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1. INTRODUCTION

Recently fuzzy automata are studied by many researchers in varied directions [5,

, L1, 13, 14, 15, 16, 17]. Different types of fuzzy groups are discussed in [10, 12]. One

way of studying fuzzy automaton is to generalize the results of classical automaton.

Characteristic semigroup of classical automaton was introduced by Fleck in [8] and

he discussed its properties over perfect automaton. Many researchers then discussed

characteristic semigroups of various classes of classical automaton along with their
properties [1, 2, 9, 19, 20].

In this paper we extend these concepts and results for fuzzy automaton. Precisely,
input independent fuzzy automaton is newly introduced and its relation with state
independent fuzzy automaton is discussed. Also, characteristic semigroups of right
simple (right group, group) type fuzzy automaton are discussed and their various
properties are established. In [7], we have discussed the cardinality of the group
of weak fuzzy automaton isomorphisms. Since the group of weak fuzzy automaton
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isomorphisms determines the structure of fuzzy automaton, we have also investigated
the relationships between them in the context of state independent fuzzy automaton.

In this paper we introduced the concept of input independent fuzzy automaton
and obtained that every input independent fuzzy automaton is connected. Fur-
ther, it is established that the characteristic semigroup of input independent fuzzy
automaton is a right zero semigroup. Condition for input independent fuzzy au-
tomaton to be strongly connected is also derived. We have proved that the input
independent fuzzy automaton is a sink if and only if it is weakly abelian. We have
also characterized strict quasi-cyclic input independent fuzzy automaton.After in-
troducing state independent fuzzy automaton, we have established its relation with
input independent fuzzy automaton. Characteristic semigroups of state independent
fuzzy automaton, right simple type, right group type, group type and quasi-perfect
fuzzy automaton are discussed and their characterizations are established. We have
established that a strongly connected fuzzy automaton is quasi-perfect if and only
if it is state independent. Further, in quasi-perfect fuzzy automaton it is observed
that the characteristic group, the group of its states and the group of its weak fuzzy
automaton automorphisms are isomorphic. Index and period of a component of a
fuzzy automaton with single input are discussed to find their various properties. It is
also established that the component of state independent fuzzy automaton contains
exactly one strongly connected subautomaton. Existence of weak fuzzy automaton
isomorphism between any two strongly connected fuzzy subautomata of state in-
dependent fuzzy automaton is also established. Finally, it is established that the
number of states of the strongly connected subautomaton of a state independent
fuzzy automaton gives the cardinality of its characteristic semigroup.

2. PRELIMINARIES

In this section, we recall preliminary concepts and notations of fuzzy automata
that are needed for the rest of the paper.

Definition 2.1. Let A and B be sets. A fuzzy relation from A to B is a fuzzy set
Rof Ax BieR:Ax B — [0,1]. The number R(a,b) denotes the degree to which
a is related to b.

Definition 2.2. [11] A fuzzy relation R from A to B is said to be complete, if for
each a € A, there exists b € B such that R(a,b) > 0. A fuzzy relation R is said to
be fuzzy function, if for each a € A, there is unique b € B such that R(a,b) > 0.

Since Supp(R) is actually a (crisp) function, the above definition resembles to
that of the definition of the (crisp) function, in the sense of unique image for each
element of the domain.

Definition 2.3. A fuzzy automaton is a triplet A = (Q, 3, ), where @ is a nonempty
finite set called set of states, ¥ is a nonempty finite set called set of inputs and p is
a fuzzy function from Q x X to Q.

If A=(Q,%,p) is a fuzzy automaton, then ¥* denotes the set of all strings of
symbols in ¥ including the empty string € and the fuzzy function p is extended to
a fuzzy function p* from @ x ¥* to @Q as follows : for all p,q € Q,a € ¥ and x € &*
we have p*(p,ax,q) = pu(p,a,r) Ap*(r,x,q) , where r € @Q is such that p(p,a,r) >0
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and
1, ifp=q;
* — ) )
i (p e q) = { 0, otherwise.
Here onward, in this paper, we write p for both p and p* without any ambiguity.

Definition 2.4. Let 41 = (Q1,%1,11) and Ay = (Q2, 3o, ti2) be two fuzzy au-
tomata. A pair (h,k) of maps, where h : Q1 — Q2 , k : X1 — Yo, is called fuzzy
automaton homomorphism from A; to Ag, symbolically (h,k) : A1 — As , if for
p:q € Q1 and @ € X7, u2(h(p), k(x), h(q)) = pa(p, z, q).

A pair of maps (h, k) : A1 — A is said to be weak fuzzy automaton homomorphism,
if for p,q € Q1 and x € X%, 11 (p, x,q) > 0 = p2(h(p), k(z), h(q)) >0

In case, if 31 = X9 = ¥ and k is the identity function on ¥ ,then we shall denote
the homomorphism simply by h: A; — As.

Remark 2.5. Every fuzzy automaton homomorphism is a weak fuzzy automaton
homomorphism, but not conversely.

A (weak) fuzzy automaton homomorphism (h,k) from A; to As is said to be
(weak) fuzzy automaton isomorphism, if both h and k are bijective functions.

We shall adopt the following notations throughout this paper
HF (A — B) : The set of all fuzzy automaton homomorphisms from A to B.

WHY (A — B) : The set of all weak fuzzy automaton homomorphisms from A to
B.

I¥(A — B) : The set of all fuzzy automaton isomorphisms from A to B.

WIF(A — B) : The set of all weak fuzzy automaton isomorphisms from A to B.
EF(A) : The set of all fuzzy automaton endomorphisms on A.

WEF (A) : The set of all weak fuzzy automaton endomorphisms on A.

GT(A) : The set of all fuzzy automaton automorphisms on A.

WGF(A) : The set of all weak fuzzy automaton automorphisms on A.

Let A = (Q,%, ) be a fuzzy automaton and M C Q.Then the successor of M is
the set S(M) = {p € Q|u(g,z,p) > 0, for some (¢,x) € M x ¥*} and z-successor
of M is the set S,(M) = {p € Q|u(q,z*,p) > 0, for some ¢ € M and k € NU {0}},
where 20 = €. We denote the successor of {¢q} by S(¢) and the x-successor of {¢} by
Sz (q).

