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Abstract—The newer storage systems often have to deal
with multiple disk failures. Thus, RAID (Redundant Array of
Independent Disk) is becoming increasingly important for two
primary benefits: (1) high read performance and (2) robust fault
tolerance. In addition, the recent RAID codes achieve better
IO performance by using only XORs (optimal computational
complexity) to compute parities. However, this achieved optimal
computational complexity limits the further IO performance
improvement. In this paper, we are proposing a new code called
PS-code (Parity Stripe code) that employs improved Cauchy
Reed Solomon codes for computing the parity to further improve
write and degraded mode read performance. Furthermore, we
extend the novelty by reducing the number of writes required
for updating the parity. We simulated the PS-code in the
DiskSim environment and devised a new metric called multi-
block access complexity to perform an improved evaluation of
the performance of the PS-code on workloads that represent real
life scenario such as multi-block updates. Also, the experimental
results demonstrate that the PS-code, on average, achieves 66 %-
86% better write performance and achieves 8.9%-23.6% higher
degraded-mode read performance compared to previous works
including P-code, RDP code, X-code, and HV-code. Finally, the
comparison between the vertical and horizontal codes demon-
strates that the vertical codes have better read performance than
the horizontal codes in most cases.

I. INTRODUCTION

Redundant Array of Independent Disks (RAID) [I] as
a storage technology uses multiple disks to build a faster
and a more reliable disk system. With the development of
the disks, the storage capacity has been steadily increasing
but the disks’ failure has remained a big concern [2][3][4].
Therefore, researchers are investigating different methods for
recovering from the failure of the RAID systems. RAID code
is considered one of the key methods to recover from the
failure system.

RAID code is of two types - horizontal and vertical. The
main distinguishing aspect between the two is the location
of the parity in the storage media. For the horizontal codes
seen in Figure 1, the parity is stored in the same stripe
with its corresponding data. In contrast, the parity for the
vertical codes is stored along the columns, with the data,
as shown in the Figure 2. Recently, some new types of
vertical codes were proposed such as X-code[5], P-code[6],
B-code[7] and D-code[8], which mainly focus on achieving
better IO performance and balanced I/O workload by using
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optimal algorithmic complexity of the code. However, the
disadvantages of these vertical codes based system is that
the write performance and degraded mode read are inefficient
because of the layout of the data and the parity blocks. Also,
a few of the horizontal codes including EVENODDI[9], RDP-
code[10], and hybrid codes such as HV-code[11] demonstrates
inefficient write performance. To achieve the least computation
time for computing the parities all the above codes employ
only XORs. This results in achieving optimal computational
complexity. However, the optimal computational complexity
limits the further write performance improvement. Therefore,
there is an opportunity to devise a new code to improve the
write performance.

There are two major factors that affect the write perfor-
mance for a I/O request of the RAID system - the complexity
of computing the parity and read-modify-write operation. Gen-
erally, one I/O request write can generate multiple requests,
which are written sequentially on multiple blocks. We define
these writes as “contiguous writes”. These‘““‘contiguous writes”
will update the parity and perform the read-modify-write
operation in most of the cases to fulfill the I/O request. As
an illustration, an I/O request of 1024 KB will be broken into
16 blocks (one default block is of 64KB). All these 16 blocks
will be written sequentially. However, several of the recent
works such as X-code, P-code, D-code, EVENODD, RDP and
HV-code do not demonstrate good performance for contiguous
writes. In our experimental results, we have varied the 1/O
request size to different sizes for a thorough experimentation.
And a metric called multi-block access complexity is proposed
to reflect the multiple blocks’ write performance in real life
scenario.

In this paper, our main purpose is to optimize the IO
operations for the write performance and improve the degraded
mode read performance. We propose a new RAID code called
Partial Stripe code (PS-code) which gives a significantly better
write performance and the degraded mode read performance
over the recently released RAID codes[5][6][10][11][12][13].
The PS-code is one type of the vertical RAID code and it
employs the improved Cauchy Reed-Solomon(CRS) code [14]
to compute the parity. Additionally, by using a new labeling
algorithm it reduces the number of the parity updates and reads
for contiguous writes.
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We make the following contributions in this paper:

1. We propose a new RAID based code called PS-code. This
code optimizes the read-modify-write operation during the
write operation and it has the least number of parity updates
and read operations amongst the X-code, P-code, RDP code,
HV-code and etc. As a result, with the PS-code, we achieve
better write performance than the above mentioned codes for
RAID-6 .

