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Abstract—In this paper, we propose Elastic-RAID, a new RAID architecture to achieve high performance and high reliability for
large-scale distributed and parallel storage systems. The key idea behind Elastic-RAID is to smartly utilize the free space existing in
parity-based disk arrays to store additional mirroring data. This additional mirroring data redundancy, when strategically and judiciously
activated and exploited in a RAID system, enables improved system I/O performance, fault tolerance and recovery. Depending on the
amount of free space available and whether the emphasis is on performance or reliability, the elasticity in Elastic-RAID is manifested in
how each design objective is achieved. For the performance objective, Elastic-RAID improves small-write performance by writing
original and mirroring data synchronously and leaving the costly parity update in the background at a later idle/lightly-loaded time. For
the reliability objective, at least two concurrent disk failures can be tolerated when Elastic-RAID is employed in a RAID5 system that has
50 percent or more free space. Higher reliability is provided for important data when free space is less than 50 percent. To achieve the
design goal of elasticity, we introduce a novel data layout and addressing scheme. Our extensive trace-driven evaluations on an Elastic-
RAID prototype in the typical configurations of RAID5 show that Elastic-RAID boosts the small-write performance in the normal
operational state by at least 40 percent, improves the user I/O performance in the reconstruction state by at least 30 percent and

shortens the recovery time by at least 40 percent.

Index Terms—RAID, performance and reliability, parallel /O

1 INTRODUCTION

S a fundamental component and essential building

block of large-scale parallel and distributed storage
systems, the RAID architecture [23] has been widely
deployed to meet both performance and reliability require-
ments. For performance, RAID exploits the parallelism of
data striping among multiple disks to boost I/O through-
put. For reliability, RAID employs data redundancy to
ensure high reliability by means of mirroring or parity
encoding. The choice between mirroring and parity encod-
ing is often a tradeoff among reliability, space-efficiency
and performance requirements.

Parity-based RAIDs (e.g., RAID5 or RAID6) suffer from
the small-write problem [11], a well-known challenge due
to the unique parity-update process that greatly amplifies
the internal I/Os owing to the necessary read-modify-write
operation sequence. This problem significantly degrades
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the user I/O performance not only in the operational state,
but also in the on-line reconstruction state. Unfortunately,
small I/Os are found to be relatively frequent in many
applications and datasets. Xie et al. [41] have found that in
HPC datasets small file I/Os are common. Another study
[10] reveals that parallel storage systems store many small
files in addition to the large ones in practice and small
file I/Os tend to become a performance challenge for paral-
lel file systems. Mirroring-based RAIDs (e.g., RAID1 or
RAID10) are free of the small-write problem and superior to
parity-based RAIDs in failure tolerance and reconstruction
performance, but their space efficiency is usually much
lower than parity-based RAIDs.

AutoRAID [39] proposes a solution to integrate these two
types of RAIDs by selectively storing data chunks in either
the RAID1 or RAID5 set. In AutoRAID, the newly written
data chunks are directed to the RAID1 set for high write
performance and the “cold” data chunks will be evicted
from the RAIDI1 set to the RAID5 set periodically. In
essence, AutoRAID adopts a strategy, similar to those of
disk-cached HDD (DCD) [17] and SSD-cached HDD [42],
that uses the RAID1 set to log/cache all the small writes
addressed to the underlying RAID5 set. While AutoRAID
improves small-write performance with RAID1 set log-
ging/caching, it fails to improve the reliability since each
data chunk can only be located in either the RAID1 set or
the RAID5 set, but not both. Furthermore, AutoRAID’s
usage of non-uniform length stripe, fully associative logical-
to-physical address mapping and write buffer (NVM)
increases the implementation complexity, severely limiting
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AutoRAID’s deployment during the last two decades since
its introduction.

Extra storage space is the necessary cost of introducing
data redundancy in RAID systems. Existing RAID systems
use dedicated spare disks or fixed reserved space to accom-
modate data redundancy. We believe that such extra stor-
age space can also be obtained by increasing the space
utilization of the existing disks and exploiting unused
space. Free space in storage systems has been shown to be
ubiquitous because of overprovisioning either purposely
(e.g., anticipating peak usages) or unintentionally (e.g., low
capacity utilization) [14], [35], [20]. Nevertheless, the main
difficulty in identifying the free space in block-level storage
devices lies in the narrow block interface [33] between the
storage devices and the upper levels that hides much of
the semantic information from the upper levels and makes
the identification of newly freed space by upper levels very
hard, if not impossible.

Fortunately, several techniques have been proposed
recently to overcome this difficulty by conveying relevant
sematic information from the upper levels to the block-level
storage devices, notably, SDS [34] and TRIM [31], with suc-
cessful outcomes. For example, TRIM has already been
widely adopted by SSD manufactures [4] and incorporated
into a number of popular operating systems (e.g., Win-
dows?7, Linux, Mac OS X) [5], [32]. With the help of these
techniques, the block-level storage devices can be made
aware of the availability and locations of the free space
released by the upper levels.

To this end, we propose Elastic-RAID, a new RAID archi-
tecture, which combines the advantages of both mirroring-
based RAID systems and parity-based RAID systems by uti-
lizing the free space existing in a parity-based RAID system
to elastically incorporate the mirroring redundancy. The
key enabling technique for Elastic-RAID to achieve its elas-
ticity is a novel data layout and addressing scheme (detailed
in Section 4), which is simple to implement without any
additional hardware. Elastic-RAID is fundamentally differ-
ent from AutoRAID in that the former is a new way of aug-
menting mirroring (or replication) for an entire stripe by
utilizing the existing free space for both performance and
reliability improvements. Unlike AutoRAID, there is no
dedicated RAID-1 set in Elastic-RAID.

By employing both the parity and mirroring data redun-
dancy judiciously, a RAID5-based Elastic-RAID is able to
tolerate a minimum of two disk failures and a maximum of
n/2 disk failures, where n is the number of component disks
in the RAID5, when the available free space is equal to or
more than half of the total capacity. When the free space is
less than half of the total capacity, Elastic-RAID can still use
the available free capacity to provide a higher level of reli-
ability for a proportional amount of the data that is consid-
ered more important than the rest. When all the free
capacity is run out due to possible peak usage, Elastic-RAID
reduces to the standard parity-based RAID it is based on
(e.g., RAID5 or RAIDS).

Choosing to decouple the parity updates from the critical
I/0O path and ensuring data reliability through mirroring
redundancy until parities are updated asynchronously in
the background during idle or lightly loaded periods,
Elastic-RAID can significantly improve the small-write
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performance without sacrificing reliability. Elastic-RAID
also utilizes the added mirroring redundancy to rebuild the
lost data and serve user requests during the reconstruction
period. It is able to substantially reduce the internal I/Os
induced by parity-based data reconstruction by directly
reading the mirroring data. This in turn significantly short-
ens the on-line recovery time and alleviates the performance
degradation of user I/O requests during the reconstruction.

