
of states which is both sufficient and necessary in the worst case for a DFA to

accept the intersection of Ry, ..., Ry isny---ny.

We only give a brief proof of Theorem 5.36 here. Consider languages R; =
{a™}* of state complexity n;. Then Ry N ---N Ry = {a™1m) 1 Since
ni,...,ny are mutually prime, lem(ny,...,ng) =nq - ng.

Although this result is about languages over a one-letter alphabet, it clearly

holds on languages over an alphabet of any positive size.

Theorem 5.37 Let ¥ be a two-letter alphabet and Ry,..., Ry, k > 2, be
k regular languages over ¥ accepted by minimal DFAs of nq,...,ny states,
respectively, nq,...,n > 0. If the k languages can be partitioned into two sets
{Ry,..., R} and {Ryy1,..., Ry} for somel, 1 <1 <k, such that ny,...,n
are mutually prime and nyyq,...,ng are also mutually prime, then the state

complexity of Ry N+« N Ry is ny - - - ny.

Proof: It is clear that n; - - - ny is an upper bound. In the following, we show
that n; - - -ny is also a lower bound.

Assume that a set of integers {ny,ns,...,ni}, n; >0, 1 < i < k, can be
divided into two sets M and N such that gcd(ne,ny) = 1 for any n.,ny € M,
e # f, ged(ng,ny) = 1 for any ng,n, € N, g # h. We construct k DFAs as
follows.

For each n; € M, define the DFA A; = (Q;, {a,b},0;,0,{0}), where Q; =
{0,...,n;,—1} and ¢; is given by

di(t,a) = t+1modn; t=0,1,...,n;,—1,
Si(t,b) = t, t=0,1,...,n—1.
We denote L(A4;) by R;.
Similarly for each n, € N, define the DFA A, = (Q,,{a,b},d,,0,{0}),

where ), = {0,...,n,—1} and §, is given by
op(t,b) = t+1modn, t=0,1,...,n,—1,

6,(ta) = t,t=0,1,...,n,—1.

We denote L(A,) by R,.
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It is easy to show that the following DFA is the minimal DFA that accepts

the intersection of all R; such that n; € M: C' = (Q¢,{a,b}, ¢, 0,{0}) where
Qc={0.1,..., [T ne-1}.

ne€M
dc(t,a) =t+ 1mod H ne, t=0,1,..., H ne—1,
ne€M ne€M
Se(t,b) =t t=0,1,..., [ ne—1.

ne€M
Analogously, we have the following minimal DFA that accepts the intersection

of languages R, such that n, € N: D = (Qp,{a,b},0p,0,{0}) where
Qp={0,1,.... [ ns—1}.

ngeEN
dp(t,b) =t + 1mod H ng, t=0,1,..., H ng—1,
nge€N ngeN
dp(ta)=t,t=0,1,..., [] n,—1.

ngeN

Now we have
L(C) = {w]|w € {a,b}", |w|, mod H ne. =0},
ne€M
L(D) = {w]|w € {a,b}", |w|,mod H ng = 0}.
ngeN

Clearly, we have

LIC)NL(D) = {w]|w € {a,b}", |w|, mod H ne = 0, |w|, mod H ng = 0}.

ne€M ngeN

Let F = (Qg, {a, b}, g, (0,0),{(0,0)}) be a DFA, where
Qe ={{X,Y) [ X € Qc,Y € @p},

5E(<X Y)aa’) <5C(X7 a)a(sD(Ya a)>7
It is easy to see that L(E) = L(C) N L(D). Now we will show that F is

minimal.

?

1. For each state (X,Y) € Qg, 0x((0,0),a*b") = (X,Y). So every state

in Qg is reachable.

2. For any two different states (X1,Y7) and (X5, Y5) in Qp, if X; # X5 or
Y] # Y5, then
5E(<X17}/1>’a|QC|_X1b|QD‘_Y1) = (0,0),
0p({Xs, Ya), al9ci=X1pl001=0) 22 (0, 0).

So any two distinct states of E are not equivalent.
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Thus, F is the minimal DFA that accepts Ry N Ry N --- N Ry,. qg.e.d.

This result can be easily extended to languages over an arbitrary t¢-letter
alphabet, ¢ > 2, in the following.

Corollary 5.4 Let X be a t-letter alphabet, t > 2, and Ry, ..., Ry, k > 2, be k
reqular languages over ¥ accepted by DFAs of ny, ..., ny states, respectively. If
the k languages can be partitioned into t sets, 1 <t < k, and all the numbers
of states of the DFAs that accept the languages in each set are mutually prime,

then the state complexity of intersection of all the k languages is ny - - - ng.

A further improvement of Theorem 5.37 is stated in the following.

Theorem 5.38 Let ¥ be a two-letter alphabet and Ry, ..., Ry, Rgi1, k > 2,
be k + 1 regular languages over ¥ accepted by DFAs of nq, ..., ng.q States, re-
spectively, ny, ... ,ng > 1, ngyq > 3. If the first k languages can be partitioned
into two sets {Ry,..., R} and {Ryy1,..., Ry} for some |, 1 <1 < k, such
that both {ny,...,m} and {ngi1,...,nx} are mutually prime, then the state

complexity of Ry N -+ N R N Rpyq 1SNy - - NgpNgy.

Proof: It is easy to see that nj---ngy1 is an upper bound. In the following,
we show that ny---ngy; is also a lower bound. The first part of the proof
of this theorem is the same as that of Theorem 5.37. Assume that a set of
integers {ni,ng,...,ngt, n; > 1,1 < i < k, can be divided into two sets M
and N such that both of them are mutually prime, i.e., ged(ne,ny) = 1 for
any ne,ny € M, e # f, and ged(ng,ny) = 1 for any ng,n, € N, g # h. Then
construct the DFA C' that accepts the intersection of all R, for n, € M and
the DFA D that accepts the intersection of all R, for n, € N. Let Q¢ and Qp
be the state sets of C' and D, respectively, and u = |Q¢| and v = |@p]|.

