
Exact String Matching

Preliminary Definitions
A string is a sequence of characters. In our model we are going to represent a string as
a 0-indexed array. So a string S = ”Galois” is indeed an array [‘G’, ’a’, ’l’, ’o’, ’i’,
’s’]. The number of characters of a string is called its length and is denoted by |S|. If
we want to reference the character of the string at position i, we will use S[i].

A substring is a sequence of consecutive contiguous elements of a string, we will
denote the substring starting at i and ending at j of string S by S[i...j].

A prefix of a string S is a substring that starts at position 0, and a suffix a substring
that ends at |S|-1. A proper prefix of a S is a prefix that is different to S. Similarly, a
proper suffix of S is a suffix that is different to S. The + operator will represent string
concatenation

string matching
Definition: The problem of finding occurrence(s) of a pattern string within
another string or body of text. There are many different algorithms for efficient
searching. Also known as exact string matching, string searching, text searching.

Checking whether two or more strings are same or not.
Finding a string (pattern) into another string(text).
Looking for substring
Text----ATGCTTATCG
Pattern---ATC

What is Pattern Searching ?
 Suppose you are reading a text document.
 You want to search for a word.
 You click CTRL+ F and search for that word.
 The word processor scans the document and shows the position of
 occurrence.

What exactly happens is that, word i.e. pattern is searched inside the
text document.

Knuth–Morris–Pratt algorithm
 This algorithm was conceived by Donald Knuth and Vaughan Pratt and

independently by James H.Morris in 1977.
 Knuth, Morris and Pratt discovered first linear time string-matching algorithm

by analysis of the naive algorithm.
 It keeps the information that naive approach wasted gathered during the scan of

the text.
 By avoiding this waste of information, it achieves a running time of O(m + n).



 The implementation of Knuth-Morris-Pratt algorithm is efficient because it
minimizes the total number of comparisons of the pattern against the input
string.

Definition of Knuth–Morris–Pratt
 Best known for linear time for exact matching. Compares from left to right.
 Shifts more than one position.
 Preprocessing approach of Pattern to avoid trivial comparisions.
 Avoids recomputing matches.

Naive Approach

 The naïve approach is to check whether the
pattern matches the string at every possible
position in the string.

 P = Pattern (word) of length m
 T = Text (document) of length n
 Naive string matching algorithm takes time

O((n-m+1)m) or O(mn)

The KMP Algorithm – Motivation
 Knuth-Morris-Pratt’s algorithm

compares the pattern to the text in left-
to-right, but shifts the pattern more
intelligently than the brute-force
algorithm.

 When a mismatch occurs, what is the
most we can shift the pattern so as to
avoid redundant comparisons?

 Answer: the largest prefix of P[0..j]
that is a suffix of P[1..j]

Components of KMP algorithm
 The prefix function, Π The prefix function,Π for a pattern encapsulates knowledge

about how the pattern matches against shifts of itself. This information can be used to
avoid useless shifts of the pattern ‘p’. In other words, this enables avoiding
backtracking on the text ‘T’.

 The KMP Matcher With text ‘T’, pattern ‘p’ and prefix function ‘Π’ as inputs, finds
the occurrence of ‘p’ in ‘T’ and returns the number of shifts of ‘p’ after which
occurrence is found.

The prefix function, Π

Following pseudocode computes the prefix function, Π:

Compute-Prefix-Function (p)

1. m length[p] //’p’ pattern to be matched



2. Π[1] 0
3. k 0
4. for q 2 to m
5. do while k > 0 and p[k+1] != p[q]
6. do k Π[k]
7. If p[k+1] = p[q]
8. then k k +1
9. Π[q] k
10. return Π

Example: compute Π for the pattern ‘p’ below:

Initially: m = length[p] = 7
Π[1] = 0 k = 0

Step 1: q = 2, k=0
Π[2] = 0

Step 2: q = 3, k = 0,
Π[3] = 1

Step 3: q = 4, k = 1
Π[4] = 2

Step 4: q = 5, k =2
Π[5] = 3

Step 5: q = 6, k = 3
Π[6] = 0

Step 6: q = 7, k = 0
Π[7] = 1

After iterating 6 times, the prefix
function computation is complete:

The running time of the prefix function is O(m).

