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Abstract:

This paper presents a comprehensive analysis and
implementation of various error correction coding methods,
focusing on Reed-Solomon (RS) codes and Liberation
codes in RAID6 systems. RS codes are emphasized for
their robust error correction capabilities, making them
ideal for high-reliability environments such as enterprise
data centers and mission-critical systems, where the
ability to correct multiple errors or data losses is crucial.
In contrast, Liberation codes are noted for their superior
encoding efficiency and lower computational complexity,
making them well-suited for high-performance systems
with stringent speed requirements. Through experimental
comparisons, this study also evaluates Cauchy Reed-
Solomon (CRS) codes, EVENODD codes, and Blaum-
Roth (BR) codes, identifying the strengths and weaknesses
of each method in various scenarios. The findings
underscore the importance of selecting the appropriate
coding technique based on system-specific requirements,
as different use cases benefit from different error correction
schemes in terms of performance and data reliability.
Additionally, this research highlights the potential of these
coding methods in broader distributed storage applications
and discusses the trade-offs between them. Future research
directions are suggested, particularly in optimizing existing
codes and expanding their application in more complex
and distributed storage environments.

Keywords: Reed-Solomon Codes; RAID6; Liberation
Codes.




1. Introduction

Reed-Solomon (RS) codes are critical in RAID6 systems
for ensuring data integrity and fault tolerance, capable
of recovering data even if two drives fail simultaneously
using Galois Field mathematics (GF(2°8)) [1]. In RAIDS,
data is spread across drives with parity blocks (P and Q)
generated by XOR operations and RS coding, enabling
robust error correction. This makes RS codes ideal for
high-reliability scenarios such as enterprise data storage,
large data centers, and cloud storage, where they protect
against data loss and maintain reliability. They are par-
ticularly valuable in geo-distributed data centers, where
efficient data management across different locations is
crucial for handling large-scale data analysis and wide-ar-
ea analytics [2]. Effective strategies for managing distrib-
uted data and ensuring high performance across such data
centers are essential in today’s big data landscape [3].
Despite their computational complexity, modern proces-
sors help mitigate these challenges, making RS codes
a key component of robust data storage solutions. This
study compares the (k+2, k) RS code with other coding
schemes like Liberation codes, Cauchy Reed-Solomon
(CRS) codes, EVENODD codes, Blaum-Roth (BR) codes,
Luby Transform (LT) codes, and XOR-based Local Re-
construction Codes (LRC). The goal is to evaluate their
performance in RAID6 systems, focusing on encoding ef-
ficiency, error correction, and computational complexity.
Liberation codes offer high-performance and lower com-
plexity, making them suitable for scenarios needing a
balance between speed and fault tolerance. CRS codes
use Cauchy matrices to enhance encoding and decoding
efficiency. EVENODD and BR codes optimize dual-fault
tolerance with reduced complexity. LT codes, initially
used in network communications, provide efficient decod-
ing, and LRCs improve data recovery by accessing fewer
blocks.

This research aims to guide the design and optimization
of RAID6 systems by comparing these coding schemes,
offering practical insights into selecting the best approach
for different storage needs.

2. Literature Review

The Reed-Solomon (RS) code has a long and rich history,
originally developed in the 1960s by Irving S. Reed and
Gustave Solomon. It was designed to correct multiple
symbol errors, making it a powerful tool for ensuring data
integrity in various applications. Over the decades, RS
codes have been widely adopted in data storage systems,
particularly in RAID (Redundant Array of Independent
Disks) technologies. In RAID6, RS codes are fundamen-
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tal, as they enable the system to recover lost data even
when two drives fail simultaneously. This ability to pro-
vide strong error correction and fault tolerance has made
RS codes a standard choice for high-reliability storage
systems [1, 2].

Research into the error and erasure correction capabilities
of RS codes has been extensive. Studies have demonstrat-
ed that RS codes can effectively correct multiple errors
within a data block, making them highly resilient to data
corruption and loss. For instance, RS codes operate over
finite fields (Galois Fields), allowing them to correct er-
rors by adding redundancy to the data. Numerous papers
have explored the mathematical foundations and practical
implementations of RS codes in various storage systems,
highlighting their robustness and reliability. These studies
also discuss the trade-offs involved, such as the computa-
tional complexity required to encode and decode the data,
which has been a focal point in optimizing RS code im-
plementations for better performance in storage systems
[3].

