
International Journal of Application or Innovation in Engineering & Management (IJAIEM) 
Web Site: www.ijaiem.org Email: editor@ijaiem.org, editorijaiem@gmail.com  

Volume 1, Issue 3, November 2012   ISSN 2319 - 4847 
 

Volume 1, Issue 3, November 2012 Page 5 
 

 

 
 

ABSTRACT  
Exact sequence matching is a vital component of many problems, including text editing, information retrieval, signal 
processing and recently in bioinformatics applications. Generally, exact sequence matching problem on string consists of 
finding all occurrences (or the first occurrence) of a shorter sequence, p of length m, in a longer sequence, t of length n, where 
the p and the t are sequences over some alphabet. To date, there are many algorithms for exact sequence matching such as 
Brute-Force, LCS, Knuth-Morris-Pratt (KMP) and Boyer-Moore (BM). The reliability of these algorithms constantly depends 
on the ability to detect the presence of match characters and the ability to discard any mismatch characters. These algorithms 
are widely used for searching of an unusual sequence in a given DNA sequence. In this paper an extensive analysis has been 
carried out on three of the popular DNA sequencing algorithms. 
Keywords: Algorithm; DNA; Sequencing; Knuth-Morris-Pratt; Boyer-Moore; LCS. 

1. INTRODUCTION 
Deoxyribonucleic Acid (DNA) [wiki] is a nucleic acid that contains genetic instructions. DNA is a double helix 
structure. It contains three components: a five-carbon sugar (Deoxyribose), a series of phosphate groups, and four 
nitrogenous bases. The four bases in DNA are Adenine (A), Thymine (T), Guanine (G), and Cytosine (C). The 
Deoxyribose combines with phosphates to form the backbone of DNA. Thymine and adenine always come in pairs. 
Likewise, guanine and cytosine bases come together too. Every human has his/her unique genes. Genes are made up of 
DNA, therefore the DNA sequence of each human is unique. 

2. DNA SEQUENCE MATCHING 
The sequence of DNA constitutes the heritable genetic information in nuclei, plasmids, mitochondria, and chloroplasts 
that forms the basis for the developmental programs of all living organisms. Determining the DNA sequence is 
therefore useful in basic research studying fundamental biological processes. It is a process used to map out the 
sequence of the nucleotides that comprise a strand of DNA. DNA sequencing [ref] is the prime process by which 
scientists unravel genetics, transferring traits to offspring. It includes several methods and technologies. These are used 
for determining the order of the four nucleotide bases mentioned in the previous section in a DNA molecule. DNA 
sequencing is already being used extensively for the diagnosis of various diseases, and the future promises to give 
patients precise personalized treatment developed on the basis of that patient's unique DNA sequence.  
The complex task of DNA sequencing and annotation is computationally intensive. Exponential growth of gene 
databases enforces the need for efficient information extraction methods and sequencing algorithms exploiting existing 
large amount of gene information available in genomic data-banks. Manually it is very tedious and time consuming. 
The development of DNA sequencing techniques and advances within this field has allowed a vast amount of data to be 
analyzed in a short span of time. The next section discusses some of the influential DNA sequencing algorithms 
available in literature. 

3. ALGORITHMS FOR DNA SEQUENCING 
There is a wide range of algorithms for DNA sequencing. Three of the popular and widely used algorithms considered 
for this study are given below: 

 Knuth-Morris-Pratt (KMP) algorithm 
 Boyer-Moore algorithm 
 Longest Common Subsequence (LCS) algorithm 
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4. ALGORITHMS FOR DNA SEQUENCING 
There is a wide range of algorithms for DNA sequencing. Three of the popular and widely used algorithms considered 
for this study are given below: 

 Knuth-Morris-Pratt (KMP) algorithm 
 Boyer-Moore algorithm 
 Longest Common Subsequence (LCS) algorithm 

 4.1 KMP Algorithm 
This algorithm [ref] was first proposed by Donald Knuth & Vaughan Morris and independently by J.H. Morris in 1977, 
but the three published it jointly. KMP algorithm is linear sequence matching algorithm and plays an important role in 
bioinformatics, in DNA sequence matching, disease detection, finding intensity of disease etc. It is a forward linear 
sequence matching algorithm. It scans the strings from left to right. This algorithm computes the match in two parts:  

 Computes KMP table, 
 Secondly it does linear sequential search  

In case of making comparisons (diseased DNA sequence against a normal DNA sequence), if the current character 
doesn’t matches with that of the sequence, it doesn’t throw away all the information gained so far. Instead the 
algorithm calculates the new position from where to begin the search. It is based on the information and bypass re-
examination of previously matched characters. Therefore KMP is called as an intelligent search algorithm. 
The KMP algorithm uses a partial match table, often termed as failure function. It preprocesses the diseased DNA 
sequence and helps in computation of new position from where to begin the search, avoiding unnecessary search.  

