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new and so far unexplored avenue to solve the problem. Then, using the model, we devise
two efficient algorithms to solve the swap matching problem. The resulting algorithms are
adaptations of the classic shift-and algorithm. For patterns having length similar to the
word-size of the target machine, both the algorithms run in linear time considering a fixed
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1. Introduction

The classical pattern matching problem is to find all the occurrences of a given pattern P of length m in a text T
of length n, both being sequences of characters drawn from a finite character set X. This problem is interesting as a
fundamental computer science problem and is a basic need of many practical applications such as text retrieval, music
information retrieval, computational biology, data mining, network security, among many others. In this paper, we revisit
the Pattern Matching with Swaps problem (the Swap Matching problem, for short), which is a well-studied variant of the
classic pattern matching problem. In this problem, the pattern P is said to swap match the text T at a given location i, if
adjacent pattern characters can be swapped, if necessary, so as to make the pattern identical to the substring of the text
ending (or equivalently, starting) at location i. All the swaps are constrained to be disjoint, i.e., each character is involved in
at most one swap.

Amir et al. [1] obtained the first non-trivial results for this problem. They showed how to solve the problem in time
0(mm'3logmlogo), where o = min(|X|, m). Amir et al. [3] also studied certain special cases for which O (nlog®m) time
solution can be obtained. However, these cases are rather restrictive. Later, Amir et al. [2] solved the Swap Matching problem
in time O (nlogmlogo). We remark that all the above solutions to swap matching depend on Fast Fourier Transformation
(FFT) technique. Recently, Cantone and Faro [9] presented a dynamic programming approach to solve the swap matching
problem which runs in linear time for finite character set X, when patterns are compatible with the word size of the
target machine. Notably the work of [9] avoids the use of FFT technique. Cantone, Faro and Campanelli presented another
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approach in [10] to solve the Swap matching problem. Though the algorithm of [10] runs in O(nm) time for patterns
compatible with the word size of the target machine, in practice it achieves quite good result. In fact as it turns out, the
algorithm of [10] outperforms the algorithm of [9] most of the time. Finally, during the submission and review process of
this manuscript we have come to know about a very recent work of Faro [12], where a reactive automata based approach
has been presented to solve the swap matching problem. Notably, approximate swapped matching [4] and swap matching
in weighted sequences [7] have also been studied in the literature.

1.1. Our contribution

The contribution of this paper is as follows. We first present a graph-theoretic approach to model the swap matching
problem. Using this model, we devise two efficient algorithms to solve the swap matching problem. The resulting algorithms
are adaptation of the classic shift-and algorithm [6] and runs in linear time if the pattern size is similar to the size of word
in the target machine, assuming a fixed alphabet size. Notably, some preliminary results of this paper were presented in [8].
In [8], an algorithm running in O (m/wnlogm) time was presented, where w is the machine word size. For short patterns,
i.e., pattern size similar to machine word size, this runtime becomes O (nlogm). Hence the result in this paper clearly
improves the results of [8] and matches the result of [9]. Finally, we present experimental results to compare the non-FFT
algorithms of [9,10] and our work.

1.2. RoadMap

The rest of the paper is organized as follows. In Section 2, we present some preliminary notations and definitions. In
Section 3, we present our model to solve the swap matching problem. In Section 4, we present two different algorithms to
solve the swap matching problem. Section 5, presents the experimental results. Finally, we briefly conclude in Section 6.

2. Preliminaries

A string is a sequence of zero or more symbols from an alphabet, X. A string X of length n is denoted by X[1..n] =
X1Xy ... X, where X; € X for 1 <i <n. The length of X is denoted by |X| =n. A string w is called a factor of X if X =uwv
for u, v € ¥*; in this case, the string w occurs at position |u| + 1 in X. The factor w is denoted by X[|u| + 1..|u| + |w]].
A k-factor is a factor of length k. A prefix (or suffix) of X is a factor X[x..y] such that x=1 (y=n), 1<y <n (1<x<n).
We define the i-th prefix to be the prefix ending at position i, i.e., X[1..i], 1 <i <n. On the other hand, the i-th suffix is
the suffix starting at position i, i.e., X[i..n],1<i<n.

Definition 1. (See [9,10].) A swap permutation for X is a permutation 7 : {1,...,n} — {1,...,n} such that:

1. if (i)=j then 7 (j)=1i (characters are swapped).
2. foralli,w(i)e{i—1,i,i+ 1} (only adjacent characters are swapped).
3.if (i) #1 then X # X; (identical characters are not swapped).

For a given string X and a swap permutation 7t for X, we use 71 (X) to denote the swapped version of X, where 7 (X) =
Xe)Xe@) - Xxm-

Definition 2. (See [9,10].) Given a text T =TqT,...T, and a pattern P = P{P,... P, P is said to swap match at location i
of T if there exists a swapped version P’ of P that matches T at location' i, i.e. P} = Ti_m4j for je[1..m].

Problem “SM” (Pattern Matching with Swaps). Given a text T = T1T, ... T, and a pattern P = P1P; ... Py, we want to find each
location i € [1..n] such that P swap matches with T at location i.

Definition 3. A string X is said to be degenerate, if it is built over the potential 2/*! —1 non-empty sets of letters belonging
to X.

Example 1. Suppose we are considering DNA alphabet, i.e., ¥ = Xpys = {A, C, T, G}. Then we have 15 non-empty sets of
letters belonging to Xpna. In what follows, the set containing A and T will be denoted by [AT] and the singleton [C] will
be simply denoted by C for ease of reading. The set containing all the letters, namely [ACTG], is known as the do not care
character in the literature.

Definition 4. Given two degenerate strings X and Y each of length n, we say X[i] matches Y[j],1 <1, j <n if, and only if,
X[EINY[j1#9.

T Note that, we are using the end position of the match to identify it.
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