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ABSTRACT

Cloud computing has become an essential technology in various industries 4
due to its scalability and flexibility. However, data security remains a 7’ I
significant concern, especially when sensitive information is stored in

untrusted environments. This paper explores the implementation of
advanced homomorphic encryption (HE) techniques to enhance data
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security in cloud computing. The proposed approach allows computational Cloud computing, homomorphic
operations on encrypted data without decryption, ensuring privacy and encryption, data security,
security. Experiments demonstrate the efficiency and robustness of the encrypted computation, privacy.

technique in maintaining data integrity and confidentiality while reducing
computational overhead. This study provides a roadmap for secure cloud
adoption in critical applications.

This is an open-access article under the CC-BY-SA license

1. Introduction

The rapid adoption of cloud computing has revolutionized the way data is processed and stored. Despite
its advantages, security and privacy concerns hinder its widespread adoption. Traditional encryption
methods protect data at rest and during transmission but fail to secure data during processing.
Homomorphic encryption offers a promising solution by enabling computation on encrypted data without
exposing it. This paper investigates advanced homomorphic encryption techniques for securing sensitive
data in cloud environments. The study aims to address key challenges such as performance overhead and
practical implementation issues. Several studies have highlighted the potential of homomorphic encryption
in secure computing. Gentry's fully homomorphic encryption (FHE) scheme laid the foundation for this
technology, but its computational complexity limited practical applications. Recent advancements, such as
leveled HE and batching techniques, have improved efficiency. However, scalability and latency remain
challenges.

The emergence of cloud computing has significantly transformed the landscape of information
technology, revolutionizing how businesses, organizations, and individuals interact with digital infrastructure.
Cloud computing provides a cost-effective, scalable, and flexible alternative to traditional computing models,
where organizations no longer need to invest in costly physical hardware. The ability to rent computing
resources on-demand and pay only for what is used has made cloud services a go-to solution for enterprises

of all sizes. Additionally, the global nature of cloud services allows businesses to operate more efficiently by
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accessing Tesources across multiple locations, enabling continuous service availability and enhanced
collaboration.

In recent years, cloud computing has gained immense popularity due to its various benefits. Cloud
platforms, such as Amazon Web Services (AWS), Microsoft Azure, and Google Cloud, offer virtualized
infrastructure and software applications, creating opportunities for organizations to store data, run
applications, and perform computational tasks remotely. As a result, businesses can scale their operations
quickly, streamline workflows, and reduce 1T maintenance costs. Similarly, cloud-based solutions have also
empowered industries like healthcare, education, and finance by providing greater flexibility, agility, and

access to advanced computing technologies.

However, despite these advantages, cloud computing has raised significant concerns regarding security
and privacy. The main challenge stems from the fact that sensitive data is often stored on third-party
servers in a cloud provider's data centers, which are outside the organization's direct control. This
introduces the risk of unauthorized access, data breaches, and malicious attacks. As cloud computing
expands, the need for robust data protection strategies has become paramount. Cloud service providers
must implement strong security measures to ensure that data remains confidential and tamper-proof, but
the complexity of managing such security protocols in a shared, multi-tenant environment adds to the

difficulty.

Data encryption is one of the most widely used methods for safeguarding information in the cloud. 1t
converts data into an unreadable format, ensuring that even if an unauthorized party intercepts the data,
they cannot access the original content without the decryption key. Traditional encryption techniques, such
as symmetric and asymmetric encryption, have been successFu"y imp]emented to secure data during storage
and transmission. However, these methods have limitations when applied to cloud environments, particularly
during the data processing phase. In cloud computing, data often needs to be decrypted for computation or
manipulation. This is where homomorphic encryption (HE) offers a significant advantage. Homomorphic
encryption enables computations to be performed directly on encrypted data, without ever decrypting it.
This means that data remains secure even during processing, addressing a major vulnerability in traditional
encryption methods. By utilizing homomorphic encryption, cloud service providers and users can ensure
that sensitive data remains confidential while still being able to perform necessary operations on it. Fully
homomorphic encryption (FHE), in particular, allows for arbitrary computations on encrypted data, making
it a powerful tool for privacy-preserving computations in a variety of applications, such as healthcare,

ﬁnance, and government.

Despite its potential, fully homomorphic encryption comes with significant drawbacks. The primary
limitation of FHE is its computational overhead. Operations on encrypted data are considerably more
resource-intensive compared to traditional encryption techniques, making it impractical for large-scale or
real-time applications. FHE schemes require multiple rounds of encryption and decryption, which can result
in slow processing times and increased computational costs. As a result, FHE has not yet been widely

adopted in commercial cloud services, as its performance limitations hinder its real-world applicability.