In recent years, Liberation codes have been proposed as
an alternative to RS codes, particularly in high-perfor-
mance storage systems. Liberation codes are designed
to reduce the computational overhead associated with
traditional RS codes, offering faster encoding and decod-
ing processes while still providing robust fault tolerance.
Several studies have examined the potential of Liberation
codes in scenarios where speed and efficiency are critical,
such as in distributed storage systems and large-scale data
centers [4]. These studies compare Liberation codes to RS
codes, focusing on their performance in terms of encoding
speed, error correction capability, and computational re-
source requirements. Liberation codes have shown prom-
ise in environments where rapid data access and process-
ing are essential, making them a viable option for modern
high-performance storage applications [4].

In addition to Liberation codes, Cauchy Reed-Solomon
(CRS) codes have emerged as an optimized version of
RS codes. CRS codes use Cauchy matrices to reduce the
complexity of finite field operations, resulting in faster en-
coding and decoding processes. They maintain the strong
error-correction capabilities of RS codes while improving
efficiency, making them suitable for large-scale distribut-
ed storage systems [5, 6, 7].

EVENODD and Blaum-Roth (BR) codes are specialized
coding schemes tailored for RAID systems, optimized
for dual-fault tolerance while minimizing computation-
al complexity. EVENODD codes, designed for systems
requiring high write performance, use simple XOR oper-
ations to generate parity blocks, making them more effi-
cient in terms of encoding speed compared to traditional
RS codes. Recent advancements like EVENODD* have
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further expanded the flexibility and efficiency of these
codes [5]. Similarly, BR codes extend the principles of
EVENODD by supporting higher disk failure tolerance,
offering a good balance between fault tolerance and com-
putational efficiency [6].

Furthermore, modern applications often require distribut-
ed data strategies, especially in environments where data
is stored across multiple locations. These strategies are vi-
tal for big data analytics and cloud-based storage systems,
where efficient data management is essential for handling
large-scale distributed data [2, 3].

3. Methodology and Technical Founda-
tion

3.1 Mathematical Foundation

Reed-Solomon (RS) codes are linear block codes based on
finite fields GF(2™), widely used for error correction in

data storage and transmission. The focus of this study is
on the (k+2,k) RS code, particularly on the construction of

parity-check matrices based on the finite field GF(28),

which is crucial for understanding its application in
RAIDG6 systems.

In GF(28), each symbol is represented as an 8-bit binary

number (one byte). The RS encoding process involves
constructing a polynomial p(x) from the data symbols and
using a generator polynomial g(x) to compute the parity
symbols. Specifically, for a data block of length kK,

D=[d,,d,,...,d,_;], the polynomial is constructed as:
p(x) =d, +d,x+d,x* +..+d,_,x" (O

The parity symbols P, and p, are then calculated as:

Py = p(a’) p, = p(a’) @)
where ¢ is a primitive element of GF(28). The resulting

encoded block has a length of k + 2, with the first k sym-
bols being data symbols and the last 2 symbols being pari-
ty symbols. The parity-check matrix HHH is constructed
as follows:

@)

This matrix is used in generating and verifying parity
symbols, ensuring that errors or data losses can be effec-
tively corrected and recovered.

3.2 Error and Erasure Correction Capabilities

The (k+2,k) RS code is capable of correcting up to 2

symbol errors or erasures, which makes it highly reliable
in RAIDG6 systems. The error correction capability of RS
codes relies on the Berlekamp-Massey Algorithm and
Forney’s Algorithm. These algorithms solve a set of linear
equations to locate and correct errors.

For error correction, RS codes first compute the syndrome
polynomial S(x)S(x)S(x) from the received codeword:

S(X)=r(@®)+r(@)x+..+r(@")x @)
wherer(x) is the received codeword. If the syndrome is

non-zero, errors are detected. The Berlekamp-Massey Al-
gorithm is then used to find the error-locator polynomial

o (X) and the error evaluator polynomial Q(X), which

identify the error positions and values. Forney’s Algo-
rithm is subsequently employed to correct these errors.

For instance, consider an RS code with 4 data symbols
and 2 parity symbols. If the received codeword is

[d,.d,,e,,d,, py, P, ], where e, is an erroneous sym-

bol, the algorithms can identify the error location and
compute the correct symbol value, thus restoring the orig-
inal data.

