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Abstract—In modern RAID-structured storage systems, re-
liability is guaranteed by the use of parity blocks. But the
parity-update overheads upon each write request have become
a performance bottleneck of RAID systems. In some ways, an
attached log disk is used to improve the write performance
by delaying the parity blocks update. However, these methods
are data-block-oriented and they need more time to rebuild or
synchronize the RAID system when a data disk or the log disk
fails. In this paper, we propose a novel optimization method,
called SWO, which can improve RAID write performance
and reconstruction performance. Moreover, when handling a
write request, the SWO chooses reconstruction-write or read-
modify-write combining with the log information to further
minimize the number of pre-read data blocks. We have im-
plemented the proposed SWO prototype and carried out some
performance measurements using IOmeter and RAIDmeter.
We have implemented the main idea of RAID6L in RAID5
and call it RAID5L. At the same time, we have evaluated
the reconstruction time and the synchronization time of the
SWO. Our experiments demonstrate that the SWO significantly
improves write performance and saves more time than Data
Logging and RAIDSL when rebuilding and synchronizing.

Keywords-reliability; stripe-oriented; log information; write
performance;

I. INTRODUCTION

RAID (Redundant Array of Independent Disks) [1] tech-
nology is widely used in modern storage systems to meet
requirements of large capacity, high performance and relia-
bility. However, the small random write performance [2] of
RAIDS is very poor due to updating the parity blocks. For
example, when servicing a small write in RAIDS, there will
be four disk I/O operations: pre-read the old data block and
the old parity block, write new data block and the new parity
block. And this situation is even worse in RAID6 since more
parity blocks must be updated when writing a small block.

Write performance of RAID can be improved by changing
the data layout or delaying the parity updates. The methods
[3] [4] [5] that delay the parity updates normally integrate a
log disk into the RAID system. When servicing small write
requests, the traditional RAID system reads and writes parity
blocks frequently. But the RAID system with an additional
log disk simply logs some related data blocks and delays
the parity updates until the system is idle or lightly loaded.

However, these methods are all data-block-oriented and they
need more time to rebuild or synchronize the RAID system
when a data disk or the log disk fails. Disk failure has
obvious time locality and spatial locality. When a disk fails
in the storage system, the probability of a 2nd disk failure
is greatly increased [6] [7]. Carnegie Mellon University
research shows that the probability of a 2nd disk failure
is 0.5% when the storage system reconstruction time is one
hour. If the reconstruction time is three hours, the probability
of a 2nd disk failure is 1.0%. And the probability of a 2nd
disk failure will be 1.4% if the reconstruction time is six
hours [7]. In order to avoid data loss, the storage system
has to recover data as soon as possible

Parity Logging [4], Data Logging [5] and RAIDSL (we
implement the main idea of RAID6L [3] in RAIDS and
call it RAID5L) do not consider the log information before
choosing the related data blocks to log which can affect write
performance. In this paper, we propose the SWO: a novel
Stripe-oriented Write performance Optimization for RAID-
Structured storage systems which selects suitable log blocks
to achieve better write performance and reconstruction per-
formance based on the log information. The contributions
of this paper are described as follows:

e We proposed a novel method, called SWO, which
improves write performance and reconstruction perfor-
mance.

« We observe that Parity Logging, Data Logging and
RAIDSL are data-block-oriented which impacts the
hash table average search time when handling the
stripe. SWO that is stripe-oriented can significantly
reduce the reconstruction and synchronization time.

o We consider the log information when choosing the
related data blocks to log. Compared with Parity Log-
ging, Data logging and RAIDSL, the write performance
of SWO is better because of reducing the amount of
pre-read data blocks which are written to the log disk.

« We have implemented an SWO prototype in the Lin-
ux Software RAID framework and carried out exten-
sive performance measurements using IOmeter [8] and
RAIDmeter [9]. Experimental results show that SWO

978-1-5090-3315-7/16/$31.00 ©2016 IEEE



has a marked advantage over Parity Logging, Data
Logging and RAIDSL.

The rest of this paper is organized as follows. The
background and the motivation are presented in Section II.
We describe the architecture and design of SWO in Section
III. The experimental results are presented in Section IV. We
review the related work in Section V and conclude our paper
in Section VI

II. BACKGROUND AND MOTIVATION

This section mainly focuses on the necessary background
knowledge that motivates us to design the SWO.