Let ngy1 be an arbitrary integer such that ny.; > 3. Define an nj;-state
DFA F = {Qp,{a,b},dr,0,{0}} where

Qr =1{0,1,.. ., np1—1},
0r(0,0) =1, dp(0,a) =0,
or(L,0) =2, 6p(l,a) =1,

Op(t,a) =t+ 1modngiy, t =2,... ,ngpi1—1,
r(t,b)

>

t, t: 2’...,nk+1—1.
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We denote L(F') by Ryy1. Let G = {Q¢, {a,b}, ¢, q, Fc} be a DFA, where
Qo ={(X.Y,Z) | X € Qc,Y € Qp, Z € Qr},
00 = (0,0,0),
Fa = {{0,0,0)},
e({(X,Y,Z),a) = (6c(X,a),dp(Y,a),0r(Z, a)),
0c((X,Y, Z),b) = (0c(X,b),dp(Y,b),dr(Z,D)), for each (X,Y, Z) € Qg.

It is easy to see that L(G) = L(C) N L(D) N Ry41.

Now we check if G is a minimal DFA.
1. For any state (X,Y,Z) € Qg, Z # 0, 1,2,
6¢((0,0,0), ™=+t T+ g 272y = (XY, 7)

where T is a positive integer such that (ng1 +7+ 2 —2) = X (mod u).
For (X,Y,Z) € Qg, Z=0or 1 or 2,

6¢((0,0,0), a’ b1ty =2 gren=2p 2y — (XY 7)
where 7' is a positive integer such that (ng41 +7 —2) = X (mod u).
So every state in ()¢ is reachable.

2. (X1, Y1, Z1), (X5, Y, Zy) € Qg are two different states.
(].) X17£X2 Ol"}/l%yvg

Sa((X1, Y1, Zy), a1 T2 Y1 g =2) = (0,0, 0),
0 ((Xa, Yo, Zo), a4 TpMig™+172) =£ (0,0, 0),
where T is a positive integer such that (2ng 1 +7 —2) = u — X
(mod u).
(2) X1 =Xo, Y1 =Y, Z1 # Zs
(I) Z,>0, 2y >2, Zy > 74

Let t; = bV V1 1gm+1=Z2pgmee1+T where T is a positive integer

such that (2ng1 — Zo +7T) = u — X3 (mod w). Then

5G(<X17Y1721>7t1> = <07070>7
5G(<X27Y2722>7t1> 7é <07070>7



(1) Z,>2, 2, >0, Z, > Zs
It is symmetric to (I), let ¢} = b** Y27 1gmer1=Z1pgmt1ttT wwhere
T is a positive integer such that (2ng 1 — 21 +7) = u — X,
(mod w). In this case, t| distinguishes the two states.

(ITl) Z; =0, Zy =1 or 2
Let to = ba™ (a™+1b)>~Y1=1g™+1 where T is a positive integer
such that (T + ng41(2v — V7)) = v — X3 (mod u). Then one
of 6¢((X1,Y1,0),t2) and dg((Xa, Ya, Za),t2) is (0,0,0) but the
other is not.

(IV) Zy=1o0r2,2,=0
It is symmetric to (III). The string t5 also works for distinguish-
ing the two states.

(V) Z1=1,2,=2
Let t3 = a™+1HTh(a™+1p)2 V1= 1gm+1 where T is a positive
integer such that (T 4+ ng1(2v — Y1 + 1)) = v — X; (mod u).
Then one of 0¢((X71, Y1, 1),t3) and d¢(( Xz, Ys, 2), t3) is (0,0, 0)
but the other is not.

(VI) Z1 =2, Zy = 1
It is symmetric to (V). The string ¢5 also works for distinguish-

ing the two states.

So any two states of G are distinguishable.

Thus, G is the minimal DFA for Ry N Ry N --- N Ry N Rpy1 that has ny - ng -

- ny - gy States. q.e.d.

5.5 State Complexity of Multiple Catenations

5.5.1 State Complexity of LiLsL3

In this subsection, we study the state complexity of LiLsL3, where Ly, Lo
and L3z are three regular languages accepted by DFAs of m, n and p states,
respectively. All the results in this subsection have been published in our
paper [27].

The direct composition of the state complexity of the catenation of L,

Ly and Lz is m27+P — 27+tp=t _ 97=1 which is an upper bound for the state
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complexity of Ly Ly L3 but cannot be attained [27, 29].

Theorem 5.39 For integers m,n,p > 2, there exist DFAs A, B, and C of m,
n, and p states, respectively, such that any DFA that accepts L(A)L(B)L(C)

has at least m2"P — 2nTP=1 — (; — 1)20TP=2 _2nHP=3 (g — 1) (2P — 1) states.

Proof: Let ¥ = {a,b,c,d,e}. Let A = (Qa,%,4,0,{m — 1}) be a DFA,
where Q4 = {0,...,m — 1} and 0, is defined as follows. For the state ¢t =
0,1,...,m—1,04(t,a) =t+1mod m, d4(t,x) =t,x € {b,c,e} and d(t,d) =
0. Let B = (Qp,%,05,0,{n—1}) be a DFA, where Qp = {0,...,n—1} and ép
is defined as follows. For the state t = 0,1,...,n — 1, 05(t,b) = t + 1 mod n,
dp(t,y) = t,y € {a,d,e} and dp(t,c) = 1. Let C = (Q¢, %, 0c,0,{p — 1})
be a DFA, where Q¢ = {0,...,p — 1}. For the state t = 0,1,...,p — 1,
dc(t,d) =t+1mod p, d¢(t,2) =t,z € {a,b,c} and d¢c(t, e) = 1.
For each = € {a,b,d}*, we define
S(z) = {i | = wvw such that u € L(A), v € L(B), and i = |w|s mod p}.

