Scientific Annals of Computer Science vol. 25 (1), 2015, pp. 3—28
doi: 10.7561/SACS.2015.1.3

Non-Deterministic Finite Cover Automatal

Cezar CAMPEANU?

Abstract

The concept of Deterministic Finite Cover Automata (DFCA) was
introduced at WIA ’98, as a more compact representation than De-
terministic Finite Automata (DFA) for finite languages. In some
cases representing a finite language using a Non-deterministic Finite
Automata (NFA) may significantly reduce the number of required
states. The combined power of the succinctness of the representation
of finite languages using both cover languages and non-determinism
has been suggested, but never systematically studied. In the present
paper, for non-deterministic finite cover automata (NFCA) and [-non-
deterministic finite cover automaton (I-NFCA), we show that mini-
mization can be as hard as minimizing NFAs for regular languages,
even in the case of NFCAs using unary alphabets. Moreover, we show
how we can adapt the methods used to reduce, or minimize the size of
NFAs/DFCAs/I-DFCAs, for simplifying NFCAs/I-NFCAs.

Keywords: Regular languages, finite languages, cover automata, I-
cover automata, similarity relation

1 Introduction

The race to find more compact representation for finite languages was started
in 1959, when Michael O. Rabin and Dana Scott introduced the notion of Non-
deterministic Finite Automata, and showed that the equivalent Deterministic
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Finite Automaton can be, in terms of number of states, exponential larger
than the NFA. Since, it was proved in [28] that we can obtain a polynomial
algorithm for minimizing DFAs, and in [19] was proved that an O(nlogn)
algorithm exists. In the meantime, several heuristic approaches have been
proposed to reduce the size of NFAs [2, 21], and it was proved by Jiang
and Ravikumar [22] that NFA minimization problems are hard; even in
case of regular languages over a one letter alphabet, the minimization is
NP-complete [13, 22].

On the other hand, in case of finite languages, we can obtain minimizing
algorithms [25, 29] that are in the order of O(n), where n is the number
of states of the original DFA. In [6, 8, 24] it has been shown that using
Deterministic Finite Cover Automata to represent finite languages, we
have minimization algorithms as efficient as the best known algorithm for
minimizing DFAs for regular languages.

The study of the state complexity of operations on regular languages
was initiated by Maslov in 1970 [25, 26], but has not become a subject of
systematic study until 1994 [31]. The special case of state complexity of
operations on finite languages was studied in [7].

Non-deterministic state complexity of regular languages was also subject
of interest, for example in [15, 16, 17, 18]. To find lower bounds for the non-
deterministic state complexity of regular languages, the fooling set technique,
or the extended fooling set technique may be used [3, 11, 13].

In this paper we show that NFCA state complexity for a finite language
L can be exponentially lower than NFA or DFCA state complexity of the
same language. We modify the fooling set technique for cover automata, to
help us prove lower bounds for NFCA state complexity in Section 3. We also
show that the (extended) fooling set technique is not optimal, as we have
minimal NFCAs with arbitrary number of states, and the largest fooling set
has constant size, Theorem 4. In Section 4 we show that minimizing NFCAs
is hard, and in Section 5 we show that heuristic approaches for minimizing
DFAs or NFAs need a special treatment when applied to NFCAs, as many
results valid for the DFCAs are no longer true for NFCAs. We show a
connection between fooling sets and NFA state reduction in Section 6. In
section 7, we formulate a few open problems and future research directions.
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2 Notations and Definitions

The number of elements of a set T' is denoted by #7. In case X is an
alphabet, i.e., finite non-empty set, the free monoid generated by > is ¥*,
and it is the set of all words over ¥; the empty words, i.e., the word with
no letters, is denoted by €. The length of a word w = wyws ... w,, n > 0,
w; € X, 1 <4i<mn,is |w| =n, in particular || =0 (for n =0, w =¢). The
set of words of length equal to [ is X!, the set of words of length less than or
equal to [ is denoted by £=!. In a similar fashion, we define 2!, <!, or £
A finite automaton is a structure A = (Q, %, 9, qo, F'), where @ is a finite
non-empty set called the set of states, X is an alphabet, ¢y € Q, FF C Q is
the set of final states, and § is the transition function. For the function 9,
we distinguish the following cases:

e if §:Q x ¥ -5 Q, the automaton is deterministic; in case § is always
defined, the automaton is complete, otherwise it is incomplete;

e if §:Q x ¥ — 29, the automaton is non-deterministic.

The language accepted by an automaton is defined by: L(A) = {w € ¥* |
d({qo},w) N F # 0}, where §(S,w) is defined as follows:

5(S,¢) = S,

s(Swa)= | 6({a}a).

q€d(S;w)

Of course, §({¢},a) = {d(q,a)} in case the automaton is deterministic, and
0({q},a) = (g, a), in case the automaton is non-deterministic.

Definition 1 Let L be a finite language, and | be the length of the longest
word w in L, i.e., | = max{|w| | w € L}3. If L is a finite language, L' is a
cover language for L if ' N XSt = L.

A cover automaton for a finite language L is an automaton that recog-

nizes a cover language, L', for L. An [-NFCA A is a cover automaton for
the language L(A) N LSt

One could obviously see that any automaton that recognizes L is also a
cover automaton.

