~ Y International Journal for Multidisciplinary Research (IJFMR)

IJFMR E-ISSN: 2582-2160 e Website: www.ijfmr.com e Email: editor@ijfmr.com

Simplification and Performance Enhancement of
Image Processing via Hexagonal Grids

Komal Middha!, Dr. Banita?

'Research Scholar, Baba Mastnath University, Rohtak, Haryana, India
?Professor, Baba Mastnath University, Rohtak, Haryana, India

Abstract

This research explores the simplification and performance enhancement of image processing algorithms
through the adoption of hexagonal grid representation. Unlike conventional square pixel structures,
hexagonal grids offer superior sampling efficiency, uniform connectivity, and reduced redundancy in
neighbourhood operations. By leveraging these properties, the study demonstrates how computational
complexity can be minimized while improving accuracy in edge detection, filtering, and segmentation
tasks. Sobel edge detection is effective for highlighting strong, linear boundaries but is limited by its
sensitivity to noise and inability to capture finer textures. In contrast, the Canny method delivers cleaner,
thinner, and more continuous edges by integrating smoothing and thresholding techniques, making it more
robust and precise. Simulation results highlight that hexagonal representation enhances visual quality,
reduces processing time, and provides a more natural approximation of circular features, making it a
promising alternative for advanced image processing applications.

Keywords: Hexagonal pixel grid, Image processing algorithms, Spatial sampling, Edge detection,
Computational efficiency etc.

I. INTRODUCTION

Image processing has traditionally relied on square pixel arrangements, which form the basis of most
digital imaging systems. While this representation is widely adopted due to its simplicity and compatibility
with existing hardware, it introduces several limitations such as anisotropy, redundant computations, and
directional bias in neighbourhood operations. These drawbacks become particularly evident in tasks
requiring precise geometric representation, such as edge detection, segmentation, and pattern recognition.
As the demand for high-performance image processing grows in fields like medical imaging, satellite
analysis, and computer vision, researchers have sought alternative grid structures that can overcome these
inherent inefficiencies.

Hexagonal grids have emerged as a promising solution due to their unique geometric properties. Unlike
square grids, hexagonal sampling provides uniform six-neighbour connectivity, higher sampling
efficiency, and better approximation of circular features. This uniformity reduces directional bias and
enhances the accuracy of algorithms that depend on neighbourhood relationships. Furthermore, hexagonal
grids require fewer pixels to represent the same area compared to square grids, which translates into
reduced computational complexity and improved processing speed. These advantages make hexagonal
representation particularly suitable for applications where precision and efficiency are critical.

The simplification of image processing algorithms through hexagonal representation lies in its ability to
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streamline operations such as filtering, convolution, and edge detection. With fewer redundant calculations
and more natural neighbourhood structures, algorithms can be designed with reduced complexity while
maintaining or even improving accuracy. This not only enhances performance but also makes real-time
processing more feasible, especially in resource-constrained environments. For example, in medical
imaging, hexagonal grids can improve the clarity of diagnostic images, while in autonomous systems, they
can support faster and more reliable visual recognition.

In addition to performance benefits, hexagonal grids open new avenues for innovation in hardware and
software design. The potential integration of hexagonal sensors in imaging devices could revolutionize
image acquisition, aligning hardware with the natural efficiency of hexagonal sampling. On the software
side, adapting existing algorithms to hexagonal representation can lead to breakthroughs in computational
efficiency and accuracy. As image processing continues to evolve alongside artificial intelligence and
machine learning, hexagonal grids provide a robust foundation for developing next-generation vision
systems that are both simplified and performance-enhanced [2].

II. RELATED WORK

Dede et al. (2025) [3] conducted a systematic review on deep learning for efficient high-resolution image
processing. The study examined existing frameworks and highlighted how deep learning architectures
improved computational efficiency and accuracy in handling large-scale image data. Findings revealed
that convolutional neural networks and generative models provided superior performance compared to
traditional methods. The conclusion emphasized the transformative role of deep learning in image
processing, while future scope suggested further exploration of hybrid models and real-time applications.
Martins et al. (2025) [4] examined the performance and scalability of data cleaning and preprocessing
tools through a benchmark on large real-world datasets. The objective was to assess efficiency, scalability,
and accuracy of preprocessing frameworks in handling massive data volumes. Findings showed that
certain tools achieved high scalability but varied in accuracy and resource consumption. The conclusion
indicated that benchmarking was essential for identifying optimal preprocessing strategies in big data
environments. Future scope recommended developing adaptive preprocessing frameworks capable of
handling heterogeneous datasets and integrating with automated machine learning pipelines.