Consider that z,y € {a, b, d}* such that S(z) # S(y). Let k € S(x) — S(y)(or
S(y) — S(z)). Then it is clear that zdP~'=* € L(A)L(B)L(C) but ydP~* ¢
L(A)L(B)L(C). So, x and y are in different equivalence classes of the right-
invariant relation induced by L(A)L(B)L(C).

For each = € {a,b,d}*, we define

T(x) = {i | = uv such that u € L(A), and i = |v|, mod n}.

Consider that =,y € {a,b,d}* such that T'(z) # T(y). Let k € T(x) —
T(y)(or T(y) — T(z)). Then it is clear that zb" 1"*edP~t € L(A)L(B)L(C)
but yb"1*ed?~t ¢ L(A)L(B)L(C). So, z and y are in different equivalence
classes of the right-invariant relation induced by L(A)L(B)L(C).

For each = € {a,b,d}*, define

R(z) = |z|, where x = ydz, y € {a,b,d}*, z € {a,b}", if d occurs in z;
R(z) = |z|,, otherwise.
Consider u,v € {a, b, d}* such that R(u) mod m > R(v) mod m. Let i = R(u)

mod m and w = a™ 1" tedP~t. Then clearly uw € L(A)L(B)L(C) but
vw ¢ L(A)L(B)L(C).
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Notice that there does not exist a string w such that 0 ¢ T'(w) and R(w) =
m — 1, since R(w) = m — 1 guarantees that 0 € T'(w). For the same reason,
there does not exist a string w such that n —1 € T(w) and 0 ¢ S(w). It is
also impossible that T'(w) = ) but S(w) # 0.

For each subset s = {iy,...,ix} of {0,...,p — 1} and each subset t =
{j1,---, 0} of {0,...,n — 1} where iy > -+ > i and j; > --- > j;, and an
integer r € {0,...,m — 1}, except the following three cases (1) 0 ¢ ¢ and
r=m-—1,2)0¢sandn—1€t and (3)r#m—1, s # () and ¢t = (), there
exists a string

x = a™dM TRy dRTE M T R A
a2 gm I L g T gmpl g
such that S(z) = s, T'(x) =t and R(z) = r. In total, there are m2"2P classes.
There are 2" '2P classes with both 0 ¢ ¢t and r = m — 1. Notice that the
classes with r=m —1,0¢ ¢, n—1 €t and 0 ¢ s have already been included
in these 2"712P classes. So there are only (m — 1)2"~12P=1 4 2n=22P~1 classes
with both 0 ¢ s and n — 1 € t. And there are (m — 1)(27 — 1) classes with
r#m—1,s7# () and ¢t = (). Thus, there are at least

m2" P — 2P (g — )27 P2 TS (g — 1)(2P — 1)
distinct equivalence classes. q.e.d.
We now show an upper bound for this combined operation.

Theorem 5.40 Let A, B and C' be three DFAs of m, n, and p states, re-
spectively, m,n,p > 0, where A has k final states and B has | final states,
0<k<mand0 <1l <n. Then there exists a DFA of at most (2m—k)2" =2+
(2m — k)2mP=1=2 — (m — k)(2P — 1) states that accepts L(A)L(B)L(C).

Proof: Let A = (QA, E, (5,4, To, FA), B = (QB, E, 53, S0, FB) and C' = (Qc, E, 50, to, Fc)
be three DFAs. Construct the DFA E = (Qg, %, g, qo, F) such that

Qp = Qux 298 x 290 _ [, x 29510} y 9Qc
—(Qa — Fa) x (2" 40} ) u29s7F) x 200~ o}
—Fy x (275 40} ) U298 Fe={so}y  9Qc—{to}
—(Qa — Fa) x {0} x (29¢ {0} ),



(ro,0,0), if 1o ¢ Fy and sg ¢ Fp;
g =19 (ro,{so},0), if ro € Fy and sg ¢ Fp;
<7"0, {So}, {to}), if To € FA and So € F37

FE = {(T,S,T)EQE‘Tch#@},
op((r,S,T),a) = (S, T, for a € &, where 1’ = d4(r,a),
o { dp(S,a)U{so}, if ' € Fy;

|

Intuitively, Qg is a set of three-tuples whose first component is a state in

d5(S,a), otherwise,
5c(T,a) U {ty}, if SN Fp # 0;
50(T a)

,a), otherwise.

Q 4, second component is a subset of (Qp, and last component is a subset of
Qc-

The state set Qg does not contain those three-tuples whose first component
is a final state of A and second component does not contain sq, the initial state
of B.

The set Qg does not contain those three-tuples whose second component
contains at least one final state of B and third component does not contain
to, the initial state of C'. Notice that the three-tuples whose first component
is a final state of A , second component contains at least one final state of B
but does not contain sy, and last component does not contain ¢y have been
included in the first case.

Finally, Qg also does not contain the three-tuples whose first component is
a non-final state of A, second component is (), and last component is nonempty.

Clearly, L(E) = L(A)L(B)L(C). Let |Qul = m, [Qsl = n, |Qc| = p,
|Fa| = k and |Fg| = I. Then E has (2m — k)2"P=2+ (2m — k)2 P72 — (m —
k)(2P — 1) states. g.e.d.

Note that when £ = 1 and [ = 1, i.e., A and B each have one final state, this
upper bound is exactly the same as the lower bound stated in Theorem 5.39.
Thus, this bound is the state complexity of the catenation of three regular

languages.
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5.5.2 State Complexity of LiLs--- Ly

In this subsection, we prove the exact state complexities of the catenation
of k regular languages for arbitrary & > 2. All the results shown in this
subsection are from our paper [32]. We first consider a lower bound on the

state complexity of Ly Ly --- L.