Thus, Elastic-RAID provides higher reliability in the
operational state, shorter on-line recovery time, and better
user 1/O performance in the reconstruction state. In sum-
mary, the elasticity in our Elastic-RAID permeates its design
space in how the amount of free space, data reliability and
system performance in both the operational state and the
reconstruction state are balanced and traded off dynami-
cally (see Section 3 for more details), which improves the
overall system availability of parity-based RAIDs.

The main contributions of this paper include:

e We propose a novel RAID architecture, Elastic-
RAID, which introduces a novel data layout and
addressing scheme to efficiently combine the advan-
tages of the mirroring-based RAID and the parity-
based RAID by exploiting and utilizing the available
spare/free space in a parity-based RAID system
itself without any additional hardware capacity.

e Two Elastic-RAID design strategies are presented to
elastically trade off between the reliability and the
performance according to the amount of free space.

e We prototype and evaluate an Elastic-RAID system
based on the Linux software RAID5 implementation
to demonstrate its effectiveness and efficacy. Based
on the evaluation results, we further analyze and
compare the reliability of Elastic-RAID and different
RAID levels.

The rest of the paper is organized as follows. In Section 2,
we provide the necessary background information and
motivate the Elastic-RAID research. In Section 3, we discuss
the elasticity of the Elastic-RAID design that trades off
among the three dimensions of the amount of free space,
reliability and performance. The Elastic-RAID architecture
and its design are detailed in Section 4. We evaluate a proto-
type of Elastic-RAID based on RAID5 in Section 5. Section 6
discusses related works and Section 7 concludes the paper.

2 BACKGROUND AND MOTIVATIONS

RAID [23] systems, with the exception of RAIDO, can gener-
ally tolerate at least one disk failure. A RAID system oper-
ates in one of the three states, namely, the operational state
when there is no disk failure, the degraded state when one or
more disks failed without unrecoverable data loss while the
system works at a degraded level of performance, and the
reconstruction state when the lost data on the failed disk(s)
are being reconstructed on-line from the surviving disks via
data redundancy to spare disk(s).

Many studies based on quantitative analysis of massive
amounts of error log data indicate that hard disk drives
(HDDs) fail at a significantly higher rate than previously
assumed [7], [15], [18], [24], [25]. In addition to the number
of simultaneous disk failures a RAID system can tolerate, its
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reliability is also significantly impacted by the on-line recov-
ery time, particularly in the modern large-scale data centers
[24], [29]. VDF [38] proposes an asymmetric cache scheme
for parity-based RAID systems to improve the reconstruc-
tion performance. The basic idea is to give higher priority to
caching the data associated with the faulty disks. WorkOut
[40] outsources all write requests and popular read requests
to a surrogate RAID set during reconstruction to speedup
the user response time and shorten the recovery time. SPA
[36] is designed to flexibly store and update supplementary
parity units on the newly augmented spare disk(s) for
online RAID systems to improve the reconstruction perfor-
mance and reliability. However, none of these schemes can
improve the overall reliability in both the operational and
reconstruction states. IPC [13] exploits the intra-disk redun-
dancy to deal with latent sector errors and thus improves
the reliability. However, it needs fixed reserved space for
the increased redundancy. Parity-Declustering RAID [16]
proposes a new layout of parities to alleviate I/O load dur-
ing recovery and shorten reconstruction time. It does
not improve the reliability and performance in normal
operational state.

Of the two most widely used types of RAID systems, the
parity-based systems (e.g., RAID5 and RAID6) and the mir-
roring-based systems (e.g., RAID1 and RAID10), the former
is known to offer higher space-efficiency while the latter is
known to provide better user I/O performance in both the
operational state and the reconstruction state, as well as
shorter recovery time. This is because the number of addi-
tional internal I/Os induced by a user I/O request is much
larger in the former than in the latter due to the I/O amplifica-
tion problem [40].

AutoRAID [39] consolidates RAID1 and RAIDS5 in a hier-
archical way by selectively storing data chunks in Physical
Extend Groups (PEGs) organized as either of these two
types of storage classes and uses non-uniform length stripes
for these two PEGs. In AutoRAID, the hot data chunks are
stored in the RAID1 set for high access performance and the
cold data chunks will be evicted from the RAID1 set to the
RAIDS5 set periodically. As the active set of data changes,
newly active data are promoted to mirrored storage, and
data that have become less active are demoted to RAID5 in
order to keep the constant amount of mirrored data. For
write requests, AutoRAID adopts the RAID1 set to log/
cache all the small writes addressed to the underlying
RAIDS5 set. While AutoRAID improves active data perfor-
mance with RAID1 set logging/caching, it fails to improve
the reliability since each data chunk can only be located in
either the RAIDI1 set or the RAIDS5 set, but not both. When
the free space is low, AutoRAID has to migrate data from
the RAID1 set to the RAID5 set frequently to make room for
new user I/Os, resulting in a storage space competition
between the RAID1 and RAID5 sets. A fully associative logi-
cal-to-physical address mapping scheme and NVM buffer
are needed for its implementation.

On the other hand, free space is widely available in stor-
age systems. Studies reveal that enterprises report capacity
utilization rates averaging only 19 percent when calculated
using written data as a proportion of purchased capacity
[14]. It was found that the storage capacity utilization in
data centers is typically 50 percent in Symantec’s 2008 State
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of the Data Center Survey [35]. Mark Levin [20] also pointed
out that the average utilization is 56.6 and 46.4 percent for
local storage in the UNIX and Windows environments
respectively. For SAN deployment, this proportion
increases to 75.5 and 55.8 percent respectively.

The dynamically changing free space in a RAID system
dictates that any scheme exploiting such space to incorpo-
rate mirroring redundancy into a parity-based system
should be able to detect/identify and flexibly manage this
space in the runtime. This runtime ability to identify the
“liveness” of blocks at the block level had until very recently
been difficult, if not impossible, to realize. This is because
the narrow block interface [33] between file systems and
disks prevents the file-system semantics about the block
“liveness” from being conveyed to the disks. Fortunately,
there has been some new and significant progress [31], [34]
made in this area that makes it possible to identify free
space and differentiate the importance of data.

The above observations motivate us to propose Elastic-
RAID, which utilizes the free space available in parity-based
RAID systems to incorporate mirroring data redundancy. It
provides higher reliability than parity-based RAID by intro-
ducing a new data layout scheme, shortens the recovery
time, and improves the user I/O performance in the opera-
tional state and the reconstruction state by reducing internal
I/Os through a joint exploitation of parity and mirroring
redundancy. By elastically trading off among the amount of
free space, reliability and performance, Elastic-RAID offers
a rich design space that will be discussed and explored next.