Definition 2.6 ([18]). A fuzzy automaton B = (R, 3, \) is called a subautoma-
ton of automaton A = (@,%,pu), if R C @, S(R) = R and p|prxxxr = A. This
subautomaton is called seperated, if S(Q — R)NR = o

Definition 2.7 ([13]). A fuzzy automaton A = (Q, X, i) is said to be

(i) connected, if A has no proper seperated subautmaton.

(ii) strongly connected, if Vp, q € Q,we have g € S(p).

(i) abelian, if u(p, ry,q) = p(p,yr,q),vz,y € ¥* and p,q € Q.

(iv) weakly abelian, if u(p,zy,q) > 0< u(p,yz,q) >0, for x,y € ¥* and p,q € Q.

Definition 2.8. For a fuzzy automaton A = (Q, X, u) , the center of A, denoted
by Z(A) , is the set {x € X*| for ¢,s € Q, we have u(q,zy,s) > 0 < p(q,yx,s) >
0},Vy € B*.
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Clearly, Z(A) = ¥* if and only if A is weakly abelian.
Let A = (Q,X%, 1) be a fuzzy automaton and ¢ € Q. Then the fuzzy automaton
generated by q is, denoted by A(q), A(q) = (S(q), %, 1’) , where p is a restriction of
wto S(q) x 2 x S(q).

Definition 2.9. [18] A fuzzy automaton A is said to be singly generated, if there
exists ¢ € @) such that A = A(q).

The set of generators of A(q) is the set genA(q) = {r € Saq)|A(r) = A(q)}.

Definition 2.10. Let A = (Q,%, 1) be a fuzzy automaton. If A(qg) is strongly
connected for each g € @, then A is called quasi-strongly connected .

Definition 2.11 ([7]). Let A = (Q, 2, ) be a fuzzy automaton, ¢ € Q and y, z € ¥*.
Then y is ¢-fuzzy equivalent to z , if u(q,y,p) > 0 and u(q, z,p) > 0, for some p € Q.
We shall denote it by y =/ .

Remark 2.12. The relation 55 is an equivalence relation of finite index on Q(i.e.

on A). We shall denote the equivalence class of x € ¥* with respect to this relation
by [z]g.

In following example, we discuss application of fuzzy automata for approximate
minimization. By an approximate minimization of fuzzy automaton, we mean small-
est fuzzy automaton (in the sense of number of states) having approximate lan-

guages. Two fuzzy languages L; and Ly are approximate with threshold « € [0, 1],
if E(Ly,Ls) = N(L1(z) < La2(x)) > a, where a <~ b = (a — b) A (b — a) and

a—b=V{zel0,1]lanz <b} [3]
Example 2.13. Consider a fuzzy automaton A with Q = {qo,...,¢},% = {a},

Qr(qg) = iJ%D when i < 5, Qr(gs) = 0 and p(g;,a,q)iv1 = iJ%% for i < 5,
w(gs,a,qs) = % , u(p, x,q) = 0 otherwise.

=

1 1 1 1 1

FIGURE 1.

4, ifi<b;

, if i > 5.

In classical sense (i.e. having equal languages), there does not exist a deterministic
fuzzy automaton A’ with less than 6 states having the same language that of A.

But if we consider fuzzy automaton A’ given by following diagram

(Q={po.m}, X ={a}, Qr(po) = 3, Qr(p1) = 3)

and p as shown in the figure :

Then La(a’) = {

T
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a/ﬂ

a3
start —>

=

FiGure 2. %-approximate minimization
%, ifi=0;
Then Ly (a*) = 7 ifi=1;
1 if 4 > 2.

Then, E(La,Las) > % Therefore, A’ is an approximate minimization with threshold
1
7 of A.

For more details on approximate minimization of fuzzy automaton, we refer to

3. INPUT INDEPENDENT FUZZY AUTOMATON

This section is devoted to input independent fuzzy automaton which, we have
defined first time, forms a subclass of state independent fuzzy automaton, that we
are going to discuss in the next section. The characteristic semigroup of this input
independent fuzzy automaton is a right zero semigroup. Let A = (Q, X, 1) be any
fuzzy automaton. Then for any x € 1, where X7 = ¥* —{¢}, we define the relation
~gon @ as: g1 ~, qo if and only if u(q1,z,p) A p(ge, z,p) > 0, for some p € Q.
Clearly ”~,” is an equivalence relation on @ and [q], denote the equivalence class
q with respect to ~.

Note that the notation u(qy, z,p) Au(qe, x,p) > 0 is used here for (g1, x,p) > 0 and
(g2, ,p) > 0. This notation should not be confused with extension of u to u*.

Definition 3.1. A fuzzy automaton A is said to be input independent, if [q]. = @,
for all x € ¥t and for some ¢ € Q.

A fuzzy automaton A’, given in Figure 2 is actually an input independent fuzzy
automaton. From this example we conclude that for each fuzzy automaton which is
not input independent, there exists an input independent a-approximate minimiza-
tion. Hence, the theory developed in this paper can be applied.

Lemma 3.2. If A = (Q, %, u) is an input independent fuzzy automaton, then for
any x € XT, we have [z], = [z]s for all ¢,s € Q.

Therefore, for input independent fuzzy automaton, here onward we shall write
the equivalence class [z], by [z] without any ambiguity and the collection of all such
classes by [X7].

Remark 3.3. For input independent fuzzy automaton A = (Q, %, 1), we have
(i) [2] = {zz]z € T}, for any z € &F
(ii) The operation [z][y] = [y] is well defined on [X1] and [£7] is semigroup under
this operation.
(iii) S(p) = S(q), for all p,q € Q.
(iv) S(q)| = [£7]], for all g € Q.
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The semigroup [X7] is called the characteristic semigroup of A.

Lemma 3.4. If A is an input independent fuzzy automaton, then its characteristic
semigroup [XF], with operation [x][y] = [y] is a right zero semigroup.

Theorem 3.5. Fvery input independent fuzzy automaton is connected.

