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ABSTRACT

Approximate multiple string matching comprises of finding all appearances of a set of patterns within a
larger text with at most k-mismatches or k-differences. It is a process that consumes large amounts of
computational resources and has applications in many domains of computer science such as correction of
spelling, spam filtering and computational biology to name a few. However, these applications require a
fast algorithm for string matching which depends on the construction of an accurate shift table. When a
mismatch occurs while searching a pattern, a shift table specifies the maximum number of characters that
can be skipped in text while ensuring that a possible match is not overlooked. This study presents a simple
and efficient algorithm that is a variant of Tarhio-Ukkonen algorithm generalized to approximate multiple
string matching. The algorithm searches for patterns of different lengths with at most k-mismatches by
skipping some of the characters, while not missing the occurrences of any pattern. While the space and time
complexity for construction of shift table is O(|S|*(k +1)xc) and O(M xkxc), the time complexity of

search algorithm is O(M xn), where |S|is the number of patterns, C is the number of characters in the
alphabet, N is the length of the text string and M is the total length of all patterns. To evaluate the efficacy
of the algorithm, experiments are conducted on random text and random patterns of different lengths and

different values of k.
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1. INTRODUCTION

The string matching commonly referred to as
string searching is a most common issue in
computer science with applications in text
processing, file comparison, spam filters,
information retrieval systems, and DNA sequence
analysis to name a few. In the recent years, the
range of string searching applications is extended to
big data and social media analysis as well [1]. Due
to the ever increasing scope of string matching
applications, a suitable technique that can be
customized or employed for latest applications and
datasets ought to be chosen [2].

There are various classifications of
algorithms pertaining to string matching but
primarily they fall into two categories: exact and
approximate string matching. While exact string
matching finds the instances of a single pattern in a
larger text ([31,[4],[5],[6]), approximate string
searching finds the substrings within the text that
are closer to the pattern ([7],[8],[9.[10],[A]).
Approximate string searching problems can be
categorized into: k- mismatches and k-differences
problem. While approximate string searching with

k-mismatches tries to search all the appearances of
a pattern with not more than k-mismatches, k-
difference approximate string matching searches
substrings within the text string whose edit-distance
is not more than k with the pattern. A simple edit
distance is the minimum number of insertions,
deletions and substitutions required to transform
one string into another. If the cost of all edit-
operations is equal, then we say simple edit
distance. On the other hand, if different edit-
operations have different costs and/or the cost of
edit-operation is dependent on the characters
involved, we say general edit distance. String
matching algorithms that consider simple edit
distance can be easily extended to consider general
edit distance. Similarly, multiple string matching
searches more than one pattern instead of a single
pattern within a given text ([11],[12]); and
approximate multiple string matching constitutes of
searching all appearances of a set of patterns within
a larger text with less than or equal to k-mismatches
or k-differences ([13], [14],[15],[16]).

The efficiency of the string searching
algorithms depends on the preprocessing time
required for construction of a shift table. A shift
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table enumerates the maximum number of
characters that can be skipped in text while not
overlooking a possible match. Generally, a string
matching algorithm that employs a shift table works
as follows: Initially, the pattern is aligned at the
beginning of the text and compared character by
character tracking the number of matches. If a

match occurs, it is reported and the text is skipped
according to the distance specified in the shift table
to align the pattern at the location of next possible
occurrence. Subsequently, the pattern is compared
against the text from the aligned position. Shifting
and matching is repeated until the pattern reaches
the end of the text.

t
—
Stepl: Text : A A C T C C[T A G|G A TAGGA AT AG
Pattern P: G AA T A G Case (a)
t
Step2: Text : A A C T C C[T A G G A T A G|]G AT A G
Pattern P: G A A GG A T G Case (b)
Step3: Tet : A A C T C CTA CGATAGGA AT AG
Pattern P: GATAGGA AT AG
Figure 1(a). lllustration of Good Suffix Rule
Ibl
Stepl: Text : A A C T[C |C T A CT ACAGGA AT AG
Pattem P: G[C|T T G C T A ¢ Case (a)
Ibl

Step2: Text : A A C T C C T[A]C T A CAGGAT AG
Pattern P: [ Je c T T6 cTaAC Case (b)

Ibl
Step3: Text ! A A C T C C T A CTACAGGA[T |AG

Pattern P: G CTTGTC[T|AC
Case (a)
Stepd: Text ! A A C T C CTA CTACAGGAT AG
Pattern P: G CTTGCT AC

