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ABSTRACT

The analysis of gene expression data plays a pivotal role in understanding complex biological functions, disease mechanisms,
and gene regulation patterns. While biclustering methods such as Bimax have improved the identification of local gene-
condition patterns, limitations persist in terms of computational complexity and biological relevance. This study proposes an
Adaptive Ensemble Biclustering Framework (AEBF) that integrates multiple correlation-based biclustering algorithms,
including an improved version of the modified Bimax, to enhance gene expression pattern discovery. The framework
incorporates dynamic z-score normalization, adaptive outlier detection, and ensemble scoring based on size, coherence, and
biological enrichment. Experimental validation on benchmark microarray datasets reveals that AEBF not only improves
bicluster consistency and biological relevance but also demonstrates significant computational efficiency compared to
standalone biclustering methods.

Keywords: Gene expression, biclustering, correlation-based clustering, ensemble model, bioinformatics, modified Bimax,
data mining.

1. INTRODUCTION

Gene expression analysis is a critical tool in bioinformatics for understanding complex biological functions, gene regulation,
and disease mechanisms. Traditional clustering techniques group genes or conditions based on global similarities but often
fail to capture local patterns where subsets of genes behave similarly under specific conditions. Biclustering addresses this
limitation by simultaneously identifying correlated subsets of genes and conditions, uncovering more meaningful biological
relationships. However, existing biclustering algorithms like Bimax or BBC face challenges such as computational
inefficiency, sensitivity to noise, and reduced biological relevance in high-dimensional datasets. Moreover, many require
manual parameter tuning or struggle with scalability, limiting their utility in large-scale genomic studies.

To overcome these limitations, this paper proposes an Adaptive Ensemble Biclustering Framework (AEBF) that integrates
multiple correlation-based biclustering techniques. By combining enhanced pre-processing (normalization, outlier removal),
correlation-based filtering, and ensemble scoring based on size, coherence, and biological significance, AEBF improves the
robustness and interpretability of gene expression analysis. The ensemble approach mitigates individual algorithm biases
and enhances consistency across diverse datasets. This research aims to provide a scalable, efficient, and biologically
insightful method for analyzing gene expression data, supporting advanced genomic research and applications in precision
medicine.

2. LITERATURE REVIEW

Gene expression data analysis has significantly evolved with the integration of data mining and computational techniques,
particularly clustering and biclustering. Traditional clustering methods such as k-means and hierarchical clustering have been
widely used for analyzing gene expression patterns. However, these approaches operate globally, grouping genes or
conditions across the entire dataset, thereby overlooking localized patterns that may reveal significant biological insights
(Cheng & Church, 2000).To address this, biclustering a technique that simultaneously clusters rows and columns of a gene
expression matrix was introduced. Cheng and Church (2000) pioneered one of the earliest biclustering algorithms, identifying
submatrices with low mean squared residue scores to reveal co-expressed genes under specific conditions. However, their
method was sensitive to noise and lacked biological validation.

Preli¢ et al. (2006) conducted a systematic comparison of biclustering algorithms and concluded that while methods like
Plaid and Bimax are efficient in pattern detection, their interpretability and robustness vary significantly. Bimax, in particular,
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performs well with binary data but struggles with real-valued gene expression matrices, leading to loss of information. These
methods utilize similarity measures such as Pearson correlation or cosine similarity to identify coherent gene-condition
relationships (Srivastava & Gupta, 2019). While effective, most correlation-based methods still lack scalability and
robustness when applied to large or noisy datasets.Bhardwaj and Rajpoot (2023) enhanced this approach by proposing a
modified Bimax algorithm that includes pre-processing techniques such as z-score normalization, outlier removal, and
correlation filtering. Their approach improved the detection of biologically meaningful biclusters while maintaining
computational efficiency. However, the method still depends heavily on a single algorithm’s performance, which may limit
its generalizability across diverse datasets. In light of these limitations, ensemble approaches have been proposed in other
domains for improved accuracy and robustness. Yet, ensemble strategies for biclustering in gene expression analysis remain
underexplored. The current research seeks to fill this gap by proposing an Adaptive Ensemble Biclustering Framework
(AEBF) that integrates multiple correlation-based methods, enhancing the detection of statistically and biologically relevant
patterns.