2. A new metric called multi-block access complexity is pro-
posed to evaluate the write performance. The results demon-
strate that the metric can be effectively used to compare the
write performance between the RAID systems.

3. The PS-code gave us better degraded mode read perfor-
mance than other codes for two disk failures.

4. We build the performance and the recovery models for
the different RAID codes - the vertical and horizontal codes.
These models help us in making a comprehensive comparison
between the PS-code and other RAID codes, and between the
vertical and horizontal RAID codes.

The remainder of this paper is organized as follows: The
motivation analysis for the PS-code is given in Section II.
Section III discusses the background and the related work,
which covers the horizontal and vertical encoding methods.
Section IV describes the algorithms devised for our PS-
code. Furthermore, the experimental methodology and the
measured results for the PS-code and the previous RAID codes
are presented in the Section V. We also make a thorough
read performance comparison between vertical and horizontal
RAID codes. Finally, the conclusion is presented in the section
VI
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Fig. 1. Horizontal RAID-6 Fig. 2. Vertical RAID-6

II. MOTIVATION ANALYSIS

A. Terms and Notations

To give a better understanding of the whole paper, we first
summarize the terms and notations that will be frequently
referred throughout this paper.

o Multi-block Access Complexity: It is defined in terms
of the number of parity updates and read operations when
a request needs to access multiple data blocks.

o Update Complexity: The concept of “update complex-
ity” means the number of parity blocks associated when
one data block is updated [15].

o Computational Complexity: The computational com-
plexity corresponds to the operations it takes to calculate
the parities in RAID systems. If a RAID code only uses
XOR to compute parities, the RAID code is regarded as
having optimal computational complexity.

o Data Block Labeling and Parity Block Labeling: The
labeling demonstrates that the parity and data blocks are
dependent on each other. A parity is computed from those
data blocks that share the same label value as that with
the parity’s label. As seen in Figure 7, pl and ql, the two
parity blocks labeled “1”” are computed from the four data
blocks labeled “1”.

o Stripe: A set of blocks of data and parity that have the
same label value.

o Read-modify-write: Suppose a write request can’t cover
the whole strip arrays, RAID system can’t simply write
the small portion of data. It must read old data blocks
first, read new data from host and then compute the new
parity with those data. After computing the parity, it can
write the new data to target location and then update new
parity.

o Degraded Mode Read: A RAID system enters degraded
mode when the system experiences a failure of one or
more disks. If one request wants to read the failed disks,
the operation will read other uncorrupted data and parity
blocks correspondingly. Thus, these other data blocks
can reconstruct the damaged data based on the system’s
reconstruction algorithm.

o Storage Efficiency: The storage efficiency of the RAID
system is the percentage of the total size of the system
that can be used for user data, which also can be
computed by the total data blocks divided by total number
of blocks in RAID system. In general RAID-6 systems,
it equals to (M-2)/M. (M is the number of disks.)

B. Motivation Analysis

There are two major factors that affect the write perfor-
mance of the RAID system - the computational complexity for
computing the parity and the read-modify-write operation. The
recently devised RAID codes including P-code, X-code, and
others have achieved optimal computational complexity. The
other attempts by Plank el al [14] [16] were made by speeding
up the Reed-Solomon code and these efforts made the com-
putation time closer to the optimal computational complexity.
In addition, with the improvement of the CPU clock speeds
and parallel technology, the computation time is much less
important than the parity updates and read operations. Thus,
the bottleneck of the write I/O request performance in the
RAID systems is the read-modify-write operation including
the number of parity updates and read operations generated
by write request because it takes relatively long time to access
the disks.

The motivation for improving the previous RAID-6
codes[6][8][9][10][11] is that the further IO performance im-
provement is limited by the optimal computational complexity.
Moreover, the write performance and degraded mode read are



Fig. 3. Accessing order of RAID systems is from left to right, top to bottom
with a “contiguous” write.

inefficient because of the layout of the data and the parity
blocks of those codes. Therefore, there is an opportunity to
improve the above mentioned performances.

In terms of these coding methods, the concept of the update
complexity means the number of the parity blocks associated
when one data block is updated. However, the real applications
are not restricted to updating just one data block. In fact, they
update several data blocks, whose overhead associated with
the applications is not good with these codes.

