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Abstract
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We study approximate string-matching in connection with two string distance functions that are
computable in linear time. The first function is based on the so-called ¢g-grams. An algorithm is given
for the associated string-matching problem that finds the locally best approximate occurrences of
pattern P, |Pl=m, in text T, | T'|=n, in time O{nlog(m—¢q)). The occurrences with distance <k can
be found in time O(nlogk). The other distance function is based on finding maximal common
substrings and allows a form of approximate string-matching in time Of{n). Both distances give
a lower bound for the edit distance (in the unit cost model}, which leads to fast hybrid algorithms for
the edit distance based string-matching.

1. Introduction

The approximate string-matching problem is to find the approximate occurrences of
a pattern string P in a text string 7'[6, 8]. The approximation quality can be measured
with different string distance functions. Recently, the version of the problem that is
based on the edit distance has received lot of attention [2, 9, 10, 14, 15, 21, 22, 24].

In this paper we study the approximate string-matching in connection with two
other distance measures. The first measure is based on the so-called 4-grams and the
second measure on the intuition that if two strings are close to eachother then they
must have long matching substrings. Our main motivation is to find alternatives to
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the edit distance because it leads to dynamic programming that is often relatively slow.

In fact, computing the edit distance between strings 4 and B needs time @ (| 4||B|)
in the worst case while the two other distances are computable in linear time in
[A|+]|B| This suggests that also the approximate string-matching problem could be
solved faster for the two other measures than for the edit distance. It turns out that
this is really the case.

The g-grams (“n-grams”) are simply substrings of length g¢; the concept dates back
to Shannon [20]. They have been applied, in many variations, e.g. in different spelling
correction methods. Such systems typically preprocess the text (which represents
a static dictionary) to make the subsequent searches for “correct” words faster
[13,18]. In Section 2 we study some properties of a g-gram based string distance
measure. In Section 3 we give algorithms for different string-matching problems that
are based on this measure. For finding the approximate occurrences of P in 7 that are
locally the best ones according to the g-gram distance, we give a solution with running
time O({T|log|P|—q)). For the threshold version of the problem, in which one wants
to find the occurrences with a distance <k, an algorithm with running time
O(|T|logk) is given. We only deal with the case without text preprocessing.

The second measure for string distance is defined as the minimum number of
characters that have to be removed from one string such that the remaining fragments
occur as substrings in the other string [7]. In Section 4 a corresponding approximate
string-matching problem is defined and solution algorithms are studied.

The final Section 5 points out some important connections to the edit distance
based string-matching. We show that the two string distance measures studied in
Sections 2, 3, and 4 provide nontrivial lower bounds on the unit cost edit distance of
approximate occurrences of P in 7. This leads to the following scheme for solving the
k differences problem (the problem of finding the substrings of 7 such that the unit
cost edit distance between the substring and P is <k, where k is a given threshold
value): Compute at each text location i the lower bound for the edit distance between
P and the potential occurrence of P that ends at i. At the locations where the bound
is <k, check by some dynamic programming method whether or not there really is an
occurrence with at most k differences ending at that location. The dynamic program-
ming can skip over the locations with bound > k.

Methods of this type are expected to be very fast in practice because the lower
bounds can be computed in time O(|T']), and because the dynamic programming can
be largely avoided, at least when k is relatively small. Other algorithms with similar
hybrid structure have recently been proposed in [2, 10, 217].

2. The g-gram distance
The first string-distance measure is based on counting the number of the occur-

rences of different g-grams in the two strings; the strings are the closer relatives the
more they have ¢g-grams in common.
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Let 2 be a finite alphabet, and let 2* denote the set of all strings over Z and Z7 all
strings of length g over Z, for g=1,2, ... A g-gram is any string v=0a,4;...4, in Z%

Definition. Let x=a,a,...a, be a string in 2%, and let v in 29 be a g-gram. If
B4 10 G g—1 =0 for some i, then x has an occurrence of v. Let G(x)[v] denote
the total number of the occurrences of v in x. The g-gram profile of x is the vector
G (x)=(G(x)[e]), veld

The distance between two strings is defined as the L norm of the difference of their
g-gram profiles.

Definition. Let x,y be strings in ¥, and let ¢ > 0 be an'integer. The g-gram distance
between x and y is

Dy(x, y)= 3 1G)[v]-G(y ¥l (1)
Example. Let x=01000 and y=001111 be strings in the binary alphabet. Their
2-gram profiles-are, listed in the lexicographical order of the 2-grams, (2,1,1,0) and
(1,1,0,3), and their 2-gram distance is 5.

It is an easy exercise to prove the following properties of the g-gram distance. The
length of a string x is denoted |x|.

Theorem 2.1. For all x, y, z in 2¥,

() Dy(x, y)=D,(y, x);

(i) D,(x, y)<Dy(x, z)+ Dylz, y);

@) [({x|=(g—1))—(y|~lg— D) <D,0x, »)<(Ix] ~(@— D) +([y| - (g— 1)),
where r—s=max(0, r —s);

(iv) Dy(x1X2, y1¥2) S Dy(x1, y1)+Dylx2, y2)+2(g—1);

(v} If h is a non-length-increasing homomorphism on X*, then Dyth{x), h(y))<
D,(x, y).

By the properties (i) and (if), the g-gram distance is a pseudometric. It is not a metric
as D,(x, y) can be 0 even if x#y. This is the case if x and y have identical g-gram
profiles.

Let x be a string and g<|x|. Let Z,(x)={yeZ*: D,(x, y)=0} be the set of strings
with the same g-gram profile as x. The next theorem gives a few observanons on the
structure of Z,(x); the proof is left to the reader.

Theorem 2.2. (1) Let x=a,ay...a, for some a; in Z. Then Z (x) consists of all permuta-
tions of ay, Gs,..., a4,.

(i) All strings in Z ,(x) are of length |x|.

(1) If x contains at most one occurrence of each (q—1)-gram then | Z,(x)|=1.