Theorem 5.41 For integers n; > 2, 1 < i < k, there exist DFAs A; of n;
states, respectively, such that any DFA that accepts L(Ay)---L(Ag) has at

least
k—1
m2 DY B,
h=1
states, where
k—2 j .
D = Y- ([J@" = 1)@= —1));
j=1 r=2
2h=1_1 h
B, = ([ ] Gap) - (14 (2171 = 1) - Rup));
a=0 p=1
Ry, = (1+ 2" —1)- Rpp1) for 1 <pu<k—h-—2;
Ryp—pn1 = 2"

and for w, € {0,1}, 1 < v < h —1 such that wywows - --wy_1 is a binary

number whose length is h — 1 and value is a,

o - ny—1, if wy =0 and h > 2;
ol 1, ifwy =1 and h > 2,
2m0~l 1 ifwy_q =0 and wy = 0;
for2<O0<h—1, Gop=<% 2% ifweg_; =0 and wy = 1;

2M72 ifwyg_1 =1,

1, ifh=1;
Gan=14 271 ifw,_1 =0 and h > 2;
2" =2 ifwy_1 =1 and h > 2.

Proof: Let ¥ = {a; | 1 <j <2k —1}. Let A = (Q1,%,01,0, F}) be a DFA,
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where
Q1 = {0,1,...,ny —1};
Fr = {ng—1};
0 (t,a;) = t+1modny, 0<t<ng—1;
0 (t,am—2) = 0,0<t<ng—1;
n(t,b) = t,beX 4 ay,am 2}, 0<t<n;—1.

Figure 5.29 shows the transition diagram of A;.

b aA2k-2 b

SESICTVCI—

Figure 5.29: Witness DFA A; for Theorem 5.41

Let A; = (Q:,%,6;,0,F;), 2 <1 <k be a DFA, where

Qi = {Oalaanl_l}v

Fo= {ni—1}
0i(t,azi2) = t+1modn;, 0<t<n;—1;
Oi(t,azi1) = 1,0<t<m;—1,;
0i(t,b) = t,beX £ ago,a01}, 0<t<m;—1.
Figure 5.30 shows the transition diagram of A;.
b b b b

Figure 5.30: Witness DFA A; for Theorem 5.41

For each = € {ay,a9,a4,...,a2,_o}*, we define

P(z)={p|x = wug---us, uy€ L(A),1<I<s—1,
mod ng, 2 < s < k}.

p:|us

a2s—2



Consider that z,y € {ai,as,a4,...,a9,_2}" such that Ps(z) # Ps(y). Let
¢ € Py(x)— Py(y)(or Puly)—Pu()) and w = a3z 3 azgs1ahs™ ™ o ane_1alf L.
Then it is clear that zw € L(A;)--- L(Ag) but yw ¢ L(A;)---L(Ag). So, z
and y are in different equivalence classes of the right-invariant relation induced
by L(Ar) - L(Ay).

For each = € {ay,as,ay, ..., axy o}, define
Pi(z) = |z|q where z = ydz, y € {a1,a9,a4,...,a0%_2}",
z €{ay,as,a4,...,a05_4}", if ag,_o occurs in z;
Pi(x) = |x|s, otherwise.
Consider u,v € {ay,as,ay,...,as_o}* such that P;(u) mod ny > P;(v) mod
. 11— _ 1
ny. Let i = Py(u) mod ny and w = a* "' agal?> ! - “Qgk—105; 5. Then clearly

uw € L(Ay)--- L(Ag) but vw ¢ L(A;) -+ - L(Ayg).

Notice that there does not exist a string w such that 0 ¢ P(w) and Py (w) =
ny — 1, since Pj(w) = ny — 1 guarantees that 0 € Py(w). Because of the same
reason, there does not exist a string w such that n,—1 € Py(w) and 0 ¢ P,y (w),
2 <t <k—1. It is also impossible that P;(w) = () but P i(w) # 0.

For each subset p; = {di5,...,dc, s} of {0,...,ng — 1} where dy s > --- >
de,s and 2 < s < k, and an integer p; € {0,...,n; — 1}, except the cases we

mentioned above, there exists a string

ro= aPapral - ap oy, Mt apal - apTant,
AR " - a
apagRay - ag T aaga
a?lagl’rdQ’Q . -a?la;leQ’Qa’fl.

such that Pi(x) = p; and Py(z) = p;.

In total, there are n,2m22"3 ... 2" classes. There are

e

_9 j

D=3 (m-([J@ —1)- % —1)

1 r=2

<.
I

classes with both p, = 0 and p,.1 # 0, 2 <t < k — 1. There are

Ey=1+02""1-1) Ry,
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classes with both p; = ny — 1 and 0 ¢ py, which are not in D, where

Ry, = (142" —=1)-Ryyp1) for 1 <pu<k-3;
Rig—o = 2.

There are

E, = (m =121+ (2™ 1 =1): Ry))
+272(1+ (2™ — 1) - Ryy)

classes with both ny — 1 € py and 0 ¢ p3, which are not in D, F, where

Ry, = (14 2™+ —1)- Ry ,41) for 1 < pu <k —4;
Ryp—3 = 2™.

There are

E; = (n—1)2" ' =1)2" 114 (2™ —1)- R3y)
+(ng — 1)2"712M72(1 4 (271 = 1) - Ry,)
+2m2722m (1 4 (27 — 1) - Ry )
+2m2722m 72 (1 4 (27 — 1) - Ry y)

classes with both n3 — 1 € p3 and 0 ¢ py, which are not in D, Fy, Ey, where

Rs, = (14+ 2"+ —=1)-Rg,41) for 1 <pu<k-—25;
R3p—q = 2.