Working Methodology of KMP Algorithm 
Let, array s holds the DNA sequence, w holds the diseased DNA sequence, i is the index for disease DNA sequence and 
m denotes the starting index of DNA sequence. The comparison begins from m. 
Search begins at m=0 and i=0. 
 

m 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 
S a g c  a g c t a g  a g c g a g c t a g t 
W a g c t a g t                
i 0 1 2 3 4 5 6                

 
when comparison matches, indexes are incremented, and search move forward, but at S[3] is a space and W[3] is ‘t’ . 
So new value is computed for m. , M=m+i-T[i] initially  M=o+3-o  and later T[o]=-1 and set m=4 and i=0. 
 

m 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 
S a g c  a g c t a g  a g c g a g c t a G t 
W     a g c t a g t            
i     0 1 2 3 4 5 6            

 
A nearly complete match is found, but there is a mismatch again at W[6] and S[10], then m=8 is set.  

m 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 
S a g c  a g c t a g  a g c g a g c t a g t 
W         a g c t a g t        
I                       

 
Again a mismatch is found, then m=11 is set. 

m 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 
S a g c  a g c t a g  a g c g a g c t a g t 
W            a g c t a g t     
i            0 1 2 3 4 5 6     

 
A mismatch is found, then m=15 is set. 

m 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 
S a g c  a g c t a g  a g c g a g c t a g t 
W                a g c t a g t 
I                0 1 2 3 4 5 6 

 
Finally a complete match is found at m=15. 

Analysis of KMP algorithm 
Complexity of a DNA sequencing algorithm depends on the search algorithm. If naive search algorithm is followed, it 
is required to make lots of comparison. Therefore, complexity increases. Let, m be the length of pattern searching for 
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and n be the length of the sequence of the string T, then it is needed to go for n-m+1 iteration for checking P[1 … 
m]=T[i+1 … i+m] leading to complexity O(mn). But, KMP algorithm requires less time because it is not required to 
start the search from the scratch due to the use of partial match table maintains by KMP. The preprocessing phase has 
time complexity O(m) and searching phase has complexity O(m+n) where n is DNA sequence and m is DNA sub 
sequence. Complexity in case of KMP algorithm does not depend upon the reparative pattern in w or s. It remains the 
same. 

Advantage 
 KMP is a simple algorithm. It is fast and easy to implement. 
 The KMP algorithm is very effective in multiple detections of DNA sub sequences. 
 The use of KMP table is a great beneficial feature of this algorithm. The table decreases the unnecessary 

comparisons and backtracking. 

Disadvantages 
 While experimenting it was observed that the KMP algorithm is unable to indicate to what extend a match was 

found. Even then algorithm has nothing to do  if a match is not found.  
 The use of partial match table may increase the space complexity of the KMP algorithm for relatively longer 

patterns. The time complexity in worst case is O(m+n). To hold the partial match table the algorithm requires 
O(m) more space. 

4.2 Boyer Moore Algorithm 
The goal of Boyer-Moore string-searching algorithm [ref] is to determine whether or not a match of a particular string 
exists within another (typically much longer) string. So, this algorithm is used in bioinformatics mostly, for disease 
detection. A particular DNA sequence is known for the cause of a particular disease. The trace of this disease DNA 
sequence defines the occurrence of the specific disease. It is especially suitable if the disease DNA sequence is large. 
The matching of the two sequences is done in a right to left direction. This algorithm is a very fast sequence matching 
algorithm. The speed comes from shifting the pattern to right in long steps. Searching time required for a particular 
search algorithm also depends on the size of the key sequence. Generally it becomes faster when the key is longer. Its 
efficiency is achieved from the fact that with each unsuccessful attempt to find a match between the search sequences, it 
uses the information gained from the modules used in this algorithm to skip as many positions of the sequence as 
possible where the target sequence cannot match. This algorithm’s execution time can be sub-linear, as every character 
of the sequence to be searched is not required to be checked. 

Modules Used 
Boyer Moore algorithm uses two modules namely, 

 Skip Table 
 Boyer-Moore Matcher 

These two modules, used in this algorithm aid in the process of sequence matching and declare matched or mismatched 
accordingly.  

