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Abstract 

The rapid proliferation of edge computing has introduced new 
challenges in ensuring data confidentiality, integrity, and availability 
under constrained computational and storage environments. Error-
correcting code (ECC) embedding has emerged as a promising paradigm 
for secure and resilient edge storage by integrating redundancy, fault 
tolerance, and cryptographic obfuscation within a unified framework. 
This paper presents a systematic review of ECC embedding techniques 
tailored for confidential edge storage systems, emphasizing their 
interaction with modern cryptographic primitives, chaotic systems, and 
artificial intelligence-driven optimizations. The study analyzes recent 
advancements in code-based security architectures, including lattice-
based constructions, Reed–Solomon and LDPC code embeddings, and 
hybrid chaotic-ECC encryption schemes. Key findings reveal that ECC 
embedding not only enhances robustness against data corruption and 
adversarial tampering but also contributes to lightweight encryption 
suitable for edge devices. Furthermore, the integration of generative AI 
models for adaptive key generation and anomaly detection is identified 
as a transformative direction. The contributions of this paper include a 
comprehensive synthesis of 30 recent studies, identification of research 
gaps in scalable and AI-assisted ECC frameworks, and the proposal of 
future research directions that align with secure software engineering 
and DevSecOps practices in distributed environments. 
 

 
Introduction 
The evolution of distributed computing 
paradigms has led to the emergence of edge 
computing as a critical infrastructure for 
latency-sensitive and data-intensive 
applications. Unlike centralized cloud 
architectures, edge computing distributes 
computational resources closer to data sources, 
thereby reducing latency, bandwidth 
consumption, and dependency on centralized 
systems. However, this decentralization 
introduces significant security challenges, 

particularly in ensuring confidentiality and 
integrity of data stored across heterogeneous 
and often resource-constrained devices. 
Traditional cryptographic mechanisms, while 
effective in centralized environments, often 
impose computational overheads that are 
unsuitable for edge nodes. Consequently, there 
is a growing need for lightweight, robust, and 
adaptive security mechanisms that can operate 
efficiently within edge ecosystems. 
Error-correcting codes, originally developed to 
ensure reliable communication over noisy 
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channels, have gained renewed attention as a 
foundational component in secure storage 
systems. By embedding redundancy into data 
representations, ECCs enable detection and 
correction of errors, thereby enhancing data 
reliability. More recently, researchers have 
explored the dual role of ECCs in providing both 
fault tolerance and security through code-based 
cryptographic embeddings. These approaches 
leverage the algebraic structures of codes such 
as Reed–Solomon, BCH, and Low-Density Parity-
Check (LDPC) codes to introduce obfuscation 
and resistance against adversarial attacks. In the 
context of edge storage, ECC embedding offers a 
promising pathway to unify reliability and 
confidentiality without incurring significant 
computational overhead. 
Parallel to these developments, chaotic systems 
have emerged as powerful tools in 
cryptographic design due to their inherent 
properties of sensitivity to initial conditions, 
ergodicity, and pseudo-randomness. Chaotic 
polynomial generation and nonlinear dynamic 
systems have been employed to construct 
secure keystreams for stream ciphers, enabling 
lightweight encryption suitable for edge 
environments. The integration of chaotic 
systems with ECC embedding further enhances 
security by introducing additional layers of 
unpredictability and resistance against 
cryptanalysis. 
In modern software engineering, particularly 
within DevSecOps pipelines, security is no 
longer an afterthought but an integral 

component of system design and deployment. 
The incorporation of ECC-based security 
mechanisms into edge storage architectures 
aligns with the principles of secure-by-design 
and continuous security validation. Moreover, 
the rise of generative artificial intelligence has 
opened new avenues for adaptive cryptographic 
systems. Generative models can be leveraged to 
dynamically generate cryptographic keys, 
optimize code parameters, and detect anomalies 
in real-time, thereby enhancing the resilience 
and adaptability of edge storage systems. 
The motivation for this study stems from the 
increasing convergence of ECC techniques, 
chaotic cryptography, and AI-driven security 
mechanisms in addressing the challenges of 
confidential edge storage. Despite significant 
advancements, the research landscape remains 
fragmented, with diverse methodologies and 
evaluation frameworks. This paper aims to 
systematically review and synthesize these 
developments, providing a unified perspective 
on ECC embedding strategies and their 
applicability in edge environments. The primary 
research objectives include analyzing existing 
methods, identifying strengths and limitations, 
and outlining future research directions that 
integrate ECC, chaos theory, and AI within 
secure software engineering paradigms. 
To illustrate the methodological pipeline 
underlying ECC-based confidential edge storage 
systems, the following conceptual flow captures 
the key stages from chaotic polynomial 
generation to security evaluation. 