3 We use the convention that max @ = 0.
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The level of a state s € @) in a cover automaton A = (Q, %, 4, qo, F) is
the length of the shortest word that can reach the state s, i.e., levela(s) =
min{|w| | s € 0(qo,w)}.

Let us denote by z4(s) the smallest word w, according to quasi-
lexicographical order, such that s € d(go, w), see [8] for a similar definition
in case of DFCA. Obviously, levels(s) = |z a(s)|.

For a regular language L, =, denotes the Myhill-Nerode equivalence of
words [20, 30].

The similarity relation induced by a finite language L is defined as
follows[8]: x ~p v, if for all w € RN=t-max{lzblvl} gy € L iff yw € L. A
dissimilar sequence for a finite language L is a sequence x1,...,x, such that
x; % xj, for all 1 <4,57 <n and i # j.

Now, we need to define the similarity for states in an NFCA, since it
was the main notion used for DFCA minimization.

Definition 2 In an NFCA A = (Q,%,0,q0, F), two states p,q € Q are
similar, written p ~a q, if 6(p,w) N F # O iff 6(q,w) N F # 0, for all
w e Eglfmax{level(p),level(q)}_

In all cases when the automaton A is understood, we may omit the
subscript A, i.e., we write p ~ ¢ instead of p ~4 ¢, also we can write level(p)
instead of level 4(p).

We consider only non-trivial NFCAs for L, i.e., NFCAs such that
level(p) <[ for all states p. In case level(p) > [, p can be eliminated, and
the resulting NFA is still an NFCA for L.

In case level(p) < I, level(q) < I, and p ~ ¢, then either p,q € F, or
p,q € Q\ F, because |¢| <[ — max{level(p),level(q)}.

Deterministic state complexity of a regular language L is defined as the
number of states of the minimal deterministic automaton recognizing L, and
it is denoted by sc(L):

sce(L) = min{#Q | A= (Q,%,9,q, F), is deterministic, complete,
and L = L(A)}.
Non-deterministic state complexity of a regular language L is defined as

the number of states of the minimal non-deterministic automaton recognizing
L, and it is denoted by nsc(L):

nsc(L) = min{#Q | A = (Q, %, 0, qo, F'), non-deterministic and L = L(A)}.
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For finite languages L, we can also define deterministic cover state complexity
csc(L) and non-deterministic cover state complexity nese(L):

csc(L) = min{#Q | A= (Q,%,0,q,, F), deterministic, complete, and
L=L(A)Nnxsh,
nese(L) = min{#Q | A = (Q, %, 9, ¢, '), non-deterministic, and
L=L(A)Nxsh,

Obviously, nese(L) < nsc(L) < se(L), but also nese(L) < ese(L) <
sc(L). Thus, non-deterministic finite cover automata can be considered to
be one of the most compact representation of finite languages.

3 Lower-Bounds and Compression Ratio for
NFCAs

We start this section analyzing few examples where non-determinism, or the
use of a cover language, reduce the state complexity. Let us first analyze the
type of languages where non-determinism, combined with cover properties,
significantly reduce the state complexity.

We choose the language Ly, ,, = {a,b}*™a{a,b}""%, where m,n € N.
In Figure 1, we can see an NFA recognizing Lp,, , with m +n states. Please
note that the longest word in the language has m + n — 1 letters.

Figure 1: An NFA with m + n states for the language Lp,, =
{a,b}*™a{a,b}" 2.

Let us analyze if the automaton in Figure 1 is minimal. The fooling set
technique, introduced in [10] and [12] and used to prove the lower-bound for
state complexity of NFAs, is stated in [3, 10] as follows:
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Lemma 1 Let L C X* be a reqular language, and suppose there exists a set
of pairs S = {(xi,y;) | 1 <i < n} with the following properties:

1. If xy; € L, for 1 <i < n and z;y; ¢ L, for all1 <i,j <mn, i # j,
then nsc(L) > n. The set S is called a fooling set for L.

2. Ifxyy; € L, for 1 < i < n and for 1 < i,57 < n, if i # j, implies
either x;y; ¢ L or z;y; ¢ L, then nsc(L) > n. The set S is called an
extended fooling set for L.

Now, consider the language LF,, , and following set of pairs of words,
S =81USy = {(zi,yx) | 1 <k <m+n}, where S; = {(b™abl,b"=277) |
0<j<n-2}and Sy = {(a’,b™ab"2) | 0 <i < m}.

For (x,yx) € S, we have that

1. xRy, = b™abib" 277 = pmab™ 2 € Lg,,,, or
2. xpyr = a'b™lab" 2 € Lp,..-

Let us examine for each 1 < k,h < m +n, k # h if the words zxy;, and
xpyg are also in L. We have the following possibilities:

1. Case 1
(1, yk) = (B™ab!,b"=27%) € Sy and (xp,, yn) = (b™ab’, b"277) € S
(a) zpyp = b"ab'b*"*J ¢ Lp,, ., and
(b) ThYr = b abipn—2 ¢ Lmen.
2. Case II
(1, yk) = (a, 6™ tab""2) € Sy and (zp,yn) = (a’/, ™ Jab"2) € Sy
(a) zpyp = a'¥™Jab" 2 € Lp,, ., if i < j, but
(b) zpyr = a?b™ "ab""?* ¢ Lp,, ., if i < j (because [a/b™ ‘ab" 2| =
m+n—14+j—i>m+n—1).
3. Case III
(zr, yk) = (b™ab? " >77) € Sy and (zh,yp) = (a', 0™ "ab""?) € Sy