Proof. Let C7 and Cy be two components of A and ¢1 € Cp, g2 € Cs. Choose
a € X be such that u(gi,a,p) > 0, for some p € Cy. Since A is input independent
fuzzy automaton, we have u(ge,a,p) > 0. This leads to p € Cy N Cq, which is a
contradiction. O

Theorem 3.6. Let A be an input independent fuzzy automaton. If A is strongly
connected, then |Q| < |Z.

Proof. Since A is strongly connected, for each ¢ € @, there exists x, € ¥ such
that wu(p,x4,q) > 0, for some p € Q. Again since A is input independent fuzzy
automaton, for ¢1 # ¢2, we have x4, # x4,. this proves that |Q| < |X]. O

The converse of the above theorem is not true in general. This can be seen in the
following example.

Example 3.7. Let Q@ = {q1,¢2,93} and I = {a,b,c}. Let u be defined by the
following diagram.

,0.3/c,0.9

a,0.5/¢c,0.6
a,0.5/¢,0.8

b,0.4

FIGURE 3.

Definition 3.8. An input independent fuzzy automaton with trivial characteristic
semigroup, i.e.|/[X1]| = 1, is called as sink.

Theorem 3.9. An input independent fuzzy automaton is a sink if and only if it is
weakly abelian.

Proof. Let A = (Q,X, 1) be an input independent fuzzy automaton. Suppose z,y €

YT such that p(q1, 2y, q2) > 0. Since A is input independent fuzzy automaton, we

have [z][y] = [y] and [y][z] = [z]. Also, A is sink implies that [z] = [y]. Therefore

[z][y] = [y][z]. Hence, u(q1,yz,q2) > 0. Conversely, suppose that A is a not sink.

Let [z],[y] € [©1] with [x] # [y]. Then [z][y] = [y] # [z] = [y][z]. Hence, A is not

weakly abelian. O
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Theorem 3.10. Every singly generated input independent fuzzy automaton is strongly
connected.

Proof. Consider A = A(q). Let q1,q2 € Q. Then there exist z,y € X1 such that
(g, x,q1) > 0 and p(q,y,q2) > 0. Since A is an input independent fuzzy automaton,
we have (g1, y,q2) > 0. O

Corollary 3.11. FEvery input independent fuzzy automaton is quasi-strongly con-
nected.

Theorem 3.12. An input independent fuzzy automaton A is strongly connected if
and only if for every q € Q, there exists a € X such that u(q,a,q) > 0.

Proof. Suppose A is strongly connected. Let g € (). Then there exists x € ¥* such
that (g, z,q) > 0. Thus, there is a € ¥ and p € @ such that pu(p, a,q) > 0. Since A
is input independent fuzzy automaton, u(q,a,q) > 0. Conversely, let ¢1,g2 € Q. By
hypothesis there exist a,b € X such that pu(q1,a,q1) > 0 and u(g2,b,g2) > 0. Then
(g1, b,q2) > 0. This proves that A is strongly connected. O

Definition 3.13. A fuzzy automaton A is said to be quasi-cyclic, if there exists
q € @ such that p € S(q), for all p € @ — {g}. In this case ¢ is called a quasi-
generator of A.

A fuzzy automaton A is strict quasi-cyclic, if there exists ¢ € @ such that p € S(q)
if and only if p € Q — {q}.
In a fuzzy automaton A = (Q, 3, ) a state ¢ is said to have a self-loop if u(q,a, q) >
0, for some a € 3.

Theorem 3.14. If A is a strict quasi-cyclic input independent fuzzy automaton,
then it has unique quasi-generator. Further, any state which does not have a self-
loop is the quasi-generator of A.

Proof. Suppose q; and ¢o are quasi-generator of A. There exist a,b € ¥ such that
w(gi,a,q2) > 0 and p(ge,b,q1) > 0. Since A is input independent fuzzy automaton,
we have 11(ga2, a, g2) > 0. This is impossible, as A is strict quasi-cyclic and g» is quasi-
generator. Now suppose that for some ¢ € Q, we have p(q,a,q) =0, for all @ € XF.
If p(# q) is a quasi-generator of A, then there exists b € ¥ such that p(p,b,q) > 0.
Then u(q,b,q) > 0, which is a contradiction. Therefore, quasi-cyclicity of A proves
that ¢ is the quasi-generator of A. O

Theorem 3.15. Let A be an input independent fuzzy automaton. Then A is strict
quasi-cyclic if and only if there are exactly |Q| —1 elements in Q with p(q,a,q) >0,
for some a € X.

Proof. Immediate by above theorem. O

Definition 3.16. A fuzzy automaton A = (Q, %, p) is said to be a cycle of length
n if |Q| = n and there is ¢ € Q,x € ¥* with |z| = n such that u(q,z,q) > 0.

Theorem 3.17. If A is an input independent fuzzy automaton with |[X]| = n, then
there is a cycle of length n. In fact any state of this cycle is a self-loop state.
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Proof. Let g € Q and [X] = {[a1],[az],. .., [an]}. Then we must have {q1,q2,...,qn}
such that u(q,a;,q;) > 0, for « = 1,2,...,n. Then u(giy1,ai,q¢;) > 0, for i =
1,2,...,n —1 and p(q1,@n,q,) > 0. Therefore, {q1,q2,...,qn} is cycle of length
n. Suppose {q}, ¢, ...,q,} is another cycle of length n. Then u(q,a1,¢;) > 0 and
u(q,a1,q;) > 0. This implies that ¢; = ¢j. O

Theorem 3.18. Let A; = (Q1,%, u1), Az = (Q2,%, u2) and h € WHY (A} — Ay)
with h onto. If Ay is a sink, then As is also a sink.

Proof. Let ¢; € Q2, for i = 1,2,3,4 and z € X7 be such that ps(q1,x,q2) A
12(gs, @, qq) > 0. Since h is onto, there exist p; € Q1 with h(p;) = ¢;, fori = 1,2,3,4.
Then 1 (p1,x,p2) A p1(p3, ,ps) > 0. This implies that ps = p4, as Ay is input in-
dependent fuzzy automaton. Therefore, g = g4. This prove that As is also input
independent. Let [z],[y] € [£7] and ¢ € Q2. Then there exists p € Q1 such that
h(p) = q. Since A; is a sink, we have x 55 y. Thus, p1(p,z,p1) A p1(p,y,p1) > 0,
for some p; € Q1. Therefore, pua(q, z,q1) A p2(q,y,q1) > 0, where h(p;) = ¢1. This
implies that, [z]; = [y],. Hence, As is also a sink. O

4. STATE INDEPENDENT FUZZY AUTOMATON

In this section we introduce state independent fuzzy automaton and its types
namely right simple, right group and group type fuzzy automaton. Apart from
various properties of these types of state independent fuzzy automaton, we will
establish that the characteristic semigroup of state independent fuzzy automaton is
the semigroup of successor of any state with a suitable binary operation. We begin
this section with the definition of state independent fuzzy automaton.