To address the performance issues associated with fully homomorphic encryption, researchers have
developed optimized versions of HE, such as leveled homomorphic encryption (LHE). Leveled homomorphic
encryption allows a limited number of operations to be performed on encrypted data, reducing the
computational complexity and making it more efficient for practical use cases. LHE ensures that the data
processing remains secure, but without the significant performance penalty of FHE. Another promising
optimization is the use of batching techniques, which enable multiple operations to be performed
simultaneously on encrypted data, thus improving throughput and reducing processing time.

While these advancements in homomorphic encryption have improved its efficiency, there are still
challenges to overcome. The scalability of homomorphic encryption schemes remains a critical issue. As
cloud environments grow and handle more data, it is crucial that encryption techniques scale effectively

without causing unacceptable delays or increased resource consumption. Furthermore, ensuring that
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homomorphic encryption schemes maintain high levels of security in the face of evolving threats is an
ongoing challenge. Attackers are constantly developing new techniques to break encryption schemes, and
homomorphic encryption must be resilient against these threats.

This paper aims to explore advanced homomorphic encryption techniques in cloud computing and
evaluate their effectiveness in addressing the key challenges of security, performance, and scalability. We will
investigate the advantages and limitations of fully homomorphic encryption and leveled homomorphic
encryption, providing an overview of their respective use cases and potential applications. The paper will
also assess the role of batching and other optimization techniques in improving the performance and
practicality of homomorphic encryption for cloud environments. Finally, this paper will provide insights into
future research directions and potential breakthroughs that may help in overcoming the current limitations

of homomorphic encryption and enable its widespread adoption in cloud computing.

2. Method

This study explores the use of a modified leveled homomorphic encryption (LHE) scheme optimized for
cloud environments. The methodology is designed to assess the performance, scalability, and security of this
encryption technique while maintaining the confidentiality and integrity of sensitive data during
computation in the cloud. The study's approach can be broken down into three key stages: Encryption,
Computation, and Decryption. Each stage is detailed below, with an emphasis on the specific techniques

employed and the considerations for optimizing cloud-based operations.
2.1 Encryption

Encryption is the first stage of the methodology and serves as the cornerstone for ensuring the privacy
of sensitive data in the cloud. In this study, a lightweight homomorphic encryption (HE) algorithm is used
to encrypt the data before it is uploaded to the cloud. This algorithm is designed to balance security and
computational efficiency, particularly within the cloud's resource-constrained environment. Homomorphic
Encryption Scheme Selection: A leveled homomorphic encryption (LHE) scheme is selected for its ability to
handle more complex computations efficiently, compared to fully homomorphic encryption (FHE). LHE
provides a practical approach by allowing computations on encrypted data while maintaining a manageable
encryption depth. Optimization for Cloud Environments: The lightweight encryption algorithm is tailored to
reduce the overhead that traditionally arises from encryption operations. This optimization is crucial for
ensuring that the system does not overwhelm cloud infrastructure resources, such as CPU, memory, and
storage, while also ensuring that the data remains secure. Data Preparation: Before encryption, the data is
pre-processed to fit the format required for encryption. The preprocessing includes data normalization,
anonymization, and segmentation into smaller units that can be efficiently encrypted and later processed in
the cloud. Each unit is then encrypted individually using a homomorphic encryption key, generating
ciphertext that will be stored in the cloud. Security Considerations: The encryption process is designed to
safeguard data against unauthorized access. The cryptographic scheme is selected to meet modern security
standards, including resistance to various attack vectors such as brute force and side-channel attacks.

2.2 Computation

The second phase of the methodology focuses on computation. In cloud environments, the ability to
perform computations directly on encrypted data without decryption (also known as privacy-preserving
computation) is one of the major advantages of homomorphic encryption. This stage is crucial in the study,
as it evaluates the feasibility of executing operations on encrypted data while maintaining performance and
security. Cloud Infrastructure Setup: The computation is carried out using a cloud-based architecture, which
provides the necessary resources for large-scale computation. The study leverages cloud platforms such as
Amazon Web Services (AWS) or Microsoft Azure for their high availability, scalability, and support for

virtualized environments that are essential for running encrypted computations.
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Homomorphic Operations: The encrypted data is subjected to several types of computations directly in
the cloud. These computations may include arithmetic operations (addition, multiplication) or more complex
statistical analyses, depending on the nature of the use case. Since the data is encrypted, these operations do
not expose the underlying sensitive information. Optimization for Cloud Processing: Given the
computational overhead typically associated with homomorphic encryption, the algorithm is optimized for
cloud-based execution. Optimization techniques such as parallel processing, batching, and GPU acceleration
are employed to enhance performance. Batching allows multiple encryption operations to be processed in
parallel, significantly reducing the time required for computations. Challenges in Cloud Computation: One
of the main challenges in this stage is balancing the computational efficiency with security. The cloud
environment, while providing vast computational resources, also introduces issues such as network latency
and resource contention that must be carefully managed to prevent performance degradation during

encrypted computations.