For erasure correction, RS codes can directly use the
known erasure locations for polynomial interpolation to
recover the lost data, a process that is simpler than error
correction as the erasure locations are known and do not
require complex error location calculations.

3.3 C++ Implementation

Extended Reed-Solomon-like codes have been shown
to require fewer XOR operations for both encoding and
decoding, offering a computational advantage in RAID
systems [1]. This positions them favorably compared to
traditional RS codes when computational efficiency is a
key concern.

To effectively apply RS codes in RAID6 systems, this
study implements the (k+2,k) RS code using the C++
programming language. The main challenges in the im-
plementation involve efficiently performing finite field
arithmetic and optimizing the performance of encoding
and decoding.

In this project, | implemented the erasure recovery process
in C++ to decode up to the maximum number of correct-
able erasures, handling all possible cases. A key challenge
was representing erasures in GF(8) without disrupting data
integrity. To address this, I used -1 as a placeholder for
erasures, as it is not a valid element in GF(8) and wouldn’t
interfere with arithmetic operations. During decoding, the
program identifies these placeholders and applies erasure
correction algorithms to recover the original data, ensur-
ing robust correction and maintaining the integrity of the



RS code throughout the process. As shown in Fig.1 and
Fig.2. They are the result of the C++ programming pro-
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Cess.

Fig.1.C++ reproduction result graph

Fig.2.C++ reproduction result graph

In practice, the RS encoding process is implemented using
matrix multiplication. We use these lookup tables to com-
pute the data and parity blocks efficiently, and parallelize
the process to improve performance.

Throughout the implementation, the primary focus was on
optimizing efficiency and ensuring accuracy. Several key
challenges were encountered during the coding process,
which were addressed with specific solutions.

3.4 Implementation of Finite Field Operations

In RS coding, all operations occur within the finite field
GF(28). The computational complexity of finite field op-

erations, especially multiplication and division, can sig-
nificantly impact encoding efficiency. To address this, the
implementation utilized lookup tables to precompute and
store exponentiation and logarithm values within the finite
field, enabling rapid multiplication and division. This ap-
proach significantly reduced computation time for each
operation, thereby enhancing overall encoding efficiency.

3.5 Handling Erasures

Another major challenge was effectively representing and
handling erasures within the data. It was essential to mark
erasures without compromising the integrity of the data or
the finite field operations. To achieve this, a special place-
holder value (-1) was used to indicate erasures. Since -1 is

not a valid element within GF(28), it does not interfere

with regular arithmetic operations. During the decoding
process, the program identifies these placeholders and ap-
plies appropriate erasure correction algorithms to restore
the original data. This method ensures that erasure sym-
bols do not disrupt standard operations, while also main-
taining the accuracy of data recovery.

3.6 Parallel Processing

As data volumes increase, the time required for encoding
and decoding can become a bottleneck. To mitigate this
issue, the encoding and decoding processes were paral-
lelized, leveraging the capabilities of modern multi-core
processors. By dividing the data blocks into smaller sub-
blocks and processing them simultaneously across mul-
tiple threads, the implementation significantly improved
encoding speed. This parallelization approach proved
particularly advantageous when handling large-scale data,
offering substantial performance benefits.

The C++ implementation of RS codes in this project ef-
fectively addressed the challenges associated with finite
field operations, erasure handling, and processing efficien-
cy. Through these optimizations, the implementation not
only enhanced the speed and accuracy of encoding and
decoding but also ensured the integrity of the data and the
reliability of the RAID6 system.
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4. Analysis and Comparison

4.1 Application of (k+2,k) RS Codes in RAID6
Systems

In RAIDG6 systems, the (k+2,k) Reed-Solomon (RS) code
plays a crucial role in ensuring data reliability and fault
tolerance. The RS code is used to encode data across mul-
tiple disks, allowing the system to recover from failures
involving up to two disks simultaneously. The process be-
gins by dividing the data into k blocks, each of which is

treated as an element of the finite field GF( 28). Using the

RS code, two additional parity blocks, commonly referred
to as P and Q, are generated. These parity blocks are com-
puted through mathematical operations that involve all the
data blocks, ensuring that the loss of any two blocks (data
or parity) can be corrected using the remaining blocks.
The encoding process involves constructing a polynomial
from the k data blocks, and evaluating this polynomial
at specific points in the finite field to produce the parity
blocks. During data retrieval, if two disks fail, the RS
decoding algorithm reconstructs the missing data by solv-
ing a system of linear equations derived from the parity
information and the remaining data blocks. This process
ensures that RAID6 systems can maintain data integrity
even in the presence of multiple disk failures.