Definition 4.1. A is said to be a state independent fuzzy automaton, if for all
g,s € Q and z € ¥*,[z], = [z]s. i.e.Vg,s € Q and z,y € £* , one has u(g,z,p) > 0
and p(q,y,p) > 0, for some p € Q if and only if u(s,x,t) > 0 and u(s,y,t) >0, for
some t € Q.

Therefore, for state independent fuzzy automaton, here onward we shall write
the equivalence class [z]; by [z] without any ambiguity and the collection of all such
classes by [2*]. Under the natural operation, [£*] is the characteristic semigroup of
A. In fact

Lemma 4.2. For state independent fuzzy automaton A = (Q, %, u) ,the [X*] forms
a monoid with respect to the operation [z][y] = [xy].

The equivalence class of the empty string is the identity of this monoid.

Lemma 4.3. If A = (Q,%, 1) is a state independent fuzzy automaton, then for
T,y € X%, we have [z] = [y] = [2¥] = [y*], for all k € N.
Lemma 4.4. If A= (Q,%, 1) is a state independent fuzzy automaton, then the map

x — [z] is an onto homomorphism from ¥* to [Z*].

If the condition of state independence holds for all x € ¥ T, then A is called as
partially state independent fuzzy automaton.

Theorem 4.5. Every input independent fuzzy automaton is partially state indepen-
dent fuzzy automaton.
400
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Proof. Suppose x 55 y, for some z,y € ¥* and ¢ € Q. Since A is input independent
fuzzy automaton, we have v =" y, for all t € Q. Therefore, A is partially state
independent fuzzy automaton. O

Recall that a semigroup S is right simple, if for any a,b € S, there exists ¢ € S
such that ac = b. It is a right group, if S is a right simple semigroup with a left
identity[2].

Definition 4.6. A fuzzy automaton A = (Q, X, ) is said to be a right simple (right
group,group )-type fuzzy automaton, if A is state independent fuzzy automaton and
the semigroup [X*] is a right simple (right group,group respectively).

Definition 4.7. Fuzzy automaton A = (Q, X, ) is said to be invertible, if u(p, x, q) >
0 for some p,q € Q and = € ¥* then there exists y € ¥* such that u(q,y,p) > 0.

Theorem 4.8. Every group type fuzzy automaton is invertible.

Proof. Let A be a group type fuzzy automaton and pu(p, z,q) > 0, for some p,q € Q
and x € ¥*. Then [z] € [¥*] and [X*] is a group. Thus, there exists [y] € [¥*] such
that [z][y] = [¢]. Therefore, u(p, xy,p) > 0. This implies that u(p,x, q) A u(q,y,p) >
0. Hence, p(q,y,p) > 0. O

The following example shows that a group-type fuzzy automaton is not strongly
connected.

Example 4.9. Let Q = {q1,42,93,94,45,9} and ¥ = {a}. Let u be defined by the

following diagram.
@ a,0.3 @ a,0.5

a,0.5 a,0.1

OWONOWO

a,0.9 a,0.3

FIGURE 4.

In fact, we conclude the following

Lemma 4.10. FEvery singly generated group-type fuzzy automaton is strongly con-
nected.

Proof. Consider a singly generated group type fuzzy automaton A = A(g). Let
q1,q2 € Q. Then there exist z,y € X* such that u(q, x, ¢1)Ap(q, v, g2) > 0. Since [X*]
is a group, we have [z71] € [£*] such that [z][x~!] = [¢]. Therefore, u(q1,27 %, ¢q) > 0.
Hence, u(q1, 27y, q2) > 0. O

If we designate a singly generated group-type fuzzy automaton as quasi-perfect
fuzzy automaton, then due to Lemma 4.10, we have

Theorem 4.11. Every quasi-perfect fuzzy automaton is strongly connected.
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Let A = (Q,%, ) be a state independent fuzzy automaton. Define a binary
operation * on S(q) as pxr = s, where u(q, ,p) > 0, u(q,y,7) > 0 and u(q, 2y, s) > 0,
for some x,y € ¥*. Then (S5(g), *) is a semigroup.

Theorem 4.12. Let A = (Q, %, u) be a state independent fuzzy automaton. Then,
[2*] is isomorphic to (S(q),*), for each g € Q.

Proof. Define h : S(q) — [2*] by h(p) = [z], where u(q,z,p) > 0. Since A is state
independent, h is well defined. Now, let p,r, s € Q with u(q,z,p) > 0, u(q,y,7) >0
and pu(q,zy,s) > 0. Then h(p xr) = h(s) = [zy] = [z][y] = h(p)h(r). ie. his a
homomorphism. Let h(p) = h(r). Then [z] = [y]. In particular [z], = [y],. This
shows that h is 1-1. Now, for [z] € [£*] we choose p € Q such that u(q,z,p) > 0.
Then p € S(q) and h(p) = [z]. Hence h is an isomorphism. O

Corollary 4.13. If A= (Q, %, u) is a quasi-perfect fuzzy automaton, then (Q, *) is
a group and [X*] is isomorphic to (Q, *).

Theorem 4.14. FEvery right simple type fuzzy automaton is quasi-strongly con-
nected.

Proof. Let ¢ € @ and ¢1,q2 € S(g). Then there exists x1,z2 € ¥* such that
w(g,z1,q1) > 0 and p(q, z2,g2) > 0. Since A is a right simple type fuzzy automaton,
we have [z] € [2*] such that [z1][2] = [x2]. Therefore u(q, z2,q2) = p(q,x12,q2) =
wlg,z1,q1) A p(qr,2,q2) > 0 . This gives us u(qi, 2,q2) > 0 . Therefore, A(q) is
strongly connected for any g € Q). Hence, A is quasi-strongly connected. O

The above theorem is the fuzzy counterpart of the theorem for classical deter-
ministic automata theory given in [20].