A. The log-assisted RAID storage systems

When receiving a write request in a traditional RAIDS
system, the RAID5 controller translates it into sub-write-
requests which are grouped by the parity stripe. Before
writing the data blocks, the controller has to compute the
new parity block. There are usually two alternative methods
to generate the new parity block, namely, reconstruction-
write and read-modify-write respectively. The main differ-
ence between the two methods lies in the data blocks that
must be pre-read for the computation of the new parity block
[3] [10]. Rmw represents the number of pre-reads when
choosing the read-modify-write method. Rcw represents the
number of pre-reads when choosing the reconstruction-write
method. Generally, if rcew<=rmw, the controller chooses
the reconstruction-write method which needs to pre-read
the data blocks that are not to be updated. Otherwise, if
rmw<rcw, it chooses the read-modify-write method that
needs to pre-read the parity block and the data blocks that
are to be updated. After the computation of the new parity
block, the new parity block and new data blocks will be
written to the corresponding disks.

Instead of writing the new parity block to the correspond-
ing disk, Parity Logging [4] writes the XOR result of the data
block’s old and new values to the log disk sequentially. Due
to this approach, Parity Logging does not reuse existing log
records and the log cleaning is a relatively long operation,
thus the Data Logging [5] scheme is proposed. When writing
a data block, Data Logging must find whether the data block
has been logged or not. If the data block has not been logged,
Data Logging needs to write the old and the new value of
the block to the log disk. In the case where the data block
has been logged, Data Logging only writes the new value
of the block to the log disk.

Observing that Parity Logging and Data Logging both
choose read-modify-write to handle write requests, RAIDSL
dynamically chooses either the read-modify-write or the
reconstruction-write method to boost write performance. For
either the reconstruction-write or read-modify-write method,
RAIDSL does not need to pre-read or update the parity
blocks [3].
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If block A, B and C have been logged, RAIDSL and SWO log disk layout are as follow after
coming a request that writes block A, B and C. SWO pre-reads and writes less than RAIDSL.
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Figure 1. The Case that SWO and RAIDSL Choose Different methods

B. Motivation

These three log-assisted RAID storage systems are all
data-block-oriented. However, the RAID5 processing unit
is a stripe. When handling the stripe for write requests
or parity re-synchronization, the log-assisted RAID storage
systems need to know whether each data block in the stripe
has been logged or not. This process must search the hash
table many times. The SWO is stripe-oriented and only
needs to search the hash table once which can improve the
write performance and decrease the reconstruction and log
cleaning time.

In the three log-assisted schemes, only RAIDSL
can choose the read-modify-write or reconstruction-write
method as the traditional RAIDS. However, when RAIDSL
chooses the method, it only takes out the parity block with-
out the data blocks that have been logged. SWO takes the
log information into account when counting the number of
pre-read data blocks. The main difference between SWO and
RAIDSL is the timing when to consider the log information.
SWO considers the log information when choosing the read-
modify-write or reconstruction-write method. RAIDSL con-
siders the log information after choosing the read-modify-
write or reconstruction-write method. The log information
is very important. SWO considers the logged data blocks
which may influence the number of pre-read data blocks
and the method that the controller chooses.

For example, Figure 1 is the case that SWO and RAID5SL
choose different methods when handling the write request.
In Figure 1, block A, B and C have been logged before
the write request arrives. When the write request updates
data block A, B and C once again, the SWO chooses
read-modify-write. Because SWO removes the logged data
block A, B, C and parity block P, it does not need to
pre-read when choosing the read-modify-write method and
needs to pre-read 3 data blocks(D,E,F) when choosing
the reconstruction-write method. However, RAIDSL only
removes parity block P, it chooses reconstruction-write
because of rmw=3,rcw=3(rcw<=rmw). At last, RAID5SL
writes the pre-read data blocks DO, EO, FO and new data
blocks A2, B2 and C2 to the log disk. SWO only needs to
write the new data blocks A2, B2 and C2 to the log disk.
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Figure 2. SWO Architecture

III. DESIGN AND IMPLEMENTATION

A. SWO Architecture

SWO is composed of a traditional RAID and a log disk.
In this article, performance evaluations use RAIDS as the
storage system. Figure 2 provides an architectural overview
of the proposed SWO system. When SWO services a write
request, the new data blocks are updated in-place and certain
data blocks are written to the log disk sequentially to delay
the parity blocks update. Writing the log disk is performed
in an appending fashion. Rewriting the data block in the
log disk simply invalidates the old value and writes the new
value in the magnetic disc head. In addition, since serving
read requests does not involve the parity block, SWO has
no effect on read performance.

