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Abstract—Sorghum bicolor, a vital cereal crop with signif-
icant roles in agriculture and biofuel production, presents a
complex genome that poses substantial challenges for genetic
analysis and improvement. This study provides a comprehensive
comparison of DNA pattern-matching algorithms applied to the
Sorghum bicolor genome, focusing on the accuracy, efficiency,
and effectiveness of each technique. The algorithms evaluated
include the simple Brute Force method, the efficient Boyer-
Moore algorithm, the linear-time Knuth-Morris-Pratt (KMP)
algorithm, the Enhanced First-Last Pattern Matching (EFLPM),
and the Enhanced Processor-Aware Pattern Matching (EPAPM).
Notably, the EFLPM and EPAPM algorithms excel at accom-
modating errors and mutations in DNA sequences, with EPAPM
additionally leveraging parallel processing techniques to enhance
performance. This comparative study highlights the crucial role
of temporal complexity in selecting the most suitable DNA
pattern-matching algorithm for genomic analysis.

Index Terms—agricultural technology, bioinformatics, pattern
matching, Sorghum bicolor genome

I. INTRODUCTION

In bioinformatics, deciphering the complexities of deoxyri-
bonucleic acid (DNA) is crucial for understanding biological
phenomena at the molecular level. DNA, the foundation of
life, encodes the genetic instructions vital for the development
and functioning of all living organisms. These instructions are
stored within the sequences of nitrogenous bases, constituting
the genetic blueprint for proteins and RNA sequences [1]. The
structural integrity of DNA, characterized by its iconic double
helix, provides it with the resilience to withstand mechanical
forces. However, it remains prone to certain deformations,
such as twisting and bending [2]. The intricate sequence of
nucleotide bases in DNA, consisting of adenine (A), guanine
(G), cytosine (C), and thymine (T), encases extensive biophysi-
cal information. A thorough understanding of DNA’s structure
is critical for elucidating gene expression, DNA replication,
and chromosome segregation during cell division [3].

DNA pattern matching, a challenging yet essential domain
within bioinformatics, enables identifying and analyzing bi-

A Comparative Study

Shintami Chusnul Hidayati
Department of Informatics
Institut Teknologi Sepuluh Nopember
Surabaya, Indonesia
shintami @its.ac.id

Abdullah Faqih Septiyanto
Department of Informatics
Institut Teknologi Sepuluh Nopember
Surabaya, Indonesia
7025221022 @student.its.ac.id

ological sequences, including genes or entire chromosomes.
This process is crucial for locating specific sequences within
databases, aiding in the search for particular genes or DNA
markers [4], [5]. Moreover, DNA pattern matching is essential
for discovering genetic mutations, diagnosing genetic disor-
ders, and advancing drug development. It also plays a pivotal
role in uncovering repeating patterns within DNA sequences,
which are fundamental to understanding biological functions
and evolutionary relationships among species [6], [7].

In computer science and qualitative analysis, pattern match-
ing is crucial for identifying specific patterns within a dataset
[8]-[10]. Applied to DNA, it aims to reveal sequences of
biological significance by comparing DNA samples from
various species across evolutionary distances [11], [12]. Using
bioinformatics principles, pattern-matching algorithms analyze
DNA sequences to detect genetic diseases, decipher genetic
variations, and trace evolutionary lineages, thereby signifi-
cantly advancing genetics, medicine, and evolutionary biology
[13], [14].

This study seeks to deepen our understanding of DNA’s
structure and function within bioinformatics, focusing on the
critical role of DNA pattern matching. By examining various
pattern-matching algorithms, including their time complexities
and comparative execution times, this research assesses their
effectiveness, efficiency, and accuracy in DNA analysis, con-
tributing to the advancement of genetic research.

Recent advancements in DNA pattern matching have led
to significant improvements in algorithm efficiency and error
tolerance. Notably, the Enhanced First-Last Pattern Matching
(EFLPM) and the Enhanced Processor-Aware Pattern Match-
ing (EPAPM) algorithms have demonstrated their ability to
reduce the computational complexity required to process large
DNA sequences effectively. These algorithms represent a
significant evolution from traditional methods by integrating
novel heuristics that accommodate the variability within DNA,
making them particularly suitable for complex genomes such

Authorized licensed use limited to: Institut Teknologi Sepuluh Nopember. Downloaded on January 03,2025 at 07:21:09 UTC from IEEE Xplore. Restrictions apply.
979-8-3503-7588-6/24/$31.00 ©2024 |IEEE 36



2024 7th International Conference on Informatics and Computational Sciences (ICICoS)

as Sorghum bicolor. Exploring their performance further could
provide valuable insights into their practical applications.

