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The paper is organized as follows.
Section 2 presents the finite automata method for exact
string matching. Section 3 provides basic concepts of fuzzy set
theory and formulates the problem to be investigated. Section
4 introduces the transition system to describe the string
matching opportunities. An example of applying this system is
provided in Section 5. Section 6 presents a greedy algorithm
for partially solving the fuzzy string matching problem.
Finally, the conclusion summarizes the obtained results.

Abstract—The string matching problem is one of the widelyknown symbolic computation problems having applications in
many areas of artificial intelligence. The most famous algorithms
solving the string matching problem are the finite automata
method, Knuth-Morris-Pratt and Rabin-Karp’s algorithms. In
this paper we focus on applying the finite automata method to
find a fuzzy pattern in a text.
Keywords— string matching with finite automata, fuzzy sets,
fuzzy string matching.

I.

II.

INTRODUCTION

The classical string matching problem is formulated as
follows.
We are given a text T[1..n] of length n and a pattern
P[1..m] of length m (ntm). It is assumed that the elements of
P and T are characters drawn from a finite alphabet 6. We say
that pattern P occurs with shift s in text T if 0dsdn-m and
T[s+1..s+m]=P[1..m] (that is, T[s+j]=P[j] for 1djdm). If P
occurs with shift s in T, then s is said to be a valid shift; else it
is said to be an invalid shift. The string-matching problem is
the problem of finding all valid shifts with which P occurs in
T.
The finite automata method is based on the suffix function
which is defined as follows.
Given a pattern P[1..m] over an alphabet 6, the suffix
function for P is defined as a mapping V: 6*o{0, 1, …, m}
such that
V(x)=max{ k| 0dkdm, Pk is a suffix of x },
where Pk denotes P[1..k].
The pattern P[1..m] derives a finite automaton MP=(Q, q0,
F, 6, G) such that

The string matching (i.e., the problem of finding all of the
locations of a specific pattern in a string) is a well-known
computational problem the earliest references to which date to
the 1960s. The interest to this problem really took off with the
publication of Boyer-Moor (BM) [1] and Knuth-Morris-Pratt
(KMP) [2] algorithms in 1970s. A number of exact string
matching algorithms have been proposed since then using one
or another modification of either the BM or KMP.
Along with investigations on exact string matching, there
have also been investigations on approximate string matching
in which the problem of finding a generic pattern was studied.
By contrast to the ordinary pattern specified as a list of
characters, the generic pattern is rather a structural description
of a substring to be found. The investigations on approximate
string matching were addressed to the distance based string
matching [3], the string matching with the use of patterns with
meta-characters and, more generally, with the use of patterns
represented by regular expressions [4, 5]. Comprehensive
review of these works was done in monograph [6].
In this paper we formulate the problem of fuzzy string
matching where the pattern is represented as a sequence of
term-values of a linguistic variable [7] and the problem of
finding all of the occurrences of such a pattern in a text with a
given accuracy is defined. This problem is investigated with
the use of the finite automata in the following way. A nondeterministic transition system is constructed to describe the
opportunities of processing the given text with the purpose of
finding all of the occurrences of a fuzzy pattern in it,
whereupon an efficient algorithm to determine some of the
occurrences is proposed.

 Q={ 0, 1, …, m } is the set of states;
 q0=0 is the initial state;
 F={ m } is the one-element set of final states;
 G: Qu6oQ is the transition function such that
G(q, a)=V(Pqa) for all qQ and a6.
Claim: Pattern P[1..m] occurs with shift s in text T[1..n] 
MP accepts the string T[1..s+m].
Once the automaton MP is constructed, all valid shifts of P
in text T can be determined in 2(n) time. Taking into account
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that with the use of the prefix function (which is another string
matching function) MP can be constructed in O(|6|m) time, we
get the O(n+|6|m) total time for string matching with a finite
automaton.
III.
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THE FUZZY STRING MATCHING PROBLEM
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Let us generalize the classical string matching problem by
formulating the problem of finding a fuzzy pattern in a text.
Suppose (L, , , 0, 1) is a finite lattice with the least
element 0 and the greatest element 1. According to [7], a fuzzy
subset A of a universal set U is defined by a membership
function PA: UoL that associates with each element x of U a
number PA(x) in L representing the grade of membership of x
in A. A fuzzy subset A of U can be represented as an additive
form

A

for all D1, …, DqL, a6;
There are no other transitions in 'P.
Suppose Z: 6 *o 2S is the final-state function for WP such
that
Z (H)={ s0 },
Z(xa)= { s’| there exists s Z(x) such that s’'P(s, a)}.
Theorem 1: Z(Ts+m)  ) z   s is a O-valid shift.

¦ x / PA x .