Performance Monitoring: The computation phase also involves real-time performance monitoring to
assess resource utilization (e.g., CPU, memory, and network bandwidth) during the encrypted computation
process. This monitoring helps to identify bottlenecks and provides insights into the scalability of the
homomorphic encryption scheme in cloud environments.

2.3 Decryption

The final phase of the methodology is Decryption, which involves extracting the results of the
computations from their encrypted form. The decryption process is performed by the data owner or
authorized party, who holds the private key necessary to decrypt the results. This step ensures that sensitive
data is never exposed during the computation process. Decryption Process: After the cloud performs
computations on the encrypted data, the resulting ciphertext is sent back to the data owner for decryption.
The data owner decrypts the results using the corresponding private key to retrieve meaningful,
unencrypted information. Security Considerations in Decryption: The private decryption key is securely
stored and is only accessible to authorized personnel. Special care is taken to prevent unauthorized
decryption by using key management protocols and secure access control mechanisms. The system also
includes multi-factor authentication for decryption access to prevent unauthorized entities from obtaining
sensitive information. Post-Decryption Analysis: Once the decryption is complete, the results are analyzed to
assess the accuracy of the computation. The decrypted data is compared against the original dataset (if
possible) to ensure that the computation was perFormed correct]y and that no data corruption occurred

during the encrypted computation.
2.4 Evaluation Metrics and System Optimization

Throughout the encryption, computation, and decryption stages, several evaluation metrics are employed
to assess the performance and security of the system. These metrics include: Computational Efficiency: The
time taken for each phase (encryption, computation, and decryption) is measured, as well as the overall
performance of the homomorphic encryption scheme. Performance benchmarks are compared to traditional
encryption schemes such as AES and RSA. Scalability: The system's ability to handle larger datasets and
more complex computations is tested to evaluate the scalability of the encryption scheme. This involves
testing with different data sizes and adjusting the encryption depth. Security Evaluation: A comprehensive
security evaluation is conducted at each stage of the process. This includes testing the system against known
cryptographic attacks (e.g., brute force, side-channel attacks) and evaluating its resilience against potential
quantum computing threats. System Resource Usage: The impact of the encryption scheme on system
resources (e.g, CPU, memory, and network bandwidth) is closely monitored to identify potential

inefficiencies. Optimizations are made to minimize resource usage without sacrificing security.
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3. Results and Discussion

The Results and Discussion section presents the findings of the study on the implementation and
evaluation of a modified leveled homomorphic encryption (LHE) scheme within cloud environments. The
primary objectives of this phase were to assess the encryption's effectiveness, its computational overhead,
scalability, and security in a real-world cloud infrastructure. The results are presented based on the
evaluation metrics established in the methodology, followed by a discussion on the implications, limitations,
and potential improvements.

3.1 Performance Evaluation

The performance evaluation focuses on measuring the computational overhead of the leveled
homomorphic encryption (LHE) scheme during the encryption, computation, and decryption stages. These
stages were analyzed based on key performance metrics such as processing time, resource utilization,
throughput, and scalability under varying data sizes and computational complexities. Encryption Time: The
encryption process was tested with various data types and sizes. For smaller datasets (less than 1 MB), the
encryption time was observed to be relatively low, averaging around 200 milliseconds. However, as the
dataset size increased, the encryption time scaled almost linearly. For larger datasets (5-10 MB), the
encryption time increased to an average of 2 seconds. The lightweight encryption algorithm used in this

study helped mitigate excessive overhead, but challenges in encrypting large datasets still remain.

Computation Time: During the computation phase, the time required for processing encrypted data in
the cloud environment was the most critical performance metric. It was observed that batch processing
significantly reduced the overall computation time, allowing multiple encrypted data operations to be
processed simultaneously. For datasets in the range of 5-10 MB, the computation time averaged around 30
seconds per operation, but this time increased with higher levels of encryption depth. Parallelization and
GPU utilization were found to provide an approximately 25% reduction in computation time, demonstrating

that the cloud infrastructure's scalability and computational resources were leveraged effectively.

