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Abstract—Due to the contention for the shared disk bandwidth, the user I/O intensity can significantly impact the performance of the
online low-priority background tasks, thus reducing the reliability and availability of RAID-structured storage systems. In this paper, we
propose a novel and practical scheme, called WorkOut (I/O Workioad Outsourcing), to significantly boost the performance of those
low-priority background tasks. WorkOut effectively outsources all write requests and popular read requests originally targeted at the
degraded RAID set that is performing the low-priority background tasks to a surrogate RAID set. The lightweight prototype
implementation of WorkOut and extensive trace-driven and benchmark-driven experiments on two case studies demonstrate that,
compared with existing approaches, WorkOut effectively improves the performance of the low-priority background tasks, such as RAID
reconstruction and RAID resynchronization. Importantly, WorkOut is portable and can be easily incorporated into any existing

optimizing algorithms for RAID-structured storage systems.

Index Terms—Low-priority background tasks, RAID reconstruction, reliability, availability, performance evaluation.

1 INTRODUCTION

GENERALLY speaking, there are two classes of tasks for
storage systems: high-priority foreground tasks and
low-priority background tasks [4]. Foreground tasks are
generated from the system applications, such as the online
transaction processing (OLTP), which require providing
24 x 7 online services. Background tasks are generated from
maintenance or repair activities due to disk failures, such as
RAID reconstruction, RAID resynchronization, and disk
scrubbing. These background tasks aim at improving the
performance and reliability of storage systems.

In face of high disk failure rates and untimely system
crash, the low-priority background tasks become more and
more frequent in large-scale storage systems. With the ever
growing number of disks in data centers and the significant
disk failure rate, the reconstruction might soon become the
common mode of operation in large-scale systems rather
than the exception [11], [38], [41] and the periodically disk
scrubbing might be quite necessary [5]. The resynchroniza-
tion also should be taken into account for the unexpected
system crash and the high software error rate [22]. Moreover,
since the capacity of drives grows at a much higher rate than
other performance parameters, such as the bandwidth and
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position time [12], the completion time for these background
tasks will increase in the future. As a result, improving the
performance of the low-priority background tasks is becom-
ing a growing and critical concern.

The performance of the low-priority background tasks
depends on the following two factors: 1) The time it takes to
complete the background tasks, since longer completion
times for the background tasks translate to a longer “window
of vulnerability,” in which a disk failure or a power down
may cause persistent data loss. 2) The impact of the back-
ground tasks on the foreground application, that is, to what
degree are the user requests affected by the ongoing back-
ground tasks.

Similar to the RAID reconstruction, other low-priority
background tasks also fall into two different categories [13]:
offline, when the RAID devotes all of its resources to
performing the background tasks without serving any user
1/0 requests, and online, when the RAID continues to serve
user I/O requests and performs the background task
concurrently.

Obviously, the offline background tasks are much faster
than their online counterparts, but they are unpractical in
environments that require high availability, as the RAID
needs to be taken offline when performing the back-
ground tasks.

On the other hand, the online background tasks allow
the foreground traffic to continue concurrently, but take
longer time than their offline counterparts due to the disk
bandwidth contention between the background and fore-
ground processes. From our primary experiments (see
Section 2.2), we find that the I/O requests generated by
the foreground applications significantly affect the perfor-
mance of the low-priority background tasks.

Many approaches have been proposed to improve the
performance of the low-priority background tasks, such as
RAID reconstruction [4], [14], [16], [27], [48], RAID
resynchronization [9], and disk scrubbing [20], [35], [43].
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We note that all these approaches focus on a single RAID
set. In this paper, we propose a new approach that exploits
the fact that most data centers contain a large number of
RAID sets.

Inspired by recent work on write offloading [33], [57]
and data migration [3], [29], [54], we propose WorkOut to
significantly improve the performance of the low-priority
background tasks by 1/O Workload Outsourcing. The main
idea behind WorkOut is to temporarily redirect all write
requests and popular read requests originally targeted at
the RAID set that is performing the background tasks to a
surrogate RAID set. The surrogate RAID set can be a set of
spare disks or free space on another RAID set. Since the
background tasks can cause the performance degradation of
RAID-structured storage systems, we refer to the RAID set
that is performing background tasks as degraded RAID set in
this paper.