(a) zpyn = b™ablb™ ab"? ¢ Ly, . (because [b™ab/b™ 'ab" 2| =
m+l+j+m—i+l+n—2>m+n—1).
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JFrom the statement 2. of Lemma 1, it follows that the NFA is minimal.
We must note the following:

1. we cannot use the weak form 1 to prove the lower-bound;

2. when proving the lower-bound, we concatenate words to obtain a word
of length greater than the maximum length of the words in the language,
and that’s why x;y; is rejected. Since in case of cover automata such
words will be automatically rejected, there is no doubt that any fooling
set type technique we may use to prove the lower-bound for NFCAs
must consider the length, ignoring the cases when the length exceeds
the maximal one.

Hence, the fooling set technique introduced in [10] and [12], and used
to prove the lower-bound for state complexity of NFAs, can be modified to
prove a lower-bound for minimal NFCAs, and it can be formulated for cover
languages as an adaptation of Theorem 1 in [13].

Lemma 2 Let L C Y= be a finite language such that the longest word in L
has the length 1, and suppose there exists a set of pairs S = {(x;, i) | x;y; €
L,1 <i < n}, with the following properties:

1. For alli,j, 1 <i,5 < n, such that z;y; € Y=l if i # 4, we have that
ziy; ¢ L. Then we have that ncsc(L) > n.

The set S is called a fooling set for L.

2. For alli,j, 1 <i,j <mn, ifi # j, we have either z;y; € X=! and
zy; ¢ L, or xjy; € U= and zjy; ¢ L. Then we have that nesc(L) > n.

The set S is called an extended fooling set for L.

Proof:  Assume there exists an NFCA A = (Q, X, 9, qo, F'), with m, states
accepting L and m < n. For each i, 1 <i <mn, x;y; € L, therefore we must
have a state s; € d(qo, x;) and d(s;,y;) N F # (). In other words, there exists
a state f; € F and f; € §(s;,:).

1. We claim s; ¢ 6(qo,z;) for all j # i, thus m > n. If s; € 6(qo, ),
then f; € 0(ss,y:) € 9(qo, xjyi), and because |x;y;| < [, it follows that
z;y; € L, a contradiction.

2. We consider the function f: {1,...,n} — @ defined by f(i) = s;, $;
as above. We claim that f is injective, thus m > n. If f(i) = f(j),
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then 8(/(7),4:) = 8(/(7), ), also 3(£(j),ys) = 8(f(7), ;). Because
8(f(2),y;) N F # (), we also have that 6(f(j),vi) N F # 0, and because
|z;y;| <1, it follows that z;y; € L, a contradiction. If |z;y;| <[, using
the same reasoning, will follow that z;y; € L.

In both cases we have a contradiction, thus () must have at least n elements.
O

For the example above, we discover that we cannot have more than
one pair of the form (a’, ¥™*ab”~2), thus, applying the extended fooling set
technique for NFCAs, the minimum number of states in a minimal NFCA is
at least n — 24141 = n. This proves that the NFCA presented in Figure 2
is minimal.

a,b
8%94’@4’ L O LY )

Figure 2: An NFCA with n states for the language Lp,, =
{a,b}=™a{a,b}" 2, that is the same as the one in Figure 1. In case m = 2
and n = 4, the language is the same as the one described in Figure 3.

An equivalent minimal NFA has m + n states.

It is easy to check that any two distinct words wy, wq € POt TN % Wy,
are not similar with respect to ~. It follows that for the language presented
in Figure 1, esc(L) > 2""1. One can also verify that for two distinct words
uay and waz, if |y| # |x|, |z|, |y| < n — 2, they are distinguishable; also, in
case |z| = |y| < n — 2, the word a” 2~ 1*| will distinguish between all the
words for which |u] <n —2 — |z| or |[w| < n —2 — |z|, thus the number of
states in the minimal DFA is even larger than csc(L). In case m = 2 and
n = 4, the minimal DFCA is presented in Figure 3.

A simple computation shows us that the corresponding minimal DFA
for Lg, , has 15 states.

For helping the reader to better understand the compression power of
NFCA over NFAs, DFCAs, or DFAs, we present corresponding automata
for a smaller example, i.e., for the language Lp, ;. In this case, a minimal
NFCA presented in Figure 4 has 3 states, a minimal NFA in Figure 5 has 4
states, a minimal DFCA in Figure 7 has also 4 states, and the minimal DFA
in Figure 6 has 11 states.
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Figure 3: A minimal DFCA with 8 states for the language Lp,, =
{a,b}=2a{a,b}?, I =5 and the equivalent minimal DFA has 15 states.

a,b

Figure 4: An NFCA with n = 3 states for the language Lp,,; =
{a,b}=%a{a, b}

Figure 5: An NFA with 2 + 3 = 5 states for the language Lp,, =
{a,b}=*a{a,b}

We can observe that we do have the following similarities in Figure 6:
7~3,8~4,9~1,10 ~ 0, thus we can obtain the corresponding minimal
DFCA in Figure 7.