Skip Table 
The algorithm scans the characters of the sequence from right to left beginning with the rightmost one. In case of a 
mismatch, the knowledge gained from the skip table helps in calculating how many positions ahead of the current 
position to start the next search. This is based on the value saved in the table for the character which caused the 
mismatch. Let ‘C’ be the character in the check sequence that causes a mismatch. The value saved in the skip table for 
the character ‘C’ is the number of characters to be skipped in the check sequence.   

Boyer-Moore Matcher 
During the testing of  a possible placement of  a key sequence, against the check sequence, a mismatch  of  character  
C[i]=’c’(C[ ] be the check sequence) with the corresponding K[j]  (K[ ] be the key sequence) is handled in the following 
manner: if ‘c’ is not contained in the check sequence, then shift the key sequence completely past C[i],else shift the key 
sequence until an occurrence of ‘c’ in K[j] gets aligned with C[i]. 

Working Methodology of Boyer Moore Algorithm 
• The B-M algorithm takes a ‘backward’ approach: the Key Sequence is aligned with the start of the check 

sequence, and the last character of the Key sequence is checked against the corresponding character in the 
check sequence. 

• In the case of a match, the second-to-last character of the Key sequence is compared to the corresponding check 
sequence character.   



International Journal of Application or Innovation in Engineering & Management (IJAIEM) 
Web Site: www.ijaiem.org Email: editor@ijaiem.org, editorijaiem@gmail.com  

Volume 1, Issue 3, November 2012   ISSN 2319 - 4847 
 

Volume 1, Issue 3, November 2012 Page 8 
 

• In the case of a mismatch, the algorithm computes a new alignment for the Key sequence based on the 
mismatch.  

The type of shift that takes place in this Boyer- Moore algorithm is GOOD SUFFIX SHIFT. 
E.g. showing the working of Boyer- Moore algorithm using GOOD SUFFIX SHIFT. 
Check Sequence: a g c t g g a c a t a a g c a 
Key Sequence:     a a g c a 
Key Sequence:  g c a 
2 1 0  shift values for each character 
The first character compared is the end character of the Key sequence "a" to the corresponding position in the check 
sequence. 
 
   Check Sequence: a g c t g g t c a t a a g c a 
   Key Sequence:    a a g c a 
 
The character being compared is "g" which is within the characters that is in the Key sequence. Character "g" has a 
shift of 2 so the key sequence is shifted 2 characters right. This is called the good suffix shift. 
 
Check Sequence: a g c t g g t c a t a a g c a 
Key Sequence:      a a g c a 
 
The next character being compared is "t" which is not within the Key sequence and this requires a different strategy to 
handle the shift. Strategy that is to be followed is that, if a character of the check sequence is compared and it is found 
that the character is not present in the key sequence then, no match can be found by comparing any further characters 
at this position .So the pattern can be shifted completely past the mismatching characters. That can be done by shifting 
as many numbers of characters are present in the key sequence. 
 
Check Sequence:  a g c t g g t c a t a a g c a 
Key Sequence:                         a a g c a 
 
Now both the characters “a” of check sequence and “a” of key sequence are matching .So, the next left characters will 
be checked. 
 
Check Sequence:  a g c t g g t c a t a a g c a 
Key Sequence:                         a a g c a 
 
As “a” of check sequence doesn’t match “c“of Key sequence, already scanned characters of the check sequence are 
skipped. 
 
Check Sequence:  a g c t g g t c a t a a g c a 
Key Sequence:                            a a g c a 
 
The character “g” of check sequence mismatches with “a” of Key Sequence. The skip value of “g”,as calculated initially 
is 2.So,two skips takes place in the check sequence .   
 
Check Sequence:  a g c t g g t c a t a a g c a 
Key Sequence:                                 a a g c a 
  
Here both the characters of the sequences are matching. So, the next left character is checked in both the sequences and 
it will go on checking in the left direction until a mismatch occurs or the whole Key sequence is found in the check 
sequence.  

Analysis of Boyer Moore algorithm 
The best case for the Boyer-Moore algorithm is attained if at each attempt of comparison the first compared check 
sequence character does not occur in the key sequence. So,the shifting can be done by m positions i.e. the number of 
characters of key sequence.  Then the algorithm requires only O(n/m) comparisons. 
The Boyer-Moore searching algorithm performs O(n)comparisons in the worst case. It is described well in the below 
example. 
E.g. For worst case  
Check sequence: ggagagagggagagagggagagag … 
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Key Sequence: agagagag 
Here, each window in Check Sequence for the Key Sequence to match is separated by white spaces. For each window of 
the check sequence all the characters of the Key Sequence are to be matched, as there is a mismatch only at the 
beginning (leftmost) of each window. 