We omit the other similar classes until the hAth group of such classes, 1 < h <
k — 1. There are E}, classes with both n, — 1 € p, and 0 ¢ ppy1, which are
not in D, Ey, Es, ..., Ey_ 1, where £}, is exactly the same as the one given in
Theorem 5.41.

Thus, there are at least

k—1
n12n2+...+nk - D— ZEh

h=1

distinct equivalence classes. q.e.d.
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Before we investigate the upper bound on the state complexity of L1 Lo - - - Lo,
we first define an operation Ll on Ry and R, that are two classes of languages

over ». Then
R1|_|R2:{AUB ‘ AERl,BERQ}.

We can easily see that |R; U Ry| < |Rq|-|Rz|. The operation U will be used in

the proof of the following theorem.

Theorem 5.42 Let A;, 1 <i <k be k DFAs of n; states, respectively, where
A; has f; final states, 0 < f; < n;. Then there exists a DFA of at most

k-1
n12n2+...+nk - D— ZEh

h=1

states that accepts L(Ay) -+ - L(Ax), where

e

D = 9 (ny - (H(gnp —1))- (22’;:]-+2nq —1));

h—

<.
I

[\
[un

-1 h

E, = ([T Gow) - 1+ (@71 = 1) Ryp));

1
Rn: = (14 2"+t — 1) Rpyqq) for 1 <t <k—h—2;

Nk .
Ryp—n = 27

v=

and for w, € {0,1}, 1 < z < h — 1 such that wywews -« -wp_1 is a binary

number whose length is h — 1 and value is v,

) m—fi, fwr=0and h>2;
T ifun =1 and h > 2,
yete 1, ifw,y = 0 and w, = 0;
(27 — 127 ifw, =0 and w, = 1;

(2fe —1)2re=femt ifw, 1 =1 and w, = 1,

for2<x<h-1, G, =

f17 th = 1;.
Gon=14q (2 —1)2% P ifwy_1 =0 and h > 2;
(2 — )2t iy, =1 and h > 2.
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Proof: Construct DFAs A; = (Q;, %, 0;,0, F;), 1 <14 < k. Construct the DFA
E = (Qg,%,0g, q, Fg) such that

Qe = Qp x292x29 x...x29% _ D — ZE{,
Fp = {{ui,ug,...,u >€QE\UkﬂFk75@}
o = <U1,U2,...,Uk>,

u=0,u={0},uy=0,2<c<i,i+1<c<kwhen0€ F, and 0 ¢ F},
2< i<k

Y

op : Op({ug,us, ..., up),a) = (uy,uy, ..., uy), for a € X,

uy =04, (w1, @),
uy = da,(ug,a) U{0} if ) € Fy,
uy = 0a,(uz,a) otherwise,

w, =04, (us,a) U{0} if w), ,NF;_y #0,

w, = 04, (u;,a) otherwise, 3 <i <k,

where
k—2 i &
D' = | J@ix (TT% 40} ) x {0} x ( [] 2% 40} *):
=1 p=2 g=j+2

By = Fx ({0} U@ 49} ) x R));
Ry, = ({0Y"1u@@%=2 40} )x Ry, for 1<t<k-—3;
/ — 2Qk.

’

By = (Qu—F)x (%40} )u2% ") x (020 2% { 0}) x B,
UFy x (27 40} ) L2900 U {0}) x ({02 U 2% 40} ) x Ry,);
Ry = ({0Y2 0% {0} ) x Ryp) for 1<t <k -4

/Z,k—3 = QQk%
2h=1_1
B, = H Gy) x ({030 90 {0} ) x Ry )
v=0 y=1
e = ({0 U @@ {0} ) x R ,) for 1 <t <k—h—2;
/ — 9W@k.

I

hk—h—1 —
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and for w, € {0,1}, 1 < z < h — 1 such that wywews---wp_; is a binary
number whose length is A — 1 and value is v,

Fi ifwy =1and h > 2,

v,1 —

, {Ql—Fl,ifuq:OanthZ

29:-Pe {9} if wy_; = 0 and w, = 0,
(2% 0} )U2% P ifw, y = 0 and w, = 1
2Qx_Fx_{0}7 if w,_1 =1 and w, = 0;

(2F= {0} YL 2@ Fe=0} if o, 1 =1 and w, = 1,

for2<z<h-10G,,=

Fl, if h = 17
=14 (2P 0} YU 29 P ifwy, = 0 and h > 2;
(2 {0} )L 29— Fr={0} i,y = 1 and h > 2.

Intuitively, Qg is a set of k-tuples whose first component is a state in )y
and ith component is a subset of states in Q);, 2 <1 < k.

QE does not contain those k-tuples whose ith component is () and whose
jth component is not (), when 1 <i < j < k. D’ is the set of them.

Qg does not contain those k-tuples whose first component is an element of
F; and second component is not @) (if it is ) then all the elements afterwards
have to be ()) and does not contain 0, either. F} is the set consisting of them.

QQr does not contain those k-tuples whose hth component contains one or
more final states of A, and whose (h + 1)th component is not @ (if it is @
then all the elements afterwards have to be () and does not contain 0, when
1 < h < k-1, either. Ej is the set consisting of them. Note that £} does not
contain the k-tuples that belong to E} where 1 < j <.

Clearly, L(E) = L(Ay) - -- L(Ag). Let |Qa,] =n; and |Fa,| = fi, 1 <i < k.
Then E has the following number of states

k—1
n12n2+...+nk - D— E Eh-
h=1

q.e.d.
Note that when each A;, 1 < i < k, has one final state, this upper bound is

exactly the same as the lower bound stated in Theorem 5.41. Thus, this bound

is tight and is the state complexity of the catenation of k regular languages.