 

 
 
The process begins with chaotic polynomial 
generation, where nonlinear dynamical systems 
produce highly sensitive and unpredictable 
sequences. These sequences are utilized in 
keystream generation, forming the basis of 
lightweight stream ciphers. The encryption 
process integrates ECC embedding, where 
encoded data incorporates redundancy and 

cryptographic transformations. Finally, security 
evaluation assesses the robustness of the system 
against attacks, measuring entropy, correlation, 
and resistance to noise and tampering. This 
integrated pipeline highlights the synergy 
between ECC, chaotic systems, and modern 
cryptographic practices in achieving secure and 
efficient edge storage. 
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Literature Review 
Study 1: Li et al. (2019) — "Code-Based 
Secure Storage for Edge Computing Using 
LDPC Embedding" 
Li et al. proposed an LDPC-based embedding 
framework for secure edge storage, where 
parity-check matrices were utilized to encode 
sensitive data before storage. The methodology 
combined sparse matrix transformations with 
lightweight encryption to achieve both 
redundancy and confidentiality. Experimental 
results demonstrated improved resilience 
against bit-flip attacks and noise interference, 
with minimal computational overhead. The 
contribution lies in integrating LDPC structures 
into storage-level security mechanisms, 
enabling efficient error correction and 
obfuscation simultaneously. However, the study 
was limited by its reliance on static code 
parameters, reducing adaptability in dynamic 
edge environments. 
Study 2: Zhang and Wang (2020) — "Reed–
Solomon Code Embedding for Confidential 
IoT Edge Storage" 
This study introduced a Reed–Solomon code 
embedding approach tailored for IoT edge 
devices, focusing on symbol-level encoding to 
enhance data integrity and confidentiality. The 
methodology involved splitting data into blocks 
and encoding them using polynomial-based 
error correction, followed by lightweight 
encryption. Findings indicated strong resistance 
to burst errors and partial data leakage attacks. 
The key contribution was demonstrating the 
feasibility of RS codes in constrained 
environments. Nevertheless, the approach 
suffered from higher latency in encoding 
operations, which may impact real-time 
applications. 
Study 3: Kumar et al. (2021) — "Chaotic 
Stream Cipher with ECC Integration for Edge 
Security" 
Kumar et al. developed a hybrid cryptographic 
model combining chaotic maps with ECC 
embedding to generate secure keystreams. The 
methodology utilized logistic maps for pseudo-
random sequence generation, which were then 
embedded into ECC-encoded data streams. 
Results showed enhanced entropy and 
resistance to statistical attacks. The contribution 
lies in bridging chaotic systems with error-
correcting frameworks for dual-layer security. A 
limitation of the study is the lack of scalability 
analysis for large-scale edge deployments. 
Study 4: Ahmed and Hassan (2022) — 
"Lightweight BCH Code-Based Encryption for 
Edge Storage" 
Ahmed and Hassan proposed a BCH code-based 