Specifically, this research investigates DNA pattern match-
ing within the Sorghum bicolor genome, employing widely-
used bioinformatics approaches and adhering to genomic anal-
ysis standards. The study is limited to DNA pattern matching
and does not cover applications to phenotypic or agronomic
traits. It relies on existing datasets without requiring new
sequencing or experimental lab work, aiming to streamline
the analysis and interpretation of results.

The rest of this paper is structured as follows: Section II
reviews related work. Section III details the dataset employed
in the experiments. Section IV describes the research method-
ology, outlining the techniques used to analyze DNA patterns
within the Sorghum bicolor genome. Section V presents the
experimental results, detailing the outcomes of the pattern-
matching analysis and its implications for genetic research.
Finally, Section VI concludes the paper.

II. RELATED WORK

Pattern-matching algorithms are fundamental to bioinfor-
matics, especially in DNA sequence analysis. This section
provides an overview of foundational and contemporary al-
gorithms that have significantly contributed to the field.

The brute-force, or “naive” algorithm represents the most el-
ementary approach in pattern detection, performing sequential
comparisons of pattern and text characters without preprocess-
ing. Upon a mismatch, it shifts the pattern one character right
and continues until a match is found or the text concludes
[15]. Despite its simplicity, this method forms the basis for
understanding more complex algorithms in pattern matching.

Conversely, the Boyer-Moore algorithm is renowned for
its efficiency in text search processes, conducting pattern
searches by initiating comparisons from the right end of the
pattern. Its innovation lies in the computation shifts following
mismatches, leveraging the ’bad character’ and ’good suffix’
rules to reduce the number of comparisons notably. However,
its performance is affected by the alphabet size and pattern
length, a factor critical in DNA analysis due to the vast
diversity of genetic sequences [14], [16].

The Knuth-Morris-Pratt (KMP) algorithm is frequently em-
ployed for identifying specific patterns within DNA sequences.
The KMP algorithm improves efficiency by using information
from previous matches to avoid redundant comparisons. It
constructs a prefix table or failure function to guide the search
process. It is particularly effective in analyzing lengthy DNA
sequences where quick identification of genetic markers or
mutations is crucial [17].

Recent innovations in pattern matching for DNA sequences
include the introduction of specialized algorithms designed
to optimize search efficiency. Neamatollahi et al. [14] intro-
duced three algorithms: First-Last Pattern Matching (FLPM),
Processor-Aware Pattern Matching (PAPM), and Least Fre-
quency Pattern Matching (LFPM), aimed at minimizing oc-
currences of patterns in word processing and searches. These

methods have been shown to outperform comparative algo-
rithms in extensive DNA sequence analysis, highlighting their
potential to enhance pattern-matching efficiency significantly.

Building on this foundation, recent work by Ibrahim et
al. [5] has proposed two innovative algorithms, the En-
hanced First-Last Pattern Matching (EFLPM) and Enhanced
Processor-Aware Pattern Matching (EPAPM), which are ad-
vancements of the FLPM and PAPM frameworks. While
FLPM employs a character-based approach similar to its
predecessors, EPAPM introduces a word-processing technique
that further optimizes pattern matching in complex genetic se-
quences. These developments highlight the ongoing evolution
and significance of pattern-matching algorithms in bioinfor-
matics, demonstrating the potential to advance genetic research
through enhanced computational techniques.

III. DATASET

Sorghum bicolor, a vital cereal crop, was initially do-
mesticated in Africa between 4,000 and 6,000 years ago.
Genomic studies have unveiled evidence of selective breeding
for various applications [18]. The BTx623 variety, serving
as a model organism for Sorghum research, had its genome
fully sequenced in 2009 [19]. This milestone represented
the first genome sequencing of both a Saccharinae member
and a C4 photosynthetic grass, revealing a genome of ap-
proximately 80.88 million base pairs in length. The genomic
data, contributed by a global collaboration spearheaded by the
University of Georgia and Rutgers [20], is hosted by the Joint
Genome Institute and is accessible through the National Center
for Biotechnology Information.