WorkOut has twofold benefits. First, WorkOut reduces
the impact of the low-priority background tasks on the
foreground traffic because most user 1/O requests can be
served by the surrogate RAID set, and hence, no longer
compete with the background tasks for disk bandwidth.
Second, WorkOut speeds up the process of the background
tasks, since more bandwidth can be devoted to it.

We have implemented a lightweight prototype of Work-
Out in the Linux software RAID module (MD) and carried
out WorkOut on two case studies: RAID reconstruction and
RAID resynchronization. Extensive trace-driven and bench-
mark-driven experiments show that WorkOut significantly
outperforms the reconstruction algorithms PR [27] and
PRO [49] in both reconstruction time and user response
time. The results also demonstrate that WorkOut can
effectively improve the performance of other low-priority
background tasks, such as the RAID resynchronization.

The rest of this paper is organized as follows: Back-
ground and motivation are presented in Section 2. The
design of WorkOut is described in Section 3. Performance
evaluations of WorkOut based on a prototype implementa-
tion and two case studies are presented in Section 4. We
analyze the reliability of WorkOut in Section 5 and present
the related work in Section 6. We summarize the main
contributions of the paper and point out the directions for
future research in Section 7.

2 BACKGROUND AND MOTIVATION

In this section, we first describe the low-priority back-
ground tasks in storage systems and point out their
challenges. Then we show the mutually adversary impact
of the low-priority background tasks and foreground 1/0
requests by experiments. Based on the experimental results
and the access locality characteristics, we conclude the
motivation of WorkOut.

2.1 Low-Priority Background Tasks

To improve the performance and reliability of storage
systems, there are many background tasks, such as RAID
reconstruction, RAID resynchronize, and disk scrubbing.
RAID reconstruction recovers the failed data to the replace-
ment disk when a disk fails. RAID resynchronization scans
the entire RAID to find and repair the inconsistent data

when an untimely system crash occurs. Disk scrubbing
periodically accesses disks to detect irremediable read
errors in infrequently accessed sectors.

Recent studies of field data in large-scale storage systems
indicate that partial or complete disk failure rates are
significant [5], [11], [22], [38], [41]. Schroeder and Gibson
[41] found that the annual disk replacement rates in the real
world exceed 1 percent, with 2-4 percent, on average, and
up to 13 percent in some systems, much higher than
0.88 percent, the annual failure rates (AFRs) specified by the
manufacturer’s datasheet. Bairavasundaram et al. [5] ob-
served that the probability of latent sector errors, which can
lead to disk replacement, is 3.45 percent in their study.
Those failure rates, combined with the continuously
increasing number of disks in large-scale storage systems,
raise concerns that in future storage systems, the recovery
mode might become the common mode of operation [11]
and the periodical disk scrubbing is also quite necessary [5].
Furthermore, studies show a significant amount of correla-
tion in drive failures, indicating that, after one disk fails,
another disk failure will likely occur soon [5], [11], [22].

In software RAID, unexpected system crash or software
errors can make stripes in inconsistent states that can also
introduce a window of vulnerability [26]. In this case,
current software RAID systems always employ the resyn-
chronization and disk scrubbing process to find and correct
the inconsistent data by scanning the whole RAID.
However, these processes can take hours or even days for
large-scale RAID-structured storage systems [9].

In addition to the above traditional low-priority back-
ground tasks, other background tasks are also emerging,
such as garbage collection in new storage devices (e.g.,
flash-based drives [1], [6]) to achieve wear-leveling and data
migration [29], [54] to improve the performance or energy
efficiency. Although the priority of these background tasks
is lower than that of the foreground tasks, they are
persistent and essential for the system operation, reliability,
and power.

Due to their low-priority characteristics, the background
tasks are always assigned only a few disk resources.
However, many researchers argued that the background
tasks cannot be postponed all the time. For reasons of
reliability and performance, they should be completed early
and effectively [39], [32]. These trends make the low-
priority background tasks, such as RAID reconstruction,
RAID resynchronization, and disk scrubbing, increasingly
important and urgent in building high performance and
reliable storage systems.