3 ELAsTIC DESIGN METHODOLOGY

Because of the changing nature of the free space, the amount
of mirroring data changes dynamically. It is this dynamism,
combined with the interplay among the often-conflicting
goals of the amount of free space, reliability and perfor-
mance, that offers a rich and elastic design space for Elastic-
RAID. In what follows, we explore this elastic design space
in terms of different design strategies, goals and constraints.

3.1 Performance Oriented Design Strategy
In a performance oriented Elastic-RAID, the write operation
will be optimized if the data to be updated has mirroring, that
is, write to the original data and the corresponding mirroring
data synchronously and leave the parity update process to a
later but lightly loaded period and in the background.

Fig. 1 shows the relationship among free space, small-
write performance and reliability. For small writes, the



YAO ETAL.: ELASTIC-RAID: ANEW ARCHITECTURE FOR IMPROVED AVAILABILITY OF PARITY-BASED RAIDS BY ELASTIC...

Small-write
Performance Reliability: # of
Normalized to ~ | failed disks
RAIDO 1/2 RAID-ML | 2 tolerated
i
]
I
i
1/4 RAID-P1 T 1
I
I
1
| Percentage of
1 parity RAID space
0 50%

>50% available for
mirroring

Reliability
Performance

RAID-M1: one mirroring scheme, e.g., RAID1
RAID-P1: one parity scheme, e.g., RAIDS

Fig. 2. Reliability oriented design strategy.

performance is estimated in terms of the number of I/Os
and the performance upper bound is 1/2 that of RAIDO,
since in this case one small write request will generate two
internal write I/Os: one for the original data itself, the other
for the mirroring data. The performance lower bound is 1/4
that of RAIDO, since in this case one small write request will
generate four internal I/Os: two reads for original data and
original parity, two writes for the new data and new parity.
For reliability, the upper bound is two-disk-failure toler-
ance, since the one parity scheme provides a failure toler-
ance of one disk and the one mirroring scheme provides a
failure tolerance of at least one disk.

3.2 Reliability Oriented Design Strategy

In a reliability oriented Elastic-RAID, the corresponding
parities and the mirroring data will be updated simulta-
neously when a write request is issued.

Similar to the case of the performance oriented Elastic-
RAID, Fig. 2 shows for a reliability oriented Elastic-RAID
the relationship among free space, small-write performance
and reliability. For a small write, as in the case of perfor-
mance oriented design strategy, the performance is esti-
mated in terms of the number of I/Os and the performance
upper bound is 1/4 that of RAIDO, since in this case one
small write request will generate four internal 1/Os, two
reads for the original data and original parity and two
writes for the new data and new parity. The performance
lower bound is 1/6 that of RAIDO, since in this case one
small write request will generate six internal I/Os, two
reads for the original data and original parity, four writes
for the new data, new data mirroring, new parity, and new
parity mirroring. The reliability upper bound is still a toler-
ance of at least two disk failures, one provided by the one
parity scheme and at least another one provided by the one
mirroring scheme.

If 50 percent or more of the RAID capacity is available for
mirroring, every data chunk can have a corresponding mir-
rored duplicate, which results in the highest reliability and
the possibility for every small write to be optimized.
Because of the delayed parity update, the reliability of a per-
formance oriented Elastic-RAID will be degraded to that
provided by the mirroring redundancy (i.e., tolerating one
disk failure at a minimum) until the parity is updated. After
the parity update is completed at a later but idle or lightly
loaded period, the reliability returns to the highest level of
tolerating at least two disk failures. In contrast, the
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reliability oriented Elastic-RAID always achieves its highest
reliability but at the cost of its small-write performance that
is decreased to the lower bound. If the percentage of free
space is lower than 50 percent, only a proportional fraction
of the data chunks can be protected by mirroring and
parity redundancy simultaneously and benefit from the
corresponding small-write optimization.

4 DESIGN

Elastic-RAID is designed to improve the reliability and per-
formance of parity-based RAID systems such as RAID5 and
RAIDG6. In this section, for the convenience of discussion
and presentation, we assume that Elastic-RAID is employed
in a generic parity-based RAID system where RAID5 is
used to illustrate the design concepts in concrete examples.

4.1 Architecture

The design of Elastic-RAID entails adding several func-
tional modules to the standard parity-based RAID, includ-
ing address convertor, mirroring manager and I/O optimizer, as
indicated in the Elastic-RAID architecture shown in Fig. 3.
To effectively and efficiently exploit free space for improved
reliability, Elastic-RAID introduces a novel data layout
scheme that is different from the standard parity-based
RAID, for which the address convertor module and the mir-
roring manager module are designed to address data, man-
age allocation, and release the space occupied by mirrored
data copies on demand. An I/O optimizer module is
designed to exploit the mirroring redundancy to optimize
the small-write performance in the operational state and
improve both the user I/O performance and the reconstruc-
tion performance in the reconstruction state.

Upon a write request, Elastic-RAID first identifies the tar-
get disks of the request, including the disks storing the orig-
inal data and the disks storing the parity/mirroring
redundant data, then calculates the disk internal offsets
according to the Elastic-RAID data layout scheme, before
finally sending and completing the request to the individual
target disks according to the design strategies described in
Sections 3.1 and 3.2.

Upon a read request, Elastic-RAID first determines if this
request falls on a failed disk. If yes, Elastic-RAID tries to
directly read the mirroring copy of the requested data
instead of reconstructing the data from all other surviving
disks on the fly. If no, Elastic-RAID simply identifies the tar-
get disks of the request and calculates the disk internal off-
sets according to the data layout scheme, before sending the
read request to the target disks.

During the reconstruction period, Elastic-RAID always
tries to recover the lost data by directly reading the
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TABLE 1
Variables and Definitions

Symbols Definition

N The number of disks in a RAID system

LBA;, The LBA sent to a RAID system

LBAs; The LBA inside a single disk in a RAID5 system

LBA.,, The LBA inside a single disk in an Elastic-RAID
system

LBA,, The LBA of a mirrored data copy inside a disk
in an Elastic-RAID system

LBA,,. The LBA of a data section inside a disk in an
Elastic-RAID system

LBA.,, The LBA of a mirroring section inside a disk in
an Elastic-RAID system

L The section length

c The capacity of a RAID system

Cy The capacity of a single disk

disk,, The disk number of a data chunk

disk, The disk number of a mirrored data chunk

Rio_amp Ratio of internal I/Os to user I/Os

corresponding mirroring redundant (i.e., mirrored) data
from other surviving disks whenever possible. If the mir-
rored data is also lost or does not exist due to insufficient
free space, it performs the standard data recovery opera-
tions for parity-based RAIDs.

In what follows, we will discuss the key design issues of
Elastic-RAID. For convenience, we summarize the notations
and their definitions in Table 1.

4.2 Data Layout and Addressing

The data layout scheme is designed to provide improved
reliability, small-write performance, and reconstruction per-
formance without sacrificing the user I/O performance, as
elaborated next.