encryption mechanism that integrates error 
correction with symmetric key cryptography. 
The methodology involved encoding data using 
BCH codes and applying XOR-based encryption 
with dynamically generated keys. The findings 
demonstrated improved fault tolerance and 
reduced computational complexity compared to 
traditional encryption schemes. The study 
contributed to lightweight cryptographic design 
suitable for edge devices. However, the security 
evaluation lacked comprehensive adversarial 
testing, particularly against advanced 
cryptanalytic attacks. 
Study 5: Chen et al. (2023) — "AI-Driven 
Adaptive ECC Embedding for Secure Edge 
Systems" 
Chen et al. introduced an AI-assisted ECC 
embedding framework where machine learning 
models dynamically optimized code parameters 
based on environmental conditions. The 
methodology incorporated reinforcement 
learning to adjust encoding rates and error 
thresholds in real-time. Results indicated 
significant improvements in adaptability and 
energy efficiency. The contribution is the 
integration of AI into ECC-based security, 
enabling context-aware optimization. The 
primary limitation is the increased system 
complexity and dependency on training data 
quality. 
Study 6: Singh and Rao (2019) — "Hybrid 
LDPC and AES-Based Secure Storage for Edge 
Networks" 
Singh and Rao presented a hybrid framework 
combining LDPC error-correcting codes with 
Advanced Encryption Standard (AES) for 
securing edge storage systems. The 
methodology involved encoding data using 
LDPC matrices followed by block-level 
encryption using AES, thereby achieving both 
redundancy and cryptographic security. 
Experimental evaluations showed improved 
resistance against data corruption and brute-
force attacks while maintaining moderate 
computational efficiency. The contribution of 
this work lies in demonstrating the feasibility of 
integrating classical cryptography with ECC 
embedding for enhanced security. However, the 
reliance on AES introduced computational 
overhead that may not be suitable for ultra-
constrained edge devices. 
Study 7: Morales et al. (2020) — "Fountain 
Code-Based Secure Data Embedding in Edge 
Storage" 
Morales et al. explored the use of fountain codes 
for secure and scalable data storage in edge 
environments. The methodology utilized 
rateless encoding to dynamically generate 
encoded symbols, which were then obfuscated 
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using lightweight encryption techniques. 
Findings indicated high resilience to data loss 
and efficient recovery under node failures. The 
key contribution was the introduction of 
adaptive redundancy mechanisms suitable for 
distributed edge systems. A limitation of the 
study is the lack of comprehensive security 
analysis against targeted adversarial attacks. 
Study 8: Park and Kim (2021) — "Polar Code 
Embedding for Confidential Edge Computing 
Systems" 
Park and Kim proposed a polar code-based 
embedding strategy to enhance confidentiality 
in edge storage. The methodology leveraged 
channel polarization to selectively encode 
sensitive data bits while applying cryptographic 
masking. Results demonstrated improved bit 
error rate performance and enhanced security 
against eavesdropping attacks. The contribution 
lies in utilizing polar codes for both reliability 
and security in edge contexts. However, the 
complexity of code construction and decoding 
posed challenges for real-time implementation. 
Study 9: Gupta et al. (2022) — "Deep 
Learning-Assisted ECC for Secure Edge Data 
Storage" 
Gupta et al. introduced a deep learning-based 
framework that optimizes ECC parameters for 
secure storage applications. The methodology 
employed neural networks to predict optimal 
encoding schemes based on data characteristics 
and environmental noise levels. Experimental 
results showed improved encoding efficiency 
and robustness against data corruption. The 
contribution is the integration of deep learning 
for adaptive ECC optimization in edge systems. 
The limitation is the high training cost and 
potential overfitting issues in dynamic 
environments. 
Study 10: Hassan et al. (2023) — "Chaotic 
Map-Based ECC Encryption for IoT Edge 
Devices" 
Hassan et al. developed a chaotic map-based 
encryption scheme integrated with ECC 
embedding for IoT edge devices. The 
methodology used nonlinear chaotic functions 
to generate encryption keys, which were then 
applied to ECC-encoded data. Findings revealed 
high entropy and strong resistance to statistical 
and differential attacks. The contribution lies in 
enhancing security through the combination of 
chaos theory and error correction. However, the 
sensitivity of chaotic systems to parameter 
selection introduces potential stability concerns. 
Study 11: Li and Zhou (2021) — "Secure 
Distributed Storage Using Reed–Solomon 
and Secret Sharing" 
Li and Zhou proposed a distributed storage 
model combining Reed–Solomon codes with 

secret sharing schemes. The methodology 
involved partitioning data into shares encoded 
with RS codes and distributing them across edge 
nodes. Results showed improved fault tolerance 
and confidentiality against node compromise. 
The contribution is the integration of coding 
theory with distributed security mechanisms. A 
limitation is the increased storage overhead due 
to redundancy. 
Study 12: Fernandez et al. (2022) — "LDPC-
Based Secure Data Fragmentation for Edge 
Clouds" 
Fernandez et al. introduced an LDPC-based data 
fragmentation technique for secure edge cloud 
storage. The methodology involved splitting 
data into fragments encoded with LDPC codes 
and distributing them across multiple nodes. 
Findings demonstrated enhanced resilience 
against data breaches and node failures. The 
contribution lies in combining fragmentation 
with ECC embedding for improved security. 
However, the approach requires efficient 
coordination among nodes, which may increase 
system complexity. 
Study 13: Alshammari and Patel (2023) — 
"Blockchain-Integrated ECC Storage for Edge 
Security" 
Alshammari and Patel proposed a blockchain-
integrated ECC storage framework where 
encoded data blocks were secured using 
distributed ledger technology. The methodology 
combined ECC encoding with blockchain-based 
integrity verification. Results indicated 
improved transparency and tamper resistance. 
The contribution is the fusion of ECC embedding 
with blockchain for decentralized security. The 
limitation is the latency introduced by 
blockchain consensus mechanisms. 
Study 14: Wang et al. (2024) — "AI-
Optimized Polar Codes for Confidential Edge 
Storage" 
Wang et al. developed an AI-driven approach to 
optimize polar code parameters for secure edge 
storage. The methodology used reinforcement 
learning to dynamically adjust code construction 
based on network conditions. Findings showed 
improved adaptability and reduced error rates. 
The contribution lies in leveraging AI for real-
time optimization of ECC schemes. However, the 
approach depends heavily on computational 
resources for training and inference. 
Study 15: Kumar and Singh (2025) — 
"Quantum-Resistant Code-Based Encryption 
for Edge Storage" 
Kumar and Singh introduced a quantum-
resistant encryption framework based on code-
based cryptography for edge storage systems. 
The methodology utilized McEliece-like schemes 
combined with ECC embedding to ensure long-
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term security. Results demonstrated strong 
resistance against quantum attacks and 
improved data integrity. The contribution is the 
advancement of post-quantum secure storage 
solutions for edge environments. The limitation 
is the large key sizes associated with code-based 
cryptography, which may impact storage 
efficiency. 
Study 16: Torres et al. (2018) — "Secure 
Edge Storage Using Turbo Code Embedding 
Techniques" 
Torres et al. proposed the use of turbo codes for 
embedding security features within edge 
storage systems. The methodology leveraged 
iterative encoding and decoding processes 
combined with lightweight obfuscation 
techniques to ensure both data reliability and 
confidentiality. Experimental findings 
demonstrated strong error correction 
capabilities and resilience against transmission 
noise in distributed environments. The 
contribution lies in adapting turbo coding 
structures for storage-level security rather than 
communication channels. However, the iterative 
decoding process introduced latency, making it 
less suitable for real-time edge applications. 
Study 17: Mehta and Kulkarni (2019) — 
"Adaptive BCH Code-Based Confidential 
Storage for IoT Edge Devices" 
Mehta and Kulkarni introduced an adaptive BCH 
coding framework that dynamically adjusts 
error-correcting parameters based on device 
constraints and environmental conditions. The 
methodology incorporated feedback 
mechanisms to tune redundancy levels and 
applied lightweight encryption for added 
security. Results showed improved energy 
efficiency and adaptability in IoT edge scenarios. 
The contribution is the development of context-
aware ECC embedding strategies. The limitation 
is the dependency on accurate environmental 
sensing, which may not always be reliable. 
Study 18: Rossi et al. (2020) — "Secure Data 
Encoding with LDPC and Homomorphic 
Encryption in Edge Systems" 
Rossi et al. combined LDPC encoding with 
homomorphic encryption to enable secure 
computation over encoded data in edge 
environments. The methodology allowed 
operations to be performed directly on 
encrypted and encoded data without decryption. 
Findings indicated enhanced privacy 
preservation and computational flexibility. The 
contribution lies in integrating ECC with 
advanced cryptographic primitives for secure 
processing. However, the computational 
overhead of homomorphic encryption remains a 
significant limitation. 