These language examples show that NFCAs may be a much more
compact representation for finite languages than NFAs, or even DFCAs, and
motivates the study of such objects. In terms of compression, clearly the
number of states in the NFCA is exponentially smaller than the number of
states in the DFA, and in some cases, even exponentially smaller than in an
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Figure 6: The minimal DFA with 11 states for the language Lp,; =
{a,b}=?a{a, b}

Figure 7: A minimal DFCA with 4 states for the language Lp,, =
{a,b}=%a{a,b}, l =4

NFA.
Let’s set ¥ = {a}, { > k > 2, and choose the following language:

LXl,k = a(zgl - {(ak)n | n 2 0}) (1)

In Figure 8, the NFA Ay, accepts the language Ly, = a(3* — {(a*)" |
n>0}) = {aaa’ | i # k — 1 mod k}, which is a cover language for Ly, ,. In
other words, Ay is an NFCA for Ly, , , therefore ncsc(Ly,,) < ese(Lx,,) <
sc(Lx,,) <min(l+1,k+1) =k +1.

It is known [10, 16, 27] that the automaton Ax, is minimal NFA for
Ly, = U Lx,,, if k is a prime number. However, this may not be a

leN,I>k
minimal NFCA, as illustrated by the example in Figure 9, where Ay. is not

a minimal NFCA for Lx, ,, even if it is minimal NFA for the cover language
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O O

Figure 8: An NFA/NFCA Aj, for L; . In this particular case, Ay is also the
minimal DFA.

Figure 9: A minimal NFCA for Ly, ,, left, and a minimal NFA, Ax,, for a
cover language, right.

We apply the extended fooling set technique for the language L, , .
Because the alphabet is unary, all the words in an extended fooling
set S are powers of a. Thus, considering only pairs in the fooling set
S, such that the first word is not ¢ we have that for some r € N:
S D {(a",a’), (a®2,a’?), (a®,a’),...,(a", a’)}, and 1 < 'iy,...,i, < k.

We show that r cannot be greater than 3, thus S has at most 4 elements.
It is enough to take four pairs (a’t,a’t),(a®2,a’?),(a®, a’?), (a',a’), and
show that they cannot have the extended fooling set property. We have
a"a”? ¢ Lx,,, or a”?a’ ¢ Lx, ., and a"a’® ¢ Lx,,, or a®a’* ¢ Lx, ,, and
aa’t ¢ L Xj s OT aalt ¢ Lx,,. Without any loss of generality, we may
assume that i1 + jo = z12k+1 and i1 + j3 = z13k+ 1, all the other cases being
similar, as they are just permutations of indexes, or replacing i’s by j’s. If
11,%2,13 > 1, and i1+ j2 = z12k+1 and i1+ 73 = z13k+1 for some 219, 213 € N,
then io + j3 # 293k + 1 and i3 + jo # 239k + 1, for any zo3, 230 € N, because
12+ j3 = 293k + 1 would imply i1 + jo + 22+ j3 = xk + 2, x = 212 + 293, which
means jo + 19 = xk +2 — z13k — 1 = yk + 1, for y = x — 213, a contradiction,

4Please note that for any finite language, there are infinitely many cover languages, as
in Definition 1.



14 C. Campeanu

and i3 + jo = 239k + 1 would imply i3 + jo + i1 + j3 = zk + 2, © = 213 + 239,
ie.,is+j3s=xk+2—z19k—1=yk+ 1, for y = x — 212, which is also not
possible.

It follows that r < 3, thus any extended fooling set for Ly, , has at
most 4 elements.

Let A be an NFA accepting L O Lx,, and we can consider that it is
already in Chrobak normal form, as it is ultimately periodic. Thus, for each
L, nsc(L) > p1 + ...+ ps, where p; are primes, and each cycle has pfi states,
1 <4 < s. Now, let us prove that for k prime, Ax, is minimal for some
language Ly, ,, | > k.

Assume there exists an automaton B = (@p, %, B, q,B, Fp) with m
states, m < k + 1 such that L(B) = Lx,,. It follows that the language
L(B) will contain words with a length x + hy for z,y < k, and all h € N.
For h large enough, one of these words will be of length multiple of k£ plus
1, because k is prime, therefore, for large enough [, i.e., greater than some
lok, Lx,, # L(B), because a**™' € L(B)\ Ly, ,, for some z € N. Thus, the
number of states in B is at least k+2. The automaton Ax, is also a minimal
NFCA for languages Ly, ,, if | > lo, hence it follows that Theorem 7 in
[13] is also valid for cover automata:

Theorem 1 There is a sequence of languages (Lx, , )k>2 such that the non-
deterministic cover complexity of Lx, , is at least k, but the extended fooling
set for Lx, , 1is of size ¢, where c is a constant.

Now, we are ready to check how hard is to obtain this minimal repre-
sentation of a finite language.

4 Minimization Complexity

In this section we show that minimizing NFCAs is hard, and we’ll show it
with the exact same arguments from [14], used to prove that minimizing
NFAs is hard. We will describe the construction from [12, 14], showing that
we can also use it with only a minor addition for NFCAs. To keep the paper
self contained, we include a complete description, and emphasize the changes
required for the cover automata, rather than just presenting the differences.