Chapter 6

Estimation and Approximation of State

Complexity of Combined Operations

There are at least two problems concerning the exact state complexities of
combined operations. Firstly, the exact state complexities of many combined
operations are extremely difficult to compute. Secondly, a large proportion of
results that have been obtained are rather complex and difficult to comprehend
[32]. For example, the exact state complexity of the catenation of four regular

languages accepted by m, n, p, g states, respectively, is
9(2m—1)2"PH975 _3(m—1)2PT72 — (2m—1)2" M1 2 4 (m—1)294 (2m—1)2" 2,

for m,n,p > 2, which is difficult to understand.
It is clear that good estimates and approximations of state complexities
can be used in these two cases. We will first investigate estimation of state

complexity of combined operations in the following.

6.1 Estimation of State Complexity of Combined Oper-

ations

In [97, 108], estimation based on nondeterministic state complexity was intro-
duced. Briefly speaking, for a combined operation on regular languages, the
method first estimates the nondeterministic state complexity of the combined
operation using the composition of the nondeterministic state complexities of
its component operations, and then converts it to an estimate of the deter-
ministic state complexity [27]. For example, for (L(A) U L(B))* where A and

B are DFAs of m states and n states, respectively, the nondeterministic state
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complexity of L = L(A) U L(B) is m +n + 1 and that of L* is m + n + 2,
which is then converted to an estimation of the deterministic state complexity
2m+tn+2 - Note that the nondeterministic state complexity m + n + 2 is the
direct mathematical composition of the two individual nondeterministic state
complexities [27]. No optimization is made. Other nondeterministic state com-
plexities for combined operations in this chapter are calculated in the same
way.

It has been shown that this method can obtain good estimates for the com-
bined operations: star of union, star of intersection, star of catenation, and star
of reversal. Table 6.1 shows their actual state complexities and corresponding

estimates.

Table 6.1: The exact state complexities of 4 combined operations

and corresponding estimates

Operation State Complexity Estimate
(L(A)U L(B))* gmtn=1 _gm=1 _on=1 4 1 [92] 2mtnt2 7]
(L(A)N L(B))* 3. 2mn=2 [62] 2mntl197]

(L(A)L(B))* | 2mtn-t pomin=d _gm=1_on=l 44y +1 [31] | 2mtnfL [27]

(L(B)")* 2" [31] 2m2 [217]

However, this method clearly has its limitations. For example, we would
obtain 2m1+72+73+2 for the union of ni-state, ne-state, and ns-state DFA lan-
guages using this method. However, the actual state complexity of this com-
bined operation is ninaong.

It seems that this method may work well for all combined operations with
the final component operation having an exponential state complexity, e.g.,
star or reversal. Indeed, it works well when a combined operation is ended with
the star operation. However, it does not work well in general for combined
operations that are ended with reversal. For example, the state complexity
of the reversal of the intersection of an m-state DFA language and an n-state
DFA language is 2™ — 2™ — 2" 4+ 2. However, we would obtain the estimate
2mn+1 ysing this method.

The following result was obtained in [97], where a regular operation expres-

sion is an expression built from occurrences of binary operations union and



concatenation, occurrences of the unary operation star, and variables, where
each variable occurs at most once in the expression, and nsc(f) denotes the
nondeterministic state complexity of the operation f expressed by a regular

operation expression.

Theorem 6.1 Let f be an operation defined by a reqular operation expression
with k variables, and denote the number of states of the NFAs for the argument

languages by my, ..., my. Then

k
nsc(f) < 1—|—Zmi. (6.1)
i=1
Using the above result, we easily obtain the following estimates [97].

Corollary 6.1 Let f be an operation defined by a reqular operation expression
with k variables and denote the number of states of the NFAs for the argument

languages by my, ..., my. Then the state complexity of f is no more than
gmit-tme+l

We can see clearly that when the star operation is the final operation of f,

the upper bound is almost tight [27].

6.2 Approximation of State Complexity of Combined Op-

erations

Although an estimation of the state complexity of a combined operation is
simpler and more convenient to use, it does not show how close it is to the
exact state complexity. To solve this problem, we study approximation of state
complexity [32].

The idea of approximation of state complexity is from the notion of approxi-
mation algorithms which was formalized in early 1970’s by David S. Johnson et
al. [34, 64, 65]. Many polynomial-time approximation algorithms have been
designed for quite a large number of NP-complete problems, which include
the well-known traveling-salesman problem, the set-covering problem, and the
subset-sum problem. Obtaining an optimal solution for an NP-complete prob-

lem is considered intractable. Near optimal solutions are often good enough
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in practice. Assuming that the problem is a maximization or a minimization
problem, an approximation algorithm is said to have a ratio bound of p(n) if
for any input of size n, the cost C' of the solution produced by the algorithm

is within a factor of p(n) of the cost C* of an optimal solution [19]:

<IN < m
max e < p(n).

The concept of approximation of state complexity is in many ways similar
to that of approximation algorithms. An approximation of state complexity
is close to the exact state complexity and normally not equal to it. The
ratio bound shows the error range of the approximation. In addition to the
property of having a small ratio bound in general, we also consider that an
approximation of state complexity should be in a simple and intuitive form.

In spite of the similarities, there are fundamental differences between an ap-
proximation of state complexity and an approximation algorithm. The efforts
in the area of approximation algorithms are in finding polynomial algorithms
for NP-complete problems such that the results of the algorithms approxi-
mate the optimal results. In comparison, the efforts in approximation of state
complexity are in searching directly for estimates of state complexities such
that they satisfy certain ratio bounds. The aim of designing an approximation
algorithm is to transform an intractable problem into one that is easier to
compute where the result is acceptable although not optimal. In comparison,
an approximation of state complexity may have two different effects: (1) it
gives a reasonable estimation of certain state complexity, with some bound,
the exact value of which is difficult or impossible to compute; or (2) it gives
a simpler and more comprehensible formula that approximates a known state
complexity.