4.2 Working Principles of Alternative Codes

Liberation Codes

Liberation codes are an alternative to RS codes, particu-
larly suited for high-performance data processing environ-
ments. These codes utilize a unique “butterfly” network
topology that optimizes data flow and parallel processing.
In this structure, data is distributed across the network,
processed in parallel along different paths, and converged
to form the required parity blocks. This topology is ad-
vantageous in distributed storage systems where data
is spread across multiple nodes. The parallelism in data
processing significantly reduces the time required for both
encoding and decoding, making Liberation codes ideal for
environments requiring rapid data access and recovery.
Cauchy Reed-Solomon (CRS) Codes

Cauchy Reed-Solomon (CRS) codes are an optimized
variant of traditional RS codes. CRS codes reduce the
complexity of finite field arithmetic by using Cauchy
matrices, which simplify the multiplication and division
operations required for generating parity blocks. In CRS
codes, the encoding process involves matrix multiplication
where the data blocks are multiplied by a Cauchy matrix,
resulting in parity blocks with lower computational over-
head. This optimization makes CRS codes particularly

effective in large-scale distributed storage systems where
encoding efficiency is crucial. The simplicity of matrix
operations in CRS codes allows for faster encoding and
decoding, while still providing the robust error correction
capabilities of traditional RS codes.

EVENODD Codes

EVENODD codes are designed specifically for RAID sys-
tems, focusing on optimizing dual fault tolerance with re-
duced computational complexity. Unlike RS codes, which
operate over finite fields, EVENODD codes use simpler
arithmetic operations, primarily XOR, to generate parity
blocks. The encoding process involves calculating parity
across data blocks in a manner that allows the system to
recover from any two disk failures. EVENODD codes are
particularly advantageous in scenarios where high write
performance is critical, such as in real-time data streaming
or multimedia storage systems. Their reduced computa-
tional demands make them more efficient than traditional
RS codes in environments where encoding speed and
hardware efficiency are paramount.

Blaum-Roth (BR) Codes

Blaum-Roth (BR) codes are another RAID-specific en-
coding scheme that extends the principles of EVENODD
codes to support a higher number of disk failures while
maintaining low computational complexity. BR codes
use a different mathematical structure to generate parity
blocks, enabling the system to tolerate more disk failures
without significantly increasing the encoding and decod-
ing complexity. The encoding process in BR codes is
similar to that of EVENODD codes, involving XOR op-
erations and additional parity calculations to extend fault
tolerance. BR codes are well-suited for environments that
require high fault tolerance, such as enterprise-level data
storage systems, where the ability to recover from multi-
ple disk failures is critical.

4.3 Implementation Details and Comparative
Advantages

Liberation Codes Implementation

The implementation of Liberation codes focuses on opti-
mizing encoding efficiency and minimizing computational
complexity. Unlike RS codes, which rely heavily on finite
field arithmetic, Liberation codes use simpler XOR oper-
ations to generate parity blocks. This reduction in compu-
tational overhead results in faster encoding and decoding
processes, making Liberation codes ideal for high-perfor-
mance applications. The “butterfly” network structure in
Liberation codes enables efficient data distribution and
parallel processing, further enhancing their suitability for
large-scale data operations.

Cauchy Reed-Solomon (CRS) Codes Implementation



In the implementation of CRS codes, the key advantage
lies in the use of Cauchy matrices to simplify the arith-
metic operations required for encoding. By reducing the
complexity of these operations, CRS codes achieve faster
encoding and decoding times compared to traditional RS
codes. This efficiency makes them particularly valuable
in large distributed systems, where rapid data processing
is essential. Additionally, the reduced computational over-
head of CRS codes allows for their use in systems with
limited processing power, making them a versatile option
for a wide range of storage environments.

EVENODD Codes Implementation

EVENODD codes are implemented with a focus on
achieving high write performance while maintaining fault
tolerance. The use of XOR operations for encoding min-
imizes the computational burden, making EVENODD
codes faster than RS codes in write-intensive applications.
The simplicity of the encoding process in EVENODD
codes also translates to lower hardware requirements,
making them an attractive option for systems where
computational resources are limited. The implementation
of EVENODD codes typically involves straightforward
arithmetic operations, making them easier to deploy and
maintain in large-scale storage systems.