For the “contiguous writes”, as shown in Figure 3, the order
of access is from left to right and then from top to bottom. The
parity updates for “contiguous writes” depend entirely on the
data labeling algorithm. And the previous works such as P-
code, HV-code, and RDP-code have suffered from excessive
data parity updates due to their distributed data labels. As
seen in Figure 4, the PS-code has the least number of read
operations and parity updates for one write because of the
optimized labeling algorithm. Therefore, this new proposed
code (PS-code) optimizes or improves the write performance
associated with the extra read and parity updates. The PS-code
with the labeling algorithm is discussed in detail in Section
Iv.

III. BACKGROUND AND RELATED WORKS

Several different RAID levels have been developed. For
instance, RAID-0 contains the data stripes without the parity.
To add the fault tolerance mechanism, RAID-1 uses the
mirroring scheme and replicates the data on two or more
disks. However, this methodology severely affects the disk
utilization. Moreover, RAID-5 incorporates the block-level
stripes and distributes the parities. It is successful in recovering
from the failure of one disk. However, there is often a need
to recover from multi-disk failure. RAID-6 provides fault
tolerance for up to two failure disks because of its two dis-
tributed parities. The RAID system has high read performance
due to parallel read operations. However, the write operation
introduces overhead. For RAID-5/RAID-6, the write penalty is
incurred from computing the parity, reading the existing data,
writing the new data, and writing the new parity. The purpose
of reading the existing data is to re-compute the parity in order
to keep the system reliable when the new write is unable to
cover the full stripe data. Therefore, the write performance is
slowed down by the above mentioned discrete operations.

Some of the previous works are introduced below. The
comparison of our PS-code with other codes is present in the
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Fig. 4. An example of a write request of three blocks for different codes. The
P-code needs 3 parity updates and 3 extra reads to finish the write request.
HV-code needs 4 extra writes and 8 extra reads. RDP code needs 3 extra
writes and 6 extra reads. Thus, the PS-code has the least number of the read
operations and parity updates in this case. Section V will give more cases
analysis and comparisons.

Section 5.

Horizontal codes:

Reed-Solomon code[17]: Reed-Solomon uses Galois Field
arithmetic (GF(2")) (where w is the number of columns
for the encoding matrix) to calculate the second parities.
However, the computation overhead is very expensive.
EVENODD code[9]: This code is similar to the Reed-
solomon coding and it uses the diagonal data block to
calculate the second parities by XORing an intermediate
value S. The disk number is restricted to prime number plus
2. The EVENODD code is neither optimal for computational
complexity nor for the update complexity.

RDP Code[10]: This code is similar to the EVENODD code
in terms of using the diagonal data blocks to calculate the
second parities. However, it directly XORs all diagonal data
blocks instead of introducing an extra intermediate value
S, as in EVENODD code. Therefore, it is able to obtain
the optimal computational complexity. Its disk number is
restricted to prime number plus 1.

Liberation code[18]: Liberation codes are based on a bit
matrix-vector product. They proposed a new class of X;
matrices for the liberation codes and use the notion of “bit
matrix scheduling” to improve the decoding performance
dramatically. However, its computational complexity is not
optimal.

The codes mentioned above affect deeply on the vertical
RAIDs. Some of the vertical codes use the similar labeling
methodology as the horizontal codes including D-code [8] with
RDP code. However, the performance is different because the
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Fig. 5. An example of labeling for X-code with 6 disk drives
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Fig. 6. An example of labeling for P-code with 6 disk drives

parities for the vertical RAIDs are placed in the additional
rows. Introduction of the vertical codes is given below:
X-code [5]: X-code has the p*p structure (where p is a prime
number) and it uses data blocks(first p-2 rows) of the two
diagonals with slope 1 and -1 to compute the first and second
row parity (last 2 rows). The example illustrating the labeling
is shown in the Figure 5. It has the optimal computational
complexity and update complexity.

P-code [6]: P-code has the (p-1)/2*(p-1) structure( where p is
a prime number). The first row contains the parity blocks and
the rest of the (p-3)/2 rows are data blocks. Each party block
is assigned its disk number and each data block is assigned a
two integer tuple (m, n). Moreover, the tuple (m, n) follows
equation 1. The parity with integer i is computed by the data
blocks with their patterns containing integer i. Figure 6 shows
an example with p=7.

C={(mn)|QA<mn<p-1),m#nm+nz#p} (1)

There is another RAID-6 code called HV-code [11], which
has optimal computational and update complexity. They take
advantage of the horizontal and vertical parities to reduce the
IO requests. However, their “spare” labeling still generates
several parity writes and limits their I/O performance.