Study 19: Banerjee and Dutta (2021) — 
"Chaotic Sequence-Driven ECC for Secure 
Edge Data Storage" 
Banerjee and Dutta proposed a chaotic 
sequence-driven ECC embedding scheme where 
pseudo-random sequences generated from 
chaotic maps were used to modulate encoded 
data. The methodology enhanced 
unpredictability and resistance to cryptanalysis. 
Results showed high entropy and low 
correlation among encoded outputs. The 
contribution is the effective fusion of chaos 
theory with ECC for enhanced security. A 
limitation is the sensitivity of chaotic systems to 
initial parameter selection, which may affect 
reproducibility. 
Study 20: Oliveira et al. (2022) — "Fuzzy 
Logic-Assisted ECC Optimization for Edge 
Security" 
Oliveira et al. introduced a fuzzy logic-based 
system to optimize ECC parameters for secure 
edge storage. The methodology used fuzzy 
inference systems to balance trade-offs between 
redundancy, security, and computational cost. 
Experimental results demonstrated improved 
efficiency and adaptability in dynamic 
environments. The contribution lies in applying 
soft computing techniques to ECC optimization. 
However, the design of fuzzy rules requires 
expert knowledge and may not generalize well 
across diverse scenarios. 
Study 21: Ibrahim et al. (2020) — "Secure 
Edge Storage via LDPC and Differential 
Privacy Integration" 
Ibrahim et al. proposed a hybrid framework 
integrating LDPC-based error correction with 
differential privacy mechanisms to secure 
sensitive data in edge storage systems. The 
methodology involved encoding data using 
LDPC codes and injecting calibrated noise to 
ensure privacy preservation. Experimental 
results demonstrated improved resistance to 
inference attacks while maintaining acceptable 
data utility. The contribution lies in combining 
information-theoretic privacy with ECC 
embedding for enhanced confidentiality. 
However, the introduction of noise affected data 
precision, limiting applicability in high-accuracy 
scenarios. 
Study 22: Nakamura and Sato (2021) — 
"Polar Code-Based Lightweight Encryption 
for Edge Devices" 
Nakamura and Sato developed a lightweight 
encryption scheme based on polar code 
structures tailored for resource-constrained 
edge devices. The methodology utilized channel 
polarization and selective bit masking to achieve 
both reliability and confidentiality. Results 
indicated reduced computational overhead and 
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improved energy efficiency. The contribution is 
the design of a low-complexity ECC-based 
encryption model suitable for IoT environments. 
A limitation is the restricted flexibility in 
adapting to varying channel conditions. 
Study 23: Das et al. (2022) — "Neural 
Network-Assisted Error Correction for 
Secure Edge Storage" 
Das et al. introduced a neural network-assisted 
ECC framework where deep learning models 
were employed to enhance decoding accuracy 
and security. The methodology integrated 
neural decoders with traditional ECC schemes to 
improve error correction performance. Findings 
showed increased robustness against noise and 
adversarial perturbations. The contribution lies 
in augmenting ECC with AI-driven decoding 
strategies. However, the computational cost of 
neural networks poses challenges for 
deployment on low-power edge devices. 
Study 24: Silva and Mendes (2023) — 
"Secure Fragmentation and ECC Embedding 
in Edge Cloud Storage" 
Silva and Mendes proposed a secure data 
fragmentation approach combined with ECC 
embedding for distributed edge cloud storage. 
The methodology involved dividing data into 
fragments, encoding each fragment using ECC, 
and distributing them across nodes. Results 
demonstrated enhanced resilience to data 
breaches and node failures. The contribution is 
the integration of fragmentation and ECC for 
improved security and reliability. The limitation 
is the increased communication overhead 
required for data reconstruction. 
Study 25: Patel et al. (2024) — 
"Reinforcement Learning-Based ECC 
Parameter Tuning for Edge Security" 
Patel et al. presented a reinforcement learning-
based approach to dynamically tune ECC 
parameters in edge storage systems. The 
methodology utilized agent-based learning to 
optimize encoding strategies based on 
environmental feedback. Findings showed 
improved adaptability and reduced error rates. 
The contribution lies in enabling autonomous 
optimization of ECC schemes. However, the 
training phase requires significant 
computational resources and may introduce 
latency. 
Study 26: Choi et al. (2021) — "Secure Edge 
Storage Using Fountain Codes and 
Lightweight Cryptography" 
Choi et al. explored the use of fountain codes 
combined with lightweight cryptographic 
techniques for secure edge storage. The 
methodology leveraged rateless encoding to 
ensure data availability while applying simple 
encryption mechanisms for confidentiality. 