The idea of proving that NFCA minimization is NP-hard is the following:
we take an arbitrary logical formula in conjunctive normal form F', and we
build two languages Lo and Lpg such that their union Ly = L U Lo should
not include {a}* if F is satisfiable, in other words, {a}* is an I-cover language
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for LrNa<!, iff the formula is not satisfiable. Let us consider a logical formula

m

F € 35AT, in the conjunctive normal form, i.e., F = /\ C;, where each
clause C;, 1 < i < m, is defined using variables x1, ... ,xnj Cl‘z = u1 VugVus,
and each u;, 1 < j < 3 are either x;, or —x;. Let p1,p2,...,p, be distinct
prime numbers such that p; < pa < ... < p,. Weset k =[]}, pi, and using
Chinese Remainder Theorem [23]°, it follows that there exists a bijective
function f : Zi — [[i_, Zp,, such that f(z) = (zmodps,...,zmodpy).
We need to define a language Lr and a natural number [, such that Lp =
{a}*, if and only if I is unsatisfiable, therefore, the finite language Ly N X<
has {a}* as a cover language.

In a similar fashion as we built the automata Ay, , we can construct an
automaton B; that recognizes the language L(B;) = {a™ | nmod p; ¢ {0,1}}
in O(p,) time. Let B be an automaton recognizing Lp = |, L(B;). It
is straightforward that it can be constructed in O(n - py,) time. For each
clause C; such that a1, a9, as is an assignment of its variables for which Cj is
not satisfied, we define Lo, = N3_;{a™ | nmod p; = a;}. An automaton C;
accepting L¢, can be constructed in O(p3) timeS. For every sequence s of Os
and 1s of length n, there is an unique number m € Zj, such that f(m) = s.
In [14], the binary sequence s of length n is called representation, and its
corresponding number m is called assignment. The range(f) may contain
other sequences in [[1; Z,,, and using the above observation, we deduct
that for the language Lp, we have

Lp = {a' | i does not represent an assignment},
while for Lo, we have
Lc = {a* | f(i) does not satisfy F}.

We set Lp = Lc U L, where Lo = |J;" L¢,. If F is satisfiable, then Lp is
a cyclic language with period at most k, and the minimal period of L is é,
according to [10, 12]. Thus, setting I = k, we have that Lr N {a}=! has {a}*
as a cover language, iff F' is unsatisfiable. It follows that for some [ € N,
{a}* is an [-cover language for Ly N X=! iff F is unsatisfiable. Please note
that the construction is similar to the one in [14], but in our case, we also
prove that the constant [ exists, and the language constructed is an I-cover
language.

5Theorem 1.3.3, page 21
6Using Cartesian product construction, for example.
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Since according to [1] primality test can be done in polynomial time,
we can find the first n prime numbers in polynomial time, meaning that our
NFA construction can also be done in polynomial time. Hence, checking if
{a}* is an I-cover language for Ly N {a}=!, is in NP.

If F is unsatisfiable, then ncsc(L) = 1, otherwise the minimal number
of states in an NFA is at least equal to the largest prime number dividing its
period, p,. To prove that finding the minimal NFCA for Lg is NP-hard, we
use the same argument as in [14]: the existence of a polynomial algorithm
to decide if ncse(L) = o(n) implies that nsc(L) = o(n), which implies that
we can solve 3SAT in polynomial time, i.e., P = NP. This means that
minimizing NFCAs is at least NP-hard. Consequently, we proved that:

Theorem 2 Minimizing either NFCAs or [-NFCAs is at least NP-hard.

In the next section we analyze some methods to reduce the number of
states of a NFCA, because any minimization algorithm would be at least
exponential.

5 Reducing the Number of States of NFCAs

Assume the DFA A = (Q, %, d, qo, F') is minimal for L, and the minimal NFA
is A= (Q,%,¥,q, F), where Q' = Q—{d}, 0'(s,p) = (s, p), if (s, p) € Q'
and ¢'(s,p) = 0 if §(s,p) = d. In other words, the minimal NFA is the same
as the DFA, except that we delete the dead state. We may have a minimal
DFCA as A, and A" as a minimal NFA, but not as a minimal NFCA, as
illustrated by Ay, and Lxs, .

We need to investigate if classical methods to reduce the number of
states in an NFA or DFA/DFCA can also be applied to NFCAs, thus, we
first analyze the state merging technique. For NFAs, we distinguish between
two main ways of merging states: (1) a weak method, where two states are
merged by simply collapsing one into the other and consolidate all their
input and output transitions, [5], and (2), a strong method, where one state
is merged into another one by redirecting its input transitions toward the
other state, and completely deleting it and all its output transitions [9]. We
must note that in case of NFCAs, the size of an NFA without mergeable
states is bounded, as we cannot have a path from the initial state to the
final ones that is longer than [. This observation contrasts with the result
obtained in [9], for NFAs, where it is presented a class of arbitrary large
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NFAs without any group of a fixed size k, of mergeable states. The same
methods are considered for NFCAs.

Definition 3 Let A = (Q, X%, 9, qo, F') be an NFCA for the finite language
L.

1. We say that the state q is weakly mergeable in state p if the automaton
A= (Q/7275/7QO7F,)7 where Q/ = Q - {Q}z F'=Fn Q,; and

d(s,a), if 6(s,a) C Q" and s # p,
(s,a) = ¢ (6(s,a) \ {q}) U {p}, if g € 0(s,a) and s # p,
(6(s,a) Ud(g,a)) \{a}, ifs=p

is also an NFCA for L. In this case we write p 3 q.