Corollary 4.15. Every connected right simple type fuzzy automaton is strongly
connected.

Theorem 4.16. Let A = (Q, %, i) be a strongly connected fuzzy automaton. Then
A is a quasi-perfect fuzzy automaton if and only if A is state independent.

Proof. Clearly, quasi-perfect fuzzy automaton is a state independent fuzzy automa-
ton. Conversely, we have strongly connectedness of A implies A is singly generated.
Also [2*] is always monoid with [¢] as the identity. Let [z] € [¥*]. Since A is strongly
connected for p, ¢ € @, there exists y € X* such that u(q, z,p) > 0 and u(p,y,q) > 0.
Now, pu(q, 2y, q) = p(g, z,p) A p(p,y,q) > 0 implies that [zy] = [z][y] = [¢], as A is
state independent. Similarly, we have [y][z] = [¢]. Therefore, [y] = [z] ! and [Z*] is
a group. Hence, A is a quasi-perfect fuzzy automaton. O

Theorem 4.17. Let A = (Q, %, u) be a quasi-perfect fuzzy automaton and xy € X*
be fized element. Let the map h: Q — Q defined by h(q) = p, where u(q, o, p) > 0.
Then h € WGFY (A) if and only if zg € Z(A).

Proof. Suppose xg € Z(A). We first prove that h is one one. Let h(q1) = h(ge),

for q1,q2 € Q. Then p(q1,xo,p) > 0 and p(ge, zo,p) > 0, for some p € Q. Since

A is strongly connected, there exists z € ¥* such that u(qi,z,q2) > 0. Then,

1(q1, 2z0,p) = (a1, 2,42) A pi(g2, w0, p) > 0. Thus, [za0] = [2][z0] = [x0] = [0][2],

since p(q1, zo,p) > 0 and xg € Z(A). Then, [z] is an identity of [X*]. Thus, ¢1 = go.
402



S. S. Dhure et al./Ann. Fuzzy Math. Inform. 8 (2014), No. 3, 393-408

Hence h is 1-1. Since Q is finite we have h is onto. To prove that h € WG (A), let
q,7 € Q, z € X* and u(q,z,7) > 0. Let [y] € [E*] be such that [z] = [y][xo]. Then,
w(q,ywo,7) = p(g,zoy,m) = p(q,z0,p) A p(p,y,7) > 0. Thus, u(h(q), 2 h(r)) =
w(p,yxo, h(r)) = w(p,y,r) A u(r,xo, h(r)). Therefore, u(h(q),z,h(r)) > 0. Hence
h € WGF(A). Conversely, suppose that h € WG (A). Let y € ¥*. For ¢,r € Q,
let /”L(qaxoyvr) > 0. Then N(anoyﬂ”) = /J’(Q7x07p) A :U/(pvyvr) > 0; for some pE Q
Now, p(q,yxo,t) = p(q,y,s) A u(s,zo,t) > 0, for some s € Q. Then h(s) = t.
Therefore, u(h(q),y,h(s)) > 0 ie. p(p,y,t) > 0. This implies that ¢ = r. Thus,
(g, woy,r) > 0 = (g, yzo,r) > 0. O

A permutation group G on a set @ is said to be transitive on @, if given any
ordered pair (g, q’) of elements of @), there exists g € G such that g(¢) = ¢

Theorem 4.18. Let A = (Q, X, 1) be a fuzzy automaton. Then A is quasi-perfect
if and only if A is strongly connected and WG (A) is transitive on Q.

Proof. Suppose that A is a quasi-perfect automaton. Let ¢1,¢2 € @ and z € ¥*
such that p(q1,z,q2) > 0. Define a map h as (i) h(q1) = g2 and (ii) h(p) = r,
whenever p(q1,z,p) A pu(ge, z,7) > 0, for some z € £*. Since A is state indepen-
dent fuzzy automaton, h is well defined and 1-1. Also A is strongly connected
implies that h is onto. Let pi,pe € @ and p(p1,z,p2) > 0, for some z € ¥*.
Suppose u(q1,y,p1) > 0, for some y € ¥*. Then u(q1,yz,p2) > 0 implies that
(g2, yz, h(p2)) > 0, by the definition of h. Then, u(qo,y, h(p1))Ap(h(p1), 2, h(p2)) >
0. Therefore, uu(h(p1), 2, h(p2)) > 0. Hence, h € WG (A) and WGF (A) is transi-
tive on Q. Conversely suppose A is strongly connected and WG (A) is transitive
on Q. Let p,g € Q and g,h € WGF(A) such that g(p) = q and h(q) = p. Let
y € [z]p, for some x € ¥*. Then u(p,z,r) A u(p,y,r) > 0, for some r € Q. There-
fore, u(g,z, g(r)) A u(g,y,g(r)) > 0. Thus, y € [z],. Hence [z], C [z],. Similarly
[z]q C [z]p. Thus, [z], = [z]4, for all p,q € Q. i.e. A is state independent. Theorem
4.16 proves that A is quasi-perfect fuzzy automaton. O

Lemma 4.19. If A = (Q, X, p) is a strongly connected fuzzy automaton and hy, hy €
W EF (A) with hi(qo) = ha(qo), for some qo € Q, then hy = hy.

Theorem 4.20. Let A = (Q, %, u) be a quasi-perfect fuzzy automaton and h : Q —
Q. Then h € WGY(A) if and only if for a fized qo € Q, h(p) = r, whenever
/”’(q())xvp) A M(h(q0)7xar) > O; T e X,

Proof. Let h € WG (A) and for fixed gy € Q. Let h(qo) = ¢ for some ¢ € Q. Since
A is quasi-perfect, A is strongly connected. Therefore there exists y € ¥* such that
1(qo,y,q) > 0. Define g by g(p) = r, if u(p,y,r) > 0. Then g is a weak fuzzy
automaton homomorphism and u(qo,x,p) A u(gq,z,7) > 0. Since h(qo) = g(qo), by
Lemma 4.19, h = g. Converse follows by the above theorem. O

Theorem 4.21. Let A = (Q, X, u) be a quasi-perfect fuzzy automaton. Then [*]
is isomorphic to WGF (A).