Data preprocessing plays a crucial role in the analysis
of object patterns [21]-[23], especially in complex genomic
studies. Notably, for the Sorghum bicolor dataset underwent
BUSCO (Benchmarking Universal Single-Copy Orthologs)
analysis [24]. This process evaluates genomic data quality
and supports genome assembly by identifying complete, du-
plicated, fragmented, and missing genes. This method, which
focuses on detecting single-copy orthologs—genes present
precisely once in a genome—allows for assessing gene content
completeness concerning a universal set of orthologs. The
results from the BUSCO analysis provide a benchmark for
the Sorghum dataset’s quality, facilitating comparisons across
datasets. The outcomes of this analysis are presented in Fig.
1. Further elaboration on the specific BUSCO analysis proce-

= Single-copy 98,4%
Duplicated 1,3%
Fragmented 0,1%
Missing 0,3%

Fig. 1. The observed distribution of BUSCO genes.
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Fig. 2. Research flowchart.

dures and steps undertaken would be beneficial for thoroughly
comprehending the dataset’s preparation.

IV. PATTERN MATCHING APPROACHES

This section outlines the DNA pattern-matching algorithms
evaluated in our study, focusing on reducing time complexity.
Time complexity refers to the duration an algorithm requires
to complete relative to the input size [25], [26]. In bioinfor-
matics, where DNA sequences are notably extensive, selecting
algorithms capable of efficiently processing large datasets is
crucial. Fig. 2 presents the research process flow diagram.

A. Brute Force Algorithm

The brute force, or “naive”, algorithm is a basic yet effective
method for pattern matching, characterized by its simplicity
and direct approach. It operates by sequentially matching each
pattern character against the text from left to right, using
two nested loops: the outer loop shifts the starting point of
the pattern across the text, while the inner loop performs a
character-by-character comparison at each position [27].

This straightforward method does not require a prelimi-
nary setup, making it highly accessible for solving pattern-
matching problems [28]. However, its simplicity comes at
the expense of efficiency, particularly with large datasets.
The algorithm’s time complexity increases significantly as it
exhaustively checks every possible match without shortcuts to
discard unlikely candidates [29], limiting its practicality for
processing extensive text, such as large genomic sequences
common in bioinformatics.

To provide a baseline for comparison with more advanced
algorithms, the Brute Force method is employed for its sim-
plicity, particularly valuable in the initial exploratory phases
of genetic analysis [30]. It highlights scalability issues when
applied to larger sequences. Parameters like matching window
size and maximum iterations are adjusted to enhance efficiency
and minimize computational overhead in preliminary tests, as
supported by studies like Mahmud et al. [31], demonstrating
the method’s effectiveness under specific conditions.

B. Boyer Moore Algorithm

The Boyer-Moore algorithm [32] is a prominent pattern-
matching strategy, particularly within bioinformatics for DNA
sequence analysis. This algorithm revolutionized pattern
matching by introducing an approach that analyzes the pattern
and DNA sequence from right to left, contrary to the traditional
left-to-right examination. When a match is found within the
DNA sequence, the algorithm records the location and contin-
ues scanning the sequence iteratively, greatly improving search
efficiency until no further matches are detected [33].

The essence of the Boyer-Moore algorithm lies in its utiliza-
tion of two pivotal heuristics [34]: the “good suffix rule” and
the “bad character rule”. These heuristics enable the algorithm
to expedite the search process by skillfully avoiding unneces-
sary comparisons. The lousy character rule facilitates skipping
sections by aligning the pattern with the rightmost mismatched
character in the DNA sequence, leveraging the static nature of
the DNA sequence to bypass irrelevant comparisons efficiently.
Conversely, the good suffix rule optimizes search efficiency by
enabling pattern shifts to match a previously found suffix in the
DNA sequence, effectively using known matches as anchors
for future comparisons. This strategic approach reduces the
number of comparisons needed. It capitalizes on the fixed and
unchanging structure of DNA sequences, making the Boyer-
Moore algorithm a powerful tool for DNA sequence analysis.

Further enhancing its applicability, the Boyer-Moore algo-
rithm is renowned for its efficiency in searching large texts,
making it ideal for bioinformatic applications involving exten-
sive DNA sequences. The choice of this algorithm was based
on its proven capability to reduce the number of comparisons
in pattern searches, which significantly enhances performance
when dealing with complex genetic data [32].

C. Knuth-Morris-Pratt (KMP) Algorithm

The Knuth-Morris-Pratt (KMP) algorithm [35] is designed
for efficient pattern matching in extensive texts. Its foremost
advantage lies in its ability to perform pattern matches in linear
time, independent of the length of the pattern or the text. This
attribute renders it particularly valuable for large-scale text-
processing applications.

A key feature of the KMP algorithm is its preprocessing
phase, where it constructs a partial match table—also known as
the failure function or the longest prefix suffix array. This table
is crucial as it records the pattern’s structure, allowing the al-
gorithm to skip unnecessary comparisons during the matching
phase. Using the pattern to build this table, the KMP algorithm
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ensures an efficient matching process. It significantly reduces
redundant comparisons and accelerates text traversal without
the need for backtracking [36]. During the matching phase, the
algorithm uses the data from the partial match table to quickly
move to the next point of inspection, thereby optimizing the
efficiency of text evaluation.

