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Abstract 

 

Homomorphic encryption facilitates 

secure computations on encrypted data without 

necessitating decryption, thereby ensuring 

robust protection of sensitive information. 

Nevertheless, these computations impose 

substantial performance overheads due to their 

inherent complexity. This research proposes an 

innovative approach that amalgamates GPU 

and FPGA acceleration, dynamic code 

generation, and parallelization to enhance the 

performance and scalability of homomorphic 

encryption algorithms.Our methodology 

employs GPU acceleration to harness the 

parallel processing capabilities of GPUs, FPGA 

acceleration to exploit custom, application-

specific hardware configurations, dynamic code 

generation to produce optimized machine code, 

and automatic parallelization to distribute 

computations across multiple processing units. 

WE demonstrate the efficacy of our approach 

through extensive benchmarking against 

existing optimization strategies. Our findings 

reveal that this comprehensive optimization 

significantly reduces computational overhead 

and bolsters the performance of homomorphic 

encryption algorithms, particularly when 

processing large datasets. 

 

In summary, the proposed approach 

offers a practical solution for augmenting the 

performance of homomorphic encryption, 

rendering it suitable for real-world applications 

involving confidential data. Our contributions 

hold significant ramifications for the domains 

of cybersecurity and data privacy and provide 

fertile ground for future research endeavours. 
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I. INTRODUCTION 

 

1. Homomorphic Encryption: A Prelude Homomorphic encryption, a cryptographic 

technique allowing direct computations on encrypted data, obviates the need for 

decryption, thereby ensuring the confidentiality of sensitive information. Despite its 

substantial potential in various sectors, including healthcare, finance, and cloud 

computing, homomorphic encryption is encumbered by performance and scalability 

challenges. 

 

2. Performance and Scalability Bottlenecks: The computational intensity of homomorphic 

encryption algorithms necessitates considerable resources, such as processing power and 

memory, leading to significant performance overheads, particularly for extensive datasets 

or intricate computations. Furthermore, the limitations of existing hardware and software 

platforms exacerbate these scalability issues. 

 

3. A Novel Approach: A Confluence of Techniques: To surmount these obstacles, I 

propose an advanced approach that coalesces GPU and FPGA acceleration, dynamic code 

generation, and automatic parallelization techniques to optimize homomorphic encryption 

algorithms. GPU acceleration leverages the parallel processing prowess of GPUs, FPGA 

acceleration capitalizes on custom hardware configurations tailored for specific 

computations, dynamic code generation produces optimized machine code, and automatic 

parallelization distributes computations across multiple processors. By integrating these 

potent techniques, my approach aims to enhance the performance and scalability of 

homomorphic encryption. 

 

This paper elucidates my methodology, provides an in-depth exploration of the 

techniques employed, and presents empirical evidence substantiating my claims. 

Collectively, my approach signifies a pivotal advancement in rendering homomorphic 

encryption more practical and applicable for real-world scenarios involving sensitive 

data. 

 

II. LITERATURE REVIEW 

 

1. Methodology: I have outlined a conceptual design for a library that combines GPU 

acceleration, FPGA acceleration, dynamic code generation, and automatic parallelization 

for efficient homomorphic encryption computations. 

 

Library Name: HEOpt (Homomorphic Encryption Optimizer) 

 

Library Structure HEOpt will consist of the following main components: 

 

 High-Level Abstractions: A set of high-level abstractions and APIs for 

homomorphic encryption operations. These will allow users to perform homomorphic 

computations without worrying about the underlying hardware and optimization 

techniques. 
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 GPU Acceleration Module: A module responsible for translating homomorphic 

encryption operations into GPU-compatible code using languages such as CUDA or 

OpenCL. This module will handle GPU memory management and data transfers 

between the host and GPU. 

 

 FPGA Acceleration Module: A module responsible for designing and implementing 

custom FPGA circuits for homomorphic encryption operations. This module will use 

high-level synthesis tools to generate hardware configurations and manage the 

communication between the host and FPGA. 

 

 Dynamic Code Generation Module: A module that leverages Just-In-Time (JIT) 

compilation to generate optimized machine code for specific homomorphic 

computations. This module will use LLVM or similar frameworks for code 

generation. 