2.2 Mutually Adversary Impact of Low-Priority
Background Tasks and Foreground 1/0
Requests

The requests of the online low-priority background tasks and
the foreground user I/O requests compete for the restricted
disk resources and adversely affect each other. User 1/0O
requests increase the completing time for the background
tasks, while the background tasks increase the user response
time. In this section, we will illustrate this issue through
experiments on the online RAID reconstruction.

Fig. 1 shows the reconstruction times and user response
times of a five-disk RAID5 set with a stripe unit size of
64 KB in three cases: 1) offline reconstruction, 2) online



66

an 180 —4&— Reconstruction Time —O— Response Time 60 "é\
E o150 w3
Eom '3
o=

SE % 30 :
EE @
7= 60 H
g 15 g
54 30 2
o} N >
-7 0 0

Off-Line On-line On-line

fastest slowest
Reconstruction Option

Fig. 1. RAID reconstruction and its performance impact.

reconstruction at the highest speed (when RAID favors the
reconstruction process), and 3) online reconstruction at the
lowest speed (when RAID favors the user I/O requests). In
this experiment, the capacity of each disk is limited to
10 GB. User I/O requests are generated by Iometer [21]
with 20 percent sequential and 60/40 percent read/write
requests of 8 KB each. As shown in Fig. 1, the user response
time increases significantly along with the reconstruction
speed three times (3x) more than that during the normal
period. The online reconstruction process at the lowest
speed takes 70 times (70x) longer than its offline counter-
part.

The performance of reconstruction impacts both the
reliability and availability of storage systems [13]. Storage
system reliability is formally defined as the mean time to
data loss (MTTDL) and increases with the decreasing mean
time to repair (MTTR). Ironically, decreasing the MTTR (i.e.,
speeding up the reconstruction) by throttling the fore-
ground user requests can lead Service-Level Agreement
(SLA) violations, which are also perceived as reduced
availability in many environments. Ideally, one would like
to reduce both the reconstruction time and user response
time in order to improve both the reliability and availability
of RAID-structured storage systems.

Fig. 2 shows how user I/O intensity affects the
performance of reconstruction. The experimental setup is
the same as that in Fig. 1, except for the different I/O
intensities. Moreover, the reconstruction process is set to
yield to the user I/O requests (i.e., RAID favors the user
I/0O requests). From Fig. 2, we can see that both the
reconstruction time and user response time increase with
the I/O Per Second (IOPS) of user 1/O requests. When
increasing the IOPS from 9 to 200, it reaches its maximum of
200, the reconstruction time increases by a factor of 20.9 and
the average user response time increases by a factor of 3.76.

Experiments on the other low-priority background tasks
show the same trends as the RAID reconstruction. We
believe that reducing the amount of user I/O requests
directed to the degraded RAID set that is performing the
background tasks is an effective approach to simulta-
neously reducing the completion time for the background
tasks and alleviating the user performance degradation,
thus improving both the reliability and availability. How-
ever, naively redirecting all requests to a surrogate RAID set
might overload the surrogate RAID set and runs the risk
that lots of work is wasted by redirecting requests that will
never be accessed again. Our idea is, therefore, to exploit
locality in the request stream and redirect only requests for
popular data.
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Fig. 2. I/O intensity impact on RAID reconstruction.

2.3 Workload Locality

Access locality is one of the key web workload character-
istics [2], [7], [8]. Studies observe that 10 percent of files
accessed on a web server approximately account for
90 percent of requests and 90 percent of bytes transferred
[2]. Studies also find that 20-40 percent of files are accessed
only once for web workloads [8].

Caches have been widely employed to improve the
storage system performance by exploiting the access locality.
While the storage cache is proven very effective in capturing
the workload locality, it is so small in capacity compared
with the typical storage device that it usually cannot capture
all workload locality. So, the locality underneath the storage
cache can still be effectively mined and utilized [28], [48]. For
example, PRO [48] utilizes the workload locality at the
block level, thus reducing the reconstruction time by up to
44.7 percent and the user response time by 3.6-23.9 percent
simultaneously. Based on the study on C-Miner [28] that
mines the block correlation below the storage cache,
correlation-directed prefetching and data layout reduce the
user response time by 12-25 percent.