Figure 1(b). lllustration of Bad Character Rule

Approximate string matching algorithms
for k-mismatches problem are proposed by Baeza-
Yates-Gonnet [17] and Tarhio-Ukkonen [8] which
are generalizations of Boyer-Moore algorithm [4].
While  Baeza-Yates-Gonnet  computes  shift
distances based on good suffix rule, Tarhio-
Ukkonen algorithm is derived from the bad
character rule. While the good suffix rule uses the
knowledge of the matched characters, the bad
character rule uses the knowledge of mismatched
characters in order to skip the characters in the text
that certainly do not match. The good suffix rule
and the bad character rule are defined below and
illustrated in Figure 1(a) and Figure 1(b)
respectively.

i.  Good Suffix Rule: If 't'is the substring of
text 'T'matching a suffix of pattern'P’,
then the pattern 'P’ can be shifted to the
right until (a) the substring 't’ in the text
matches the previous occurrence of 't’ in
the pattern, if it exists, or (b) a prefix of 'P’
matches a suffix of substring 't’, or (c)
'P'moves past 't’in the text.

ii. Bad Character Rule: For a particular
alignment of 'P'against text 'T’, let ‘b’ be
the rightmost mismatched character in 'T’,
then shift 'P'to the right until (a) the
mismatched character 'b’in text matches a

1949



Journal of Theoretical and Applied Information Technology
15" June 2020. Vol.98. No 11

B

© 2005 — ongoing JATIT & LLS ‘

" s ——
SMiil

ISSN: 1992-8645

www jatit.org

E-ISSN: 1817-3195

previous occurrence of 'b’in the pattern, or
(b) 'P'moves beyond 'b’ in the text.

A bad character rule prevents repeated
unsuccessful comparisons. Consequently, in this
study, Tarhio-Ukkonen algorithm generalized to
approximate multiple string searching with
k-mismatches is presented. In Tarhio-Ukkonen
algorithm, the pattern is aligned with the text string
by skipping the letters such that the k+1 letters at
the end within the text string of the previous
alignment contains more than one character match
with the pattern. In contrast to Tarhio-Ukkonen
algorithm, the proposed algorithm computes the
shift distance by taking into account multiple
patterns rather than a single pattern. The patterns
are aligned with the text such that the k+1 letters at
the end within the text string of the previous
alignment contains more than one character match
with any of the patterns in the set.

The remaining of the study covers the
following topics: Section 2 presents the applications
of approximate string matching. While in Section 3,
the Tarhio-Ukkonen algorithm is explained along
with an illustration, Section 4 explains generalized
Tarhio-Ukkonen  algorithm for  approximate
multiple string searching with an illustration.
Section 5 portrays the results of the experiments
conducted, and finally the conclusions are given in
Section 6.

2. Applications of
Matching

Approximate  String

The main motivation for approximate string
matching is derived from computational biology,
signal processing and text retrieval.

Computational Biology:

A DNA sequence is a long text over alphabet
{A,C,G,T} . Searching a specific sequence in
another sequence can be modeled as a string
matching problem and is fundamental in medical
diagnosis, comparing healthy and mutated DNA
sequences and characterization of antibody
repertoire to name a few. However, exact string
searching is not practical since DNA patterns
seldom match absolutely due to mutations and
evolutionary alterations. Consequently, finding
similar sequences rather than exact matches is more
promising. This gave rise to motivation of
“approximate string matching” that allows errors in
searching. Two sequences are similar if the distance
between the sequences is less than some threshold
where the distance between two sequences is

defined as the minimum number of operations
required to transform one sequence into another.
The operations can be assigned a cost depending on
its likelihood. For instance, a more likelihood
operation is cheaper and vice versa.

Signal Processing:

Speech recognition constitutes of determining a
textual message being transmitted in a speech
signal. For instance, it consists of detecting
boundaries between words in a speech signal and
then determining what word each segment
represents. Even for a small vocabulary, automatic
speech recognition is a complex problem due to
variations in accent, pronunciation, articulation,
volume and speed Dby various persons.
Consequently, exact matching of signals is
impractical and the text closest to the received
message is obtained.

Text Retrieval:

Information retrieval is the activity of finding
information that is relevant from a large collection
of information resources and string searching is one
of the fundamental tools. In an information retrieval
system, a user enters a query and the system
searches for relevant information matching the
query, where a query is a statement that specifies
the information needs. Generally, typographical
errors are present in both the query and the
documents being searched. Consequently, classical
string matching is not sufficient and approximate
string matching is a better option. Other text
processing applications of approximate string
matching are correction of spelling, document
classification and text categorization to name a few.