Advantage 
This algorithm is the fastest known algorithm for searching sequence of characters that does not require an index on 
the sequence being searched. This algorithm uses a "skip table" for each possible character. Due to use of this skip 
table, the number of actual comparisons required to locate a string generally decrease. 

Disadvantage 
This algorithm requires some preprocessing to build the table from the pattern being sought. Therefore, as a general 
rule, Boyer-Moore does not make sense when the text to search is small, or when there are multiple search patterns. But 
it does make sense when the text to search is large, or when there are multiple strings to be searched. 

 4.3 Longest Common Subsequence Algorithm 
The simplest form of a DNA sequence similarity analysis is the Longest Common Subsequence (LCS) problem [ref], 
where the operation of substitutions are eliminated and only insertions and deletions are allowed. The longest common 
subsequence (LCS) problem is used to find the longest subsequence of DNA common to all sequences in a set of DNA 
sequences.  
LCS is not necessarily unique; for example the LCS of "ATC" and "ACT" is both "AT" and "AC". The LCS problem is 
often defined to be finding all common subsequences of DNA of a maximum length.  
The LCS problem has an optimal structure: the problem can be broken down into smaller, simple "sub problems", 
which can be broken down into yet simpler sub problems, and so on, until, finally, the solution becomes trivial. 
Dynamic programming can be used to solve the LCS problem. 

Working Process of LCS algorithm 
The longest subsequence common to C = (ATCAG), and R = (TAC) will be found. Because the LCS function uses a 
"zeroth" element, it is convenient to define zero prefixes that are empty for these sequences: C0 = Ω; and R0 = Ω. All 
the prefixes are placed in a table with C in the first row (making it a column header) and R in the first column (making 
it a row header). 
 

LCS Strings 
 Ω A T C A G 
Ω Ω Ω Ω Ω Ω Ω 
T Ω      
A Ω      
C Ω      

 
This table is used to store the LCS sequence for each step of the calculation. The second column and second row have 
been filled in with Ω, because when an empty sequence is compared with a non-empty sequence, the longest common 
subsequence is always an empty sequence. 
LCS (R1, C1) is determined by comparing the first elements in each sequence. T and A are not the same, so this LCS 
gets the longest of the two sequences, LCS (R1, C0) and LCS (R0, C1). According to the table, both of these are empty, 
so LCS (R1, C1) is also empty, as shown in the table below. The arrows indicate that the sequence comes from both the 
cell above, LCS(R0, C1) and the cell on the left, LCS(R1, C0). 
LCS (R1, C2) is determined by comparing T and T. They match, so T is appended to the upper left sequence, LCS (R0, 
C1), which is (Ω), giving (ΩT), which is (T). 
For LCS (R1, C3), T and C do not match. The sequence above is empty; the one to the left contains one element, T. 
Selecting the longest of these, LCS (R1, C3) is (T). The arrow points to the left, since that is the longer of the two 
sequences. 
LCS (R1, C4), likewise, is (T). 
 

"T" Row Completed 
 Ω A T C A G 
Ω Ω Ω Ω Ω Ω Ω 
T Ω Ω   (T)   (T)  (T) (T) 
A Ω      
C Ω      

 
For LCS (R2, C1), A is compared with A. The two elements match, so A is appended to Ø, giving (A). 
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For LCS (R2, C2), A and G do not match, so the longest of LCS (R1, C2), which is (G), and LCS (R2, C1), which is (A), 
is used. In this case, they each contain one element, so this LCS is given two subsequences: (A) and (G). 
For LCS (R2, C3), A does not match C. LCS (R2, C2) contains sequences (A) and (T); LCS (R1, C3) is (T), which is 
already contained in LCS(R2, C2). The result is that LCS (R2, C3) also contains the two subsequences, (A) and (G). 
For LCS (R2, C4), A matches A, which is appended to the upper left cell, giving (GA). 
For LCS (R2, C5), A does not match T. Comparing the two sequences, (GA) and (G), the longest is (GA), so LCS (R2, 
C5) is (GA). 