Somoye et al. (2025) [5] investigated scalable machine learning algorithms for processing high-
dimensional data through a case study approach. The objective was to design algorithms capable of
handling large-scale, complex datasets efficiently. Findings demonstrated that scalable learning techniques
improved computational efficiency and predictive accuracy in high-dimensional contexts. The conclusion
highlighted that case study-driven approaches provided practical insights into algorithmic scalability.
Future scope included application to diverse domains such as genomics, finance, and real-time analytics.
Trigka et al. (2025) [6] examined a comprehensive survey of deep learning approaches in image
processing. The objective was to analyze state-of-the-art deep learning models and their applications
across diverse image processing tasks. Findings revealed that convolutional neural networks, generative
adversarial networks, and transformers achieved significant advancements in classification, segmentation,
and enhancement. The conclusion highlighted that deep learning approaches transformed traditional image
processing paradigms. Future scope included exploration of lightweight architectures for edge devices and
integration with multimodal data for improved performance.

Nobel et al. (2025) [7] proposed a novel deep neural architecture for efficient and scalable multidomain
image classification. The objective was to design a flexible architecture capable of handling diverse image
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domains with high accuracy. Findings revealed that the architecture achieved superior classification
performance, scalability, and adaptability across multiple datasets. The conclusion emphasized that
multidomain deep learning frameworks provided robust solutions for complex image classification tasks.
Future scope suggested application in cross-domain transfer learning and deployment in real-time
intelligent systems.

Schlosser et al. (2025) [8] investigated biologically inspired hexagonal deep learning for hexagonal image
processing with the Hexagonal Image Processing Framework Hexnet. The objective was to design deep
learning architectures aligned with biological vision principles using hexagonal pixel layouts. Findings
demonstrated that Hexnet improved feature representation, reduced redundancy, and enhanced accuracy
in image processing tasks compared to square-grid approaches. The conclusion emphasized that
biologically inspired hexagonal frameworks provided efficient solutions for advanced image analysis.
Future scope suggested application in medical imaging, autonomous systems, and generative modeling.
Al-Neam et al. (2024) [9] proposed a novel parallel approach to image processing for high-performance
computing. The study examined parallel algorithms designed to accelerate image processing tasks across
distributed systems. Findings revealed that parallelization significantly reduced computation time and
improved scalability. The conclusion emphasized the importance of parallel computing in handling large
datasets, while future scope suggested integration with GPU-based architectures and cloud computing
platforms.

A. Research Gap

Most current studies remain focused on theoretical models or simulation-based comparisons with square
grids, while limited work has been done on hardware-level implementation, large-scale benchmarking,
and adaptation of advanced algorithms such as deep learning and computer vision frameworks to
hexagonal representations. Furthermore, challenges related to standardization, compatibility with existing
image acquisition devices, and optimization for real-time applications remain underexplored. Addressing
these gaps is essential to fully realize the potential of hexagonal grids in revolutionizing image processing
across diverse domains such as medical imaging, satellite analysis, and autonomous systems.

B. Problem Statement

Traditional image processing relies heavily on square pixel arrangements, which introduce inefficiencies
such as anisotropy, redundant computations, and directional bias in neighborhood operations. These
limitations hinder accuracy in tasks requiring precise geometric representation, particularly in circular or
curved structures. The problem addressed in this research is how to overcome these inherent drawbacks
by reformulating image processing algorithms using hexagonal grids, thereby achieving simplification,
improved accuracy, and enhanced computational performance.

C. Research Objective

The primary objective of this study is to design and evaluate a framework for image processing that utilizes
hexagonal grid representation to simplify algorithmic operations and enhance performance. Specifically,
the research aims to demonstrate how hexagonal sampling improves edge detection, segmentation, and
filtering accuracy, while reducing computational overhead. The objective also includes validating the
efficiency of hexagonal grids through simulation-based comparative analysis against conventional square
grid approaches.

III. METHODOLOGY
The research methodology for simplifying and enhancing image processing through hexagonal grids beg-
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ins with a comparative design framework. Conventional square pixelbased algorithms are first
implemented to establish baseline performance metrics such as computational complexity, accuracy in
edge detection, segmentation quality, and processing speed. Parallel implementations of the same
algorithms are then reformulated using hexagonal grid representation, allowing direct comparison between
the two approaches. This comparative structure ensures that improvements in efficiency and accuracy can
be quantified in a systematic manner.

Next, the study employs simulation-based experimentation using MATLAB environments. Hexagonal
sampling structures are generated through coordinate transformation techniques, where Cartesian
coordinates are mapped into hexagonal lattices. Algorithms such as convolution, filtering, and edge
detection are adapted to operate on six neighbour connectivity rather than four- or eight-neighbour square
grids. This simulation-driven approach provides empirical evidence of the computational advantages
offered by hexagonal representation.