IV. PS-CODE

In this section, the PS-code for RAID-6 system is explained
along with the construction and re-construction algorithm of
the PS-code. The primary advantage of this code is that it
has the least number of reads and parity updates amongst
the several previous codes. Moreover, we also describe the
extension of the PS-code to more parity rows, which makes
the PS-code tolerate multiple disks’ failure. However, previous
codes can only handle two disks’ failure.

A. The PS-code of Data and Parity Labeling and Construction

The main purpose of the PS-code is to reduce the number
of the reads and parity updates during the write operations
aiming to improving the write performance of the RAID
system. For the RAID-6 system, for each data block write,
at least two parity block updates have to take place. This
is the scenario that is being exploited or considered in the
previous works [S][6][8][9][11][15][18]. However, in the real
life scenario, multiple blocks are updated together for each
write I/O request. This scenario for RAID-6 codes has not
been evaluated from those works. We demonstrate that in terms
of each request involving multiple block writes, the number
of blocks written for updating the parity are lesser with our
PS-code than the number of blocks required by other codes.

The PS-code algorithm can be divided into three primary
steps: data block labeling, parity block labeling and construc-
tion.

1) Data block labeling: We assume the block matrix of size
M * M in Figure 7 represents the data blocks and the parity
blocks. The values i (0<i<M) and j (0<j<M) are the row
number and the disk number respectively. D;; is the value of
the data block located at the i-th row and j-th disk, and L,
is its corresponding data block’s label value. In this step, we
assign integer labels to each data block. And the integer label
L;; can be obtained from the equation (2).

Lij=|[i*M+(j—1)—2]/(M—2)] 2)

2) Parity block labeling: In this step, the first parity row
is labeled using the equation (3) and the second parity row
is labeled using the equation (4). In these equations, r is the
parity’s label value (1<r<M). k is the disk number(or column
index) for the parity. And the gcd() is the function to calculate
greatest common divider.

(r—1) * ged(M, 2)

ko= [r« (M—2)+]| o |+ %M (3)
ke e (M —2)— | =Y *]\ZCd(M’2>J FA%M (4

As shown in the Figure 7, with an example of 6 disks,
label values of data or parity blocks are distributed across all
disks, which are computed from equation (3) and (4). When
ged(M, N) = 1(M is the number of disks, N is the number
of parity rows), the labels for the second of the parity rows
can be directly obtained from the first row’s labels by shifting
to right one block. If there are more than two parity rows,
then the labels for a particular row is obtained by shifting the
block label of the previous row by one block to the right.
Fig.10 gives an example with ged(7,3) = 1.

3) Construction: We have used Cauchy Reed-Solomon
(CRS) matrix [19] to calculate the parities. According to
the Cauchy matrix definition given by Luby et al [19],
X ={z1,..,zn} and Y = {y1,...,ym} are the two sets of
elements in GaloisField(2"), where m represents the number
of disks, n is the number of disks failures that can be tolerated,
and 2% bits is the word size (m +n <= 2"). So, the elements
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Fig. 7. An example of the PS-code for RAID-6 with M=6. The labels of
first and second parity rows are calculated from equations (3) and (4). As an
illustration, the two parity blocks pl and ql labeled “1” are computed from
the 4 data blocks labeled “1”.
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Fig. 8. An illustration of generator matrix for M = 6. The cauchy matrix is
incoporated inside of generator matrix.

in the Cauchy Matrix can be obtained with the below given
equation.

Fij = 1/(zi +yj) (5)

Plank et al [14] used the optimal X and Y sets to minimize
the number of XORs in order to improve the time taken for the
encoding. Since this process reduces the number of XORs for
parity computation, we apply it to our code to construct our
parity. We apply the optimized X and Y sets to build a Cauchy
matrix, which is to be incorporated inside the generator matrix
of the PS-code, as shown in the Figure 8. This method helps
us in reducing or optimizing the parity computation time.

For different n, m and w values, the optimal X and Y sets
will be different. Plank et al in the horizontal RAID codes
uses all the data blocks in a row to find the encoding. Since
our PS-code is a vertical code, we use only those data blocks
which have the same label value, such as D to Dy, as shown
in the Figure 8.

Thus, the parities of the PS-code are computed by per-
forming the matrix multiplication between the improved CRS
and data matrix. Figure 8 provides an example of the parity
computation with label r=1. In equation (6) and (7) in GF(23),
the first parity row are computed by performing the XOR
operation on the data blocks. The parities of the second row
are calculated by multiplying the last row of the generator
matrix with the data matrix.