Proof. Let h € WG¥(A). Then by above theorem, h(p) = r, when u(qo,,p) A

w(h(qo),x,7) > 0, for some = € ¥*. Let x, € ¥* be such that u(qo, zn, h(q)) > 0.

Define f : WGF(A) — [Z*] by f(h) = [l‘h} If h1 = hg, then hl(QQ) = hz((]o).
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Therefore, (qo,zn,,h1(qo)) > 0 and p(qo,Tny, ha(go)) > 0. ie. zp, =L xp,.
Thus, [zh, g = [Thalgo- As A is state independent fuzzy automaton, [zp,] = [zh,].
This proves that f is well defined. If f(hy) = f(hg), then [xp,] = [zp,]. Thus,
[Zh, g0 = [Ths)qo- Hence by Lemma 4.19, hy = hg. Therefore f is 1-1. Let [z] € [£¥]
and p € Q such that p(qgo,z,p) > 0. Define h(gy) = p. Then, by above theorem,
h € WGF(A). Clearly, f(h) = [z] proves f is onto. O

Due to Corollary 4.13, we have

Corollary 4.22. If A = (Q, X, 1) is a quasi-perfect fuzzy automaton, then WG (A)
is isomorphic to (Q, *). In particular |WGF (A)| = |Q|.

Theorem 4.23. Let A = (Q,%, 1) be a strongly connected fuzzy automaton. If
(WGF(A)| =|Q|, then A is a quasi-perfect fuzzy automaton.

Proof. Since A is strongly connected, in light of Theorem 4.18; it is sufficient to
prove that WG (A) is transitive on Q. Let Q = {q1,¢2,...,¢,} and WG (A) =
{h1,ha,...,h,}. If WGF(A) is not transitive on @Q, then there exist q1, 2 € @Q such
that g2 € {hi(q1),h2(q1),...,hn(q1)}. This gives h;(q1) = h;(q1), for some i # j.
By Lemma 4.19, h; = h;. This contradicts to the fact that WG (A)| = |Q). O

Theorems 4.12, 4.17, 4.18, 4.21, 4.23 reduces to their classical deterministic case
when we restrict range of p to {0, 1}, these can be found in [19].

5. PROPERTIES OF STATE INDEPENDENT FUZZY AUTOMATON

The purpose of this section is to count the number of elements in the characteristic
semigroup of a state independent fuzzy automaton with the help of concepts like
index and period of the state independent fuzzy automaton.

Definition 5.1. A maximal connected fuzzy subautomaton A’ = (Q’, %', 1) of a
fuzzy automaton A = (Q, X, u) is called a block of A. We shall denote Q' as a
component of Q (or A).

Definition 5.2. Let A = (Q, {z}, ) be a fuzzy automaton. Let C be a component of
A. For each g € C, there exist two non-negative integers m, n such that u(q, 2™, p) >
0 and (g, ™", p) > 0 ,where 20 is the identity element. The smallest non-negative
integers m and n with this property are respectively called the index and the period
of ¢ with respect to . (or the x - index and z - period of ¢q.) We shall symbolically
denote them respectively as I and Py

The largest = - index of all the elements of C'is the index of the component C' with
respect to z (or the z - index of C), in symbol I?. The z - period of any element
of C is the period of the component C' with respect to x (or the x - period of C), in
symbol PZ.

Definition 5.3. Let A = (Q, %, 1) be any fuzzy automaton, ¢ € @, x € ¥*. The

z-path of g is the subautomaton O, (q) = (Sy(q),{z}, 1), where ' is the restriction
of uto Sz(q) x {z} x Sz(q).

Definition 5.4. The z circle of ¢ is the subautomaton Cy(q) = (S5(q), {z}, 1),
where S¢(q) = {t € S.(q) : p(q,z*,t) > 0 and u(q,2™,t) > 0, for some integer
m >k} and p is the restriction of p to S5(q) x {x} x SS(q) .
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The « - path of ¢, O,(q) is said to be circular, if O,(q) = Cx(q).

Lemma 5.5. Let A = (Q,%,u) be a fuzzy automaton and x € ¥*. If C is a
component of (Q,{x}, ), then for any g € C , Py = |Cx(q)|-

Lemma 5.6. Let A = (Q,%,u) be a fuzzy automaton and x € ¥*. If C is a
component of (Q,{x}, ), then for any q € C , I7 = |0,(q)| — |Cx(q)|.

Lemma 5.7. Let A = (Q, X, 1) be a state independent fuzzy automaton and x € 3*.
If C is a component of (Q,{x}, '), then for any q € C, we have I < 1. Further,
Iz < 1.

Proof. Let qo € C be such that Iy = m. Then, u(qo, 2™, ¢m) > 0 and
w(go, ™", qm) > 0. Let u(qo,27,q;) > 0 for j =0,1,2,...,m. Then

N(Qm717$7 Qm) > 0 and M(Qm717x1+n7Qm) > 0

Thus, [x] = [z'™"]. This gives us u(qo, z,qm) > 0 and u(qo, 217", ¢,n) > 0. Hence,
m < 1. O

Theorem 5.8. Let A = (Q, X, 1) be a state independent fuzzy automaton and x €
¥*. Then any two components of (Q,{x}, 1) have same x - period.

Proof. Let C; and Cy be two components of (Q,{z}, ). Let the elements of Cy
are 4o, qi,---,qm,+n, and of Cy are ¢, q1,..., ¢, 1pn,- Then p(go, 2™, qm,) > 0
and (qo, 2™ 1™, ¢, ) > 0. Let p(qo,2?,q;) > 0, for j = 0,1,2,...,my. Then
(@my 2% Gm,) > 0 and (g, , 2°7™, ¢, ) > 0. Thus, [2°] = [#™]. This gives
us ,u(q;m,xo,q;nz) > 0 and u(q;m,xo“‘”l,q;nz) > 0. Therefore, ny < ny. Similarly,
n1 S no. O

Theorem 5.9. Let A = (Q,%, u) be a state independent fuzzy automaton and C' be
a component of A. Let g € C and x € X*. If p € Q is such that u(q, x,p) > 0, then
p is a state of strongly connected fuzzy subautomaton of A.