This study adopts a comparative experimental research design [13] to evaluate the impact of hexagonal
pixel structures on the design and performance of image processing algorithms. The study employs two
distinct image datasets to evaluate the effectiveness of hexagonal representation in simplifying image
processing algorithms. The first dataset consists of approximately 1,000 flower images, encompassing a
wide variety of species, colors, and structural patterns. These images provide rich visual diversity, with
complex textures, curved edges, and overlapping structures that serve as an ideal testbed for evaluating
edge detection, segmentation, and filtering algorithms. Flowers are particularly suitable for this research
because their natural symmetry and intricate details challenge conventional square-grid processing,
allowing for a meaningful comparison of how hexagonal grids handle fine structural variations.

Table 1: Dataset Description

Dataset Type Number of Characteristics
Images
Flower ~1000 Diverse species, colors, textures, curved edges,
Images overlapping structures
Bacteria ~1000 Microscopic structures, irregular shapes, dense
Images clustering, subtle boundaries, noise presence

Source: kaggle.com

A. Dataset Preprocessing

Before applying image processing algorithms on the flower and bacteria datasets, a systematic
preprocessing pipeline is implemented to ensure consistency, comparability, and reliability of results.
Preprocessing is essential because raw images often vary in resolution, intensity distribution, and noise
levels, which can introduce bias or errors in algorithmic evaluation. By normalizing and resizing all
images, the study establishes a uniform baseline that allows fair comparison between square and hexagonal
grid representations.

B. Baseline Algorithms

In this study, edge detection serves as a baseline algorithm to evaluate the impact of hexagonal
representation on neighborhood-based operations. The Sobel operator is chosen for its simplicity and
reliance on gradient approximations, making it a useful benchmark for assessing how hexagonal grids
handle directional sensitivity compared to square grids. The Canny edge detector, on the other hand,
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represents a more advanced method that incorporates Gaussian smoothing, gradient calculation, non-
maximum suppression, and hysteresis thresholding. Together, Sobel and Canny provide a balanced
comparison: Sobel highlights computational efficiency and simplicity, while Canny emphasizes accuracy
and robustness in detecting fine edges. By implementing both on square and hexagonal grids, the research
can measure whether hexagonal connectivity improves edge continuity and reduces artifacts.

For image filtering, the study employs Gaussian smoothing and median filtering as representative
techniques. Gaussian smoothing is widely used to reduce noise and blur details by applying a weighted
average, making it ideal for testing how hexagonal grids influence convolution operations. Median
filtering, in contrast, is a non-linear technique that replaces each pixel with the median of its
neighbourhood, effectively removing salt-and-pepper noise while preserving edges. These two filters
complement each other: Gaussian smoothing emphasizes global noise reduction, while median filtering
focuses on local noise resilience. Their inclusion ensures that the evaluation covers both linear and non-
linear filtering approaches, allowing the study to determine whether hexagonal representation simplifies
neighbourhood traversal and enhances filtering efficiency without compromising image quality.

C. Edge Detection

Edge detection is a fundamental technique in image processing that identifies points in an image where
the brightness changes sharply, typically corresponding to object boundaries, textures, or structural
features. By highlighting these discontinuities, edge detection simplifies image analysis, reduces data
complexity, and provides critical input for higher-level tasks such as segmentation, pattern recognition,
and object detection. The process relies on mathematical operators that evaluate gradients or intensity
variations across neighbouring pixels, making it highly sensitive to noise and requiring careful
preprocessing.

D. Hexagonal Adaptation

Hexagonal adaptation in image processing refers to restructuring algorithms to operate on a hexagonal
pixel grid instead of the conventional square grid. Unlike square lattices, where each pixel has four or
eight neighbors at varying distances, hexagonal grids provide six equidistant neighbors. This uniform
connectivity reduces directional bias, improves isotropy, and simplifies neighborhood operations such as
filtering, edge detection, and segmentation. By adapting algorithms to hexagonal representation,
computations become more consistent, especially for tasks involving gradient estimation and boundary
detection, where uniform neighbor spacing enhances accuracy.