Pyi—5r=1 = D11+ D12+ D3+ Dy (6)

Piy—6r=1 =4% D11 +5% Do+ D13 +2x Dy (7)

Where, the k1 and k- are the parity column index numbers for
the first and second parity row respectively. P, is the parity
value for k-th disk with the label value r.

B. Reconstruction

In this section, the PS-code reconstruction algorithm demon-
strated as recovering from one-disk failure or two-disk failure
is based on RAID-6 system.

During encoding, the first row of the improved CRS matrix
(in Figure 8) contains all “1”, therefore, the values of the
data matrix were XORed together. So, for one-disk failure, the
reconstruction operation only needs to use the XOR operation.
Any failed data block can be recovered from other (M-2)
blocks that share the same data label with this failed block.
These other (M-2) blocks, including the data blocks and the
parity block from the first parity row, are XORed together to
recover the failed data block. Similarly, all other failed blocks
in the failed disk can be recovered using the same process as
previously explained.

For the two-disk failure, as shown in Figure 8, the recon-
struction process can use the parity check matrix to recover
the failed blocks. A similar recovery process is explained by
Plank et al [20] [14]. For our recovery process of the failed
disks there are three major steps:

1) Determining the labels of the data blocks in the two
failed disks

2) Determining the parity check matrices for the data
blocks whose labels appear twice. Moreover, the data
blocks whose label appears only once, can be recovered
directly.

3) Recovering the failed blocks by multiplying their parity
check matrix with the matrix, which consists the rest of
the healthy blocks, which are in the same stripe.

In Figure 7, it can be observed that blocks with the same label
“r” are evenly distributed across all the disks. Total number of
the blocks with label “r” is M. Two of them are parity blocks
and the rest M-2 blocks are data blocks.

Since each disk contains different labels, the PS-code needs
to use several parity check matrices to recover the two failed
disks rather than using just one parity check matrix, as
employed in the previous horizontal code by Plank et al[14].
Figure 9 demonstrates a reconstruction example with a failure
of disk#3 and disk#4. One column in the Figure 9 represents
different label values associated to each disk and we need
different parity check matrices to recover them. According to
the reconstruction steps, given above, the failed disk#3 and #4
contains the data blocks with the label value 1, 3, 4 and 6. As
seen in Figure 9, the data blocks with label 1 and 4, and data
blocks with label 3 and 6 will share the same parity check
matrix respectively. So, for this example, we need two parity
check matrices.

C. Construction and Computational Complexity

We have quantified the computation overhead of our PS-
code by the number of XORs, in order to compare with
the previous works. The modified CRS by Plank [14] can
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Fig. 9. An example showing PS-code when disk#3 and disk#4 failed. The
recovery process involves two different parity check matrices.

change the multiplication over GF(2*) to XOR operations.
Each element in GF(2") can be represented as a w * w
matrix bits. We apply this property to PS-code to convert the
multiplication operations to XORs.

As seen in Table I, our PS-code needs more number of
XORs to finish the encoding process than other codes. The
PS-code has better write performance than other codes but
there is an additional computational overhead as discussed in
Section V. Additionally, the storage efficiency of the PS-code
is same to other codes and it is (M-2)/M.

D. PS-code extension to N-row parities

In the previous sections, we demonstrated that the RAID-6
for PS-code is capable of recovering from 2 disk failures for
any number of disks > 4 (like the horizontal RAID-6 by using
Reed-Solomon). However, most of the previous RAID codes
with optimal computational complexity have limited their disk
numbers to prime or prime-1, etc. [8][21][5][6].

In addition, the PS-code is scalable and can be used to
recover from multiple disk failures. The RAID system that can
recover from N disk failures is called PS-N. The improved
CRS matrix for the PS-N code can be generated from the
Jerasure simulator [22].

The data block label algorithm is the same as the equation
(2). The parity label algorithm is shown in equation (8).
As discussed earlier, when ged(M, N) = 1, the labels for
an individual row can be obtained by shifting the labels of
the previous row to the right, by one block, as described in
Section IV-A2. Furthermore, the parities can be calculated by a
generator matrix with M*(M-N) over GF(2¥) (N +M < 2%).
The PS-code for RAID-6 is a specific case for PS-N with
N=2(N is the number of disks failure tolerance).