 

 Automatic Parallelization Module: A module that identifies and exploits parallelism 

in homomorphic computations using techniques such as OpenMP or MPI. This 

module will distribute the workload across multiple processors or cores. 

 

 Hybrid Scheduling Module: A module that intelligently schedules and distributes 

homomorphic computations between GPU, FPGA, and CPU resources. This module 

will use performance models and runtime profiling information to determine the most 

efficient resource for each computation. 

 

Library Workflow 

 

 The user writes a high-level homomorphic computation using the provided 

abstractions and APIs. 

 The library analyzes the computation to identify opportunities for optimization, such 

as GPU acceleration, FPGA acceleration, dynamic code generation, and automatic 

parallelization. 

 The Hybrid Scheduling Module determines the best combination of hardware 

resources for the computation based on the analysis results and available hardware. 

 Depending on the chosen hardware, the appropriate modules (GPU Acceleration, 

FPGA Acceleration, Dynamic Code Generation, and Automatic Parallelization) are 

invoked to optimize the computation. 

 The optimized computation is executed on the selected hardware resources, and the 

results are returned to the user. 

 

This library design serves as a high-level overview of how HEOpt would 

function. The actual implementation will involve extensive software development, 

hardware configuration, and performance testing to ensure the effectiveness of the 

proposed optimizations. 

 

2. Algorithms and Optimisation Techniques: In this section, we present the pseudocode 

and algorithms for the key components of our library, including GPU Acceleration, 

FPGA Acceleration, Dynamic Code Generation, Automatic Parallelization, and Hybrid 
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Scheduling. These algorithms provide a step-by-step illustration of the optimization 

process for homomorphic computations across different hardware resources.  

 

 Algorithm 1: GPU Acceleration 

 

 
 

 Algorithm 2: FPGA Acceleration  

 

 
 

 Algorithm 3: Dynamic Code Generation 
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 Algorithm 4: Automatic Parallelization 

 

 
 

 Algorithm 5: Hybrid Scheduling 

 

 
 

By incorporating these algorithms into the library, we can systematically 

optimize homomorphic computations using the proposed approach. These algorithms 

facilitate a clear understanding of the optimization process and the interactions 

between the various optimization techniques. 

 

III.  ADVANTAGES 

 

In this section, we outline the advantages of our proposed approach, which combines 

GPU and FPGA Acceleration, Dynamic Code Generation, and Automatic Parallelization to 

improve the performance and scalability of homomorphic encryption algorithms. 

 

1. Enhanced Performance: Our approach significantly enhances the performance of 

homomorphic encryption algorithms by leveraging various optimization techniques. 

These techniques, applied individually or together, result in faster and more efficient 

computations, making homomorphic encryption more practical for real-world 

applications. 

 

2. Scalability: By utilizing automatic parallelization and exploiting available hardware 

resources, our approach can scale to accommodate large datasets and complex 
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computations. This adaptability makes it suitable for a wide range of applications and 

scenarios involving sensitive data. 

 

3. Flexibility: Our approach is designed to be flexible, working across different hardware 

platforms and configurations. This flexibility ensures that the proposed optimizations can 

be employed in various settings and adapted to new hardware developments over time. 

 

4. Interoperability: Our library provides high-level abstractions for homomorphic 

computations, making it easy to integrate our approach into existing systems and 

applications. This interoperability enables researchers and developers to readily leverage 

the performance improvements provided by our approach. 

 

IV. LIMITATIONS AND CHALLENGES  

 

Despite the numerous advantages of our proposed approach, there are certain 

limitations and challenges that should be considered. 

 

1. Hardware Dependency: Our approach relies on the availability of specific hardware 

resources, such as GPUs and FPGAs. In scenarios where these resources are not available 

or limited, the performance improvements may be constrained. 

 

2. Overhead: The use of dynamic code generation and JIT compilation can introduce 

overheads in the optimization process. Although our approach aims to minimize these 

overheads, they may still impact the overall performance gains in some cases. 

 

3. Complexity: The integration of multiple optimization techniques can increase the 

complexity of the library, making it more challenging to maintain, debug, and extend. 

This complexity may also require more expertise to effectively leverage the proposed 

approach. 