V.

xU

Let us choose 6={ 1, 2, 3, 4, 5 }, L={ 0, 0.25, 0.5, 0.75, 1 }
and define SMALL and LARGE fuzzy symbols as follows:
SMALL= 1/1 + 2/0.75 + 3/0.5 + 4/0.25 + 5/0,
LARGE=
1/0 + 2/0.25 + 3/0.5 + 4/0.75 + 5/1.
Assume
that
;={SMALL,
LARGE},
P=
SMALL.LARGE.SMALL (here “.” is used as a separator of
symbols from ;). Fig. 1 presents the diagram of the automaton
MP:

We say that an element x definitely belongs to A, if
PA(x)=1, and it definitely does not belong to A, if PA(x)=0. In
contrast, if 0<PA(x)<1, we say that x belongs to A with degree
PA(x).
Let us define a fuzzy symbol t over the alphabet 6 to be a
fuzzy subset of 6. Given a character a6 we say that a
matches t with grade Pt(a).
Given a set ; of fuzzy symbols, we define the fuzzy
pattern P[1..m] to be a sequence of symbols from ; of length
m. Given a threshold OL, we say that a pattern P[1..m] Ooccurs in a text T[1..n] with shift s, if T[s+j] matches P[j] with
grade at least O for all j, 1djdm. We say that s is a O-valid
shift, if P O-occurs in T with shift s. Finally, let us define the
O-fuzzy string matching problem to be the problem of finding
all O-valid shifts of the fuzzy pattern P in text T.
IV.

EXAMPLE
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Fig. 1. The finite automaton derived from
P=SMALL.LARGE.SMALL.

PROCESSING TEXT BY A TRANSITION SYSTEM

Suppose the automaton MP with transition function GP has
been constructed for a pattern P[1..m] over the alphabet ;. We
shall describe the solution to the O-fuzzy string matching
problem in terms of a nondeterministic transition system the
states of which are pairs s=<q, D>, where 0dqdm, D is a
sequence of L-values of length q. We interpret the state s=<q,
<D1, …, Dq>> in the following way: if T[h+1], …, T[h+q] is
the sequence of the last q read characters, then
D i P P>i @ T >h  i@ , 1 d i d q.

Assuming that T=32415231, let us consider the following
processing of T by the transition system S:

s 0  0, !!

3

s1  0, !!

2

s2  1,  0.75 !!

4


o

s3  2,  0.75,0.75 !!

1

s4  3,  0.75,0.75,1 !*

5

s5  2,  1,1 !!

2


o

o


o

More precisely, given OL, consider the transition system
WP=(S, s0, ), ¦, 'P), where


o

 S={ s=<q, D>| 0dqdm, D=<D1, …, Dq>, DiL for all
1didq };


o

s6  3,  1,1,0.75 !!*

3

s7  2,  0.75,0.5 !!

 s0=<0, <>> is the start state;


o

1

s8  3,  0.75,0.5,1 !! .


o

 )={ s=<m, <D1, …, Dm>> | DitO , 1didm } is the set of
final states;

It follows from this execution of T that at O=0.75 we have
two final states (that is, s4 and s6) and, respectively, two 0.75valid shifts (that is, 1 and 3).
At O=0.5 we would have three final states (that is, s4, s6
and s8) and three 0.5-valid shifts (that is, 1, 3 and 5).

 ¦ is the text alphabet;
 'P: Su¦o 2S is the transition function such that
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Jqq’(D, a)=D’  <q’, D’ >'P(<q, D >, a)
for all DLq and a6.
Let us denote by pr1(s) and pr2(s) the first and second
components of the state sS, respectively. Finally, for D=<D1,
…, Dk> denote by min(D) the least component of D, i. e., D1 
…  Dm.
Algorithm. PARTIAL FUZZY STRING MATCHER.
Input: Fuzzy pattern P[1..m], text T[1..n], threshold O
(0Od1).
Method:
currState=<0,<>>
for i = 1 to n
maxGrade=0
for all t;
if Pt(T[i])>maxGrade
maxGrade=Pt(T[i])
sym=t
currState=<q’, Jqq’(pr2(currState), T[i])>,
where q= pr1(currState), q’=GP(q, sym)
if pr1(currState)==m && min(pr2(currState))tO
Print (“Pattern O-occurs with shift”, i – m)
This algorithm recognizes all 0.75-valid shifts from the
example in Section 4. On the other hand, to recognize the 0.5valid shift 5, the algorithm must perform the LARGEtransition among two transitions with the same rate 0.5 while
reading the second character 3 from state 3.
The complexity of the algorithm is O(n(|;|+m)).
Considering the O(m|;|) time needed for the construction of
the automaton Mp, we get O(n(|;|+m))+O(m|;|)=
O(n(|;|+m)) total time for partial fuzzy string matching.
VII. CONCLUSION
The problem of finding occurrences of a fuzzy pattern in a
given text with a given accuracy has been considered in this
paper. A nondeterministic transition system is constructed to
describe the set of all possible ways of processing the pattern
reading the text. This transition system is restricted to obtain a
O(n(|;|+m))-time algorithm for finding some of the
occurrences of a fuzzy pattern in the given text.
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