SWO has six key functional modules: Administration,
Monitor, Request Handle, Parity Re-synchronization, Data
Recovery and Data Dispatch. The Administration module
sets the threshold size of the log disk for synchronizing
the parity blocks and other parameters of the system. The
Monitor module is responsible for monitoring the system
workload and the system failure so as to decide to start the
Request Handle module, Parity Re-synchronization module
or Data Recovery module. The Request Handle module man-
ages the user requests. If the system is idle or lightly loaded,
the Parity Re-synchronization module is started for cleaning
the log data. When the log disk fails or the size of the log
disk reaches the threshold, the Parity Re-synchronization
module also starts. The Data Recovery module will be
triggered when a data disk fails. Meanwhile, the Request
Handle module, Parity Re-synchronization module and Data
Recovery module all need to query and update the hash table
which is stored in memory.

Hash Head Logged Stripe Entry
! |
Head 1 — Stripe_num Stripe_num ** —® Stripe_num
Head 2 Log_data_list ’ Log_data_list| Log_data_list
Head 3 Stripe_next Stripe_next Stripe_next
Head 4 LBA N LBA
Log_old_LBA Log_old LBA
Log_new_LBA Log_new_ LBA
Head n Next Next
4
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Figure 3. Key Data Structure

B. Key Data Structure

The main data structure in SWO is a hash table which is
shown in Figure 3. The hash table contains lots of entries
whose content is an address that points to an entry list.
Each entry which is called a logged stripe entry in the list
corresponds to a stripe. The logged stripe entry has an item
Log_data_list that points to the data block list. Each data
block entry that is called a logged data entry in the list is
belonging to the stripe and logged in the log disk. The main
variables are explained below:

e Stripe_num: the number of the stripe in the RAID

system.

o Log_data_list: pointer to the data blocks that are be-

longing to the stripe and logged in the log disk.

o Stripe_next: pointer to the next stripe in which some

data blocks are logged.

e LBA: logical block address of the data block in the

RAID-structured storage system.

e Log_old _LBA: address of the data block’s old value in

the log disk.

o Log_new_LBA: address of the data block’s new value

in the log disk.

e Next: pointer to

Log_data_list.

the next data block in the

Since the data blocks update in-place, the parity blocks
can be recomputed when the hash table is lost. So the hash
table can be stored in memory. We assume that there is
1TB data in the SWO system which consists of 10 disks
and 10 percent data which means 25M data blocks (the data
block size is 4KB) involving about 2.5M-25M stripes when
it is updated. If each item in the hash table accounts for 4
bytes, it needs 430MB-700MB memory to store the hash
table. Moreover, the memory space can be further reduced
by periodic parity re-synchronization during system idle or
lightly loaded periods.

C. Process Flow

SWO handles the read request the same as the traditional
RAID due to updating data in-place. But the write-request



1. FOR EACH(parity stripe)

2, Initialize rew=0, rmw=0;

3. Find the handling stripe in hash list and mark the

logged data blocks in Logged_data_list;

4, FOR EACH(block in the parity stripe)

5. IF(itis to be updated and not marked)

6. ‘ rmw-++;

7. ELSE

8. IF (it is not parity block and not marked)

9. ‘ rew++;

10. END IF

1. END IF

12. | END FOR

13. | TIF(rew=>rmw)

14. FOR EACH(block in the parity stripe)

15. IF (it is to be updated and marked)

l6. Write the new value of the block to the log disk and
change the Log_new_LBA;

17. Write the new value of the block in home location;

18. END IF

19. IF(itis to be updated and not marked)

20. Pre-read the old value of the block;

21. Create an logged data entry in the Logged data_list
for the block;

22, Write the old and new value of the block to the log
disk and change the Log old LBA and Log new LBA;

23. Write the new value of the block in home location;

24, END IF

25. END FOR

26. | ELSE

27. FOR EACH(block in the parity stripe)

28. IF(it is not to be updated and not marked)

29, Pre-read the old value of the block;

30. Create an logged data entry in the Logged_data_list
for the block;

31. Write the old value of the block to the log disk and
change the Log_old_LBA;

32. END IF

33. IF(it is to be updated and not marked)

34, Create an logged data entry in the Logged_data_list
for the block;

35, Write the new value of the block to the log disk and
change the Log_new_LBA;

36. Write the new value of the block in home location;

37. END IF

38. IF(itis to be updated and marked)

39. Write the new value of the block to the log disk and
change the Log_new_LBA;

40, Write the new value of the block in home location;