3. PRE-PROCESSING TECHNIQUE
Normalization ensures that the gene expression levels are comparable across different conditions. This can be done using
various methods, such as z-score normalization, which transforms the data to have a mean of 0 and a standard deviation of

1. Gene Expression Data: This is a matrix where rows represent genes and columns represent conditions or time
points. Each entry in the matrix indicates the expression level of a gene under a specific condition.

2. Biclustering: Biclustering is a data mining technique used to find submatrices (biclusters) in a gene expression
matrix where the genes in the submatrix show similar behavior under a subset of conditions.

3. Bimax Algorithm: The Bimax (Binary Inclusion Maximal) algorithm is a biclustering method that identifies all
maximal biclusters in a binary matrix. It is based on recursive splitting of the matrix.

4. Modified Bimax Algorithm: This refers to an improved version of the Bimax algorithm that incorporates
preprocessing and correlation-based filtering to enhance its performance and efficiency.

5. Normalization: The process of adjusting values measured on different scales to a common scale, often by
subtracting the mean and dividing by the standard deviation (z-score normalization).

6. Z-score Normalization: A technique used to standardize the data. The z-score for a data point is calculated as:
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4. DATA PREPROCESSING

In data preprocessing, normalization is performed to standardize gene expression levels. This involves calculating the mean
and standard deviation for each gene across all conditions. The mean and standard deviation values are then used to normalize
the data, ensuring that each gene's expression levels have a mean of 0 and a standard deviation of 1. This standardization
process helps in mitigating the impact of scale differences and improves the accuracy of subsequent analyses. The details of
the mean and standard deviation for each gene are summarized in expression.
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Normalizing the Data

First, we normalize the data using z-score normalization:

[ Xjjis the original value.
[l uyis the mean expression level of gene i.
[1 oj is the standard deviation of gene i.

The Pearson correlation coefficient measures the linear relationship between two variables, indicating how changes in one
gene's expression level are associated with changes in another's across different conditions.

Calculating Correlations:
i1 (X — X)W — 1)

rij =
\/22=1(Xik — X)2 (Y — T)?

Where:
® X and Y}, are the expression levels of genes i and ] under condition kkk.
e X, and 17] are the mean expression levels of genes i and |

After calculating, assume we find significant correlations for gene pairs (G2, C4) and (G5, C4).

Table 1 Performance Comparison of Biclustering Methods

Method éz;g‘;'elation gA)O) Ll T T (Ts::)e Redundancy
Modified Bimax 0.78 63 45 0.42
BBC 0.81 66 57 0.38
Spectral Co-clustering [0.74 61 38 0.44
AEBF (Proposed) 0.88 74 43 0.29

If we set a threshold for variance (e.g., 0.01), we filter out genes G1, G2, G4, and G5 because their variance is above the
threshold. After filter out genes G3 and G1 because their variance is above the threshold can be represent below.
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Figure 2 Performance Comparison of Biclustering Methods
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Bicluster | Biological Pathways Enriched GO Term Examples p-value
B1 DNA damage response, p53 signaling, apoptosis G0:0006974, GO:0007050 |<0.001
B2 Oxidative stress response, mitochondrial respiration | GO:0055114, GO:0005739 | < 0.005

5. STATISTICAL SIGNIFICANCE TESTING

To assess the reliability of AEBF’s improvements, paired t-tests were conducted comparing AEBF with each baseline
method (Bimax, BBC, Spectral) across multiple datasets:

e Intra-cluster correlation: AEBF vs. Bimax — p = 0.002
¢ GO enrichment: AEBF vs. BBC — p = 0.01
e Redundancy reduction: AEBF vs. Spectral — p = 0.0005

All results were statistically significant (p < 0.05), confirming that AEBF performs better not by chance, but by robust
methodological design.
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1. Robustness to Noise and Missing Data

To evaluate robustness:
e Synthetic noise (random Gaussian noise with o = 0.2) was added to Dataset A
e Random missing values (5-10%) were introduced and imputed

AEBF retained over 85% accuracy in bicluster recovery, whereas Bimax dropped below 70%. This confirms AEBF’s
tolerance to real-world imperfections in biological datasets.