The KMP algorithm is known for its efficient performance,
conducting searches in linear time, which is essential for
bioinformatics where prompt and precise pattern recognition is
crucial. This algorithm employs a failure table that uses data
from previous matches to reduce unnecessary comparisons,
thus accelerating the detection of common genetic markers in
extensive sequences. Adjustments to the length of the failure
table and pattern selection criteria have significantly improved
its effectiveness in decoding complex genomes. The durability
and proven track record of KMP in computational biology
make it well-suited to meet the demanding needs of genetic
research, underscoring its adaptability and effectiveness in
diverse scientific studies [17].

D. Enhanced First-Last Pattern Matching (EFLPM) Algo-
rithm

The Enhanced First-Last Pattern Matching (EFLPM) algo-
rithm is a significant bioinformatics innovation that optimizes
pattern-matching efficiency within DNA sequences. Building
on the First-Last Pattern Matching (FLPM) algorithm, EFLPM
introduces a novel approach by merging the preprocessing and
matching phases into a cohesive, singular process [5], [14].
This integration is designed to streamline the pattern-matching
procedure, reducing the overall time complexity of analyzing
various pattern sizes.

Central to EFLPM’s approach is the strategic emphasis on
the pattern’s first and last characters. By contrasting these
characters against the corresponding characters in the text,
the algorithm capitalizes on their distinctiveness and indicative
nature, which are crucial for effectively identifying potential
matches [5]. This method leverages the unique properties
of DNA sequences, where specific nucleotide patterns can
profoundly impact the results of genetic analyses.

The EFLPM algorithm was chosen due to its innovative
approach of integrating preprocessing and matching phases,
which reduces the overall time complexity of analyzing pat-
terns of various sizes. This algorithm’s capability to focus
on distinctive characters at the pattern’s boundaries makes
it particularly effective for genetic analyses where mutations
often occur at known loci. The ability to effectively target
these critical areas enhances the precision and relevance of
gene research, demonstrating the algorithm’s substantial value
in bioinformatics [37].

E. Enhanced Processor-Aware Pattern Matching (EPAPM)
Algorithm

Building on the Enhanced First-Last Pattern Matching
(EFLPM) algorithm, which is designed to optimize pattern-
matching efficiency by integrating preprocessing and match-
ing phases, the Enhanced Processor-Aware Pattern Matching
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Fig. 3. Execution time comparisons (in seconds).

(EPAPM) algorithm [5] takes these capabilities further by
incorporating parallel processing techniques. This advance-
ment significantly enhances the performance by leveraging the
computational power of modern processors, making it well-
suited for handling large-scale genomic datasets.

A fundamental aspect of EPAPM is its strategic focus
on utilizing the distinct characteristics of a pattern’s first
and last characters, similar to EFLPM. By comparing these
characters with their counterparts in the text, EPAPM effi-
ciently identifies potential matches. This focused approach
reduces the complexity of analyzing patterns of varying sizes.
Combined with parallel processing, it allows for simultaneous
analysis of multiple data segments, accelerating the overall
pattern-matching process. The decision to adopt EPAPM was
driven by its ability to effectively harness modern computing
capabilities, responding to the growing demands of genetic
data analysis [38].

V. EXPERIMENTAL RESULTS

This study assesses the time complexity of various DNA
pattern-matching approaches outlined in Section 2, including
the Boyer-Moore, Brute Force, KMP, EFLPM, and EPAPM
algorithms. It utilizes Google Colab, a computational platform
that facilitates the execution of these algorithms.

We conducted an experimental analysis to compare the
execution times of each algorithm across different DNA se-
quence lengths: 5, 25, and 50 nucleotides. Each algorithm’s
time to complete the pattern-matching task was recorded,
considering short, medium, and long sequences. The execution
time comparisons are presented in Fig.3, while a detail of
these algorithms, emphasizing their time complexities and
foundational principles, is summarized in Tablel.