Proof. Let ¢” be a state in a strongly connected subautomaton A” of A. Let s,r €
Q" and y € ¥* be such that u(q”,x,s) > 0 and pu(s,y,r) > 0. Since A” is strongly
connected, there exists z € £* such that u(r, z,s) > 0. Then u(q”, xyz,s) > 0. This
implies that [z] = [xyz]. Therefore, u(t, z,p) > 0, where pu(p,y,t) > 0. Therefore, p
can be reached from any of its successor. Hence, A(p) is strongly connected. 0

Lemma 5.10. A component of a fuzzy automaton has distinct strongly connected
subautomata if and only if it has a singly generated subautomaton with distinct
strongly connected subautomata.

Proof. Let C be a component of a fuzzy automaton A. Let Bj, By be distinct
strongly connected subautomata of C. For any ¢; € By and g2 € Ba, u(q1,2,q2) =0
for all x € ¥*. Since C is a component, there exists ¢ € C — (B; U Bs) such
that u(q,z,q1) > 0 and u(q,y,q2) > 0, for some z,y € ¥*, ¢; € By and ¢2 € Ba.
Then A(q) is a singly generated subautomaton of C and By, By are distinct strongly
connected subautomata of A(g). Converse is immediate. O
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Theorem 5.11. Let A = (Q, %, 1) be a state independent fuzzy automaton and
C be a component of A. Then C contains exactly one strongly connected fuzzy
subautomaton of A.

Proof. Consider a singly generated fuzzy subautomaton A(q), ¢ € C, of a state
independent fuzzy automaton A. If A(q) has two strongly connected fuzzy sub-
automata A; = (Q1,3,p1) and Ay = (Q2,%, u2), then for some z,y € ¥* and
q1 € Q1,92 € Q2, we have u(q,x,q1) > 0 and p(q,y,q2) > 0. But there is z € X*
such that p(q1,yz,t) > 0 and u(qi,z,t) > 0. Therefore, [yz] = [z]. Since A is
state independent fuzzy automaton,we havelyz], = [z],. Then ¢; € Ay. Hence
A = As. O

Theorem 5.12. Let A’ = (Q', ¥, 1) be a connected state independent fuzzy au-
tomaton and q1,q2 € Q'. Let x € X' be such that 1/ (q1,2,p) A i’ (g2, z,p) > 0, for
some p € Q'. Then for ally € X', 1/ (q1,y,7) A /' (q2,y,7) > 0, for some r € Q'.

Proof. Let q1,qo € Q' and x € X" be such that u'(q1,2,p) A (g2, 2,p) > 0,
for some p € Q. Let y € ¥* and p/(¢q1,y,7) > 0. By Theorem 5.9, p and r
are states of strongly connected fuzzy subautomaton of A’ (by Theorem 5.11, A’
has a unique strongly connected fuzzy subautomaton). Thus, there exists z € X*
such that p/(p,z,7) > 0. Then, ' (q1,zz,7) > 0 and p/'(q1,y,7) > 0. Therefore,
[zz] = [y]. Thus, p'(g2,z2,8) > 0 and p'(g2,y,s) > 0. But r = s, implies that

NI((II,y,r) A M/(q27yar) > 0. U

Lemma 5.13. Let Ay and Ay be strongly connected subautomata of fuzzy automaton
A. Then WIF(A; — Ay) # ¢ if and only if there are ¢y € Q1 and g2 € Qy such

that for all x,y € X*, we have v =f y <z =k y.

Proof. Let f € WIF(A; — Ay) and for z,y € ¥*,x Eé‘; y. Then, ui(q1,z,p) A
p1(q1,y,p) > 0, for some p € Q1. Thus, pa(f(q1), %, f(p)) A p2(f(q1),y, f(p)) > 0.
ie. pa(ge,z, f(p)) A pa(qe,y, f(p)) > 0, where f(q1) = g2. Therefore, z 552 Y.
Similarly we have x Eé‘; y=x Equ y. Conversely, let ¢ € @1 and g2 € @2 such
that for all z,y € ¥*x 551 y < x =, y. Define h: Q1 — Q2 by h(q1) = ¢2 and
h(p) = r, whenever u1(q1,z,p) > 0 and p2(qge, z,7) > 0. Suppose p; = pa. Then
there exists x € ¥* such that u(q1,x,p1) > 0. Let h(p1) = r1 and h(p2) = ro. Then
(g, z,p1) > 0, po(ge,z,m1) > 0 and pi(q1,y,p2) > 0, pa(ge,y,r2) > 0. Since
p1 = p2, © =L y, we have =] y. Therefore, r; = ry. This proves that h is well
defined. Similarly, one can prove that h is 1-1. Now by hypothesis for any ¢2 € @2,
there exists ¢; € @1 such that z,y € ¥*x 551 Yy Ef;; y. Thus, h(q1) = ¢o.
Hence, h is onto. O

Theorem 5.14. Let A = (Q, %, u) be a state independent fuzzy automaton. If Ay
and Ag are strongly connected fuzzy subautomata of A, then WI¥ (A; — Ag) # ¢.

Proof. Let ¢1 € Q1 , ¢2 € Q2 and z,y € ¥*. For some p € @1, if u(g,z,p) > 0

and u(q1,y,p) > 0, then [z] = [y] (as A is state independent fuzzy automaton).

Therefore (g2, z,7) > 0 and u(ge,y,r) > 0, for some r € Q2. Then, by using

Lemma 5.13, one can complete the proof. O
406



S. S. Dhure et al./Ann. Fuzzy Math. Inform. 8 (2014), No. 3, 393-408

We are now in position to talk about the number of elements of the characteristic
semigroup of the state independent fuzzy automaton.

Lemma 5.15. Let A’ = (Q', X', 1/) be a connected fuzzy automaton and A" =
(Q", 2", 1) be a strongly connected state independent fuzzy subautomaton of A’.Let
qd € Q — Q" be such that A” be a subautomaton of A(q"). Then A(q') is state
independent if and only if there exists ¢" € Q" such that for all x € ¥*, i/ (¢', z,p) >
0 and u"(¢",2,p) > 0, for some p € Q".