The KMP Matcher

Input: The KMP Matcher, with pattern ‘p’, text ‘T’ and prefix function ‘Π’ , finds a match of
p in T. Following pseudocode computes the matching component of KMP algorithm:



KMP-Matcher(T,p)

1. n length[T]
2. m length[p]
3. Π Compute-Prefix-Function(p)
4. q 0 //number of characters matched
5. for i 1 to n //scan T from left to right
6. do while q > 0 and p[q+1] != T[i]
7. do q Π[q] //next character does not match
8. if p[q+1] = T[i]
9. then q q + 1 //next character matches
10. if q = m //is all of p matched?
11. then print “Pattern occurs with shift” i – m
12. q Π[ q] // look for the next match

Note: KMP finds every occurrence of a ‘p’ in ‘T’. That is why KMP does not terminate in
step 12, rather it searches
remainder of ‘T’ for any more occurrences of ‘p’.

Illustration the given a Text ‘T’ and pattern ‘p’ as follows:

Let us execute the KMP algorithm to find
whether ‘p’ occurs in ‘T’.

For ‘p’ the prefix function, Π was computed
previously and is as follows:

Initially: n = size of T = 15;
m = size of p = 7

Step 1: i = 1, q = 0
comparing p[1] with T[1]

P[1] does not match with T[1]. ‘p’ will be shifted one position to the right.

Step 2: i = 2, q = 0
comparing p[1] with T[2]

P[1] matches T[2]. Since there is a match, p is not shifted.

Step 3: i = 3, q = 1



Step 4: i = 4, q = 0

Step 5: i = 5, q = 0

Step 6: i = 6, q = 1



Step 9: i = 9, q = 4

Step 11: i = 11, q = 4

Pattern ‘p’ has been found to completely occur in text ‘T’. The total number of shifts
that took place for the match to be found are: i – m = 13 – 7 = 6 shifts.
The running time of the KMP-Matcher function is O(n).

Advantage and Disadvantage
Advantages:
1.The running time of the KMP algorithmis optimal (O(m + n)), which is very fast.
2.The algorithm never needs to move backwards in the input text T. It makes the
algorithm good for processing very large files.
Disadvantages:
Doesn’t work so well as the size of the alphabets increases. By which more chances
of mismatch occurs.



Assignment

1. Illustration the given a Text "AABAACAADAABAABA" and pattern "AABA" as
2. Compute Π for the pattern 'p' below

P:

Boyer-Moore

Definition: A string matching algorithm that compares characters from the end of
the pattern to its beginning. When characters don't match, searching jumps to the next
possible match: the farthest of a table like that used in the Knuth-Morris-Pratt
algorithm and the next matching position in the pattern.

The Boyer-Moore algorithm is consider the most efficient string-matching algorithm in
usual applications, for example, in text editors and commands substitutions. The
reason is that it woks the fastest when the alphabet is moderately sized and the
pattern is relatively long.

The algorithm scans the characters of the pattern from right to left beginning with
the rightmost character. During the testing of a possible placement of
pattern P against text T, a mismatch of text character T[i] = c with the
corresponding pattern character P[j] is handled as follows: If c is not contained
anywhere in P, then shift the pattern P completely past T[i]. Otherwise, shift P until
an occurrence of character c in P gets aligned with T[i].

The algorithm scans the characters of the pattern from right to left beginning with
the rightmost one. In case of a mismatch (or a complete match of the whole
pattern) it uses two precomputed functions to shift the window to the right. These
two shift functions are called the good-suffix shift (also called matching shift and
the bad-character shift (also called the occurrence shift).

WHY WE USE THIS ALGORITHM??
Problem for Brute Force Search:
We keep considering too many comparisons, So the time complexity increase O(mn).That’s
why Boyer-Moore Algorithm. It works the fastest when the alphabet is moderately sized and
the pattern is relatively long.

 The algorithm scans the characters of the pattern from right to left i.e beginning with
the rightmost character.

 If the text symbol that is compared with the rightmost pattern symbol does not occur
in the pattern at all, then the pattern can be shifted by m positions behind this text
symbol.

 Example: “Hello to the world.” is a string and if we want to search “world” for that
string that’s a Pattern.

A B A B A C A



 Boyer Moore is a combination of following two approaches.
o Bad Character Approach
o Good Suffix Approach

 Both of the above Approach can also be used independently to search a
 pattern in a text.
 But here we will discusses about Bad-Match Approach.
 Boyer Moore algorithm does preprocessing.
 Why Preprocessing??
 To shift the pattern by more than one character.

Bad Character Approach

 The character of the text which doesn’t match with the current character
of pattern is called the Bad Character.