4.2.1 Data Layout

In a standard parity-based RAID system, the data is
accessed in the unit of a data chunk whose size is specified
by the user when the parity-based RAID system is config-
ured. Fig. 4a illustrates a four-disk RAID5 consisting of
component disks A, B, C, and D. A,,B,,C,,D, and P,
where n=1,2,3,4, ..., represent the data chunks and the
parity chunks respectively. A stripe consists of data chunks
and the parity chunk that have the same offsets in the com-
ponent disks. For example, chunks A,, By, C}, and P, belong
to the same stripe.

To add mirroring data redundancy to a parity-based
RAID system, we introduce a new data layout for Elastic-
RAID, which is illustrated in Fig. 4b using RAID5 as an
example. Elastic-RAID uses section as the basic unit for per-
forming mirroring operations while keeping data chunk as
the basic I/O access unit as in the standard RAID5. A section
in Elastic-RAID is of multiple data chunks in size that is indi-
cated by section length. Section length can also be specified by
the user at the Elastic-RAID configuration time. We prefer
to specify variable section lengths according to workload
characteristics because of our observation of its significant
impact on the performance.

For the example in Fig. 4b, the Elastic-RAID system con-
tains four disks, A, B, C, and D, where A, As, A3, and P;
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constitute a data section and A, A}, A}, and P, constitute the
corresponding mirroring section. To add to RAID5 the ability
to tolerate a second disk failure, the corresponding mirroring
section of a data section is generated, right-shifted and writ-
ten to the adjacent disk in a circular way, as demonstrated
in Fig. 4b. For example, the data section {A;, Az, A3, P} is on
disk A and its corresponding mirroring section {A}, A}, A,
P} is on disk B, and so on. Similar to the stripe in RAIDS5, a
section stripe in Elastic-RAID consists of the sections that
have the same address in all component disks. A data section
stripe and its corresponding mirroring section stripe are by
default always adjacent in the vertical orientation, although
they can be scattered in some situations, as described in
Section 4.2.3.

In Elastic-RAID, for every section stripe that has a corre-
sponding mirroring section stripe, it is guaranteed to be
able to tolerate two arbitrary disk failures. The reason is that
any failed section can be recovered either by reading its mir-
roring if the mirroring section on the right adjacent disk is
alive, or by XOR calculation as a traditional RAID5 does in
case of the failure of the right adjacent disk. Therefore in the
scenario of two disk failures, if two failed disks are not adja-
cent, Elastic-RAID can recover the sections that have mirror-
ing sections by reading their mirroring; otherwise, Elastic
RAID first recovers the sections on the right one of the two
failed disks by using mirroring data, and then recovers the
sections on the other one by XORing with the involvement
of previously recovered sections.

The reason why we right shift a section and write its mir-
roring to the adjacent disk is to ensure that at least one failed
section can be recovered by reading mirroring when two
disks are failed. The other failed section can be recovered by
either reading mirroring (if its mirroring is alive) or recon-
structing using RAID5 scheme. This means that for every sec-
tion stripe that has a corresponding mirroring section stripe in
Elastic-RAID, it is guaranteed to be able to tolerate two arbitrary
disk failures, regardless of the total amount of available free space.

This unique mirroring-redundancy data layout of Elas-
tic-RAID on top of the original RAID5 parity-redundancy
data layout can be thought of as two orientations of data
layout, with the former being vertical while the latter being
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horizontal. In the vertical orientation, every data section stripe
has a corresponding mirroring section stripe that can be con-
sidered as RAIDLI. It is this combination of horizontal orien-
tation (i.e., parity-based RAID) and vertical orientation (i.e.,
mirroring-based RAID) that can be used to exploit the
advantages of both of these two RAID types. This vertical
orientation of data layout has some similarity to and
improves upon a non-standard RAID10 implemented in
Linux [19] in that the non-standard RAID10 is now
employed in a parity-based RAID to flexibly and smartly
utilize the free space.

Unlike AutoRAID using non-uniform length stripes for
two different RAID sets that causes more overhead to
migrate data between RAID1 and RAID5, Elastic-RAID
uses a uniform section stripe for both original data and mir-
roring data. This design reduces the complexity of
implementation.

4.2.2 Addressing

To address an incoming I/O request whose address is
LBA;,, we need to figure out the target disk number and
the internal offset in the disk. Fig. 5 shows the addressing
scheme. Section stripes 1 through N are interlaced with Sec-
tion stripes N + 1 through 2*N, etc. The basic principle of
the placement of the mirroring section stripes is to let a mirror-
ing section stripe be as close to its corresponding section stripe
as possible so as to reduce disk head movement. For exam-
ple, after an Elastic-RAID is freshly built, the data written to
section stripe 1 will have a mirroring section stripe in section
stipe N + 1, and so on.

Suppose that disk, and LBAs; are respectively the target
disk number and the internal offset on that disk calculated
by the RAID5 scheme. According to the data layout of
Elastic-RAID, the corresponding target disk number in
Elastic-RAID is the same as in RAID5. To calculate the inter-
nal offset LBA,, of Elastic-RAID, we can use Equation (1) if
LBA;, is less than half of C' (the capacity of the whole RAID
system), otherwise use Equation (2), which reflects the
Elastic-RAID specific addressing.

LBA;
LBA,, = { 7 OJ x 2 x L+ LBA;mod L 1)
LBA; — 2
LBA,, = \‘1 + %CVI/J X L+ LBA;mod L. (2)

It is different between Elastic-RAID and AutoRAID in
addressing. All incoming data to be written have fixed inter-
nal addresses in Elastic-RAID according to Equation (1) and
Equation (2). That means Elastic-RAID can directly compute
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the internal addresses for the incoming I/Os instead of
looking up a mapping table as in AutoRAID. This can sim-
plify the implementation and increase performance.

4.2.3 Elastic Mirroring

The management of the mirroring data redundancy in Elas-
tic-RAID is based on the notion of section stripe. In general,
Elastic-RAID performs the allocation and release of mirror-
ing section stripes upon a write request.

Elastic-RAID first tries to allocate the mirroring of the
current write request locally in its local section stripe pair. If it
fails due to the occupation of the desired section stripe,
Elastic-RAID allocates a remote mirroring under specific
conditions. If the capacity utilization is low (e.g., less than
50 percent), or the capacity utilization is high but the current
data to be written is more important (e.g., meta data of
the file system with the help of a semantics detection
scheme [34]), Elastic-RAID uses the first fit algorithm to get
a free section stripe to write the mirroring. Otherwise, there
is no mirroring allocation for current write request.

For mirroring release, if Elastic-RAID detects the current
written data’s location is formerly used by a mirroring section
stripe, or the TRIM command indicates the address range of
a section stripe is freed, it just changes the state bits of related
section stripes to complete the release, as explained next.