(r—1)*ged(M,N)

ko = [r+ (M —2)+]| 7

| + 2]%N]%M
®)

Where, k, is the disk number(column index) for the x-th row
parity. Fig.10 gives an example with M=7 and N=3.

V. PERFORMANCE ANALYSIS AND EXPERIMENTAL
RESULTS

In this section, we present the performance results ob-
tained for the PS-code in comparison to other codes. As to
workloads, which represent the case of updating multi-blocks

Data:

- M rows

Parity: 5 7 2 4 6 ik 3

M columns

Fig. 10. An example of the PS-code of 3 disk failure tolerance with M=7.
Since gcd(M, 3)=1, the labels of parity can be obtained from shifting its
previous parity row label.

in one request, PS-code has better degraded-mode read and
write perfrormance than other RAID systems. We employed
DiskSim simulator[23] to measure the performances.

The previous RAID codes (HV-code, P-Code, etc.) are
applied only for limited number of disks and not for any
number of disks. For example, P-code can only be applied
for prime-1 number of disks. Therefore, we choose 6 disks
for our experiments so that we can make comparisons.

A. Performance Analysis for RAID Systems

The write operation in a RAID-6 system consists of four
major operations as given below:

1) Reading the existing blocks(data blocks or parity blocks)

2) Computing parities

3) Writing data blocks

4) Writing parity blocks

For the same write I/O request, the number of the data
blocks written are the same as all the systems employing
RAID codes. Therefore, it is important to note that the
performance of the complete write is primarily dependent on
other three operations (#1,#2 and #4). The overhead of #1 and
#4 operations is determined by the number of parity written
and the number of existing blocks read respectively. The effect
of these operations is discussed in depth below.

In the previous works [S][6][15][8], they use the update
complexity to evaluate the parity update overhead. By their
definition, update complexity is the average number of parity
blocks updated that are associated with a data block. Accord-
ing to the labels of the PS-code, we can know that two parities
are associated with one data block which is optimal update
complexity. However, the update complexity is not enough
because in real life scenario, most of the write operations
touch multiple blocks each time. Thus, we propose a metric
called multi-block access complexity to reflect the real life
applications.

From the arrangement of block’s perspective, the order
of accessing blocks for each write operation is from left to
right and from top to bottom, as shown in Figure 3. In our
evaluation of multi-block access complexity, we assume the
location of the first block of each write operation follows a
uniform distribution across all the data blocks in one matrix,



TABLE I
THE COMPARISON OF THE AVERAGE NUMBER OF XOR OPERATIONS PER PARITY UPDATE BETWEEN THE RAID CODES WITH OPTIMAL COMPUTATIONAL
COMPLEXITY AND THE PS-CODE WITH DIFFERENT DISK NUMBER FOR RAID-6

Disk # [[ Last row of generator matrix

# of XORs for PS-code

Optimal # of XORs  PS-code/optimal

6 4-5-1-2 6.67 6 1.11
7 2-7-5-1-4 9.17 8 1.15
8 4-5-1-2-3-7 11.83 10 1.18
9 5-9-6-4-12-2-1 14.5 12 1.21
10 11-13-3-2-6-1-9-12 17.25 14 1.23
2 0 84.67 58 1.46
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Fig. 11. Multi-blocks access complexity of parity updates for M=6. The graph
for PS-code has the minimum average number of parity updates.

which means that the probability for each block, from 1°¢ to
M*(M—2)th, as a starting point of a write is the same. For the
I/0 request size, we only focus on the range from 1 block to
M*(M-2) blocks because all matrix arrays share the same label
layout and the read-modify-write overhead will be repeated
after request size is larger than M*(M-2). For the multi-block
access complexity, we calculate the average number of the
reads and the parity updates that takes place for different sizes
of the request made. We compute this complexity by choosing
different start points (from 15 block to M (M —2)!" block in
one matrix). This ensures that the workload is distributed and
the multi-block access complexity captures a real application
behavior. Based on our results, shown in the Figure 11, the
PS-code has the minimum number of the parity updates with
varying request size for 6 disks. We also compare the average
number of the parity updates for different numbers of disks.
As seen in Figure 12, PS-code keeps the best number of
parity updates over different numbers of disks. Additionally,
the partial stripe writes also introduce reading existing blocks
for computing the new parities. As seen in Figure 13, the PS-
code has much lesser number of reads than others and the
difference between PS-code with other codes becomes even
larger with number of disks increasing. In summary, the PS-
code has the best multi-block access complexity and wins at
#1 and #4 operations compared to other codes.