3. TARHIO-UKKONEN ALGORITHM |[8]

Let
T =t,..t, represent the string of text over an

P=p,...p, represent the pattern and

alphabet ¥ and k an integer. Approximate string
searching of k —mismatches problem constitutes of
searching for all appearances of pattern P within
the text string T with less than or equal to k-
mismatches.

Let the pattern terminate at position j in

the string of text then the rightmost k +1 letters in
the text

t,,t
be shifted towards right such that there is more than
one character match within t; ,, t , §;. The

aligned above the pattern are

ik> ks -5 Uj. Subsequently, the pattern must

JESSERRIE
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upper limit on this shift distance is m—k. Let
dy[t; ,.-t;] represent the amount of shift
t.] is the least of the

e
elemental shifts for the letters tj_k, t R tj.

distance, then d,[t; ,,..
ikats o
The elemental shift for character t, denoted as
d [ i.t,] is calculated from the position i of

character t, above the pattern where j—k<h< j.

Consequently, the possible positions for character
t, are m-k, .., m;  furthermore  for  all

m-k<i<mand aeZX, d/[i,a] is the
distance between p, =a and the next occurrence
p, =a for 1<s<i defined as follows:

dk[i,a]zmin{ggsig{ s|p_,=2a} u{m—k}} (D)

least

Thus, we can now define dk[tj_k,...,tj] formally as

follows:
dk[tjfk,...,t.]:mindk[m—i,tH] 2

J 0<i<k

The time complexity of Tarhio-Ukkonen
algorithm  for Kk —mismatches problem is

O(kn( !
m-—k

characters in the alphabet X [8].

+%D; where ¢ is the number of

Algorithm 2: Approximate String Matching

Algorithm 1: Calculation of Shift Table d,

1. forall aeX do
//For each letter in the alphabet

2. for i <~m down to m—k do

//For k+1 positions
3. S«i-1; d.[i,a]« m-Kk;

chg « 0;

4 while (i—-s<m-k) && chg!=1
5 if (p, =a) then
6. chg « 15 d[i,a]«i-s;
7 end of if
8 else s« s—1;
9 end of while

10. end of for
11. end of for

1. j<1
while (j <(n—m+1))
2.
3. h« j;i<1le«0
//'h index of text and i index of pattern

4. while (h< j+m-1)

5. if i< |P[)and (t, # p, ) then e+

6. end of if

7. i++ h++

8. end of while

9. if e > k then

10. J=J+d[t;,....t;] computed
according to (2)

12. else

13. report the occurrence of pattern P at
position j

14. end of if else

15. end of while

An illustration of the computation of shifts
and the working of Tarhio-Ukkonen algorithm is
presented for pattern P = AATGCCTTAC, text
string T = AACTGCCTAACCCGCACAAC and

k =2. The elemental shifts d,[i,a] are calculated
according to (1) and presented in Table 1, and the
shifts corresponding to approximate string
matching for P are computed according to
Algorithm 2 and are described in Table 2.

Table 1. Shift table for P = AATGCCTTAC &k =2

The computation of elemental shifts
dJfi,a] forall m-k<i<m and aeX is
presented in  Algorithm 1.  Subsequently,

approximate string searching process with Kk —
mismatches is presented in Algorithm 2.

Position | A C G T

816 2 4 1
917 3 5 1
10 | 1 4 6 2
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Table 2. lllustration of Tarhio-Ukkonen Algorithm 2 for k=2, m=10 and n=20

Textt |A|A|C|T|G|C|C|T|IA|A|C|C|C|G|IC|A|C|A|]A]|C
Pattern: |A |A|T|G|C|C|T|T|A|C

Shift 1 AIA|T|G|C|C|T|TJA|C

Shift 2 AJ/A|T|G|C|C|T|T|A|C

Shift 3 A|IA|T|G|C|C|T|T C

Shift 4 AlA|T|G|C|C|T|T C
Shift 5 A|lA|T|G|C T|T|A|C
Shift1: | d, [TAA]=min{d,[8,T],d,[9, A],d,[10,A]} =1 MOVE

Shift 2: | d, [AAC]=min{d,[8, A], d[9, A],d,[10,C]} =4 MOVES

Shift3: | d,[CGC]=min{d,[8,C], d,[9,G], d,[10,C]} =2 MOVES

Shift 4: | d, [CAC]=min{d,[8,C], d,[9,A], d,[10,C]} =2 MOVES

Shift5: | d,[CAA]=min{d,[8,C], d,[9,A], d,[10,A]} =1MOVE

* It can be noted that the text contains one instance of pattern at position 2 in the text string with two mismatches.