We employ a section stripe bitmap to track the status of sec-
tion stripes. Each section stripe has two bits that represent
four states: (1) a section stripe is free (“00”), meaning that the
space either has never been used or the file system indicates
it as invalid (e.g., via the TRIM command), (2) a section stripe
is occupied (i.e., written with data) (“01”), (3) a section stripe
is occupied and it is a data section stripe whose mirroring sec-
tion stripe is adjacent to it (“10”), and (4) a section stripe is
occupied and it is a data section stripe whose mirroring section
stripe is not adjacent and to be determined by the mirroring
mapping table (“11”).

The local section stripe pair consists of a section stripe A
and its adjacent section stripe A’. Suppose the offsets of A
and A’ in a component disk are LBA, and LBA, accord-
ingly. When LBA, < Cy/2, LBAy = LBA,4 + L. Otherwise
when LBA, >=C,/2, LBAy = LBA, — L. The possible
status combinations of local section stripe pair are shown in
Table 2. Remote mirroring means the mirroring section stripe is
not adjacent with the corresponding data section stripe.

The mirroring mapping table is further used to track the
relationship between a data section stripe and its remote mir-
roring section stripe. When assigning a remote mirroring sec-
tion stripe, this corresponding relationship is recorded in
mirroring mapping table and state bits in the mirroring map-
ping table are updated as following: “11” for the data section
stripe, “01” for the mirroring section stripe.

To support the performance-oriented design strategy
described in Section 3.1, Elastic-RAID also has a parity delay
queue that records the offsets of data section stripes required
to compute and update the parity data later in idle or lightly
loaded time periods in the background. For the reliability-
oriented design strategy described in Section 3.2, all original
data, new computed parities and their mirroring (if they
have one) will be written at the same time. During the delay
time windows, the original data and the corresponding
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TABLE 2
Status Combination of Local Section Stripe Pair

Section Section Description

stripe A stripe A’

00 00 Both A and A’ are free

00 01 A is free, A’ is occupied and has no
mirroring

00 10 Invalid case

00 11 Ais free, A’ is occupied and has a
remote mirroring indicated in
mirroring mapping table

01 00 A is occupied and has no mirroring,
A’ is free

01 01 Both A and A’ are occupied and
have no mirroring

01 10 A is the mirroring of A’

01 11 A s occupied, A’ is occupied and
has a remote mirroring indicated in
mirroring mapping table

10 00 Invalid case

10 01 A’ is the mirroring of A

10 10 Invalid case

10 11 Invalid case

11 00 A is occupied and has a remote
mirroring, A’ is free

11 01 A is occupied and has a remote
mirroring, A’ is occupied

11 10 Invalid case

11 11 Both A and A’ are occupied and

have remote mirroring indicated in
mirroring mapping table

mirroring data always are consistent, but their correspond-
ing parities can be inconsistent. These parities eventually
are updated and the corresponding records are removed
from parity delay queue.

If there is an incoming write request in the address range
of a mirroring section stripe (by checking section stripe bitmap
and mirroring mapping table), the status bits of the corre-
sponding data section stripe will be changed to “01” to indi-
cate that it does not have mirroring any more. At the same
time, if its former status is “11,” the corresponding entry in
mirroring mapping table will also be removed.

Fig. 6 shows an example illustrating the use of section
stripe bitmap, mirroring mapping table and parity delay queue.
The section stripe 1 is a data section stripe and the adjacent
section stripe A is its local mirroring, respectively denoted by
“10” and “01” in the section stripe bitmap. Both the section
stripe 2 and 3 denoted by “11” have their remote mirroring
section stripes, thus we need mirroring mapping table to record
the locations of their mirroring section stripes. The parities of
section stripes in parity delay queue are delayed to be
updated.

To address the mirroring of a specific data request, we
also need to obtain the disk number disk], and the internal
address LBA,,. Suppose that the specific data request is on
disk, and has an internal offset LBA,,. According to the
data layout of Elastic-RAID, disk|, is always equal to the
disk that is right adjacent to disk,. To get LBA!, , we need to
check the section stripe bitmap and mirroring mapping table
first. If the section stripe that contains the data at LBA,, has a
“10” value in the bitmap, we use Equation (3) to calculate
LBA! if LBA,, is less than C /2, otherwise use Equation (4)
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Section stripe bitmap Mirroring mapping table

State bits: m Section | Mirroring
10 Section Stripe 1 Stripe
01 Section Stripe A D 2 ¢
11 Section Stripe 2 3 M
00 Section Stripe B
11 Section Stripe 3 Parity Delay Queue
01 Section Stripe C Section Stripe Offset
...... 1
Section Stripe M M

Fig. 6. Elastic mirroring.

to calculate LBA! . If it has a “11” value, we need to further
query the mirroring mapping table to get the mirroring section

offset LBA!_ ., then use Equation (5) to retrieve the data from
LBA,,
LBA! =LBA,.. +L 3
LBA! =LBA., — L 4)
LBA! = LBA!, + LBA, modL. )

The main memory overhead of Elastic-RAID comes from
these data structures. We believe that this overhead is accept-
able. For example, assuming a single-disk capacity of 1TB
and a section length of 64 KB without any local mirroring (i.e.,
a worse-case scenario for Elastic-RAID), the typical parity
delayed queue overhead is 4 MB (i.e., capable of tracking a
maximum of 64 GB written data), the maximum section stripe
bitmap and mirroring mapping table overhead is 4 MB and
64 MB respectively, for a total of 72 MB. For performance
and consistency reasons, a small NVRAM (e.g., PCRAM)
may be used for them. Alternatively, DRAM may be used,
with a dedicated area in the top section of Elastic-RAID for
persistent storage, duplicated on every component disk with
a check-point version identifier, via a periodic flush process
from DRAM. After a crash, these data structures can be
retrieved from the NVRAM or surviving disks.

4.2.4 Performance Considerations

In Elastic-RAID, the read performance overhead mainly
stems from the data layout where the section length parame-
ter plays a key role. In practice, we find that the read perfor-
mance degrades significantly when the specified section
length is between 64 KB and 1 MB. The reason is twofold.
First, since HDD is optimized for sequential I/O accesses
and has considerable read-ahead length, a small section
length will render much of the read-ahead data useless. Sec-
ond, when the section length is sufficiently large, the disk
will perform seek operations between two adjacent sections,
which makes the read-ahead data meaningful and beneficial
for user requests and internal I/Os. On the other hand, for
the small random write requests during recovery, a large
section length will prolong the response times because the
locations of the mirroring copies are far from those of
the corresponding original data, forcing the disk head to
move back and forth frequently. A large section length also
decreases the utilization efficiency of free space, since only
an entire free section stripe can be used as mirroring
section stripe to store mirroring data. Experimental results in
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Section 5.3.4 demonstrate the impact of section length, and
we use them as an optimization guidance to parameterize
Elastic-RAID.