Decryption Time: The decryption phase was comparatively faster than the encryption and computation
phases. Decryption time for the same dataset size averaged around 150 milliseconds. While the decryption
time is crucial in ensuring real-time data retrieval, it is also essential to note that the overall system
performance is still impacted by the time it takes for the encrypted computation in the cloud. The results
showed that, although the decryption process is swift, the entire process's efficiency can be hindered by the
time-consuming encrypted computation phase.

Resource Utilization: Resource utilization, including CPU and memory usage, was monitored throughout
the encryption, computation, and decryption phases. CPU usage was found to spike during the computation
phase due to the intensive nature of the homomorphic operations, particularly for large datasets. Memory
usage was relatively stable during encryption and decryption, but significant fluctuations were observed
during the computation phase, particularly when large datasets were processed. Memory optimization
strategies, such as compression and batching, helped reduce the overall resource consumption, but the cloud

infrastructure needs to be dynamically adjusted to accommodate spikes in resource demands.
3.2 Scalability

Scalability is an essential consideration when evaluating the efficiency of homomorphic encryption in
cloud computing environments. The system was tested with various data sizes, from small datasets (1 MB)
to larger datasets (10 MB and beyond). The goal was to determine how well the system can handle
increasing data sizes and computational complexities.

As the data size increased, the system demonstrated acceptable scalability, particularly with the leveled
homomorphic encryption (LHE) scheme. For smaller datasets, the system was able to maintain low overhead
and process data quick]y. However, as the data size grew, performance bottlenecks were observed.
Specifically, computational overhead increased due to the necessity of more homomorphic operations, and

memory usage spiked, particularly during the encryption and computation phases.
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Cloud-Based Optimization: The use of cloud-native technologies, such as auto-scaling and load balancing,
significantly improved scalability. When the system detected increased demand for resources (e.g., during
higher computation loads), it automatically scaled the necessary resources to accommodate the additional
computational overhead. This dynamic resource management is essential for ensuring the system's
effectiveness in handling large-scale encrypted computations in cloud environments.

3.3 Security Evaluation

The security evaluation aimed to assess the robustness of the homomorphic encryption scheme against
potential vulnerabilities, such as unauthorized access, data breaches, and side-channel attacks. The results of

the security analysis provided several key insights into the system's ability to safeguard sensitive data.

Ciphertext Correctness: One of the most critical security aspects was ensuring that the encryption and
decryption operations produced accurate results. Throughout the study, the encryption scheme consistently
provided correct ciphertext, and the decrypted data matched the expected results from the plaintext. This
indicates that the homomorphic encryption scheme is reliable and does not suffer from issues such as data
corruption or loss of information during encrypted computations.

Resistance to Side-Channel Attacks: Side-channel attacks, such as timing analysis or power consumption
analysis, are a common threat to encryption systems. The system demonstrated resilience against these types
of attacks due to the incorporation of optimization techniques such as parallel computation, which obscures
the timing of operations and prevents attackers from extracting sensitive information based on
computational patterns. Additionally, noise amplification was used to ensure that any physical leaks (e.g.,

electromagnetic radiation) did not provide useful information to potential attackers.

Quantum Resilience: Given the potential threat posed by quantum computing to traditional encryption
methods, a key component of this study was to evaluate the quantum resilience of the leveled homomorphic
encryption scheme. The results indicated that LHE, while more vulnerable than fully homomorphic
encryption (FHE) to quantum attacks, still provides a reasonable level of resistance against quantum
decryption techniques. However, future research could explore hybrid encryption systems that combine LHE
with quantum-safe encryption to further enhance security.

Key Management and Data Access Controls: The system employed advanced key management practices
to secure the private decryption keys. These include multi-factor authentication (MFA) and role-based access
control (RBAC) to ensure that on]y authorized personne] can access the keys and perform decryption
operations. Despite the encrypted nature of the data during computation, it is vital to ensure that the

decryption keys are securely stored and protected against insider threats.
3.4 Discussion

The results of the study demonstrate that leveled homomorphic encryption (LHE) is a viable encryption
scheme for securing data processing in cloud computing environments. However, while LHE provides
significant privacy benefits by enabling computations on encrypted data, the computational overhead and
resource usage remain significant concerns, especially as the size of the data and complexity of operations

increase.

Table 1. Computing Environments

Process Phase CPU (%) Memory (%) Network (%)

Encryption 40 30 10
Computation 70 60 30
Decryption 20 10 5
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The performance bottlenecks observed during the computation phase highlight the challenges of using
homomorphic encryption for large-scale applications. While optimizations such as batching, parallelization,
and cloud resource scaling helped mitigate some of these issues, further work is needed to improve the
efficiency and speed of homomorphic encryption in cloud environments. In particular, cloud-native
optimizations such as the use of GPU acceleration and specialized hardware could be explored to enhance
the system's performance. Additionally, while the security evaluation showed that the system is robust
against traditional cryptographic attacks, quantum resilience remains a critical concern for future-proofing
homomorphic encryption. Future research should explore ways to make LHE more resistant to quantum

attacks, such as combining LHE with quantum-resistant algorithms.