41, END IF

42, END FOR

43. | END ELSE

44. END FOR

Figure 4. Write-Request Process Flow of SWO

process flow of SWO is different from the traditional RAID
and RAIDSL. The write-request process flow of SWO is
shown in Figure 4. Firstly, SWO counts the pre-read number
of read-modify-write and reconstruction-write while taking
out the parity block and the data blocks that have been
logged. Then, SWO chooses the method whose pre-read
number is smaller. Next, SWO writes the pre-read data
blocks and the new value of the data blocks that are to
be updated to the log disk. At last, SWO writes the new

value of the data blocks in the home location. SWO differs
from RAIDSL in several important ways. First, SWO is
stripe-oriented and the hash table structure is different. When
handling a write request, SWO finds the stripe entry from
the hash table first, then marks the logged data blocks
which are in the Log_data_list. Second, the timing when
SWO and RAIDSL consider the log information is different.
When choosing the method to pre-read data blocks, SWO
takes out the logged data blocks and parity block. But
RAIDSL only takes out the parity block and considers
the logged data blocks after choosing the read-modify-
write or reconstruction-write method. Third, SWO does not
search the hash table when pre-reading the data blocks,
because they are marked when choosing the read-modify-
write or reconstruction-write method. However, RAID5SL
has to search the hash table to see whether the data block
has been logged or not when pre-reading.

For example, when handling the second write request
in Figure 1, RAIDSL uses the read-modify-write method
which means pre-reading block D and E. Before pre-reading
block D, RAIDSL has to search the hash table to ensure
whether block D is logged or not. Before pre-reading
block E, it has to search the hash table as well. But in
the SWO system, when deciding to use the read-modify-
write or reconstruction-write method, SWO first finds the
handling stripe entry in the hash table. The Log_data_list
item in the logged stripe entry points to the logged data
blocks that belongs to the stripe. At this time, SWO marks
block A and block B which means these two data blocks
have been logged. Later in counting the pre-read data
blocks number and pre-reading process, SWO does not
have to search the hash table once more. Therefore, for
either the reconstruction-write or read-modify-write method,
SWO searches the hash table once, but the times of search
operation that RAIDSL needs equals the pre-read data block
number.

D. Parity Re-synchronization

There are three cases in which the parity re-
synchronization operations are triggered: (1) The system is
idle or lightly loaded. (2) The log disk fails or the used
size of log disk reaches a specific threshold. (3) The hash
table in the memory is lost when the system reboots due to
unplanned downtime or the system crashing. The difference
between these three cases is the existence of the hash table.
The hash table is not lost in the previous two cases, and
SWO traverses through the hash table sequentially. For each
logged stripe entry, SWO finds its corresponding parity
stripe in the RAID system first, reads out all the data
blocks in the parity stripe from the RAID system next,
then re-computes and writes the parity block, and deletes
the corresponding logged stripe entry and the logged data
entries of the logged stripe at last. When the hash table is
empty, the parity re-synchronization process is finished.



In the third case, the hash table is lost and SWO is in
an inconsistent state because of some non-updated parity
blocks. Since the hash table has been lost, the parity blocks
should be re-computed as soon as possible because a disk
failure during this period will cause data loss. Without the
hash table assistance, SWO is not aware of which parity
stripes are in an inconsistent state. Therefore, SWO re-
synchronizes all the parity stripes sequentially.

For example, the blocks A, B and C have been logged
in Figure 1, and assuming that a parity re-synchronization
operation is needed at this time. RAIDSL picks the stripe at
first. In order to compute new parity block, RAID5L has to
search the hash table 6 times to ensure whether A, B, C, D,
E and F have corresponding entries in the hash table or not.
However, SWO finds the logged stripe entry and the logged
data entries A, B and C. SWO searches the hash table only
one time because the Log_data_list item points to the logged
data entries.

E. Data Recovery

When there is a disk failure, it may be a log disk or
data disk. If the failed disk is a log disk, SWO only
needs parity re-synchronization as above. Otherwise, the
data disk recovery process flow is shown in Figure 5. For
each parity stripe, if the failed block is a parity block or
has no corresponding logged stripe entry in the hash table,
which means all data blocks in the stripe have not yet been
updated, the value of the failed block can be re-computed
by the surviving blocks in the stripe.