2.4 Motivation

Low-priority background tasks become more and more
important in face of such high partial and complete disk
failures rates, the unexpected system crash and software
errors, and the requirements of the low-power storage
system. When 1/O requests of the foreground tasks and
background tasks are scheduled concurrently, the back-
ground requests have negative impact on the performance
of the foreground tasks, and vice versa.

Based on the above experiments and observations,
WorkOut exploits the access locality to reduce the fore-
ground I/O intensity by redirecting all the write requests
and popular read requests to a surrogate RAID set (idle
and fast) in large-scale storage systems. Thus, the back-
ground tasks can complete much more effectively and
quickly. Moreover, since the redirected requests are served
by the surrogate RAID set, their performance can also be
improved significantly. In such a way, WorkOut effectively
boosts the availability of storage systems.

In this paper, we simply define the popular data in the
WorkOut design as the data that have been read at least
twice. Different from read requests, write requests can be
served by any persistent storage device. Thus, WorkOut
redirects all write requests to the surrogate RAID set.

3 WoRKOuUT

In this section, we first outline the main principles guiding
the design of WorkOut. Then, we present an architectural
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overview of WorkOut, followed by a detail description of
the data structures and algorithm. At the end of this section,
we discuss the design choice and data consistency issues of
WorkOut.

3.1 Design Principles

WorkOut focuses on outsourcing 1/O workloads to boost
the performance of the low-priority background tasks. It
aims to achieve reliability, availability, flexibility, extend-
ibility, and portability as follows:

Reliability. To reduce the window of vulnerability, and
thus, improve the reliability, the low-priority background
tasks should not be starved and their completion times
must be significantly reduced. Since the foreground user
I/0 intensity severely affects the background tasks, Work-
Out aims to reduce the the I/O intensity on the degraded
RAID set by redirecting I/O requests away from it.

Availability. To avoid the user-perceived performance
degradation and violation of SLAs, the user response time
during the period when the background tasks are perform-
ing must be significantly reduced. WorkOut strives to
achieve this goal by significantly reducing, if not eliminat-
ing, the contention between the user I/O requests and the
background tasks, by outsourcing the I/O workloads to a
surrogate RAID set.

Flexibility. Since modifying the organization of an
existing RAID is inconvenience and expensive, such mod-
ification should be completely avoided, and instead, a
separate surrogate RAID can be utilized judiciously and
flexibly. In the WorkOut design, the surrogate RAID set can
be a dedicated RAID1 set, a dedicated RAID5 set, or a live
RAID set that uses the free space of another operational (live)
RAID set. Using an RAID as the surrogate set ensures that
the redirected write data are safe-guarded with redundancy,
thus guaranteeing the consistency of the redirected write
data. How to choose an appropriate surrogate RAID set is
based on the requirements on overhead, performance,
reliability, maintainability, and trade-offs between them.

Extendibility. Since I/O intensity impacts the perfor-
mance of not only the reconstruction but also other low-
priority background tasks, such as RAID resynchronization
and disk scrubbing, the idea of WorkOut should be readily
extendable to improve the performance of these back-
ground tasks.

Portability. Since the low-priority background tasks are
typically driven by many different algorithms or scheduling
methods, it is desirable for WorkOut to be easily incorpo-
rated into the latter for their optimizations.

3.2 WorkOut Architecture Overview

An architecture overview of WorkOut is shown in Fig. 3. In
our design, WorkOut is an augmented module to the RAID
software operating underneath the storage cache in a
system with multiple RAID sets. WorkOut interacts with
the modules of the low-priority background tasks, such as
RAID reconstruction, RAID resynchronization, and disk
scrubbing, but is implemented independently of them.
WorkOut can be incorporated into any RAID software and
also other low-priority background tasks.