Let £ be a combined operation on k regular languages. Assume that the
state complexity of € is . We say that « is an approximation of the state
complexity of the operation ¢ with ratio bound p if, for any sufficiently large
positive integers nq, ..., ng, which are the numbers of states of the DFAs that
accept the argument languages of the operation, respectively,

a(nla"'ank) 9(”17"'7”]@))
max , < p(ng,...,ng).
(9(n17"'7nk) Oé(nla"'ank p( ' k)

Note that in many cases, p is a constant.
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Here are some examples. Consider the estimates of state complexities of
the four combined operations listed in the previous table to be approximations
of state complexities. Then we can easily get their ratio bounds in Table 6.2

by comparing them with the exact state complexities. In the above cases,

Table 6.2: The ratio bounds of the approximations of the state com-

plexities of 4 combined operations [32]

Operation Ratio bound of the approximation
(L(A)U L(B))* ~ 8
(L(A)N L(B))* 8/3
(L(A)L(B))" 1
(L(B)")* 4

although the exact state complexities have been obtained, the approximation
results with small ratio bounds are good enough for practical purposes, and
they clearly have the advantage of being more intuitive and simpler in formu-
lation.

In rest of this section, we consider two combined operations: (1) star of left
quotient and (2) left quotient of star. For each of the combined operations,
we do not have the exact state complexity; however, an approximation with a
good ratio bound is obtained in our paper [32]. In the following, we assume

that all languages are over an alphabet of at least two letters.

Theorem 6.2 Let R be a language accepted by an n-state DFA M, n > 0,

and L be an arbitrary language. Then there exists a DFA of at most 2™ states
that accepts (L\R)*.

Proof: Let M = (Q, 3,9, s, ) be a complete DFA of n states and R = L(M).
For each ¢ € @, denote by L(M,) the set {w € £* | d(s,w) = ¢}. We construct
an NFA M’ with multiple initial states to accept (L\R)™ as follows. M’ is the
same as M except that the initial state s of M is replaced by the set of
initial states S = {q | L(M,) N L # (0} and e-transitions are added from each
final state to the states in .S. By performing the subset construction, we can

construct a DFA A’ of no more than 2™ — 1 states that is equivalent to M’.
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Note that () is not a state of A’. From the DFA A’, we construct a new DFA A
by just adding a new initial state that is also a final state and the transitions
from this new state that are the same as the transitions from the original
initial state of A’. It is easy to see that L(A) = (L\R)* and A has 2" states.
q.e.d.

This result gives an upper bound for the state complexity of the combined
operation: star of left quotient. It means that for any n-state DFA language
R, n >0, and an arbitrary language L, the state complexity of the star of the
left quotient of R by L is no more than 2".

Theorem 6.3 For any integer n > 2, there exists a DFA M of n states
and a language L such that any DFA that accepts (L\L(M))* needs at least
2n=1 4 92 siates.

Proof: For n = 2, it is clear that R = {w € {a,b}* | |w|, is odd} is accepted
by a two-state DFA, and

{e\R)" = B" = {e} U{w € {a,b}" | [w]s > 1}

cannot be accepted by a DFA with less than three states.
For n > 2, let M = (Q,{a,b},6,0,{n —1}) where Q@ = {0,1,...,n — 1}

and

d(i,a) = (i+1)modn,i=0,1,...,n—1,
5(0,a) = 0,
(j,0) = (j+1) modn,j=1,....,n—1.

M is the same as the witness DFA for the state complexity of star operation
on regular languages. The transition diagram of M is shown in Figure 3.4.
It has been proved in [111] that the minimal DFA that accepts L(M)* has
271 4+ 2n=2 gtates. Let L = {e}. Then (L\L(M))* = L(M)*. So, any DFA
that accepts (L\L(M))* needs at least 2"~! 4 2772 states. q.e.d.

This result gives a lower bound for the state complexity of star of left
quotient. Clearly, the lower bound does not coincide with the upper bound.

We still do not know the exact state complexity for this combined operation,
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and it could be difficult to obtain. However, we can easily obtain a good state
complexity approximation for the operation. Let 2" be the approximation.
Then the ratio bound is

2m 4

2n71 + 2n72 - g
Next we consider the combined operation: left quotient of star.

Theorem 6.4 Let R be a language accepted by an n-state DFA M and L be
an arbitrary language. Then there exists a DFA of at most 2"t —1 states that
accepts L\ R*.

Proof: Let M = (Q, 3,9, s, ') be a complete DFA of n states and R = L(M).
Then we can easily construct an (n+1)-state NFA M’ = (QU{s'},%,0', s, FU
{s'}) such that L(M’) = R* by adding a new initial state s’ and transitions
§'(s',e) = s and 0'(f,e) = & for each final state f € F. For each ¢ € QU {s'},
we denote by L(M,) the set {w € ¥* | ¢ € '(s’,w)}. We construct an NFA
N with multiple initial states to accept L\L(M') = L\R* as follows. N is the
same as M’ except that the initial state s’ of M’ is replaced by the set of initial
states S = {q | L(M,) N L # (0}. By performing the subset construction, we
can verify that there exists a DFA A of no more than 2" — 1 states that is

equivalent to N. Note that () is not a state of A. It is easy to see that
L(A) = L(N)=L\L(M') = L\R".

So, 2! — 1 is an upper bound on the state complexity of the left quotient of

star operation. qg.e.d.

Theorem 6.5 For any integer n > 2, there exist a DFA M of n states and a
language L such that any DFA that accepts L\L(M)* needs at least 21 + 272

states.