If the failed block is a data block and has a corresponding
logged stripe entry in the hash table, SWO should find the
logged stripe entry and mark the logged data entries in the
Log_data_list first. If the failed block has a corresponding
logged data entry in the Logged_data_list, it is marked and
its recovery value can be directly copied from the log disk.
In more detail, if the failed block has been updated, the
corresponding Log_new_LBA item must not be NULL, then
SWO reads out the log record addressed by Log_new_LBA
from the log disk as the recovery value of this failed block.
Otherwise, if the failed block has not been updated, the
corresponding Log_old_LBA item must not be NULL, and
the recovery value can be obtained from this item. However,
if the failed data block has no corresponding logged data
entry under the condition that there is a corresponding
logged stripe entry, it indicates that the data block has not
been updated and the stripe has not used the reconstruction-
write method to pre-read data blocks. The value of the failed
block can be recovered by XORing the old value of all other
surviving data blocks and the parity block in the stripe. For
each surviving data block, if it has been logged, SWO reads
it from the log disk. Otherwise, SWO reads it from the data
disks.

1. FOR EACH(parity stripe)

2. Find the stripe in the hash list and mark the logged data
block in the Log_data_list;

3. IF (it has no corresponding logged stripe entry in the
hash list or the failed block is parity block)

4, Read out all data block in the stripe from RAID;
5. Compute the recovery value of the failed block;
6. | ELSE
7. IF(the failed block is marked)
/*it has a corresponding logged data entry*/
8. IF(Log_new_ LBA item of the entry is not NULL)

9. Read out the new data addressed by
Log_new_LBA from the log disk as
the recovery value of the failed block;

10. ELSE
/*Log_old LBA must not be NULL*/
11. Read out the old data addressed by

Log old LBA from the log disk as
the recovery value of the failed block;

12. END IF
13. ELSE /*the failed block must not be updated and the
stripe has not used reconstruction-write. */
14. FOR EACH(surviving block)
15. IF(it is marked)
/*the Log_old_LBA must not be NULL*/
16. Read out the log record addressed by
Log_old_LBA from the log disk ;
17. ELSE
18. Read out the old value of this block from RAID;
19. END IF
20. END FOR
21. Compute the recovery value of the failed block
using the old value of surviving blocks;
22. END IF
23, | END IF
24, END FOR
Figure 5. Process Flow of SWO to Recover from Data Disk Failures

IV. PERFORMANCE EVALUATIONS

A. Experimental setup and methodology

We have implemented a SWO prototype in the Linux
Software RAID (MD) framework. In order to show the
performance advantages, we also implemented a Data Log-
ging prototype and a RAIDSL prototype. The performance
evaluations are conducted on a platform of server-class
hardware with an Intel Xeon 2.5GHz processor and 4GB
DDR memory. We use a Marvel SATA controller card to
carry 8 ST31000340NS 1TB SATA disks in the system. The
operating system (Linux kernel 2.6.32) and other software
(MD, mdadm, IOmeter and RAIDmeter) are on a separate
SATA disk. The experimental setup is shown in Table I. We
use two financial traces collected from OLTP (online trans-
action processing) applications running at a large financial
institution to evaluate the IO performance, reconstruction
time and parity re-synchronization time. In our experiments,
RAIDmeter is used as a block-level trace replay tool to
evaluate the I/O response time of the storage device.



Table T
EXPERIMENTAL SETUP & TRACE CHARACTERISTICS

Machine Intel Xeon 2.5GHz, 4GB RAM
0S Linux 2.6.32
Disk Driver ST31000340NS SATA 1TB HDD

Benchmark IOmeter Version 2006.07.27 [8]
Traces OLTP Application 1/O [11]
Financiall.spc:
Write Ratio =67.2%
Average Request Size = 6.2KB
Trace Average IOPS = 69
Characteristics Financial2.spc:

Write Ratio =17.6%

Average Request Size = 2.2KB

Average I0PS = 125
RAIDmeter [9]

Trace replay

We implement the SWO module, Data Logging module
and RAIDSL module all by modifying the original RAID5
module in the Linux Kernel. We mainly modify the han-
dle_stripe5_dirtying, ops_run_prexor, ops_run_reconstruct
and ops_run_io functions. The handle_stripe5_dirtying
function counts rmw and rcw to choose read-modify-write
or reconstruction-write with taking out the parity block and
the data blocks that have been logged. The ops_run_prexor
and ops_run_reconstruct5 functions handle the pre-read data
blocks and add corresponding entries into the hash table.
The ops_run_io function sends write requests to the log disk
or data disk of RAIDS. In addition, we add the hash table
structure in raid5.h and the related operations of the hash
table function in raid5.c.