S
S

2. We say that the state q is strongly mergeable in state p, if the au-
tomaton A" = (Q',%,0',q0, F'), where @' = Q — {q}, F' = FNQ,

and
[ 8(s,a), if 0(s,a) € Q'
o) = { (65(s,0)\ {a}) U {p}, if g € 3(s,a),

is also an NFCA for L. In this case we write p = q.

In case p < ¢, (LﬁLf LJngLé2 ULqLLf U LqLLf) NY<L C L and in case p 3 ¢,
LELEn»st C(LELRF U LLLY) NSt C L, where for s € Q LY = {w € X* |
s € 0(qo,w)} and LE = {w € ¥* | 6(s,w) N F # (}.

For the case of DFCAs, if A is a DFCA for L, and two states are
similar with respect to the similarity relation induced by A, then all the
words reaching these states are similar. Moreover, if two words of minimal
length reach two distinct states in a DFCA, and the words are similar with
respect to L, then the states in the DFCA must be similar with respect
to the similarity relation induced by A. These results are used for DFCA
minimization, and we need to verify if they can be used in case of NFCAs.
In the following lemmata we show that the corresponding results are no
longer true.

Lemma 3 Let A = (Q,X%,9,q, F) be an NFCA for the finite language L.
It is possible that x A(s) ~1 xA(q), but s and q are not mergeable.

Proof:  For the automaton in Figure 9, left, x4(3) = x (1), but the states
1 and 3 are not mergeable, as the resulting automaton would not reject a”.
O
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Lemma 4 Let A = (Q,X%,9,q, F) be an NFCA for the finite language L,
and p,q € Q, p # q. It is possible to have x,y € ¥*, p € §(qo,x), ¢ € (q0,Y),
p~gq, and T p y.

Proof:  Consider the language L = L(A) N {a,b}='4, where A is depicted

in Figure 10.
a
55
)
O ba a @
a a
v

Figure 10: An example where p ~4 ¢q, z +#p y, but p € 6(qo,x) and
q € 6(qo,y), namely, aa 71, ba, 2 € §(0,ba), 7€ §(0,aa), and 2 ~4 7.

We have that:

e aa 71, ba, because aaa ¢ L, but baa € L;
e 2€6(0,ba), 7€ §(0,aa), and

e 2 ~4 7, because 0(2,a%¥) = {2} C F, §(2,a***1) = {1} N F =,
5(7,a%k) = {7} C F, §(7,a*t) = {6} N F = 0, and 6(2,w) =
5(7,w) =0, for all w € ¥* — {a}*.

Od
Let us verify the case when two states p,q are similar, or we can
distinguish between them.

Lemma 5 Let A = (Q,X%,0,q, F) be an NFCA for the finite language L,

p,q € Q, p # q, and either p,q € F, or p,q ¢ F. Assume r € 6(p,a) and
s €d(q,a).

1. Ifr ~4 s, for all possible choices of v and s, then p ~4 q.

2. The converse is false, i.e., we may have r L4 s, for some r and s, and
p~agqg.
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Proof: Assume p %4 g, and let w € NSi-max{level(p)level(d)} N+ Because
either p,q € F, or p,q ¢ F, we have that §(p, aw)NF # () and §(q, aw)NF =
0, or 6(p,aw) N F = (), and 6(q,aw) N F # @. If §(p,aw) N F # ) and
5(q, aw)NF = (), it follows that we have two states r € §(p,a) and s € §(q, a)
such that 6(r,w) N F # (), and §(s,w) N F = (. This proves that the first
implication is true.

For the second implication, consider the automaton depicted in Figure 10
with [ = 14, and the following states p,q,r,s: p=¢q¢=0,r =1, s =3, and
the letter b. We have that p ~4 ¢, 1,3 € §(p,b) = (¢,b) = 6(0,b), but
r A s, because 6(1,a) N F =0 and 6(3,a) N F = {4} # 0. O

This result contrasts with the one for the deterministic case for cover
automata, and the main reason is the non-determinism, not the fact that we
work with cover languages.

Next, we would like to verify if similar states can be merged in case
of NFCAs, also to check which type of merge works. In case we have two
similar states, we can strongly merge them as shown in Theorem 3. In the
case of DFCAs, if two states are similar, these can be merged. We must
ensure that the same result is also true for NFCAs, and the next theorem
shows it.

Theorem 3 Let A= (Q,%,0,q0, F) be an NFCA for L, and p,q € Q such
that p # q, and p ~4 q. Then we have

1. if levelzo(p) < levela(q), thenp 2 q.
2. It is possible that p Z q.

Proof:  For the first part, let A’ be the automaton obtained from A by
strongly merging ¢ in p. We need to show that A’ is a NFCA for L. Let
wW=wi...W, beawordinzsl,neNandwiEZforallz’, 1 <1< n. We
now prove that w € L iff ¢'(go, w) N F" # (.

If we can find the states {qo,q1,-..,qn} such that ¢ € §(qo,w1), g2 €
6(qr,w2), -5 Gn € 0(Gn-1,wn), gn € F and q ¢ {qo,q1,--.,qn}, then q1 €
8'(qo,w1), @2 € 8'(qu, w2), -, qn € 0'(qn—1,wn), g € F', 1., 6" (qo, w)NF' #
(. Assume g = ¢j, and j is the smallest with this property. If j = n, then
g € F, which implies p € F, then ¢; € 0'(qo,w1), ¢2 € ' (q1,w2), ...,
qn € ' (p,wy), which means &' (qg, w) N F’' # (.