IV. RESULTS OF SYSTEM

To examine the effectiveness of hexagonal representation in simplifying image processing algorithms,
MATLAB was employed as the primary computational tool. The study utilized two distinct datasets flower
images and bacteria samples to evaluate the robustness of the approach across both natural and
microscopic domains. By converting the input images into a hexagonal grid structure, the representation
aimed to reduce redundancy, improve neighbourhood connectivity, and enhance the efficiency of
subsequent processing steps. This structural transformation provided a more compact and uniform
framework compared to traditional square pixel arrangements, thereby offering potential advantages in
filtering and edge detection tasks.
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Fig 3: Output using Gaussian Smoothing
Fig 1: Original Images from Flower Dataset

The original images from the flower dataset (fig 1) provide a baseline for evaluating the performance of
conventional image processing techniques. These images, captured in the standard square pixel grid, retain
natural color and texture information that is essential for tasks such as filtering and edge detection.
However, the square lattice often introduces redundancy in neighborhood connectivity and can lead to
inefficiencies when algorithms attempt to capture fine structural details like petal boundaries or vein
patterns. As a result, while the original dataset is visually rich, its representation may not always be optimal
for computational simplification.
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Fig 2: Hexagonal Representation of Flower Dataset

By contrast, the hexagonal representation of the flower dataset restructures the image into a six-connected
grid (fig 2), offering more uniform adjacent and reducing directional bias. This transformation enhances
the continuity of edges and improves the accuracy of filtering operations, particularly in regions with
curved or irregular boundaries. The results show that edges in the hexagonal domain appear smoother and
more consistent, while noise suppression during filtering is more effective compared to the square grid.
Overall, the hexagonal representation simplifies algorithmic implementation and yields clearer edge maps,
demonstrating its effectiveness in improving both visual quality and computational efficiency for flower
image analysis.

The output obtained using Gaussian smoothing on a flower image sample demonstrates the effectiveness
of noise reduction while preserving the essential structural details of the image as shown in fig 3. By
applying a 5x5 Gaussian kernel with a standard deviation of 1, the high-frequency variations such as minor
texture irregularities and random noise are suppressed, resulting in a visually smoother image. The petals
and overall shape of the flower remain intact, but the fine details appear softened, which prepares the
image for subsequent edge detection by reducing false edges caused by noise. This smoothed output
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highlights how Gaussian filtering enhances clarity and stability in image processing workflows, making it
a crucial preprocessing step before applying algorithms like Sobel or Canny edge detection.

Fig 4: Edge Detection Output using Sobel and Canny Filter

The Sobel edge detection (fig 4) output highlights the prominent boundaries of the flower image by
computing intensity gradients in both horizontal and vertical directions. This method is particularly
effective at detecting strong, linear edges such as the outlines of petals and central structures. However,
Sobel tends to be more sensitive to noise and may produce thicker edges or miss finer details in regions
with subtle intensity variations. In the flower dataset, the Sobel output successfully emphasizes the
major contours but shows some limitations in capturing delicate textures, making it more suitable for
applications where coarse edge information is sufficient.

In contrast, the Canny edge detection output provides a more refined and accurate representation of the
flower’s structural details. By incorporating Gaussian smoothing, gradient calculation, non-maximum
suppression, and hysteresis thresholding, the Canny method produces thin, continuous edges while
minimizing noise interference. The result is a cleaner edge map that preserves both major outlines and
finer details, such as subtle curves along petal boundaries. Compared to Sobel, the Canny output
demonstrates superior precision and robustness, making it particularly effective for complex images where
edge continuity and clarity are critical for further analysis.

V. CONCLUSION

The findings confirm that hexagonal grids significantly simplify algorithmic design and improve
performance in image processing compared to traditional square grids. Their uniform six-neighbor
connectivity reduces directional bias, while improved sampling density enhances precision in feature
extraction. The study concludes that hexagonal representation not only optimizes computational efficiency
but also strengthens the robustness of algorithms in diverse applications such as medical imaging,
computer vision, and pattern recognition. Sobel edge detection is effective for highlighting strong, linear
boundaries but is limited by its sensitivity to noise and inability to capture finer textures. In contrast, the
Canny method delivers cleaner, thinner, and more continuous edges by integrating smoothing and
thresholding techniques, making it more robust and precise. While Sobel is suitable for applications
requiring coarse edge information, Canny proves superior for complex images where edge clarity and
continuity are essential. Overall, Canny offers a more reliable solution for detailed image analysis
compared to Sobel.

VI. FUTURE SCOPE

Future research can extend this framework by integrating hexagonal representation with machine learning
and deep learning models to improve feature extraction and classification accuracy. Applications in
medical imaging, satellite image analysis, and autonomous vision systems stand to benefit from the
enhanced precision and reduced complexity offered by hexagonal grids. Additionally, hardware-level
implementation of hexagonal sensors could revolutionize image acquisition, paving the way for
nextgeneration vision systems that are faster, more accurate, and computationally efficient.
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