The other I/O performance overhead of Elastic-RAID is
the need to update the mirrored copies upon a user’s write
request. Since it is an extra I/O for every write request, it is
understandable that the write performance will be
adversely impacted for the write-intensive workloads.
Although the mirrored and original data are on different
disks that can be performed in parallel, extra I/Os due to
mirroring updates still impact the overall performance
when the workload is write intensive. However, we argue
that in typical storage workloads write intensity is generally
lower than read intensity [28] so that Elastic-RAID is still
suitable for typical I/O workloads, an argument that is in
part also supported by our evaluation results presented in
Section 5.

The additional mirroring redundancy also has a few
advantages. First, it can significantly reduce I/Os when the
RAID system is in the reconstruction state, thus improving
the user I/O performance during recovery and shortening
the recovery time. We define I/O amplification by the ratio
Rio,amp for the RAID SYStemSZ Rin,a,mp = IOInt,ernal/IOUser'
For an eight-disk RAIDS5 system with one failed disk, if a
user read request falls on the failed disk, the R;, ., value
for this request is 7 since all the seven surviving disks must
be read to reconstruct the failed data. But for the Elastic-
RAID system, it can reduce the R;, 4, value to 1 in this
case by directly reading from the mirroring section. Consid-
ering the interactions among 1/Os, a low Rj, 4, Value can
provide more potential benefits. We provide a detailed dis-
cussion of this in Section 5.3.2.

The second advantage is that the small write perfor-
mance can be optimized by adopting the performance-ori-
ented design strategy as described in Section 3.1 and
verified in our evaluations in Section 5.

The third advantage lies in the fact that the read perfor-
mance in the operational state can also benefit from mirror-
ing. By tracking the last accessed LBA (representing the
position of the disk head) of each disk, we can decide to
read the original data section or the mirroring section by
selecting whichever that has the shortest distance from the
last accessed LBA, since the original data section and the
corresponding mirroring section are in different disks.

5 EVALUATIONS

5.1 Experimental Setup

To evaluate the effectiveness and performance of our Elas-
tic-RAID, we developed an Elastic-RAID prototype in the
Linux software RAID (MD). Because MD is implemented as
a standard block device in the Linux system, any workload
in the real world can be run on top of it. The prototype Elas-
tic-RAID is installed on Ubuntu Linux 11.04 x86 64 (Kernel
version 2.6.38) running on a Dell PowerEdge T110 with
2.53 GHz Intel Xeon CPU and 4 GB RAM. We use two High-
point RocketRaid 2,640 x 4 SATA cards to house eight
HDD disks and use two SATA ports on the motherboard to
house the other two HDD disks. The 10 disks are all Seagate
ST31000524AS SATA3.0: 1TB capacity, 7,200 RPM, and
32 MB cache.
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TABLE 3
The Workload Characteristics

Trace Write Ratio 10ps Avg.1/Osize
SPC WebSearch2 1% 334 15 KB
SPC Financiall 68% 69 7.5 KB
MSR Srcl 0 2% 651 52 KB

We conduct trace-driven experiments with three 1/0
traces collected from real-world applications to evaluate the
I/O performance of the Elastic-RAID against the parity-
based standard RAID5 and RAID6 as the baselines. The
Financiall trace was collected from OLTP (On-Line Transac-
tion Processing) applications running at a large financial
institution. The WebSearch2 trace was collected from a
machine running a web search engine. The MSR Srcl 0
trace was collected from a machine used for source control.
The first two are obtained from the UMass Trace Repository
[3] while the third is from the SNIA IOTTA repository [1].
The characteristics of these three traces are summarized in
Table 3. The Financiall trace is write intensive while both
the WebSearch2 and Srcl 0 traces are read intensive.

To save trace replay time, we use one-hour-long pieces of
the traces to conduct our experiments. The typical Elastic-
RAID configuration consists of eight disks, where the chunk
size and section length are set to 64 KB and 10 MB respec-
tively. The same number of disks are used to build RAID5
and RAID6, with the same chunk size, for performance
comparison. Since the maximum offset of all these three
traces does not exceed half of the capacity of Elastic-RAID,
all data chunks can have mirroring except for the experi-
ments in Section 5.3.3, which are designed to test the perfor-
mance at higher system capacities. Because the maximum
LBA in the traces does not exceed 160 GB, we use the first
160 GB partition of each disk to build the disk array for the
trace-driven experiments.

5.2 Evaluation Methodology

We use an open-loop [21], [30] benchmark model to replay
the traces, and use the average I/O response time as the
metric to evaluate the performance. In particular, the trace
replay tool fio [6] is used and configured to use the libaio [2]
library to perform asynchronous I/O operations. In recon-
struction performance evaluations, we set the minimum
reconstruction speed of MD to 200 MB per second to ensure
the smallest MTTR (Mean Time To Repair).

For tests in the operational state, we conduct two groups of
experiments corresponding to the performance oriented
design strategy, described in Section 3.1 and labeled “Elastic-
RAID-P,” and the reliability oriented design strategy,
described in Section 3.2 and labeled “Elastic-RAID-R,” to
show the elastic design impact on the small-write perfor-
mance. For tests in the reconstruction state, we use only the
reliability oriented design strategy because these two design
strategies perform the same routines in the reconstruction
state since the main objective for both of them is to complete
the reconstruction as soon as possible, meaning that they both
will try to minimize the internal I/Os whenever possible.

To evaluate the performance impact of different capacity
utilization, we conduct two micro benchmark tests for both
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Fig. 7. Results in normal operational state.

of “Elastic-RAID-P” and “Elastic-RAID-R.” We use fio to
generate I/O access pattern and use IOps as the metric.

We also use micro benchmark tests to study the sensitiv-
ity of different section size and number of HDD disks.

5.3 Results and Analysis
5.3.1 Results in the Operational State

We replay the traces when the RAID systems are in the
operational state to examine the performance overhead of
Elastic-RAID caused by its data layout and mirroring
updates. The average user response time for the three traces
are shown in Fig. 7.

For the WebSearch? trace, there is about 5 percent perfor-
mance degradation for Elastic-RAID compared with the
standard RAID5. Since WebSearch2 is read intensive, the
impact of mirroring writes is negligible. The main reason
for the performance degradation is the data layout of
Elastic-RAID.

For the Srcl 0 trace, the performance overhead relative
to RAIDS increases to 10 percent since it has higher I/O
intensity and sequentiality than WebSearch2. It is clear that
the sequential pattern of 1/Os plays an important role in
Elastic-RAID’s performance overhead due to its data layout
scheme.

From Fig. 7 we can see that the reliability-oriented Elas-
tic-RAID almost doubles the response time of RAID5 under
the write-intensive Financiall trace because of the addi-
tional mirroring updates. When the reliability is the top pri-
ority, the use of reliability-oriented Elastic-RAID may be
justified. On the other hand, for the performance-sensitive
applications with small-write-intensive workload character-
istics, performance-oriented Elastic-RAID should be used to
improve the small-write performance, as described in
Section 3.1. The “Elastic-RAID-P” bar in Fig. 7 shows that
the performance-oriented Elastic-RAID outperforms RAID5
by 40 percent under the write-intensive Financiall trace.