Moreover, we made a comparison between the computa-
tional complexity(#2 operation) of PS-code and the previously
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Fig. 12. Multi-block access complexity of parity updates for different numbers
of disks. The graph for PS-code has the minimum average number of parity
updates for different numbers of disks.
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Fig. 13. Multi-block access complexity of reads for different numbers of
disks. The graph for PS-code has the minimum average number of reads for
all numbers of disks.

introduced codes including P-code, HV-code. These previ-
ous codes perform slightly better in terms of computational
complexity because they achieve optimal computational com-
plexity for the parity. As shown in Table I and Table II,
the party computational complexity of the optimal code is
approximately 1.11 times better than the PS-code for M=6.
However, the PS-code has 1.24-1.47 lesser number of write
operations and significantly lesser number of extra reads than
other codes per write request. For the recently introduced hard



disk drive, the maximum write performance can only reach to
about 200MB/s and it has even lesser write throughput for
random writes. However, the bandwidth for the XOR opera-
tions can be up to 2997 MB/s, as demonstrated by Plank et
al[14]. This shows that the the number of the write operations
has much more significant impact on the performance than
the parity computation. In conclusion, the RAID based system
will benefit significantly from the reduced number of the parity
write and read operations.

Lastly, in the degraded-mode, the extra reads from recov-
ering the failed blocks performed by the system is similar
to the reads generated from write operation for the parity
computation. Both of them need read the part or whole rest
of the available blocks in the same stripe. Thus, as explained
previously, the PS-code has the lesser number of reads because
of its continuous labeling. In the next section, based on the
empirical data, we can demonstrate that PS-code achieves the
best write performance and degraded-mode read performance
amongst the previous codes.

B. RAID Performance Comparison

DiskSim[23] is used to model the codes based on the RAID-
6 system. Also, we make a comparison between the PS-code
and previously discussed codes. The simulation configuration
has 64KB as the default block size and the total number of
disks is 6. In the simulation, we set 10,000 I/O requests for
sequential and random writes and one I/O request size is varied
from 64KB to 2048KB. The reason is that if one request size
can completely cover the whole matrix data array (one matrix
data array size is 24*64KB=1536KB for 6 disks), then these
RAID-6 would have same the write performance since they
have same number of data and parity blocks to write. Thus,
if the request is larger than 1563KB, we can only focus on
the incompletely covered parts which results in the different
performance for different RAID codes.

As shown in the Figure 14 and Figure 15, the PS-code
has the best write performance compared to other codes.
Based on the results obtained, the PS-code improves the write
performance from 66% to 74% and from 82% to 86% on
average as compared to the P-code and HV-code respectively.
The primary reason for the improved performance is the lesser
number of parity updates and the lesser number of reads
for computing new parities. Moreover, the parity computation
overhead is insignificant to our code as explained in section
V-A. Hence, it is not considered for the simulation results.
Furthermore, the PS-code achieves significant performance
gains from 66% to 82% and similar gains can be expected
even if computation overhead is included to the performance
metrics.

C. Degraded-mode Performance Comparison

In this section, we present the comparison between the PS-
code and other codes for the read operation in the degraded
mode. For this mode, the case of two disk failures is con-
sidered. In the disk failure condition, the RAID-6 system can
correctly continue to read data. This is because in the degraded
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Fig. 14. Sequential write performance between RAID-6 codes with M=6 and
chunk size=64KB.
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Fig. 15. Random write performance between RAID-6 codes with M=6 and
chunk size=64KB.

mode, the system can read uncorrupted data and parity blocks
to recover the failed date blocks in the same stripe.

As shown in the Figure 16 and Figure 17, in the degraded
mode, the read performance of PS-code with two disk failures
is 8.9% to 12.3% better than the HV-code. And the read
performance of PS-code with two disk failures is 22.3% to
23.6% better than the P-code. The main reason is that the
PS-code reads lesser number of data and parity blocks for
recovering the failed blocks.