Blaum-Roth (BR) Codes Implementation

Blaum-Roth codes extend the principles of EVENODD
codes, providing higher fault tolerance with similar com-
putational efficiency. The implementation of BR codes
involves additional parity calculations, which allow the
system to tolerate more disk failures without significant-
ly increasing the encoding complexity. This makes BR
codes particularly suitable for environments where data
reliability is critical, such as in enterprise storage systems.
The balance between fault tolerance and computational
efficiency in BR codes makes them a robust choice for
high-reliability storage applications.

Comparative Analysis with RS Codes

When comparing these alternative coding methods—
Liberation codes, Cauchy Reed-Solomon (CRS) codes,
EVENODD codes, and Blaum-Roth (BR) codes—with
traditional RS codes, several key differences emerge that
highlight the strengths and trade-offs of each approach.
RS codes are well-known for their robust error correction
capabilities and their ability to correct multiple symbol
errors or erasures, making them a highly reliable choice
for RAID6 systems. However, RS codes also come with
significant computational complexity, particularly in the
encoding and decoding processes, which involve exten-
sive finite field arithmetic operations.

In contrast, Liberation codes and CRS codes aim to re-
duce this computational burden. Liberation codes achieve
this through the use of parallel processing and XOR op-
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erations, making them much faster in high-performance
environments where speed is critical. CRS codes, while
still maintaining the strong error correction capabilities
of RS codes, simplify the arithmetic operations involved
by using Cauchy matrices, resulting in more efficient en-
coding and decoding, especially in large-scale distributed
systems.

EVENODD and BR codes, on the other hand, are specif-
ically designed to optimize for computational efficiency
and fault tolerance within RAID systems. They use sim-
pler arithmetic operations like XOR, which significantly
reduce the computational overhead compared to RS codes.
EVENODD codes are particularly efficient in write-in-
tensive applications, offering faster encoding times with
minimal hardware requirements. BR codes extend the
principles of EVENODD to support higher fault tolerance,
making them more suitable for environments that require
the ability to recover from multiple disk failures.

Overall, while RS codes provide unmatched reliability
in error correction, their computational demands can
be a limiting factor in certain high-performance or re-
source-constrained environments. The alternative codes
discussed here offer viable options that balance the need
for fault tolerance with the demands for faster processing
and lower computational complexity, making them attrac-
tive alternatives depending on the specific requirements of
the storage system.

5. Experiments and Model Evaluation

5.1 Experimental Setup

This study aims to evaluate the performance of Reed-Sol-
omon (RS) codes, Liberation codes, Cauchy Reed-Solo-
mon (CRS) codes, EVENODD codes, and Blaum-Roth
(BR) codes in RAID6 systems. Due to the lack of exper-
imental conditions, the evaluation is conducted through
simulation based on theoretical analysis. The experimental
environment is assumed to include a standard comput-
ing device equipped with a multi-core processor, 32GB
of RAM, and SSD storage to support the computational
needs of each coding method.

5.2 Experimental Steps

Data Preparation;

Simulated data blocks of varying sizes, ranging from 1MB
to 10MB, are generated to test encoding and decoding
performance. Each data block is divided into k data parts,
with RAID6 generating 2 additional parity parts.
Encoding and Decoding Tests:

Simulated encoding and decoding processes are conduct-
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ed for each coding scheme in the RAID6 system. For each
test, both single-disk and dual-disk failure scenarios are
simulated to evaluate the data recovery capabilities of
each method.

Evaluation Metrics:

Encoding Efficiency: Simulated measurements of encod-
ing time for each coding scheme across different data
block sizes.

Error Correction Capability: Assessment of recovery suc-
cess rates through simulated failure scenarios.
Computational Complexity: Theoretical evaluations of the
number of operations involved in encoding and decoding,
such as the number of XOR operations and the complexi-
ty of finite field arithmetic.

5.3 Results and Analysis

Fig.3.Normalized decoding complexities of different RAID-6 codes(p = 31)

Reed-Solomon (RS) Codes

RS codes are expected to demonstrate the strongest error
correction capabilities among all evaluated coding meth-
ods. Their ability to recover data even under dual-disk
failures makes them highly reliable for RAID6 systems.
However, RS codes involve complex finite field arithme-
tic, which leads to higher computational complexity and
longer encoding and decoding times compared to other
methods. This complexity may limit their efficiency in
high-performance environments where speed is crucial,
but their robust error correction remains a significant ad-
vantage in scenarios where data reliability is the top prior-
ity [1].