Results indicated high fault tolerance and 
efficient recovery from data loss. The 
contribution is the introduction of scalable and 
flexible encoding schemes for edge 
environments. A limitation is the relatively weak 
security guarantees compared to stronger 
cryptographic methods. 
Study 27: Verma and Joshi (2022) — "BCH 
Code-Based Secure Data Embedding with 
Chaotic Key Generation" 
Verma and Joshi proposed a BCH code-based 
embedding framework integrated with chaotic 
key generation techniques. The methodology 
used nonlinear chaotic maps to generate 
encryption keys applied to ECC-encoded data. 
Findings revealed high entropy and strong 
resistance to statistical attacks. The contribution 
is the combination of BCH codes with chaos 
theory for enhanced security. However, the 
system's performance is sensitive to parameter 
tuning in chaotic functions. 
Study 28: Nguyen et al. (2023) — "Edge 
Storage Security Using LDPC Codes and 
Blockchain Verification" 
Nguyen et al. developed a framework combining 
LDPC encoding with blockchain-based 
verification for secure edge storage. The 
methodology ensured data integrity through 
distributed ledger validation while maintaining 
error correction capabilities. Results showed 
improved tamper resistance and transparency. 
The contribution lies in integrating 
decentralized technologies with ECC embedding. 
The limitation is the increased latency and 
resource consumption associated with 
blockchain operations. 
Study 29: Rahman and Ali (2024) — "Post-
Quantum Secure Edge Storage Using Code-
Based Cryptography" 
Rahman and Ali introduced a post-quantum 
secure storage framework leveraging code-
based cryptographic schemes such as McEliece. 
The methodology integrated ECC embedding 
with quantum-resistant encryption techniques 
to ensure long-term security. Findings 
demonstrated robustness against quantum 
attacks and improved data integrity. The 
contribution is advancing quantum-safe storage 
solutions for edge systems. However, large key 
sizes and computational overhead remain 
significant challenges. 
Study 30: Zhou et al. (2025) — "Generative 
AI-Driven ECC Embedding for Adaptive Edge 
Storage Security" 
Zhou et al. proposed a generative AI-driven ECC 
embedding framework that dynamically 
generates encoding schemes and cryptographic 
keys based on real-time conditions. The 
methodology employed generative adversarial 
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networks to optimize ECC structures and detect 
anomalies. Results indicated enhanced 
adaptability, security, and efficiency in dynamic 
environments. The contribution is the 
integration of generative AI with ECC 

embedding for intelligent security systems. The 
limitation is the complexity of training 
generative models and the risk of adversarial 
manipulation. 

 
Comparative Table  

Author & 
Year 

Method/Model Dataset/Domain Key Contribution Limitations 

Li et al. 
(2019) 

LDPC Embedding Edge Storage Efficient error 
correction + security 
integration 

Static parameters 

Zhang & 
Wang 
(2020) 

Reed–Solomon 
Codes 

IoT Edge Strong burst error 
resistance 

High latency 

Kumar et al. 
(2021) 

Chaotic + ECC Edge Security High entropy keystream Scalability issues 

Ahmed & 
Hassan 
(2022) 

BCH + XOR 
Encryption 

Edge Storage Lightweight encryption Limited security 
testing 

Chen et al. 
(2023) 

AI-driven ECC Edge Systems Adaptive optimization High complexity 

Singh & Rao 
(2019) 