Proof: For n = 2, we still use R = {w € {a,b}* | |wl|, is odd} which is
accepted by a two-state DFA. {¢}\R* = R* cannot be accepted by a DFA
with less than three states.

Again we use DFA M shown in Figure 3.4 for any integer n > 2. As
stated before, it has been proved that the minimal DFA that accepts L(M)*
has 27! 4 2772 states. So any DFA that accepts L\L(M)* needs at least
21 4 972 states. qg.e.d.
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For the combined operation: left quotient of star, we choose 2"*! to be an
approximation of its state complexity. Then the ratio bound can be calculated

easily as follows:
2n+1 8

2n71 + 2n72 - g



Chapter 7

Conclusion and Future Work

In this thesis, some recent results of the study of state complexity are summa-
rized and our new research results on state complexity of combined operations

are presented and proved.

7.1 Summary of Results

Assume that there are k regular languages over the same alphabet, where
k > 3. The language L; is one of them and accepted by an n;-state DFA
A = (Qi,%,0;,8;, F;), 1 < i < k. The exact state complexities of the 12
combined operations investigated in this thesis are listed in Table 7.1.

The state complexities of most of these combined operations are smaller
than the compositions of the state complexities of individual operations that
form the combinations. Only the state complexities of Ly (Ly N L3) and com-
bined Boolean operations are the same as the compositions of the state com-
plexities of the component operations.

The reason for this difference is that the result of the first operation is not
among the worst cases of the second operation. Thus, the state complexity of
a combined operation does not necessarily equal the composition of the state
complexities of individual operations that form the combination. Figure 7.1
shows this situation clearly.

Note that in the proofs of the lower bounds of the state complexities of
combined Boolean operations and L Ly - - - Ly, alphabets of size dependant on
k are used. It remains open whether the same results can be obtained with

witness regular languages over fixed alphabets.

132



Table 7.1: The exact state complexities of the 12 combined opera-

tions investigated in this thesis

133

Operation State complexity

Li L, 5.mtn2=3 _om-1_9gn2 4 1 []2]

Ly L ny32m2 — g2 (]

LEL, 3. gm+n2=2 [19]

L LE m2m2 —2n=l 4 1 [10]
Li(L2 U Ly) (m — )@ — 9 —gm 4 ) 4 2 (1]
Ly(Ly N L) ny2mens — grens—l (11

LiU Ly 22m ny —ny + 1 [33]
LiN Ly 22m ny —ny + 1 (33
Ly UL, 2" ny —na+1 [33]
LN Ly 2™ ny —ny+1 [33]

Combined Boolean operations
on Ll,LQ,...,Lk

ning - -y [27]

LyLoLs

n12”2+”3 _ 2n2+n3—1 _ (nl _ 1)2n2+n3—2

—gmatns=3 _ (n — 1)(2% — 1) [27]

In this thesis, we have also discussed estimation and approximation of state

complexity. We have reviewed the estimation method based on nondetermin-

istic state complexity and pointed out that this method may work well for all

combined operations with the final component operation having an exponen-

tial state complexity. The new concept of approximation of state complexity

further advances the idea of estimation of state complexity by including the

ratio bound. The ratio bound gives a precise and intuitive measurement on

the “quality” of the estimation. We have given the approximations of the state

complexities of 6 combined operations on regular languages which are shown

in Table 7.2.



'

Language A Language B

First Operation Second Result

First Result Second Operation

May not be among the worst casés\

*._ of the second operation.

Figure 7.1: The reason for the difference in state complexity

Table 7.2: The approximations of the state complexities of 6 com-

bined operations [32]

Operation | Approximation of state complexity | Ratio bound
(Ll U Lz)* gmtn+t2 ~ 8
(Ll N Lz)* 2mn+1 g
(Lng)* 2m+n+1 4
(LEY 242 i
(L\Ly)' 2 :
L\L} g+l %

7.2 List of Contributions

I am the main contributor in the research on the state complexities of eight

combined combined operations among the twelve summarized in Section 7.1,

which are shown as follows:

1.

the state complexity of LEL, [12];
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2. the state complexity of L; L [10];

3. the state complexity of Li(Ly N L3) [11];

4. the state complexity of L U Ly [33];

5. the state complexity of L} N Ly [33];

6. the state complexity of LU Ly [33];

7. the state complexity of LN Ly [33];

8. the state complexity of multiple catenations [27];

For all the eight combined operations, I first find the upper bounds on their
state complexities. Then I do hundreds of experiments to find their worst-
case examples that attain the upper bounds, and finally, I prove their state
complexities theoretically.

The state complexities of the other four combined operations listed in the
following are obtained through the teamwork of me and the co-authors of the

papers in which these results are presented.
9. the state complexity of LjLs [12];
10. the state complexity of L L} [10];
11. the state complexity of Li(Ls U L3) [11];
12.  the state complexity of combined Boolean operations [27].

For these results, my contributions are mainly in obtaining their upper bounds
and finding the corresponding worst-case examples through experiments.

I am also the main contributor in the study on the approximations of the
state complexities of (L\L;)* and L\Lj [32]. By finding and proving their up-
per bounds and lower bounds, I obtain their approximations and ratio bounds.
The other results on estimation and approximation of state complexity are ob-
tained through teamwork [27, 32].
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7.3 Future Work

There are still many interesting combined operations that have not yet been
studied. The compositions may not necessarily be restricted to two operations.
The compositions of three or more individual operations will be much more
complex. The sequence in which the individual operations are performed can
also be changed when they form compositions. In this way, the state complex-
ity will change, too.

There might also be some more general rules on the relationship between
the state complexity of a combined operation and the state complexities of its
individual component operations. Many further problems in this direction are

to be solved in the near future.
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