2. Principal Component Analysis (PCA) Validation

To validate the separability of biclusters, PCA was applied to reduce dimensionality and visualize the clusters in 2D space.
The biclusters discovered by AEBF showed tight grouping in PCA space, confirming the internal consistency of expression
patterns.

e Bicluster 1 and Bicluster 2 occupy distinct regions in PCA plot
e Minimal overlap between clusters — confirms low redundancy
Scoring Metric:

We apply the modified Bimax algorithm to identify biclusters from the filtered data. Biclusters are scored based on size,
coherence, and biological relevance:

Score = a-Size + B-Coherence + y-Biological Relevance
Where a, B and y are weights assigned to each criterion.
*  Size: The number of genes and conditions in the bicluster.
*  Coherence: The similarity in expression patterns within the bicluster.

* Biological Relevance: How meaningful the bicluster is in a biological context.

Table 6 Bicluster position mapping

Biological Relevance
Bicluster |Genes Conditions |Size |Coherence [Score
B1 G3, G7 CL,C2 4 0.9 0.8
B2 Go6,G10  [|C4,C5 4 0.85 0.75
B3 G11,G13 |C1,C3,C5 |6 0.7 0.7

6. DISCUSSION

The proposed Adaptive Ensemble Biclustering Framework (AEBF) demonstrates significant advancements in gene
expression analysis by addressing the limitations of traditional biclustering methods. By integrating multiple correlation-
based biclustering algorithms Modified Bimax, correlation-guided clustering, and spectral co-clustering the framework
successfully enhances the discovery of biologically relevant gene-condition associations. The evaluation metrics highlight
the superiority of AEBF in multiple dimensions. The intra-bicluster correlation of 0.88 is notably higher than that of
individual methods, indicating stronger coherence within clusters. Furthermore, AEBF achieves a 74% GO enrichment rate,
reflecting its biological significance and the framework's ability to uncover functionally related genes.

The relatively low redundancy ratio (0.29) also confirms that the ensemble approach promotes diversity and reduces overlap
among discovered biclusters. Visualization techniques such as PCA and heat maps further support the integrity of the results,
demonstrating clear separation of biclusters and coherent expression patterns. These findings are validated through
enrichment analysis using GO terms and biological databases, aligning with known pathways involved in cancer progression
and stress responses. In addition to performance, AEBF proves robust against noise and missing data, showing its practical
applicability to real-world biological datasets that often suffer from inconsistencies.

7. CONCLUSION

In this research, the exponential growth of gene expression data has created an urgent need for advanced analytical methods
that can uncover meaningful patterns hidden within high-dimensional and often noisy datasets. This research introduced a
novel and robust solution in the form of an Adaptive Ensemble Biclustering Framework (AEBF) a methodology designed
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to extract biologically relevant and statistically coherent gene-condition relationships from complex gene expression profiles.
Building upon the limitations observed in traditional methods such as Bimax and BBC, AEBF integrates multiple correlation-
based biclustering algorithms, including a modified Bimax, correlation-guided clustering, and spectral co-clustering. These
are strategically combined using a consensus-based ensemble approach to mitigate individual algorithmic biases and improve
overall robustness, accuracy, and interpretability.

The proposed framework incorporates critical preprocessing steps such as z-score normalization, outlier removal, and
variance filtering, ensuring that only informative genes contribute to the final analysis. Evaluation on benchmark datasets
revealed that AEBF achieved superior performance across multiple metrics average intra-cluster correlation (0.88), GO
enrichment (74%), low redundancy (0.29), and efficient computation time (43 seconds). Visualization techniques, including
PCA and heatmaps, confirmed clear bicluster separability and coherence, while gene ontology enrichment validated the
biological significance of the results.Importantly, AEBF demonstrated resilience in the presence of noise and missing values
common challenges in real-world biomedical data underscoring its practical utility in large-scale genomic studies. Unlike
many existing models that focus solely on algorithmic novelty, this research offers a comprehensive, end-to-end, and
biologically-grounded solution tailored for real-life applications.

The outcomes of this study hold strong implications for advancing research in functional genomics, disease mechanism
exploration, biomarker discovery, and precision medicine. By accurately identifying subsets of co-regulated genes under
specific conditions, AEBF enables a deeper understanding of cellular mechanisms and offers a foundation for future
diagnostic and therapeutic strategies.
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