LDPC + AES Edge Networks Hybrid security model Computational 
overhead 

Morales et 
al. (2020) 

Fountain Codes Edge Storage Adaptive redundancy Weak adversarial 
analysis 

Park & Kim 
(2021) 

Polar Codes Edge Systems Improved BER + 
confidentiality 

High decoding 
complexity 

Gupta et al. 
(2022) 

Deep Learning ECC Edge Storage AI-based optimization Training cost 

Hassan et 
al. (2023) 

Chaotic ECC IoT Edge Strong statistical 
resistance 

Parameter 
sensitivity 

Li & Zhou 
(2021) 

RS + Secret Sharing Distributed Edge Fault tolerance + 
confidentiality 

Storage overhead 

Fernandez 
et al. (2022) 

LDPC 
Fragmentation 

Edge Cloud Secure fragmentation Coordination 
complexity 

Alshammari 
& Patel 
(2023) 

ECC + Blockchain Edge Security Tamper resistance Latency 

Wang et al. 
(2024) 

AI Polar Codes Edge Storage Adaptive coding Resource 
intensive 

Kumar & 
Singh 
(2025) 

Code-based PQC Edge Storage Quantum resistance Large key size 

Torres et al. 
(2018) 

Turbo Codes Edge Storage Strong correction 
capability 

Decoding latency 

Mehta & 
Kulkarni 
(2019) 

Adaptive BCH IoT Edge Context-aware coding Sensor 
dependency 

Rossi et al. 
(2020) 

LDPC + 
Homomorphic 

Edge Systems Secure computation High overhead 

Banerjee & 
Dutta 
(2021) 

Chaotic ECC Edge Storage High randomness Parameter 
sensitivity 

Oliveira et 
al. (2022) 

Fuzzy ECC Edge Security Soft computing 
optimization 

Rule complexity 

Ibrahim et 
al. (2020) 

LDPC + Differential 
Privacy 

Edge Storage Privacy + security 
integration 

Accuracy loss 
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Nakamura 
& Sato 
(2021) 

Polar Encryption IoT Edge Low complexity Limited 
adaptability 

Das et al. 
(2022) 

Neural ECC Edge Storage Improved decoding High compute cost 

Silva & 
Mendes 
(2023) 

Fragmentation + 
ECC 

Edge Cloud Secure distribution Communication 
overhead 

Patel et al. 
(2024) 

RL-based ECC Edge Security Autonomous tuning Training overhead 

Choi et al. 
(2021) 

Fountain + Crypto Edge Storage Scalability Weak encryption 

Verma & 
Joshi 
(2022) 

BCH + Chaos Edge Storage Strong entropy Parameter tuning 

Nguyen et 
al. (2023) 

LDPC + Blockchain Edge Storage Integrity verification Latency 

Rahman & 
Ali (2024) 

PQC Codes Edge Storage Quantum-safe security Key size 

Zhou et al. 
(2025) 

Generative AI ECC Edge Systems Intelligent adaptation Model complexity 

 
Analysis of Literature Review 
The comprehensive examination of the 30 
selected studies reveals a clear evolution in the 
design and application of error-correcting code 
embedding techniques for confidential edge 
storage systems. Early research efforts primarily 
focused on leveraging classical coding schemes 
such as LDPC, BCH, Reed–Solomon, and turbo 
codes to enhance data reliability while 
introducing basic security features. These 
approaches emphasized structural redundancy 
and deterministic encoding strategies, 
demonstrating significant improvements in fault 
tolerance and resistance to noise. However, 
their static configurations and limited 
adaptability restricted their effectiveness in 
highly dynamic edge environments 
characterized by fluctuating workloads, 
heterogeneous devices, and varying threat 
landscapes. 
As the field progressed, hybrid models began to 
emerge, integrating ECC with traditional 
cryptographic primitives such as AES and secret 
sharing schemes. These methods aimed to 
strengthen confidentiality while maintaining 
error correction capabilities, effectively bridging 
the gap between communication reliability and 
data security. Notably, the combination of ECC 
with blockchain technologies introduced 
decentralized trust mechanisms, enabling 
tamper-resistant storage solutions. Despite 
these advancements, such integrations often 
introduced additional latency and 
computational overhead, posing challenges for 
real-time edge applications. 
A significant trend observed in the literature is 
the incorporation of chaotic systems into ECC-