Assume the statements hold for |w;...w,| < I for I' <1 — |w| (I —
|wy...wj| <1 —level(q)), and consider the case when |w;_qw; ... wy,| =1 If
for every non-empty prefix of wji1...wp, wj—1...wp, ¢ & 0(p,wj—1...wp),
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then 6(p, wjt1...wp) € F —{q} iff §(q,wjq1...wn) € F —{q} , e,
8 (pywjsr...wp) NF # 0 iff 6(q,wjqr...wp) NF # 0.

Otherwise, let h be the smallest number such that ¢ € 6(q, wji1 ... wp).
Then |wpti...wp| < U (and p € §'(p,w;...wp)). By induction hypoth-
esis, &' (p,wpi1 ... wy) N F # O iff §(q, wpy1...wy) NF # (. Therefore,
(P, Wjt1 - - - WpWht1 - .. wn) NF # O iff (g, wjg1 ... wpwpgr ... wp) NF # 0,
proving the first part. For the second part, consider the automaton in
Figure 11 as an NFCA for L = {a?, a*}. We have that | = 4 and 3 ~4 5,
because level(3) = 3, and §(3,e) N F = §(5,e) N F =0 6(3,a) N F = {4},
0(5,a)NF = {6}. We cannot weakly merge state 3 with state 5, as we would
recognize a® ¢ L. In Figure 12 we have the result for strongly merging state
3 in state 5.

Figure 11: Example for weakly merging failure and similar states.

OO

a/

Figure 12: The result for strongly merging similar states for the example
presented in Figure 11.

We can observe that strongly merging states does not add words in the
language, while weakly merging may add words. Because any DFCA is also
an NFCA, then some smaller automata can be obtained from larger ones
without using state merging technique, and the following lemma presents
such a case. Also, the automaton in Figure 2 is obtained from automaton in
Figure 1 by strongly merging states 0,... —m + 1 into state —m.
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Lemma 6 Let A = (Q,%,0,q0, F) be an NFCA for L, and consider the
reduced sub-automaton generated by state p, A = (Qr, %, 0r,p, F), i.e., Qr
contains only reachable and useful states, and dr is the induced transition
function. If 6(s,a) NQr =0, for all s € (Q \ Qr), we can find two reqular
languages L1,Lo such that

o Ly = (L1 U Ly) N S<10l®) gng
o nsc(Li) +nsc(Le) < #Qr+ 1,

then A is not minimal.

Proof: Let A; = (Qi, %, 6i,q0,, Fi), i = 1,2 be two NFAs for L; and
Ly, and L, = (L1 U Ly) N ysi-level(p) - We define the automaton B =
(Q\Qr)U{p}UQ1UQ2,%, 5B, qo, Fp) as follows: Fp = (F\Qgr)UF,UF;, in
casep ¢ F,and Fp = (F\Qr)UF1UF>,U{p} in case p € F. For the transition
function, we have dp(s,a) = 0(s,a) if s € (Q \ Qr), 05(s,a) = d(s,a) if
s € Qi, i = 1,2, and dp(p,a) = 01(go,1,a) U d2(qo2,a) U d(p,a) \ Qr, if
p ¢ 6(p,a), and dp(p,a) = 41(qo,1,a) U d2(qo2,a) U d(p,a) \ Qr U {p}, if
p € 6(p,a). Obviously, the automaton B recognizes the cover language for
L, and its state complexity is lower. O

This technique was used to produce the minimal NFCA for Ly, , in
Figure 9.

6 State Merging and Fooling Sets

In this section we analyze the relation between mergeable states and fooling
sets, more precisely, we would like to use a fooling set to identify states that
are mergeable or not. We will consider both strong and weak mergeability.
First, we start with a technical lemma.

Lemma 7 Let S = {(x;,y;) | 1 <i < n} be a(n) (extended) fooling set for
the finite language L. If i,j are such that 1 < i,7 < n, i #£ j, then either
lziy;| <1, or|zjy| < L.

Proof:  Assume |z;y;| > [. It follows that |z;|+ |y;| > [, i.e., |yi| > 1 —|z;].
Because z;y; € L, |z;y;] <, i.e., |a;| + |yi] <, hence |y;| <1 —|z;|, thus
I —|z;| <l — x|, which means that |z;| < |z;|. We have that |z;y;| =
il + [ys] < |zl + lys] < 1. O
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If a fooling set for a finite language L has exactly the number of states
in a given NFCA, then the NFCA is minimal. In case the NFCA has more
states, it could still be minimal. However, we would like to investigate if it is
not minimal, and some states might be either weakly, or strongly mergeable.

The following result identifies, for a given fooling set, the states that
are meargeable in an NFCA.

Theorem 4 Let A= (Q,%,0,q0, F) be an NFCA for L, and S = {(zi, ;) |
1 < i < n} a fooling set for L. Let p,q € Q, p # q be two states, and i, j,
1 <i4,5 <n,i#j, be such that p € 6(qo,x;) and q € 6(qo, ;). Then the
following statements hold true

1. If8(q,y;) N F #0, and 6(p,y;) N F # 0, then p Z q.
2. If 6(p,y;) NF # 0, and |xjy;| > 1 then p Z q.

8. If |viy;l > 1 and d(p,y;) N F # 0, thenp 2 q.

Proof: Because S is a fooling set, it follows that x;y; ¢ L and x;y; ¢ L.
We now analyze each case of the theorem:

1. If p T g, it follows that by merging ¢ with p, we obtain an equivalent
NFCA B = (Q —{q},%,9B,q0, F — {q}) such that 0 # d(¢,y;) N F C
dB(p,yj) N Fp. Because z;y; ¢ L, we must have |z;y;| > [, which
implies |z;y;| <. (From ¢ € 6(qo,z;), it follows p € dp(qo,x;). But
d(p,yi) N F # 0, therefore dp(qo, z;y;) N F # 0, i.e., xjy; € L, which is
a contradiction.