4. PROPOSED ALGORITHM FOR
APPROXIMATE MULTIPLE STRING
MATCHING

Let S={P',P°,...} be a finite set of patterns

(where P" = p/p;...) and T =t ..t be the string of

text defined over a character set X, then the
approximate multiple string searching problem
constitutes of finding all appearances of each of the
patterns of set S within the string of text T with a

maximum of K — mismatches.

Assume that the patterns are aligned with
the text beginning at text position j. Let m, be
the length of the pattern P", then the pattern
PTends at text position j+m, —1. Consider the

rightmost K +1 text characters o, —ketoeos Ljom 1

aligned above the pattern P". Similar to Tarhio-
Ukkonen algorithm [8], let d'[t 1

represent the length of the shift corresponding to
pattern P", then d"[t ti.m ] is the least of

j+m —k-1°* j+m,—1]
j+m—k-1°*
the elemental shifts for each of t; . \ ,...t;., .
The elemental shift for t, is calculated from
character t, itself and its position above the

pattern P" and is denoted as dy[it,], where

i is the position of t, above the pattern and

j+m —k-1<h<j+m —-1. Consequently, the

possible positions for t, are m, -k, ..., m ; and
for all m—k<i<m and aeX, d.[i,a]
defined as follows:

dc[i,a]= min{{mr -k} UEE}E{S | pi = a}} ?3)

r o

can be

Algorithm 3: Computation of d,

1. forr<1to |S| do
for a in X do

/[For each pattern

2. //For each letter in the alphabet
3. for i < m, downto m —k do

//For k+1 positions
4. S<«i—1;

d,[i,a] «-m, —k;chg <« 0;

5. while i—s<m, -k &&chg!=1
6. if p/ =a then
7. chg « L;d,[i,a]l«i-s;
8. else s «s—1;
9. end of while

10. end of for
11. end of for
12. end of for
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The details for computation of shift table
to (3) are
Algorithm 3. Furthermore, an illustration for the

computation of shift table for patterns P =
{AATGCCTTAC, ATGCC, CGTAAC} is presented in

Table 3.

d, [i,a] according presented in

Table 3. A Shift table for k=2 for patterns
P = {AATGCCTTAC,ATGCC,CGTAAC}

The details of the approximate multiple
string matching process is presented in Algorithm
4. The working of the proposed algorithm is
illustrated in Table 4 for patterns P =
{AATGCCTTAC, ATGCC, CGTAAC} and the text
T = AACAGATGAGCCCGA with k=2.

Algorithm 4: Approximate Multiple String
Matching

Pattern AATGCCTTAC
Position | A | C G T
86 |2 4 1
917 |3 5 1
101 |4 6 2
Pattern ATGCC
Position | A | C G T
3(2 (3 3 1
43 |3 1 2
5|13 |1 2 3
Pattern CGTAAC
Position | A | C G T
44 |3 2 1
5(1 |4 3 2
6|1 |4 4 3

While matching, each of the patterns P’
is compared with the text string T . The index of
the text character being scanned is denoted by h
and the corresponding index of the character in the
pattern P" is denoted by i. All the patterns are
aligned with the text starting at text position j .
Subsequently, the length of the shift

d.[t t ] corresponding to pattern P"

j+m —k=1""""j+m -1
is computed from the elemental shifts of each of
tiom k1o jim, o @s follows:
oY LTI U B &‘(}%{di[mr YRS |

“4)

Let Ac S denote a set of patterns that
satisfy the condition j <n—m, +1 (i.e., patterns that
span within the text when aligned at position j in

the text); then the minimum shift required to align
the patterns in A such that at least one of the

patterns has more than one character match in
t t is computed as follows:

jme—k=12°"*>"j+m -1

d [tj = min {dkr[tj+m,-k-1"'tj+mr-1 ]} )

1<r<[s|

1. j< 1
while (j <(n—s+1))
/I's is the length of the shortest pattern

g

3. for r <1to |S|do
4. e, =0;
5. end of for
6. he j;i<1;
//'h index of text and i index of pattern
7. while (h< j+1-1)
/1 is the length of the longest pattern
8. for r < 1to |S|do
9. if (j<n-m +1) and (i< |P"|)
and (t, # p;) thene, ++;
10. end of if
11. end of for
12. i++ h++

13. end of while
14. for r=1to |S|do

15. if e, <k then

16. report the occurrence of pattern
P' at position j

17. end of if

18. end of for
19. j = j+dIt;] computed according to (5)
20. end of while

4.1. Time Complexity
The time complexity for calculation of table
d.[i,a] form-k<i<m and aeX is
O(mxkxc), where ¢ is the number of characters
in the alphabet ¥ .  Consequently, the
preprocessing time required for multiple patterns is
O(M xkxc) ; where M is the total length of all
patterns. Meanwhile, the time complexity of
matching process of the proposed algorithm is
O(M xn) in the worst case.
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Table 4. lllustration of the proposed algorithm for k=2, n=15and k =3 patterns