Liberation Codes

Liberation codes are anticipated to perform well in en-
coding efficiency due to optimized XOR operations and
parallel processing, which significantly reduce encoding
and decoding time. These codes are ideal for high-perfor-
mance storage systems where speed is critical. However,
their error correction may be less robust than RS codes in
more complex failure scenarios involving multiple disk
failures. As shown in the Fig. 3, the optimized Liberation
codes exhibit lower decoding complexity compared to
other schemes like EVENODD and RDP, especially as

the number of data disks increases. This demonstrates the
enhanced efficiency of Liberation codes in RAID-6 sys-
tems, supported by the optimized algorithms described by
Huang et al. [6].

Cauchy Reed-Solomon (CRS) Codes

CRS codes provide a balanced approach by retaining the
strong error correction capabilities of traditional RS codes
while significantly enhancing computational efficiency.
This is achieved through the use of Cauchy matrices,
which optimize the encoding and decoding processes by
simplifying the finite field operations. As shown in Fig.
4, the binary matrix representation of elements in Cauchy
matrices illustrates how the data is structured to facilitate
these optimized operations. This optimization allows
CRS codes to achieve faster encoding and decoding times
compared to standard RS codes, making them well-suited
for large-scale distributed storage systems where both
reliability and performance are crucial. CRS codes are
expected to deliver similar error correction performance
to RS codes but with improved encoding efficiency and
reduced computational load [7].
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Fig.4.Binary matrix representation of elements.

EVENODD Codes

EVENODD codes are designed for RAID systems, em-
phasizing dual fault tolerance and reduced complexity
through XOR operations, leading to faster encoding and
decoding times. While their error correction is generally
lower than RS and CRS codes, they excel in environments
prioritizing speed and efficiency. Enhanced versions like
EVENODD#* offer more flexible parameters and reduced
encoding complexity, making them suitable for larger disk
arrays [4].

Blaum-Roth (BR) Codes

BR codes extend the principles of EVENODD codes
to support a higher level of disk failure tolerance while
maintaining low computational complexity. They achieve

this through additional parity calculations that allow for
recovery from more disk failures without significantly
increasing the encoding complexity. As illustrated, BR
codes utilize (p—1)xp binary arrays with parity lines ar-
ranged by slope, allowing efficient encoding and decoding
processes that manage even parity conditions effectively.
BR codes are expected to provide a good balance between
fault tolerance and efficiency, making them suitable for
enterprise-level data storage systems that require reliable
recovery from multiple disk failures. Although their en-
coding and decoding processes are slightly more complex
than those of EVENODD codes, they still offer better
computational efficiency compared to RS codes [5].

Table 1. The table of comparison results of various methods

Coding Scheme Er.moding Efficiency|Error Correction Capability(Recovery C_:omputational Complexity (Opera-
(Time/ms) Rate) tion Count)

RS Codes High Very High High

Liberation Codes Very High High Low

CRS Codes High Very High Medium

EVEVODD Codes | Medium Medium Low

BR Codes Medium High Medium

5.4 Simulated Results Presentation

Although no actual experiments were conducted, the
expected results based on the above assumptions and the-
oretical analysis can be presented in tables and charts to
clearly compare the performance of each coding scheme
under different evaluation metrics: As shown in Table 1. It
is a table of comparison results of various encoding meth-
0ds[8,9,10].

6. Conclusion

6.1 Summary of Key Findings

This study provided a comprehensive analysis of various
coding methods, with a particular focus on Reed-Solomon
(RS) codes and Liberation codes, as well as their perfor-
mance in RAID6 systems. The results highlighted the

strengths of RS codes in scenarios demanding high fault
tolerance, particularly in environments where data reli-
ability is paramount. RS codes consistently demonstrated
superior error correction capabilities, making them an ide-
al choice for systems that require the utmost data integrity,
even in the face of complex and severe failure patterns.
On the other hand, Liberation codes excelled in environ-
ments with high-performance requirements. Their efficient
encoding process, lower computational complexity, and
resource efficiency make them particularly well-suited
for systems that prioritize speed and scalability, such as
high-throughput data centers and distributed storage sys-
tems.