Proof. Let A(q’) be a state independent fuzzy automaton. Suppose that no ¢”
exists satisfying required condition. Let x € X'* be such that u(q’,z,p) > 0, for
some p € Q" and u(s,z,p) # 0, for any s € Q”. This implies that the index of ¢’
is greater than 1. This contradicts to the lemma 5.7. Then by Theorem 5.12, there
exists ¢” € Q" such that , Vo € ¥*, u/(¢/,z,p) > 0 and ' (¢”,z,p) > 0 for some
p € Q". The converse is obvious. O

Theorem 5.16. Let A = (Q, %, p) be a state independent fuzzy automaton and
A" =(Q", X", 1) be a strongly connected fuzzy subautomaton of A. Then |[X*]| =

=T =1Q"-
Proof. One can prove this using Corollary 4.13, Theorems 4.16 and 5.14. O

Restricting range of u to {0, 1}, theorems 5.8, 5.9, 5.11, 5.14, 5.16 reduces to their
classical deterministic case [9].

6. CONCLUSION

Fuzzy automaton and semigroup associated with it influence the study of each
other. In this paper we have introduced the concept of input independent fuzzy
automaton and introduced characteristic semigroup of an input independent as well
as state independent fuzzy automaton. We have precisely established the following
properties of these input and state independent fuzzy automaton in this paper.

(1) Input independent fuzzy automaton is connected. Further, if it is singly
generated, then it is strongly connected.

(2) Characteristic semigroup of an input independent fuzzy automaton is right
Zero semigroup.

(3) Characteristic semigroup of a state independent fuzzy automaton is the semi-
group of successors of any state of that fuzzy automaton with suitable binary
operation.

(4) Characteristic semigroup of a quasi-perfect fuzzy automaton is the semi-
group of its state set under suitable binary operation, as well as it is the
group of its weak fuzzy automaton isomorphisms.

(5) Any state independent fuzzy automaton contains a unique strongly con-
nected subautomaton up to weak fuzzy automaton isomorphism. Further,
the cardinality of the characteristic semigroup of a state independent fuzzy
automaton is equal to the number of states of this strongly connected sub-
automaton.

407



S. S. Dhure et al./Ann. Fuzzy Math. Inform. 8 (2014), No. 3, 393-408

Acknowledgements. We are thankful to anonymous referees for their valuable
suggestions. The first author thanks to the University Grant Commission, New
Delhi, India for granting him teacher fellowship under the FIP scheme.

(1

REFERENCES

I. Babcsanyi, Endomorphisms of group-type quasi-automata, Acta Cybernet. 2(4) (1976) 313—
322.

I. Babcsanyi and A. Nagy, Right group-type automata, Acta Cybernet. 12 (1995) 131-136.
R. Belohlavek, Fuzzy relational systems : Foundations and principles, New York : Kluwer,
(2002).

R. Belohlavek and M. Krupka, On approximate minimization of fuzzy automata, J. Mult.-
Valued Logic Soft Comput. 15(2-3) (2009) 125-135.

S. R. Chaudhari, Homomorphisms of fuzzy recognizers, Kybernetes 36(5-6) (2007) 768-775.
Ciric Miroslav, Aleksandar Stamenkovic, Jelena Ignjatovic and Tatjana Petkovic, Fuzzy rela-
tion equations and reduction of fuzzy automata, J. Comput. System Sci. 76(7) (2010) 609-633.
S. S. Dhure and S. R. Chaudhari, On cardinality of the group of weak fuzzy automaton
isomorphisms, International Journal of Computer Applications 84(10) (2013) 1-8.

A. C. Fleck, On the automorphism group of an automaton, J. ACM 12(4) (1965) 566-569.
Jerzy W. Grzymala-Busse and Zamir Bavel, Characterization of state independent automata,
Theoret. Comput. Sci. 43(1) (1986) 1-10.

Khaled A. Hashem, T-locality groups, Ann. Fuzzy Math. Inform. 5(1) (2013) 193-212.

H. V. Kumbhojkar and S. R. Chaudhari, On proper fuzzificztion of finite state machine, Int.
Journal of Fuzzy Mathematics 8(4) (2000) 1019-1027.

Yingying Liu and Xiaolong Xin, General fuzzy soft groups and fuzzy normal soft groups, Ann.
Fuzzy Math. Inform. 6(2) (2013) 391-400.

D. S. Malik, J. N. Mordeson and M. K. Sen, On subsystems of fuzzy finite state machines,
Fuzzy Sets and Systems 68 (1994) 83-92.

J. N. Mordeson and D. S. Malik, Fuzzy automata and languages: theory and applications,
Chapman and Hall / CRC, Boca Raton, London, (2002).

J. N. Mordeson and P. Nair Successor and source of (fuzzy) finite state machines and (fuzzy)
directed graphs, Inform. Sci. 95 (1996) 113-124.

S. A. Morye and S. R. Chaudhari, On properties of fuzzy mealy machines, International Journal
of Computer Applications 63(19) (2013) 1-8.

S. A. Morye, S. R. Chaudhari and S. S. Dhure, Lattice theoretical aspects of fuzzy mealy
machine, Ann. Fuzzy Math. Inform. 8(1) (2014) 73-87.

K. Arun, S. P. Srivastava and S. P. Tiwari, A topology for fuzzy automata, Lecture Notes in
Comput. Sci. 2275 (2002) 485-491.

C. A. Trauth, Group-type automata, J. ACM 13(1) (1966) 170-175.

Shuhua Zhang, Polynomial-time algorithms for testing strong isomorphism and computing the
automorphism group of R-strongly connected automata, Theoret. Comput. Sci. 95(2) (1992)
263-277.

S. S. DHURE (ssdhure@rediffmail.com)
Department of Mathematics, Shivaji University, Kolhapur, Maharashtra-416004
India

S. R. CHAUDHARI (shrikant_chaudhari@yahoo.com)

Professor and Head, Department of Mathematics, School of Mathematical Sciences,
North Maharashtra University, Jalgaon, Maharashtra-425 001, India

408



	 On characteristic semigroup of state (input) independent fuzzy automata . By 