In our evaluation, the traditional RAIDS system is config-
ured with 7 disks. The log-assisted systems are all configured
with 8 disks, including a 7-disk RAIDS system and a log
disk. In order to evaluate the real performance of systems,
we do not add the log buffer in the systems. Each disk
capacity is set to be 10GB. When the log disk utilization
rate reaches 80%, the parity re-synchronization process is
started. While conducting the parity re-synchronization time
experiments, we assume that the log disk utilization rate
does not reach 80%.

B. Performance results

1) IOmeter results: We first conduct an experiment
on SWO, traditional RAIDS, Data Logging and RAIDSL
using IOmeter [8] in different workloads. Different RAID
architectures use the same RAID volume capacity (60GB)
with a chunk size of 512KB. The IOmeter performance
results with respect to different access patterns is shown in
Figure 6.

From Figure 6(a), we can see that SWO performs the best
for the sequential write requests in terms of average response
time. Specifically, SWO on average outperforms traditional
RAIDS5, Data Logging and RAIDSL by 32.21%, 21.86%
and 12.91%, respectively. For the random write requests,
SWO also performs the best in terms of average response

time. As shown in Figure 6(b), SWO on average outperforms
traditional RAIDS, Data Logging and RAIDSL by 43.36%,
33.86% and 16.34%, respectively. Since SWO, Data Log-
ging and RAIDSL delay the parity blocks update, their per-
formance is better than the traditional RAID. Data Logging
only chooses the read-modify-write method to handle the
write request, it does not dynamically chooses either the
reconstruction-write or read-modify-write method to mini-
mize the number of pre-read operations. So its performance
is worse than SWO and RAID5SL. SWO takes the logged
data blocks and parity block into account when choosing the
reconstruction-write or read-modify-write method. RAIDSL
only takes the parity block into account when choosing one
of the two methods. It considers the logged data blocks after
choosing the method. SWO pre-reads less data blocks than
RAIDSL, so it can improve the write performance compared
with RAIDSL. Because the traditional RAIDS sequential
write is very good, the performance improvement is less
than that of random writes.

The default RAID chunk size is 64KB in Linux kernel
2.6.21, but it is 512KB in Linux kernel 2.6.32. In order to
observe the chunk size effect on the system, we conduct
another experiment on SWO and the traditional RAIDS5
using IOmeter in various chunk sizes with the results shown
in Figure 7. SWO_4K represents the chunk size is 4KB in
SWO storage system and RAID5_4K represents the chunk
size is 4KB in the RAIDS storage system. With the chunk
size changing from 4KB to 512KB, SWO outperforms
traditional RAIDS by 18.50%, 20.76%, 22.20%, 27.46% and
32.21% on average for sequential write requests. For random
write requests in terms of average response time, SWO
outperforms traditional RAIDS by 24.55%, 27.86%, 39.43%,
41.10% and 43.36% on average. For both sequential and
random requests, the performance improvement is highest
when the chunk size is 512KB. For random requests, the
SWO performance is highest when the chunk size is 64KB.
This is because when the chunk size is 64KB, the traditional
RAIDS performance is also highest in Figure 7(d).

2) Benchmark trace results: We conduct the third exper-
iment on SWO, traditional RAIDS system, Data Logging and
RAIDSL with the same capacity (60GB) with a chunk size of
512KB driven by the two financial traces. The experimental
chunk size is 512KB since it is the default in Linux kernel
2.6.32. We run each of the traces on the RAID architectures
for an hour, and the performance results are shown in
Figure 8. For the Financiall trace, SWO reduces the average
response time of the traditional RAIDS system by up to
70.11%, of Data Logging by 47.32%, and of RAIDSL by
33.40%. For the Financial2 trace, the average response time
of the SWO is shorter than the traditional RAIDS5, Data
Logging and RAIDSL by: 41.81%, 24.97% and 15.92%
respectively. SWO requires less pre-read operations than
the other two systems. The average pre-read data blocks
per write request in different systems is shown in Table II.
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In particular, since the write ratio of Financial2 is smaller
than that of Financiall, the performance improvement of
Financial2 is not as outstanding as Financiall.