The Brute Force algorithm, characterized by its straight-
forward approach, scans for every possible match within the
DNA sequence. While simple and needing a preprocessing
requirement, its inefficiency with large datasets limits its
practicality. However, it is helpful in situations with smaller
inputs or where additional optimization techniques can narrow
the search scope.
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TABLE I
COMPARISON OF THE PATTERN-MATCHING APPROACHES EMPLOYED IN
THE STUDY.
Algorithm Time Com- | Key Ideas
plexity
Brute Force | O(nm) Searching with all alphabets
[39]
Boyer Moore | O(n/m) Bad character and good suffix
[33] heuristics to determine the shift
distance
Knuth- O(n+m) Construct an automation from the
Morris-Pratt pattern
[35], [40]
EFLPM [5] O(nm) Focuses on two characters (first
and last)
EPAPM [5] O(n/m) Words with multiple characters to
recognize windows

The Boyer-Moore algorithm exploits specific patterns and
DNA sequence attributes to sidestep non-essential compar-
isons, offering a faster alternative to the Brute Force method
with a time complexity of O(n/m). Its efficiency shines when
dealing with long patterns frequently occurring within the
DNA sequence. Although pattern preprocessing is a requisite,
which could be seen as a drawback for extensive patterns, this
step’s one-time execution offers multiple search applications,
enhancing long-term efficiency.

Employing a preprocessed table to avoid unnecessary com-
parisons, the KMP algorithm demonstrates its efficiency with
an O(n + m) time complexity. This feature proves espe-
cially advantageous for handling extensive DNA sequences,
underscoring its utility in large-scale text processing and
bioinformatics. The EFLPM algorithm, incorporating fuzzy
logic to accommodate DNA sequence errors and mutations,
mirrors the Brute Force algorithm’s O(nm) time complexity.
It distinguishes itself by focusing on comparing unique char-
acters, potentially reducing the required number of character
comparisons and thereby boosting efficiency for extensive pat-
terns and texts, despite necessitating extra preprocessing that
increases its time complexity. Lastly, the EPAPM algorithm
leverages parallel computing to expedite the pattern-matching
process, achieving a quicker performance than the Brute Force
method with a time complexity of O(n/m). Considering the
intricacies of processor architecture, such as branch predic-
tion and parallel processing, significantly enhances efficiency,
offering a formidable tool for pattern-matching endeavors.

The findings particularly emphasize the necessity for ongo-
ing innovation in DNA pattern-matching algorithms. Future
enhancements could focus on integrating various analytical
modalities to enhance predictive accuracy and the detection of
genetic anomalies and incorporating approaches from recent
research [41]-[43] could lead to significant improvements in
how genetic data is interpreted, potentially revolutionizing ap-
proaches to diagnosing and understanding genetic conditions.

Moreover, there is promising potential in developing hybrid
algorithms that combine the strengths of current methodolo-
gies, as evidenced by previous successes in this area [44]-
[46]. Such hybrid approaches could offer more refined pre-

cision and practicality, enhancing the capabilities of genetic
research tools. These innovations could lead to more robust
bioinformatics tools tailored to meet the complex demands of
modern genetic research and diagnostics, thereby significantly
advancing the capabilities within the field of bioinformatics.

VI. CONCLUSION

This study engaged in an in-depth comparative analy-
sis of several DNA pattern-matching algorithms, specifically
Enhanced First-Last Pattern Matching (EFLPM), Enhanced
Processor-Aware Pattern Matching (EPAPM), Knuth-Morris-
Pratt (KMP), Boyer-Moore, and the Brute Force method,
focusing on their time efficiency, effectiveness, and accuracy
specifically within the Sorghum bicolor genome analysis.

The empirical analysis of execution times elucidates a
variance in efficiency among the algorithms contingent upon
the length of the DNA sequences. EFLPM proved particularly
efficient with short strings, evidenced by its execution time
of 121 seconds. In contrast, Boyer-Moore was proficient with
long strings, demonstrating a rapid execution time of 14 sec-
onds. EFLPM exhibited consistent performance across a range
of string lengths, suggesting its resilience and adaptability for
various pattern-matching scenarios. The findings accentuate
the importance of selecting an appropriate algorithm based
on time complexity within bioinformatics. Such a selection
is pivotal, as it substantially dictates the practicality and
precision of DNA sequence analyses, considerably influencing
the outcomes of both research and diagnostic procedures.

Analytically, these results suggest a potential for adapting
these algorithms for other complex genomes, enhancing their
applicability in a wider range of bioinformatics applications.
Such adaptability could be crucial for advancing genetic
research and developing new therapeutic strategies. More-
over, future enhancements of these algorithms could integrate
machine learning to improve precision in predicting genetic
anomalies, potentially revolutionizing genetic diagnostics and
treatment approaches. In summary, this study emphasizes
the critical role of algorithm selection in bioinformatics and
projects how these findings could influence the evolution
of genetic research and therapeutic development, marking
significant contributions to the field.
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