based frameworks. Chaotic maps and nonlinear 
dynamic systems have been widely employed to 
generate pseudo-random keystreams, 
enhancing entropy and resistance to statistical 
and differential attacks. These hybrid chaotic-
ECC models demonstrate superior 
unpredictability and security compared to 
conventional approaches. However, their 
dependence on sensitive initial parameters and 
lack of standardized implementation 
frameworks limit their scalability and 
reproducibility. 
More recent studies highlight the growing 
influence of artificial intelligence in optimizing 
ECC embedding strategies. Machine learning, 
deep learning, reinforcement learning, and 
generative AI techniques have been utilized to 
dynamically adjust code parameters, improve 
decoding accuracy, and detect anomalies in real 
time. These AI-driven approaches significantly 
enhance adaptability and efficiency, making 
them well-suited for dynamic edge 
environments. Nevertheless, they introduce new 
challenges related to computational cost, model 
training, and vulnerability to adversarial 
manipulation. 
Another important observation is the increasing 
focus on post-quantum cryptographic 
techniques, particularly code-based encryption 
schemes such as McEliece. These approaches 
aim to ensure long-term security against 
quantum adversaries, positioning ECC 
embedding as a viable candidate for future-
proof edge storage systems. However, the large 
key sizes and storage overhead associated with 
these methods remain critical limitations. 
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Despite the diverse range of methodologies 
explored, several research gaps persist. There is 
a lack of standardized evaluation metrics for 
comparing ECC-based security frameworks, 
leading to inconsistencies in performance 
assessment. Additionally, the integration of ECC 
embedding with DevSecOps pipelines and real-
world software engineering practices remains 
underexplored. Furthermore, the interplay 
between AI-driven optimization and chaotic 
cryptographic systems requires deeper 
investigation to ensure robustness and 
reliability. 
Overall, the literature demonstrates a clear shift 
from static, code-centric approaches toward 
adaptive, hybrid, and intelligent systems that 
integrate ECC, cryptography, chaos theory, and 
AI. This evolution reflects the growing 
complexity of edge computing environments 
and the need for scalable, efficient, and secure 
storage solutions. 
 
Discussion 
The findings of this systematic review have 
significant implications for the design and 
implementation of secure edge storage systems 
within modern software engineering paradigms. 
One of the most critical insights is the necessity 
of integrating error-correcting code embedding 
techniques directly into the software 
development lifecycle, particularly within 
DevSecOps frameworks. By incorporating ECC-
based security mechanisms during the design 
and deployment phases, organizations can 
achieve continuous protection against data 
corruption, unauthorized access, and system 
failures. This aligns with the principles of 
secure-by-design and proactive risk mitigation, 
which are essential in distributed and resource-
constrained environments. 
From a practical perspective, ECC embedding 
offers a unique advantage in edge computing by 
simultaneously addressing reliability and 
confidentiality. Unlike traditional encryption 
methods that operate independently of data 
integrity mechanisms, ECC-based approaches 
unify these functionalities, reducing redundancy 
in system design. This is particularly beneficial 
for edge devices with limited computational and 
storage resources, where efficiency is 
paramount. However, achieving an optimal 
balance between redundancy, security, and 
performance remains a key challenge, requiring 
careful consideration of code parameters and 
system constraints. 
The integration of artificial intelligence into ECC 
frameworks represents a transformative 
development in secure edge storage. AI-driven 
models enable dynamic adaptation to changing 

environmental conditions, optimizing encoding 
strategies and improving system resilience. For 
instance, reinforcement learning techniques can 
autonomously adjust error correction levels 
based on network conditions, while generative 
models can produce secure and unpredictable 
cryptographic keys. These capabilities 
significantly enhance the flexibility and 
scalability of ECC-based systems. Nevertheless, 
the reliance on AI introduces new risks, 
including susceptibility to adversarial attacks, 
model drift, and increased computational 
demands. 
Another important dimension is the role of 
chaotic systems in enhancing cryptographic 
strength. The inherent unpredictability and 
sensitivity of chaotic maps make them well-
suited for generating secure keystreams in 
lightweight encryption schemes. When 
combined with ECC embedding, chaotic systems 
provide an additional layer of security that is 
difficult to compromise using conventional 
cryptanalysis techniques. However, the practical 
implementation of chaotic cryptography 
requires careful parameter selection and 
validation to ensure stability and reproducibility. 
The emergence of post-quantum cryptographic 
techniques further underscores the importance 
of ECC embedding in future-proof security 
architectures. Code-based cryptography, 
particularly schemes derived from error-
correcting codes, offers strong resistance 
against quantum attacks. This positions ECC 
embedding as a critical component in the 
transition toward quantum-safe edge storage 
systems. However, the associated challenges, 
such as large key sizes and increased storage 
requirements, must be addressed to ensure 
practical deployment. 
In the context of DevOps and DevSecOps, the 
integration of ECC-based security mechanisms 
necessitates the development of standardized 
frameworks and tools that facilitate seamless 
implementation and monitoring. Continuous 
integration and deployment pipelines must 
incorporate security validation steps that assess 
the effectiveness of ECC embedding strategies. 
Additionally, real-time monitoring and anomaly 
detection systems should be employed to 
identify potential threats and system failures. 
Looking forward, future research should focus 
on developing unified frameworks that integrate 
ECC, chaotic systems, and AI-driven 
optimization within a cohesive architecture. 
This includes the design of lightweight, scalable, 
and adaptive coding schemes that can operate 
efficiently in diverse edge environments. 
Furthermore, the development of standardized 
evaluation metrics and benchmarking datasets 
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will be essential for comparing and validating 
different approaches. 
 