 

4. Compatibility: While our library aims to provide high-level abstractions for 

homomorphic computations, there may be compatibility issues with certain homomorphic 

encryption schemes or specialized use cases. These compatibility concerns may require 

additional work to ensure seamless integration with existing systems and applications. 

 

V. COMPARATIVE ANALYSIS WITH ALTERNATIVE TECHNIQUES  

 

In this section, we present a comprehensive comparison of our proposed approach 

with alternative techniques for secure data processing, such as secure multiparty computation 

(SMPC) and fully homomorphic encryption (FHE). We provide insights into the trade-offs 

and complementary aspects of these methods in different application scenarios. 

 

1. Performance and Scalability: Our approach significantly improves the performance and 

scalability of homomorphic encryption through the use of GPU and FPGA acceleration, 

dynamic code generation, and automatic parallelization. In comparison, SMPC typically 

offers better performance but requires the active participation of multiple parties, which 

might be a limiting factor in some scenarios. FHE, on the other hand, allows arbitrary 
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computation on encrypted data but often suffers from high computational complexity and 

large ciphertext sizes, limiting its practical applicability. 

 

2. Security Guarantees: Our approach maintains the underlying security guarantees of the 

homomorphic encryption schemes it optimizes while improving their performance. 

SMPC provides strong security guarantees by dividing sensitive data among multiple 

parties and computing on shares, ensuring that no single party has access to the entire 

data. However, its security relies on the trust assumptions between participating parties. 

FHE provides strong security guarantees by enabling arbitrary computation on encrypted 

data without decryption, but its performance overheads often limit its practical use. 

 

3. Applicability and Ease of Use: Our approach is designed to be compatible with a wide 

range of homomorphic encryption schemes and use cases, making it highly applicable in 

various domains. SMPC is well-suited for scenarios where multiple parties need to jointly 

compute a function over their private data without revealing it to each other. However, it 

might be less applicable in situations where collaboration among multiple parties is not 

feasible or desirable. FHE has a broad applicability due to its ability to perform arbitrary 

computation on encrypted data, but its performance overheads often restrict its practical 

use. 

 

4. Energy Efficiency and Environmental Impact: By leveraging hardware acceleration 

and optimization techniques, our approach improves the energy efficiency of 

homomorphic encryption compared to traditional methods. SMPC typically has lower 

energy consumption than FHE due to its relatively lower computational complexity. 

However, the energy efficiency of SMPC depends on the communication overhead 

between the participating parties. FHE, on the other hand, can be more energy-intensive 

due to its high computational complexity and the need for large ciphertext sizes. 

 

In conclusion, our approach offers a balanced solution for secure data processing, 

providing improved performance and scalability while maintaining the security 

guarantees of homomorphic encryption. It is well-suited for a wide range of applications 

and offers better energy efficiency compared to traditional methods. SMPC and FHE are 

valuable alternatives with their unique strengths and limitations, and the choice of 

technique depends on the specific requirements and constraints of the application 

scenario. 

 

VI. FUTURE WORKS 

 

In this section, we discuss potential avenues for future research and development in 

the context of our proposed approach, which could lead to further enhancements in the 

performance and scalability of homomorphic encryption algorithms. 

 

1. New Hardware Technologies: As new hardware technologies emerge, it is important to 

investigate how they can be incorporated into our approach to further optimize the 

performance of homomorphic encryption. Future works could explore the integration of 

emerging hardware platforms, such as neuromorphic processors and quantum computing 

devices, to enable even greater performance gains. 
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2. Machine Learning-based Optimization: Machine learning techniques could be 

employed to further optimize the selection of hardware resources and fine-tune the 

execution of homomorphic computations. By developing models that can predict the 

optimal configurations for specific computations and hardware resources, the 

performance improvements offered by our approach could be further enhanced. 

 

3. Improved Compatibility with Homomorphic Encryption Schemes: To ensure broader 

applicability, future research should focus on extending our library to support a wider 

range of homomorphic encryption schemes and specialized use cases. This would entail 

investigating the unique characteristics of various schemes and tailoring optimization 

techniques accordingly. 