To see how effectively SWO handles disk failure recov-
ery, we conducted experiments on the recovery process of
different systems. We also run the two financial traces on
the RAID architectures for an hour as initialization. Then we
make a data disk of the RAID fail to measure data recovery
time and the results are shown in Figure 9. The traditional
RAIDS reconstruction time of the two traces is almost the
same because the original data recovery process has nothing
to do with the previous I/O requests. The reconstruction time
of SWO, RAIDSL and Data Logging are all higher than the
traditional RAIDS because of the bottleneck of the log disk.
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However, as shown in Figure 9, SWO is shorter than Data
Logging and RAIDSL by:(58.52%, 21.32%) and (68.85%,
31.17%). The first parenthesized pair is the improvement
achieved by SWO over Data Logging under the two traces
respectively. The second parenthesized pair is the improve-
ment achieved by SWO over RAID5SL under the two traces
respectively. The reason is that SWO pre-reads less data
blocks than RAIDSL and Data Logging, and it reads less
data from the log disk when reconstructing. In addition, the
hash table average search efficiency of SWO is higher than
that of RAIDSL and Data Logging.

We next conduct an experiment to measure the parity
re-synchronization time. Both the log disk failing or the
utilization rate reaching the threshold can trigger a parity
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re-synchronization operation. In our experiment, we first
run the traces on the RAID architectures for an hour,
and then make the log disk fail to measure the parity
re-synchronization time. Figure 10 shows the parity re-
synchronization time comparison driven by the two OLTP
Financial traces. Reading data blocks from the log disk is
also the bottleneck of the parity re-synchronization. Because
of less reading from log disk and the higher average hash
table search efficiency, SWO performs the best in the three
log-assist systems. For Financiall, SWO is better on average
than Data Logging and RAIDSL by 40.82% and 28.01%,
respectively. For Financial2, SWO is better on average
than Data Logging and RAIDSL by 34.66% and 21.11%,
respectively.

We also implement two systems: RAIDSL_S and
RAID5SL_O by optimizing RAIDSL. RAIDSL_S is stripe-
oriented and considers the logged data blocks after choos-
ing the reconstruction-write or read-modify-write method.
RAIDSL_O is data-block-oriented and considers the logged
data blocks when choosing the method. Lastly, we conduct
the above three experiments on RAIDSL_S and RAIDSL_O.
The experimental results are shown in Figure 11. For the
Financiall trace, RAIDSL_S reduces the average response
time, reconstruction time and re-synchronization time of the
RAIDSL by up to 2.59%, 7.03% and 7.14% respectively.
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Figure 10. Comparison of Parity Re-synchronization Time

While RAID5L_O reduces those of the RAIDSL by up to
31.45%, 55.03% and 22.40% respectively. The write ratio
of the Financial2 trace is not high, thus the improvements
are limited. For the Financial2 trace, RAID5L_S reduces
the average response time, reconstruction time and re-
synchronization time of the RAIDSL by up to 1.43%, 6.18%
and 6.24% respectively. While RAIDSL_O reduces those of
the RAIDSL by up to 14.47%, 15.64% and 15.74% respec-
tively. The improvements achieved by RAIDSL_O over the
RAIDSL are higher than RAIDSL_S because RAIDSL_O
reduces the number of pre-read data blocks, but RAIDSL_S
only reduces the hash table average search time and the
IO operations delay is higher than the memory operations
delay. SWO improve performance by reducing the number
of pre-read data blocks and the hash table average search
time. Where the impact of the reduction in pre-read data
blocks is bigger than the hash table average search time
reduction. Table II is average pre-read data blocks per write
request in different systems. For the Finaciall trace, SWO
decreases the average pre-read data blocks per write request
of traditional RAIDS by up to 50.96%, that of Data Logging
by 31.56%, and that of RAIDSL by 14.92%. The Finacial2
trace has a more pronounced frequent update pattern and
more workload locality to be exploited. As a result, SWO
decreases the average pre-read data blocks per write request
of traditional RAIDS by up to 61.17%, that of Data Logging
by 35.96%, and that of RAIDSL by 16.09%.

V. RELATED WORK

As we know, the write performance and reliability of
RAIDL1 is higher than RAIDS. Mogi et al. [12] proposed a
Hot mirroring scheme, in which storage space is partitioned
into two regions: mirrored region and RAIDS region. Hot
data blocks are mirrored, while the cold blocks are stored
in the RAIDS area. In addition, mirrored pairs and RAIDS
stripes are orthogonally laid out, through which the per-
formance degradation during rebuilding is minimized. HP
AutoRAID [13] is a similar scheme as Hot mirroring, that
stores write-active data in RAID1 and write-inactive data in
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Table II
AVERAGE PRE-READ DATA BLOCKS PER WRITE REQUEST

RAIDS | Data logging | RAIDSL_S | RAIDSL_O | RAIDSL | SWO SWO Improved by
Financiall 3.14 2.25 1.81 1.54 1.81 1.54 | 50.96% / 31.56% / 14.92% / 0 / 14.92%
Financial2 2.08 1.44 0.87 0.65 0.87 0.65 | 61.17% / 35.96% / 16.09% / 0 / 16.09%

RAIDS. In addition, it migrates data automatically to and
from the mirror area according to the data activity.