 Upon mismatch we shift the pattern until –
 The mismatch becomes a match.

o If the mismatch occurs then we see the Bad-Match table for
shifting the pattern.

 Pattern P move past the mismatch character.
o If the mismatch occur and the mismatch character not available in

the Bad-Match Table then we shift the whole pattern accordingly.

Construct Bad Match Table:
Steps to find the pattern:
Step 1: Construct the bad-symbol shift table.
Step 2: Align the pattern against the beginning of the text.
Step 3: Repeat the following step until either a matching substring is found or the pattern
reaches beyond the last character of the text.

Formula for constructing Bad Match Table:
Formula: Values =Length of pattern-index-1

Example: Text: ” WELCOMETOTEAMMAST”
Pattern: ’TEAMMAST’

Values =Max(1,Length of string-index-1)

T = max(1,8-0-1)=7

Values =max(1,Length of string-index-1)



E = max(1,8-1-1)=6

Values =max(1,Length of string-index-1)

A = max(1,8-2-1)=5

Values =max(1,Length of string-index-1)

M = max(1,8-3-1)=4

Values =max(1,Length of string-index-1)

M = max(1,8-4-1)=3

Values =max(1,Length of string-index-1)

A = max(1,8-5-1)=2

Values =Length of string-index-1

S = max(1,8-6-1)=1

Values =max(1,Length of string-index-1)

T = max(1,8-7-1)=1

Matching……..



Assignment

Construct  Boyer-Moore Algorithm by using Bad Match Table
string = "A STRING SEARCHING EXAMPLE CONSISTING OF TEXT"
pattern="STING"

Good Suffix Approach

 Just like bad character heuristic, a preprocessing table is generated for
good

 suffix Approach.
 Let t be substring of text T which is matched with substring of pattern P.
 Now we shift pattern until :

o Another occurrence of t in P matched with t in T.
o A prefix of P, which matches with suffix of t
o P moves past t.

Time Complexity

 The preprocessing phase in O(m+Σ) time and space complexity and searching phase
in O(mn) time complexity.

 It was proved that this algorithm has O(m) comparisons when P is not in T.
However, this algorithm has O(mn) comparisons when P is in T.



Suffix Array

A suffix array is a sorted array of all suffixes of a given string. The definition is similar
to Suffix Tree which is compressed trie of all suffixes of the given text. Any suffix tree based
algorithm can be replaced with an algorithm that uses a suffix array enhanced with additional
information and solves the same problem in the same time complexity.
A suffix array can be constructed from Suffix tree by doing a DFS traversal of the suffix tree.
In fact Suffix array and suffix tree both can be constructed from each other in linear time.
Advantages of suffix arrays over suffix trees include improved space requirements, simpler
linear time construction algorithms (e.g., compared to Ukkonen’s algorithm) and improved
cache locality

Suffix Trees

Suffix tree is a compressed trie of all the suffixes of a given string. Suffix trees help in solving a lot of string related
problems like pattern matching, finding distinct substrings in a given string, finding longest palindrome etc. In this
tutorial following points will be covered:

 Compressed Trie
 Suffix Tree Construction (Brute Force)
 Brief description of Ukkonen's Algorithm

Before going to suffix tree, let's first try to understand what a compressed trie is.
Consider the following set of strings: { "banana", "nabd", "bcdef", "bcfeg", "aaaaaa", "aaabaa" }
A standard trie for the above set of strings will look like:



And a compressed trie for the given set of strings will look like:

As it might be clear from the images show above, in a compressed trie, edges that direct to a node having single child
are combined together to form a single edge and their edge labels are concatenated. So this means that each internal
node in a compressed trie has atleast two children. Also it has atmost N leaves, where N is the number of strings



inserted in the compressed trie. Now both the facts: Each internal node having atleast two children, and that there
are N leaves, implies that there are atmost 2N−1 nodes in the trie. So the space complexity of a compressed trie
is O(N) as compared to the O(N2) of a normal trie. So that is one reason why to use compressed tries over normal
tries.

To avoid getting an Implicit Suffix Tree we append a special character that is not equal to any other
character of the string. Suppose we append $ to the given string then, so the new string is "banana$". Now
its suffix tree will be

Now let's go to the construction of the suffix trees. Suffix tree as mentioned previously is a compressed trie of all the
suffixes of a given string, so the brute force approach will be to consider all the suffixes of the given string as separate
strings and insert them in the trie one by one. But time complexity of the brute force approach is O(N2), and that is of
no use for large values of N.