"T" & "A" Rows Completed 
 Ω A T C A G 
Ω Ω Ω Ω Ω Ω Ω 

T Ω Ω  (T)  (T)   
(T) 

 (T) 

A Ω  (A)  (A) & (T)  (A) & (T)  (TA)   
(TA) 

C Ω      
 
For LCS (R3, C1), C and A do not match, so LCS(R3, C1) gets the longest of the two sequences, (A). 
For LCS (R3, C2), C and G do not match. Both LCS (R3, C1) and LCS(R2, C2) have one element. The result is that LCS 
(R3, C2) contains the two sub sequences, (A) and (T). 
For LCS (R3, C3), C and C match, so C is appended to LCS (R2, C2), which contains the two sub sequence, (A) and (T), 
giving (AC) and (TC). 
For LCS (R3, C4), C and A do not match. Combining LCS (R3, C3), which contains (AC) and (TC), and LCS (R2, C4), 
which contains (GA), gives a total of three sequences: (AC), (TC), and (TA). 
Finally, for LCS (R3, C5), C and T do not match. The result is that LCS (R3, C5) also contains the three sequences, 
(AC), (TC), and (TA). 
 

Completed LCS Table 
 Ω A T C A G 
Ω Ω Ω Ω Ω Ω Ω 
T Ω Ω  (T)  (T)  (T)  (T) 
A Ω  (A)  (A) & (T)  (A) & (T)  (TA)  (TA) 
C Ω  (A)  (A) & (T)  (AC) & (TC)  (AC) & (TC) & (TA)  (AC) & (TC) & (TA) 

 
The final result is that the last cell contains all the longest sub sequences common to (ATCAG) and (TAC); these are 
(AC), (TC), and (TA). The table also shows the longest common subsequence for every possible pair of prefixes. For 
example, for (ATC) and (TA), the longest common subsequence are (A) and (T). 

Analysis of LCS Algorithm 
When the number of sequences is constant, the problem is solvable in polynomial time by dynamic programming. In 
case of two sequences of n and m elements, the time complexity of the dynamic programming approach is O(nm). 

Advantage 
 It stores the LCS in the table after execution of every iteration  
 The table also shows the longest common subsequences for every possible pair of prefixes 

Disadvantage 
 This problem inherently has higher complexity, as the number of such subsequences is exponential in the worst 

case, even for only two input DNA strings.  
 The space complexity of the algorithm is high compared to KMP and BM Algorithms. Calculating the LCS of a 

row of the LCS table requires the solutions to the current row and the previous row. Still, for long sequences, 
these sequences can get numerous and long, requiring a lot of storage space 
 

5. RESULTS AND DISCUSSION 
The algorithms were implemented using Dev C++ in Windows environment. Both synthetic and real DNA sequences 
were used for testing purpose. A comparative analysis of the algorithms being studied is given below in the table 1. The 
parameters considered for the comparison task are inputs, data structures used, direction of scan, use of backtracking, 
time complexity and result. Execution time required implementation is also considered as a parameter in this case. But 
it is dependent on dataset and hardware used. 
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TABLE I: COMPARATIVE ANALYSIS OF KNUTTH-MORRIS-PRATT, LCS AND BOYER-MOORE 
 Algorithms 

P
a
r
a
m
e
t
e
r
s 

 Knutth-Morris-Pratt LCS Boyer-Moore 

Input Parameters 
A human DNA sequence 
and a diseased DNA 
sequence 

Two human DNA 
sequence 

A human DNA sequence 
and a diseased DNA 
sequence 

Data Structures Used KMP Table LCS Table Skip Table 

Direction of Scan Left to Right Both Left to Right and 
Right to Left Right to Left 

Backtracking Used No Yes Yes 
Average Execution 
Speed  0.777 ms 3.076 ms 0.194 ms 

Time Complexity O(m+n) O(mn) O(n/m) 

Result 

Shows the occurrence of 
the diseased DNA 
sequence along with its 
position 

Shows the longest 
common sub sequences of 
the input human DNA 
sequences 

Shows the occurrence of 
the diseased DNA 
sequence  

 
 

6. CONCLUSION 
In this survey work three most influential DNA sequencing algorithms are analysed through implementation.  All the 
three algorithms require at least two DNA sequences to analyse. One of these sequences is generally a normal DNA 
sequence and the other is a diseased sequence. But, all of the algorithms use different data structures to facilitate their 
own searching process. From the study it is found that,  Boyer-Moore algorithm is having lowest time complexity 
among all the algorithms. Finally, it can be stated that Boyer-Moore algorithm may be a most preferable one if its 
limitations can be removed.  
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