To avoid the need for parity block updating, Mogi et al.
[14] propose a dynamic parity stripe scheme with improving
the write performance of RAIDS5. When a block is written,
its old value remains in place on disk to protect the parity
groups and the new value is buffered. While the buffered
blocks generate a full stripe and write them back to the
RAID system. In addition, it needs a garbage collection
process to recover the parity blocks. The dynamic parity
stripe reorganization technique solves the small-write prob-
lem at the cost of physical locality of data and the overhead
of a background garbage collector. It requires either an
additional storage medium to store the mapping of data
blocks or a file system such as the log-structure file system
(LFS) to maintain this information. However, AFRAID [15]
updates the data in-place without updating the parity block
but marking it as not redundant. So it needs a bitmap in
NVRAM to record the parity block that is not updated. When
the system is idle or the number of the parity blocks that
are not updated meets the threshold, the parity blocks will
be recomputed and rewritten.

HPDA [16] is a hybrid parity-based RAID architecture,
that uses SSDs (data disks) and HDD (parity disk) to
compose a RAID4 system. The spare parts of the HDD is a
log area that can absorb the small write requests. In addition,
a second HDD is provided to form a RAID1 with the log
region. Note that some space of the log disk in HPDA is
wasted, HerpRap [17] uses the spare space of HDDs as a
log region and CDP region. HRAID6ML [18] is an extension
of HPDA and HerpRap where the data disks are SSDs and
two parity disks are HDDs. The free space of parity disks
form a mirrored log region that not only improves small-
write performance but also extends the lifetime of SSDs.

In DCD [19], the disk that is composed of the log disk

and data disk buffers random small writes into a large
sequential write. The write data is first sent to the NVRAM.
After assembling into a large request, they are logged to
the disk and then written back to the log disk when the
system is idle. Inspired by this idea, PEraid [20] uses half
of every primary disks to compose a RAIDS write buffer
in a replication storage system. The virtual write buffer
can absorb new writes improving write performance with
a reliability guarantee. The new data block that does not
update in-place is cached in the log area, so the read
performance is degraded.

There are many studies conducted on logging techniques
to improve write performance. Parity Logging [4] which
logs the parity updates to overcome small-write performance
issues is the first paper to introduce the logging technique
used in a RAID system. Menon [21] proposed a log-structure
array (LSA) that combines LFS, RAIDS5 and a non-volatile
cache. Instead of writing in-place, LSA writes the updated
data into a new disk to improve the write performance of
RAIDS. Similar to Parity Logging, Logging RAID [22] is
a parity-based RAID architecture that adopts data logging
techniques to overcome the small-write problem. Data Log-
ging [5] is proposed for further improving write performance
in constantly active RAIDs. It logs the old and new value
of the data blocks that are to be updated instead of parity
update images.

Considering that Parity Logging has to read the old data
block and the new data block every time it is updated, Jin
et al. [3] proposed a log-assisted RAID6 architecture, called
RAIDG6L to reduce the pre-read operations with improving
write performance. RAID6L only needs to pre-read the old
data block when it is updated for the first time. It can
choose either the read-modify-write or the reconstruction-
write method to service the write request while Parity



Logging can only choose the read-modify-write method.

VI. CONCLUSION

In this paper, we propose a write performance opti-
mization for RAID-structured storage systems called SWO,
which is stripe-oriented and can improve the write perfor-
mance and decrease the reconstruction and synchronization
time. SWO chooses the reconstruction-write or read-modify-
write method which selects suitable log blocks to achieve
better write performance based on the log information.
We have implemented the SWO system and completed
a series of experiments with IOmeter and RAIDmeter.
Our results show that SWO is effective in improving the
write performance and saving reconstruction and parity re-
synchronization time. The IOmeter results show that the
write performance of SWO is better on average than that
of the traditional RAID, Data Logging and RAIDSL by up
to 32.21%, 21.86% and 12.91% respectively for sequential
write requests and 43.36%, 33.86% and 16.34% respectively
for random write requests. At the same time, the average
response time of SWO, evaluating by the real trace, is
shorter than that of the traditional RAID, Data Logging and
RAIDSL approaches. Moreover, when rebuilding and syn-
chronizing, SWO is faster than Data Logging and RAID5L.
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