Because of the additional parity updates required of
RAID6, we note that the performance gap between Elastic-
RAID-R and RAID6 is much smaller than the one between
Elastic-RAID-R and RAIDS for these three traces. Similarly,
performance-oriented Elastic-RAID significantly outper-
forms RAID6 under the write-intensive Financiall trace.

5.3.2 Results in the Reconstruction State

One of the main goals of Elastic-RAID is to improve user I/
O performance in the reconstruction state and reduce the
recovery time. Figs. 8 and 9 show that Elastic-RAID
achieves a reconstruction-performance boost of at least 30
percent over RAID5 by exploiting the mirroring redun-
dancy during recovery under all traces. In particular,

IEEE TRANSACTIONS ON PARALLEL AND DISTRIBUTED SYSTEMS, VOL. 27,

NO. 4, APRIL2016

i RAIDS
& Elastic-RAID-R
% RAID6

\
.
.

Financiall

HEEEER
Src1_0

WebSearch2
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Elastic-RAID outperforms RAID5 in average user response
time by 34.5, 32.3, 39.4 percent and in recovery time by 44.8,
52.9, 57.8 percent under WebSearch2, Srcl_0, and Financiall
respectively. In addition, the performance of RAID6 is
slightly better than RAID5 because the number of internal
I/0Os during reconstruction in RAID6 is smaller than that in
RAIDS in the one-disk-failure case. This stems from the fact
that the former, with two of the eight disks being parity
disks, has fewer disks participating in the reconstruction
process than in the latter.

The significant performance advantage of Elastic-RAID
in the reconstruction state can be attributed mainly to its
ability to substantially reduce the internal I/Os induced by
parity updates. We define I/O amplification by the ratio
Rio_amp for the RAID systems: Rio_amp = IO mtcrnai/IOuser-
Our Elastic-RAID prototype monitors and records the num-
ber of internal 1/Os during the reconstruction period and
uses this number to calculate Rj, 4,,- We also modified the
MD source code to add similar functions in the standard
RAID5 and RAID6 implementations. Fig. 10 shows the
results, where the internal I/Os include the I/Os for recon-
struction. We can see that the R;, 4, values of Elastic-RAID
are substantially lower than those of RAID5 and RAID6
under all three traces. This means that, by reading the mir-
roring copies to reconstruct the lost data rather than by par-
ity computation, the recovery scheme of Elastic-RAID is
able to significantly reduce the internal I/O counts of the
the standard RAID5 and RAID6 schemes. Obviously, this
significant performance improvement in the reconstruction
state translates to a higher reliability for the system and bet-
ter I/O performance for the user applications, an increas-
ingly important requirement for cloud storage nowadays.

5.3.3 Results for Different Capacity Utilization

As discussed in Section 3, the improvements of both reliabil-
ity and performance depend on the capacity utilization. If
the capacity utilization is low, the free space is high, and
vice versa.

Fig. 11 shows the performance results of Elastic-RAID-P
in 20, 40, 50, 60 and 80 percent capacity utilization condi-
tions. For 4 KB block size random read and 4 KB block size
sequential read, the performance of Elastic-RAID-P in
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Fig. 9. The recovery time.
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Fig. 10. The I/O amplification ratio in the reconstruction state.

different capacity utilization conditions has no obvious dif-
ference compare to the standard RAID5. For 64 KB block
size sequential read, the performance of Elastic-RAID is
slightly lower than the standard RAIDS. That is reasonable
due to the data layout of Elastic-RAID which is discussed in
Section 4.2.4.

For write performance, that is the major optimization
objective of Elastic-RAID-P, it shows the remarkable differ-
ence. For 4 KB block size random write, when the capacity
utilization is below 50 percent, the performance of Elastic-
RAID-P is about nine times higher than the standard
RAIDS5. That is because the small writes in Elastic-RAID-P
have been optimized to avoid the Read-Modify-Write rou-
tine by writing the mirroring. When the capacity utilization
increases to 60 and 80 percent, the advantage of Elastic-
RAID-P reduces because only some part of the writes which
have mirroring can be optimized. For 4 and 64 KB block
size sequential writes, the standard RAIDS uses Reconstruc-
tion-Write routine, which has lower overhead than Read-
Modify-Write, thus reduces the performance gap compared
to Elastic-RAID-P.

Fig. 12 shows the performance results of Elastic-RAID-R
in different capacity utilization conditions. We can see the
overall read performance of Elastic-RAID-R is slightly lower
than the standard RAIDS5. The overall write performance is
lower than the standard RAID5 due to the synchronous
mirroring writes. For the 4 KB block size random write case,
Elastic-RAID-R has a slightly lower performance, but for
the sequential write cases, Elastic-RAID-R’s performance
has an obvious degradation, especially when the capacity
utilization is 50 percent. When the capacity utilization
increases to 60 and 80 percent, the performance goes up
because only part of the written data which has mirroring
generate the mirroring writes overhead.

5.3.4  Sensitivity Study

In general, the performance of Elastic-RAID is influenced by
several factors. The section length discussed in Section 4.2.4 is
an important factor. The number of disks can also affect the
performance.

Section length. In the experiments studying the section
length, the access patterns of 4 KB random 1/Os and 64 KB

O E-RAID-P_20 O E-RAID-P_40 O E-RAID-P_50 O E-RAID-P_60 [J E-RAID-P_80

=

Relative to IOPS of RAIDS
ORNWARUON®OWVWO

random_read seq_read_4k seq_read_64k random_write seq_write_4k seq_write_64k
Different I/O Patterns

Fig. 11. The performance of Elastic-RAID-P in different capacity
utilization.
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Fig. 12. The Performance of elastic-RAID-R in different capacity
utilization.

sequential I/Os are assumed. We use IOps (I/O per second)
as the metric to evaluate the random I/O performance and
use the I/O throughput as the metric to evaluate the
sequential I/O performance. The results of the random I/O
tests are shown in Fig. 13, which suggests that the random
I/O performance is relatively insensitive to the section
length. On the other hand, the results of the sequential I/O
tests, shown in Fig. 14, clearly indicate that the read perfor-
mance is highly sensitive to the section length. When the sec-
tion length is less than 10 MB, the performance is only about
50 percent of RAIDS. Starting with a 10 MB section length,
the performance of Elastic-RAID can reach 95 percent of
RAIDS. But as the section length continues to increase, the
sequential read performance in the degraded state also
decreases. This indicates that we must select a suitable value
for the section length according to the specific environment
(hardware platform, characteristics of workload, etc.) and
users’ requirements. On the other hand, we can see that the
sequential and random write performances are insensitive
to the section length, as shown in Figs. 14 and 13.