Text: AlAJc]Aa]lGc AT |G [AaA]G[c][c]c]G]A
Pattern1: |A |A |T |G |C |C | T |T |A |C d;[GAG] =4
Pattern2: |A |T |G |C | C d;[CAG]=2
Pattern3: [C |G [T [A |[A | C ‘ d:[AGA]=1
Shift 1 Ala|T |G ]|C|C ‘T ‘T ‘A ‘c ‘ d![AGC] =4
1
move AT G lClcC d;[AGA]=1
clg|tlalAa]lcC ‘ d;[GAT]=1
Shift 2 AlA]T]G]C]C ‘T ‘T ‘A ‘c ‘ d,[GCC]=3
1
move AlTIGI|C [C d;[GAT]=3
C|G|[T|A|A|C ‘ d;[ATG]=2
Shift 3 AJAlT |G ]|C|C ‘T ‘T ‘A |c | d![CCG]=2
2 moves
v AlT|G|Cc]cC d[TGA =1
clg|T|Aa]A]|C ‘ d;[GAG] =1
Shift 4 AJA|T |G |C|C|T|TJ]A]|C
2 moves A|T|G|C|C d;[GAG]=2
C|G|T|A|A |C dj[ AGC]=3
Report occurrence of pattern “ATGCC” at position 6 in the text with two mismatches
Shift 5 A|T|G|C|C d;[GCC]=1
2 moves C|G|T|A|A|C d;[CCC]=3
Report next occurrence of pattern “ATGCC” at position 8§ in the text with two mismatches
Shift6 A|T|G|C]|C d;[CCC]=1
1move C|G|T|A]|A]|C d;[CCG]=3
Report next occurrence of pattern “ATGCC” at position 9 in the text with two mismatches
Shift 7 A|T |G |C|C d;[CCG]=2
1 move CIG|T[A[A]C

*It can be noted that there are three overlapping instances of “ATGCC” at positions 6, 8, and 9 in the text string.

5. EXPERIMENTAL RESULTS

In order to evaluate the approximate multiple
string searching algorithm presented in this study,
experiments are conducted extensively on random
texts of 2 million characters with alphabets of
different sizes, and then random patterns of
different lengths and different values of k . Two
sets of experiments are conducted: in one set of
experiments approximate string matching algorithm

presented in the study is considered and in another
set of experiments Tarhio-Ukkonen algorithm is
executed on each pattern separately. The
experiments are conducted on Intel i3 CPU @ 2.6
GHz and 2GB RAM. For each set of tests, average
shift distance and the number of character
comparisons are reported in Table 5.

The average shift distance is as small as
1.9 characters and as large as 4.7 characters for the
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proposed algorithm. On the other hand, the least
average shift distance is 2.8 characters and the
highest is 5.4 characters when Tarhio-Ukkonen
algorithm is executed separately on each pattern.
Furthermore, it can be noted that the average shift
distance is more in the second set of experiments
when compared to the proposed algorithm. Across
two sets of experiments, the number of character

comparisons done is more for smaller average shift
distances and lesser for larger average shift
distances. An important observation is, “in spite of
larger shift distances, the number of character
comparisons in the second set of experiments is
more when compared to the number of character
comparisons in the proposed algorithm.

Table 5.Comparison of the results of the proposed approximate multiple string matching and Tarhio-
Ukkonen algorithm executed separately on each pattern

c m, k |S | Proposed Algorithm Tarhio-Ukkonen
Algorithm
Average of | Number of Average | Number of
Shift Character of Shift | Character
Distance Comparisons | Distance | Comparisons
(x2M) (x2M)
3 8 3 2 2.6 5.8 3.5 8.2
3 16 3 2 34 5.8 4.2 7.5
3 32 3 2 4.7 4.5 5.4 6.2
4 8 3 3 3.2 5.6 3.2 8.7
4 8 6 3 2.5 6.1 3.4 8.2
4 8 8 4 1.9 6.2 2.8 10.2

6. CONCLUSIONS

A simple and efficient method for approximate
multiple string matching that is a variant of Tarhio-
Ukkonen algorithm is proposed. The proposed
algorithm finds all occurrences of the patterns that
are of different lengths with at most k-
mismatches. To evaluate the effectiveness of the
algorithm, experiments are run on random patterns
and random texts. Proposed algorithm for
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