D. Comparison of Read Performance between Vertical RAID
and Horizontal RAID

In the previous sections, the analysis and performance
measurements demonstrate that the PS-code has better write
performance than the other RAID-6 based codes[5][10][11]. In
this section, we have attempted to make comparisons of the
read performance between the PS-code and the other codes.
Since the read performance is only dependent on the layout
of data blocks, the codes with the same layouts have the
same read performance. Therefore, PS-code (a type of vertical
code) has the same read performance as other vertical codes



TABLE 11
THE COMPARISON OF THE AVERAGE NUMBER OF PARITY UPDATES AND COMPUTATIONAL COMPLEXITY OVERHEAD BETWEEN THE PS-CODE AND
PREVIOUS CODES FOR M=6 FOR THE WRITE REQUESTS.

[[ PS-code  RPD-code HV-code  P-code
# of XORs 6.67 6 6 6
Ave # of partiy updates 7.75 11.42 10.77 9.61
Ratio(codes/PS-code) for # of partiy updates 1 1.47 1.38 1.24
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Fig. 16. Sequential read performance in the degraded mode with 2-disk failure
for RAID-6 with M=6.
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Fig. 17. Random read performance in the degraded mode with 2-disk failure
for RAID-6 with M=6.

(for the same reason, horizontal codes also have similar read
performances). However, a strong comparison of the read
performances could be made between the PS-code and the
horizontal codes. This is primarily because of the difference
in layouts of the data blocks. In this comparison, the horizontal
code uses the RAID-6 with Reed-Solomon, as shown in Figure
1, and the vertical RAID uses the newly devised PS-code.
As we mentioned previously the difference between the two
types of codes depends on the different placement schemes
of their parities. Due to the different placements, the read
performance of the vertical code is better than the horizontal
codes. Although the horizontal codes rotate the parity across
disks to read in parallel, under certain conditions these codes
have to incur the overhead because the parities are stored
alongside with the data blocks. For example, with 6 disk
drives, as shown in Figure 18, if the size of request is 5
blocks with address from 5th data block to 10th data block,

Horizontal code

BBBOB06

Vertical code

Parity Data Read

Fig. 18. An example of read performance comparison between vertical code
and horizontal code with M=6.

the vertical codes can finish the request by reading at most one
data block (row) for each disk drive, while for the horizontal
codes, the #2 disk drive needs to read two data blocks(rows).
Therefore, vertical RAID-6 would read lesser rows than the
horizontal codes. Table III illustrates a comparison between
the horizontal codes and vertical codes. This comparison is
for the number of rows to be accessed with different request
sizes. As seen in Table III, the vertical RAID-6 reads lesser
or equal rows than the horizontal RAID-6.

TABLE III
THE COMPARISON BETWEEN HORIZONTAL AND VERTICAL RAID-6 FOR
THE NUMBER OF ROWS TO BE ACCESSED FOR THE DIFFERENT REQUEST

SIZES
request sizes # of rows to read
(# of blocks to read) Horizontal ~ Vertical  Difference
1-4 1 1 0
5-6 2 1 1
7-8 2 2 0
9-12 3 2 1
13-16 4 3 1
17-24 4 4 0

Lastly, we give the experimental results to demonstrate
a comparison between the horizontal code with the vertical
codes. For the read operation, the vertical RAID systems
exploit the more parallelism per stripe available than the
horizontal codes, as explained in the previous paragraph. The
Figure 19 presents the simulation results of the sequential
read operation with different /O request sizes. For those
small sized I/O requests, a whole stripe can not be covered,
therefore, horizontal and vertical RAID system have a similar
performance. When the request size is increased, the vertical
RAID system has better performance than the horizontal
RAID system because the horizontal codes need to read more
data rows. As shown in the Figure 20, the vertical RAID-6
has better random read performance for larger request sizes
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Fig. 19. Comparison of sequential read performance between the horizontal
RAID-6 and PS-code RAID-6 with 8 disks.
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Fig. 20. Comparison of Random read performance between the horizontal
RAID-6 and PS-code RAID-6 with 8 disks.

(>256KB).

VI. CONCLUSION

We proposed a new RAID code called Partial Stripe Code
(PS-code) and it focused primarily on improving the write
performance and the degrade-mode read performance. With
this code we observed that the number of parity updates can
be reduced by using efficient labeling. Moreover, a new metric
called multi-block access complexity is proposed to evaluate
the performance in the real world applications. We used the
multi-block access complexity and DiskSim simulation results
to make comparisons between the PS-code and other codes.
Because the PS-code made the least number of parity updates
therefore, we were able to conclude that the PS-code has the
best degraded-mode read performance and write performance
amongst the previous codes. Finally, we are able to prove that
the PS-code, a vertical RAID code, can significantly benefit
those applications which read the data more often that writing
the data.
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