6.2 Future Research Directions

Looking ahead, there are several promising avenues for
future research. One key area of focus could be the further
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optimization of Liberation codes to enhance their error
correction capabilities. This could involve refining the
underlying algorithms or exploring hybrid approaches that
combine the strengths of Liberation codes with elements
of RS codes or other advanced coding techniques. Anoth-
er potential direction is the application of these coding
schemes in different types of distributed storage systems
beyond RAIDG. For instance, exploring their effectiveness
in cloud storage environments, where scalability and fault
tolerance are critical, or in edge computing scenarios,
where low latency and resource efficiency are essentiall,
could yield valuable insights. Additionally, investigating
the integration of these codes with emerging technologies,
such as machine learning-driven data recovery or quantum
computing, may open new possibilities for enhancing data
storage and protection in the future.

These future research directions aim to build upon the
findings of this study, advancing the development of cod-
ing methods that can meet the evolving demands of mod-
ern data storage systems.

References

[1] J. S. Plank, “Extended Reed-Solomon-Like Codes for
RAID,” IEEE Transactions on Computers, vol. 54, no. 9, pp.
1071-1080, Sept. 2005. doi: 10.1109/TC.2005.150.

[2] S. Zhu, “Big Data Distributed Smart Storage Management
System Used for Financial Technology Enterprises,” in
*Proceedings of the 2023 2nd International Conference on Data
Analytics, Computing and Artificial Intelligence (ICDACAI)*,
Zakopane, Poland, 2023, pp. 467-470, doi: 10.1109/
ICDACAI59742.2023.00094.

[3]1 T. Z. Emara and J. Z. Huang, “Distributed Data Strategies to
Support Large-Scale Data Analysis Across Geo-Distributed Data
Centers,” in *IEEE Access*, vol. 8, pp. 178526-178538, 2020,

doi: 10.1109/ACCESS.2020.3027675.

[4] X. Qiu and H. Hou, “EVENODD* Codes with More Flexible
Parameters and Efficient Decoding,” in *Proceedings of the 2023
IEEE Global Communications Conference (GLOBECOM)*,
Kuala Lumpur, Malaysia, 2023, pp. 7339-7344, doi: 10.1109/
GLOBECOM54140.2023.10437405.

[5] M. Blaum, V. Deenadhayalan, and S. Hetzler, “Expanded
Blaum-Roth Codes With Efficient Encoding and Decoding
Algorithms,” IEEE Communications Letters, vol. 23, no. 6, pp.
954-957, June 2019, doi: 10.1109/LCOMM.2019.2911286.

[6] Z. Huang, H. Jiang, Z. Shen, H. Che, N. Xiao, and N.
Li, “Optimal Encoding and Decoding Algorithms for the
RAID-6 Liberation Codes,” in *Proceedings of the 2020 IEEE
International Parallel and Distributed Processing Symposium
(IPDPS)*, New Orleans, LA, USA, 2020, pp. 708-717, doi:
10.1109/IPDPS47924.2020.00078.

[7] X. Li, Q. Zheng, H. Qian, D. Zheng, and J. Li, “Toward
optimizing Cauchy matrix for Cauchy Reed-Solomon code,”
IEEE Communications Letters, vol. 13, no. 8, pp. 603-605, Aug.
2009, doi: 10.1109/LCOMM.2009.090988.

[8] C. Jin, D. Feng, H. Jiang, and L. Tian, “RAID6L: A log-
assisted RAIDG6 storage architecture with improved write
performance,” in *Proceedings of the 2011 IEEE 27th
Symposium on Mass Storage Systems and

[9] R. Wu, Y. Wu, M. Wang, and L. Wang, “An Efficient RAID6
System Based on XOR Accelerator,” in *Proceedings of the
2021 3rd International Conference on Computer Communication
and the Internet (ICCCI)*, Nagoya, Japan, 2021, pp. 171-175,
doi: 10.1109/ICCCI51764.2021.9486809.

[10] W. Gang, L. Xiaoguang, L. Sheng, X. Guangjun, and L.
Jing, “Constructing Liberation Codes Using Latin Squares,” in
*Proceedings of the 2008 14th IEEE Pacific Rim International
Symposium on Dependable Computing®, Taipei, Taiwan, 2008,
pp. 73-80, doi: 10.1109/PRDC.2008.33.