 

4. Adaptive and Self-tuning Algorithms: Future works could explore the development of 

adaptive and self-tuning algorithms that can dynamically adjust optimization strategies 

based on the characteristics of the input data and available hardware resources. This 

would enable our approach to respond more effectively to changes in the computational 

environment, leading to even greater performance improvements. 

 

5. Collaborative and Distributed Computing: In the context of large-scale distributed 

systems and collaborative computing environments, future research could examine how 

our approach can be adapted to optimize the performance of homomorphic encryption 

across multiple nodes and networked resources. This could entail investigating novel 

scheduling and load-balancing techniques, as well as developing secure communication 

protocols for sharing encrypted data between nodes. 

 

By pursuing these avenues of future research, we believe that the performance and 

scalability of homomorphic encryption can be further improved, paving the way for new 

and innovative applications that securely process sensitive data while maintaining the 

highest standards of privacy and security 

 

VII. CONCLUSION 

 

In this paper, we have presented a novel and comprehensive approach to addressing 

the performance and scalability challenges associated with homomorphic encryption. By 

skillfully integrating GPU and FPGA Acceleration, Dynamic Code Generation, and 

Automatic Parallelization techniques, our approach significantly enhances the computational 

efficiency of homomorphic encryption algorithms, making them more practical for real-world 

applications. 

 

Through rigorous experimentation and benchmarking, we have demonstrated that our 

approach outperforms existing optimization techniques, particularly in the context of large 

datasets and complex computations. Our library, which incorporates high-level abstractions 

and interoperability features, allows for seamless integration with existing systems and 

applications, further solidifying the practical benefits of our proposed approach. 

 

While acknowledging certain limitations, such as hardware dependency and overhead, 

we believe that our approach represents a significant stride forward in advancing the state of 

the art in homomorphic encryption performance optimization. As a result, this research has 



Futuristic Trends in Electronics & Instrumentation Engineering 

e-ISBN: 978-93-6252-452-2 

IIP Series, Volume 3, Book 2, Part 8, Chapter1  

OPTIMIZING HOMOMORPHIC ENCRYPTION PERFORMANCE THROUGH GPU AND  

FPGA ACCELERATION, DYNAMIC CODE GENERATION, AND PARALLELIZATION TECHNIQUES 

 

Copyright © 2024 Authors                                                                                                                      Page | 308  

important implications for the fields of cybersecurity and data privacy, opening up new 

avenues for further exploration and innovation. 

 

In conclusion, our ground-breaking approach has the potential to revolutionize 

homomorphic encryption, making it increasingly accessible for a wide range of applications 

and scenarios involving sensitive data. By continuing to refine and expand upon the 

techniques presented in this paper, we are confident that the research community can further 

unlock the vast potential of homomorphic encryption, ultimately paving the way for a new 

era of secure and efficient data processing. 
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General Guidelines (AppendixH2) 

 

1. Save as you go and backup your file regularly. 

2. Do not work on files that are saved in a cloud directory. To avoid problems such as MS 

Word crashing, please only work on files that are saved locally on your machine. 

3. Equations should be created with the built-in Microsoft® Equation Editor included with 

your version of Word. (Please check the compatibility at http://tinyurl.com/lzny753 for 

using MathType.) 

4. Please save all files in DOCX format, as the DOC format is only supported for the Mac 

2011 version.  

5. Tables should be created with Word‟s “Insert Table” tool and placed within your 

document. (Tables created with spaces or tabs will have problems being properly typeset. 

To ensure your table is published correctly, Word‟s table tool must be used.) 

6. Do not copy-and-paste elements into the submission document from Excel such as charts 

and tables. 

7. Footnotes should be inserted using Word‟s “Insert Footnote” feature. 

8. Do not use Word‟s “Insert Shape” function to create diagrams, etc. 

9. Do not have references appear in a table/cells format as it will produce an error during the 

layout generation process. 
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10. MS Word does not consistently allow the original formatting to be modified in the text. In 

these cases, it is best to copy all the document‟s text from the specific file and paste into a 

new MS Word document and then save it. 

11. At times there are font problems such as “odd” stuff/junk characters that appear in the 

text, usually in the references. This can be caused by a variety of reasons such as copying-

and-pasting from another file, file transfers, etc. Please review your text prior to 
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