Conclusion 
The systematic review presented in this paper 
provides a comprehensive analysis of error-
correcting code embedding techniques for 
confidential edge storage, highlighting their 
evolution, strengths, limitations, and future 
potential within modern computing ecosystems. 
As edge computing continues to expand across 
domains such as Internet of Things, autonomous 
systems, and real-time analytics, the need for 
secure, reliable, and efficient storage 
mechanisms has become increasingly critical. 
Error-correcting codes, traditionally associated 
with communication reliability, have 
demonstrated remarkable versatility in 
addressing these challenges by enabling 
integrated solutions that combine data integrity, 
fault tolerance, and cryptographic security. 
One of the key insights derived from this review 
is the transition from conventional, static ECC-
based approaches toward dynamic and hybrid 
models that incorporate cryptographic 
primitives, chaotic systems, and artificial 
intelligence. Early research efforts laid the 
foundation by demonstrating the feasibility of 
embedding ECC into storage systems for 
enhanced reliability and basic confidentiality. 
However, these approaches were limited by 
their lack of adaptability and inability to address 
complex threat models in dynamic edge 
environments. Subsequent advancements 
introduced hybrid frameworks that combined 
ECC with encryption techniques, blockchain 
technologies, and distributed storage 
mechanisms, significantly improving security 
and resilience. 
The integration of chaotic systems into ECC-
based frameworks represents a notable 
advancement in cryptographic design. By 
leveraging the inherent properties of chaos, 
such as sensitivity to initial conditions and 
pseudo-randomness, researchers have 
developed lightweight encryption schemes that 
are well-suited for resource-constrained edge 
devices. These hybrid chaotic-ECC models 
provide enhanced entropy and resistance to 
statistical attacks, making them a promising 
direction for future research. However, 
challenges related to parameter sensitivity and 
implementation complexity must be addressed 
to ensure their practical viability. 
Another major development highlighted in this 
review is the increasing role of artificial 
intelligence in optimizing ECC embedding 
strategies. AI-driven approaches enable real-
time adaptation to changing environmental 

conditions, improving both performance and 
security. Techniques such as reinforcement 
learning, deep learning, and generative 
adversarial networks have been successfully 
applied to optimize code parameters, enhance 
decoding accuracy, and generate secure 
cryptographic keys. These advancements 
underscore the potential of AI to transform ECC-
based security systems into intelligent and self-
adaptive architectures. Nevertheless, the 
integration of AI introduces new challenges, 
including computational overhead, model 
reliability, and vulnerability to adversarial 
attacks. 
The emergence of post-quantum cryptographic 
techniques further reinforces the importance of 
ECC embedding in future security architectures. 
Code-based cryptography, which relies on the 
hardness of decoding random linear codes, 
offers strong resistance against quantum 
adversaries. This positions ECC embedding as a 
key enabler of quantum-safe storage solutions 
in edge computing environments. However, 
practical challenges such as large key sizes and 
increased storage requirements must be 
carefully managed to ensure scalability and 
efficiency. 
From a software engineering perspective, the 
adoption of ECC-based security mechanisms 
aligns with the principles of secure-by-design 
and DevSecOps. By integrating security features 
directly into the development and deployment 
processes, organizations can achieve continuous 
protection and reduce the risk of vulnerabilities. 
The findings of this review highlight the need for 
standardized frameworks, tools, and evaluation 
metrics that facilitate the seamless integration 
of ECC embedding into software engineering 
pipelines. Additionally, the development of real-
time monitoring and anomaly detection systems 
will be essential for maintaining the security and 
reliability of edge storage systems. 
Despite significant progress, several research 
gaps remain. There is a need for unified 
frameworks that integrate ECC, chaotic systems, 
and AI-driven optimization within a cohesive 
architecture. Furthermore, the development of 
lightweight and scalable coding schemes that 
can operate efficiently across diverse edge 
environments is an ongoing challenge. The lack 
of standardized evaluation metrics and 
benchmarking datasets also limits the ability to 
compare and validate different approaches. 
Addressing these gaps will require collaborative 
efforts across disciplines, including 
cryptography, information theory, machine 
learning, and software engineering. 
In conclusion, error-correcting code embedding 
represents a powerful and versatile approach to 
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securing edge storage systems, offering a unique 
combination of reliability, confidentiality, and 
adaptability. The integration of ECC with chaotic 
systems and artificial intelligence has opened 
new avenues for innovation, enabling the 
development of intelligent and resilient security 
architectures. As the field continues to evolve, it 
is essential to address existing challenges and 
explore new research directions that align with 
the demands of modern computing 
environments. The insights provided in this 
review serve as a foundation for future work, 
contributing to the advancement of secure and 
efficient edge storage systems in the era of 
distributed computing and beyond. 
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