Number of disks. To evaluate how the number of disks
affects the performance, we conduct the experiments on
Elastic-RAID under the Financiall trace by varying the
number of disks, 6, 8, 10, respectively, with the section
length set to 10 MB. Fig. 15 shows the test results in the
operational state and in the reconstruction state respec-
tively. Clearly, more disks imply higher I/O parallelism,
which improves the performance. The average user
response time, as shown in Fig. 15, is very sensitive to the
number of disks.

5.4 Reliability Analysis

In this section, we analyze the reliability of Elastic-RAID
and compare it with other standard RAID levels RAIDS,
RAID6 and RAID10.

For Elastic-RAID system, the reliability is dynamically
changed with the amount of available free space. The
Elastic-RAID system can tolerate any arbitrary two disk fail-
ures with less than half of its space usage. Otherwise, only
the data sections that have their corresponding mirroring sec-
tions can tolerate two disk failures and thus be protected

1000
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800 — normal state
700 -=-4K random write in
., 600 normal state
5 500 4K random read in
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300 —<4K random write in
200 degraded state
100
0 Section length
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Fig. 13. Random I/O performance benchmark.
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Fig. 14. Sequential I/0O performance benchmark.

from data loss, while the rest of the data sections will only
be able to tolerate a single disk failure as in the standard
RAIDS5 system. When all the space is run out, Elastic-RAID
degrades to the standard RAID5 with special addressing
(see Section 4.2.2).

Since Elastic-RAID incorporates a RAID10-like mirroring
redundancy, it can tolerate a maximum of N/2 disk failures
in the same way as RAID10 does. That is, when N is an
even number, and all odd-numbered disks {1,3,5,...
N/2 — 1} or all even-numbered disks {2,4,6,... N/2} have
failed. It is obvious that the lost data on the failed disks can
be recovered by directly reading their mirroring copies that
are on the adjacent disks.

To quantitatively compare the reliability of Elastic-RAID
with other RAID levels, RAID5, RAID6, and RAID10, we
use the Continuous-Time Markov Chain (CTMC) model
[13] to compute the Mean Time To Data Loss (MTTDL) for
different RAIDs. While the Sequential Monte-Carlo (SMC)
model [9] is known to be more accurate than CTMC, the
study on SPA [36] shows that the results generated by the
CTMC model and the SMC model share the same trend.
Since our primary goal for this reliability analysis is to
obtain a first-order estimate and the relative strength of
Elastic-RAID in reliability, we use the CTMC model here for
its simplicity.

We use eight disks to build different RAID levels. The
MTTF of disks are 750,000 hours according to their data-
sheet. Due to the space constraints, we omit the detailed
description on the reliability models of RAID5, RAID6, and
RAID10, and the corresponding matrix constitution, deduc-
tion and solution processes to obtain their corresponding
MTTDL, which is a standardized analysis procedure that
can be found in [13], [37]. According to disk failing events
in Elastic-RAID, the nine state transition diagram of the reli-
ability model of Elastic-RAID is defined according to the
corresponding transition conditions, as shown in Fig. 16.
Note that since Elastic-RAID can exploit the parallelism
between disks, the MTTR values at four cases are approxi-
mately equal as the recovery time for single disk failure.
Finally, the MTTDL of Elastic-RAID can be similarly
derived by the standardized analysis procedure.
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Fig. 15. Sensitivity tests for different number of disks.
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LD
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Fig. 16. State transition diagram for eight-disk Elastic-RAID. State 0
denotes the normal operational state; State 1 denotes the one-disk-fail-
ure state; State 2 denotes the state in which two non-adjacent disks
have failed; State 2 denotes the state in which two adjacent disks have
failed; State 3 denotes the three-disk-failure state in which no two failed
disks are adjacent; State 3 denotes the three-disk-failure state in which
two of the failed disks are adjacent; State 4 denotes the four-disk-failure
state in which no two failed disks are adjacent; State 4 denotes the four-
disk-failure state in which two of the failed disks are adjacent; State F
denotes the data loss state. A denotes 1/ MTTF of disks. 1, 1o, i3, 11y
denotes 1/ MTTR for the corresponding failing states respectively.

Fig. 17 reveals the impact of the recovery time on the
reliability (MTTDL) for the four RAID schemes. The
MTTDL of Elastic-RAID with adequate free space is con-
sistently higher than RAID6, and significantly higher than
RAID5 and RAID10 under the recovery time from 0.5 to
10 hours. Note that this MTTDL is the upper bound of
Elastic-RAID. With the increasing space utilization over
half, more section stripes will lose their mirroring and the
MTTDL of Elastic-RAID also gradually drops to the lower
bound as that of RAID5. In addition, since the fast recov-
ery time also significantly improves the reliability of each
RAID level, Elastic-RAID can benefit from its accelerated
reconstruction.

6 RELATED WORKS

6.1 Improving RAID Reliability

Several double-parity encoding mechanisms, known as
RAID6 level, are proposed to further improve the reliability
of RAID systems. Reed-Solomon code [26], EVENODD
code [8], RDP code [12] and Liberation Codes [27] are
designed to tolerate a second disk failure. As RAID6 coding
techniques, all these schemes use fixed reserved space to
store the additional parity and suffer from the overhead of
two parity updating. IPC [13] also needs fixed reserved
space within disks for storing interleaved parity check infor-
mation. Different from the above approaches, Elastic-RAID
improves RAID reliability through data mirroring by
smartly utilizing the spare/free space existing in parity-
based RAID systems.
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Fig. 17. Comparison of reliability.
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6.2 Improving Reconstruction Performance

VDF [38] proposes an optimized caching scheme to improve
the reconstruction performance. WorkOut [40] needs either
extra RAID sets or spare disk(s) for its performance guaran-
tee, and is thus not very space efficient. SPA [36] is designed
to store and update supplementary parity units on the spare
disk(s) for on-line RAID systems to improve the reconstruc-
tion performance and reliability. CRAID [22] uses a dedi-
cated caching partition to capture hot data and redistributes
this partition to incremental devices, thus accelerating the
upgrade process of traditional RAIDs. In contrast to the
above approaches, Elastic-RAID combines the advantage of
both mirroring-based and parity-based RAID schemes to
improve the performance in the reconstruction state. At the
same time, it relies on the free space instead of extra
dedicated spare disks.

7 CONCLUSIONS

In this paper, we propose Elastic-RAID, a new RAID archi-
tecture that combines the advantages of both mirroring-
based and parity-based RAID systems by utilizing the free
space existing in parity-based RAID systems to incorporate
the mirroring redundancy. By employing both parity and
mirroring data redundancy in a smart way, an Elastic-RAID
provides higher reliability, better user 1/O performance
during recovery, and shorter reconstruction time. In doing
so, Elastic-RAID is shown to significantly improve the
overall availability of parity-based RAID systems.
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