Finally, the integration of leveled homomorphic encryption into cloud computing workflows opens up
possibilities for secure data analytics, private data sharing, and privacy-preserving machine learning.
However, these applications must be carefully designed to account for the performance trade-offs inherent
in homomorphic encryption.

4. Conclusion

This study successfully demonstrated the viability of utilizing leveled homomorphic encryption (HE) to
secure sensitive data during cloud-based processing. The approach allows for the encryption of data while
enabling its direct computation in an encrypted state, thereby ensuring that sensitive information remains
private even when processed by cloud service providers. The experimental results indicated that the
encryption time increases in proportion to the data size, but the leveled HE scheme remains scalable and
manageable for cloud environments. Although the encryption time is not negligible, it does not create a
significant bottleneck, making it suitable for practical applications in scenarios where data privacy is

paramount.

One of the key findings of this research was the reduction in computation time, thanks to optimizations
such as parallel computation and GPU acceleration. Compared to traditional encryption schemes, the
proposed method showed substantial improvements in computational efficiency. This reduction in time is
essential for cloud computing, where resources are dynamically allocated based on workload demands, and
the ability to optimize these resources enhances the overall performance of cloud services. Additionally, the
study revealed how the homomorphic encryption system efficiently allocates and utilizes cloud resources,
particu]ar]y during the computation phase, where CPU, memory, and network resources were consumed at

different rates depending on the phase of processing.

The evaluation of security resilience indicated that the proposed homomorphic encryption scheme
provides robust protection against traditional cryptographic attacks, such as brute force and side-channel
attacks. However, the study also acknowledged that homomorphic encryption is susceptible to quantum
attacks, a growing concern with the advent of quantum computing. While the encryption method was
resilient to conventional threats, the need for post-quantum encryption solutions to address these emerging
challenges was highlighted.

The implications of this study are significant, particularly for sectors dealing with sensitive data such as
healthcare, finance, and legal services. The ability to securely process data in the cloud without decrypting it
provides an effective solution for organizations that wish to protect their data during computation. By
adopting homomorphic encryption, these organizations can maintain the confidentiality and integrity of
their information while still leveraging the computational power and flexibility of cloud environments.
Furthermore, the optimizations explored in this study—such as parallel computing and GPU acceleration—
demonstrate the potential of homomorphic encryption to scale effectively in cloud applications, making it a
viable solution for real-time data processing. However, this study has limitations that must be addressed in
future research. Firstly, while the proposed method showed scalability for moderate-sized datasets,
performance could degrade when handling very large datasets. The current encryption and decryption times
may hinder the method’s application in large-scale systems without further optimization. Additionally, the

vulnerability of homomorphic encryption to quantum attacks remains a significant concern. Future research
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should focus on developing post-quantum homomorphic encryption schemes to safeguard against the
quantum computing threats of the future. Another limitation is the overhead introduced by homomorphic
encryption in terms of computational resources. While optimizations improved performance, the
computational cost is still higher than that of traditional encryption, and reducing this overhead will be
crucial for real-time applications. For future research, several areas need further exploration. The
development of post-quantum homomorphic encryption methods is critical to ensure long-term data
security as quantum computing advances. Additionally, distributed computing frameworks, such as Hadoop
or Apache Spark, should be explored to optimize the performance of homomorphic encryption when
handling large datasets. This would allow for the distribution of computational tasks across multiple
machines, significantly improving scalability. Moreover, optimizing the encryption algorithm further,
particularly through hardware acceleration techniques such as the use of specialized hardware (FPGA or
ASIC), could reduce the computational overhead and make the method more practical for real-time
applications. Lastly, integrating homomorphic encryption into existing cloud platforms like AWS, Microsoft
Azure, or Google Cloud would facilitate its adoption and provide seamless solutions for secure data

processing in cloud environments.

In conclusion, this study has provided a promising approach to secure data processing in cloud
environments using leveled homomorphic encryption. While there are challenges regarding performance and
quantum security, the results indicate that homomorphic encryption has the potential to be a critical tool
for maintaining data privacy and security in cloud computing. By addressing the limitations and optimizing
the system, homomorphic encryption could become an essential technique for privacy-preserving
computations in the cloud, ensuring the protection of sensitive data while harnessing the power of cloud-

based services.
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