2. If p Z ¢, it follows that by merging ¢ with p, we obtain an equivalent
NFCA B = (Q —{¢},X,9B,q0, F — {q}) such that 0 # é(p,y;) N F C
dB(p,y;)NFp. Because S is a fooling set and |z;y;| > [, using Lemma 7
we have that |z;y;| < 1. But d5(qo,ziy;) N F # 0, therefore z;y; € L,
which is a contradiction.

3. If p < g, it follows that by merging ¢ into p, we obtain an equivalent
NFCA B =(Q — {q}, 2,95, 90, F — {q}) such that 0 # §(q,y;) N F C
op(p,yi) N Fp.

Because |z;y;| > [, using Lemma 7, we have that |z;y;| <. ;From
q € 0(qo, x;), it follows p € dB(qo, ;). But d(p,y;) N F # 0, therefore
d(qo, zjy;) N F # 0, ie., xjy; € L, which is a contradiction.
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Od
Because in the proof of 2 and 3 of Theorem 4 we use the condition on
the length of the words in the fooling set, only one of the words z;y; or x;y;
has to be tested if it is in L. Thus, if S is an extended fooling set, both 2
and 3 of Theorem 4 will hold.
For 1 of Theorem 4, and the case where S is an extended fooling set,
we must consider two cases:

1. TiYj ¢ L, and

If z;y; ¢ L, then we have the same proof. If z;y; ¢ L, from 6(p, y;) N F #
0, it follows that |z;y;| > I, and using Lemma 7, we have that |z;y;| < [
Because d5(qo, z:yj) € 0(q,y;) \ {¢} # 0, it follows that z;y; € L, which is a
contradiction.

Hence, Theorem 4 holds for both fooling sets and extended fooling
sets. The reverse is not true, as the fooling set technique does not provide a
tight lower bound for the number of states. In the following examples, we
show that if some initial conditions are not satisfied, then the states can be
mergeable.

a,b

@% o Ll o)
© @t a”

Figure 13: Example of fooling set and mergeable states not satisfying the
conditions in Theorem 4.

a,b

Example 1 In the following example, Figure 13, we have an NFCA with
n+5 states for the language Ly, ,, = {a,b}~"af{a,b}" 2, that is the same
as the one in Figure 1. In case m = 2 and n = 4, the language is the same
as the one described in Figure 8. A fooling set or extended fooling set can be
S = {(a’,ab® 1% | 0 < i < n}, which guarantees that the minimal NFCA
has at least n states. An equivalent minimal NFA has m + n states.

We also have the following:
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1. Ifp=0andq =1, thenp 3 q. However, for the following values, i = 1
and j = 2, we have that p € 6(—1,z;) and g € 6(—1,z;). In this case,
Ti =a, x; =aa, y; = abn_l_l, Yj = abn—l—Q’ and 5(6171/3) NF=1(.

2. Forp=0andq=2,i=1, and j = n—1, we have z; = a, :cj:a”_l,

yi=ab" 17 yi=a,032, and 6(q,y;) N F =0, but |z;y;] <, and
\xjyi] > 1.

3. Forp=0,q=23,i=1, and j = 4, we have z; = a, r; = aaaa,
yi=ab" 1ty =ab" 17 0233, but 0 2 3, and 6(q,y;) N F = 0.

Remark 1 For p = 0 and ¢ = 2/, i = 1, and 5 = 3, we have x; = a,
z; = aaa, y; = ab® 171 y; =ab" 13,0 22, and §(q,y;) N F = 0.

The examples presented, together with the Theorem 4, show the diffi-
culty of finding mergeable states in an NFCA, even if we already know a
fooling set. This suggests that expanding the study, even for the case of
NFAs, may produce some useful practical results.

7 Conclusion

In this paper we showed that NFCAs are a more compact representation of
finite languages than both NFAs and DFCAs, therefore it is a subject worth
investigating. We presented a lower-bound technique for state complexity of
NFCAs, and proved its limitations. We proved that minimizing NFCAs has
at least the same level of difficulty as minimizing general NFAs, and that
extra information about the maximum length of the words in the language
does not help reducing the time complexity. We checked if some of the
results involving reducing the size of automata for NFAs and DFCAs are
still valid for NFCAs, and proved that most of them are no longer valid.
However, the method of strong merging states still works in case of NFCAs,
and we showed that there are also other methods that could be investigated.

We also present an interesting connection between mergeability and
fooling sets, that could be further extended.

As future research, we list below some problems that we consider worth
investigating:

1. check if the bipartite graph lower-bound technique can be applied for
NFCAs;
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2. find bounds for non-deterministic cover state complexity;

3. investigate the problem of magic numbers for NFCAs. In this case, we
can relate either to DFCAs, or DFAs.
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