As shown in Fig. 3, there are five key functional
components in WorkOut. Administration Interface provides
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Fig. 3. An architecture overview of WorkOut.

an interface for system administrators to configure the
WorkOut design options. Popular Data Identifier is respon-
sible for identifying the popular read data. Request Redirector
is responsible for redirecting all write requests and popular
read requests to the surrogate RAID set, while Reclaimer is
responsible for reclaiming all redirected write data back
after the background task completes. Surrogate Space
Manager allocates and manages a space on the surrogate
RAID set for each degraded RAID set and controls the data
layout of the redirected data in the allocated space.

WorkOut is automatically activated by the modules of the
background tasks when their corresponding threads are
initiated and deactivated when the reclaim process com-
pletes. In other words, WorkOut is active throughout the
entire period when performing the background tasks and the
reclaim process. Moreover, the reclaim thread is triggered by
the modules of the background tasks when they complete.

In our WorkOut design, the idea of a dedicated surrogate
RAID set is targeted at a typical data center where the
surrogate RAID set can be shared by multiple degraded
RAID sets with requirements on either a space-division or a
time-division basis. The two types of RAID sets are not a
one-to-one mapping. The device overhead is incurred only
when the RAID set is performing the background tasks and
typically amounts to a small fraction of the surrogate set
capacity. For example, extensive experiments on our
prototype implementation of WorkOut show that no more
than four percent of the capacity of a four-disk surrogate
RAIDS set is used.

Based on the preconfigured parameters, the Surrogate
Space Manager allocates a disjoint space for each degraded
RAID set that requests a surrogate RAID set. It prevents the
redirected data from being overwritten by the redirected
data from other degraded RAID sets that also request a
surrogate RAID set. Noticeably, the space allocated to a
certain degraded RAID set is not fixed but can be expanded.
For example, the Surrogate Space Manager first allocates an
estimated space required for a typical degraded RAID set
and, if the allocated space is used up to a preset threshold
(e.g., 90 percent), it will allocate some extra space to this
RAID set. In this paper, we mainly consider the scenario
where there is at most one degraded RAID set at any given
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TABLE 1
Characteristic Comparisons of Three Optional Surrogate RAID Sets Used in WorkOut
Optional surrogate RAID set Device Overhead | Performance Reliability Maintainability
A dedicated surrogate RAID]1 set medium medium high simple
A dedicated surrogate RAIDS set high high high simple
A live surrogate RAID set low low medium-high complicated

time. Implementing and evaluating WorkOut in a large-
scale storage system with multiple concurrent degraded
RAID sets are work in process.

3.3 Data Structure and Algorithm

WorkOut depends on two key data structures to redirect
requests and identify popular data, as follows:

e D_Table contains the log of all redirected data,
including the following four important variables:

- D_Offset indicates the offsets of the redirected
data in the degraded RAID set.

- S5_Offset indicates the offsets of the redirected
data in the surrogate RAID set.

- Length indicates the length of the redirected
data.

- D_Flag indicates whether it is the redirected
write data from the user application (D_Flag =
true) or the redirected read data from the
degraded RAID set (D_Flag = false).

e R_LRU is an LRU list that stores the information
(D_offset and Length) of the most recent read requests.
Based on R_LRU, popular read data can be identified
and redirected to the surrogate RAID set.

WorkOut focuses on outsourcing user I/O requests
when the degraded RAID is performing the background
task concurrently, but does not modify the algorithm and
scheduling of the background task. How to perform a
background task itself remains the responsibility of the
functional module of this task and depends on the specific
algorithm and scheduling behind this task.

All write requests are redirected to the surrogate RAID
set and recorded in D_Table. For each read request,
D_Table is first checked to determine whether the data
are in the surrogate RAID set. If the read request does not
hit D_Table, it will be served by the degraded RAID set.
Then, if it hits R_LRU, the read data are considered popular
and redirected to the surrogate RAID set, and its informa-
tion is recorded in D_Table. Otherwise, the read request
will be served by the surrogate RAID set if the read data are
already in it. In particular, if only a portion of the read data
is in the surrogate RAID set, i.e., it partially hits D_Table,
the read request will be split and served by the two RAID
sets. In order to achieve a better performance, the redirected
data are laid out sequentially like LFS [40] in the allocated
space on the surrogate RAID set.

The redirected write data are only temporarily stored in
the surrogate RAID set, and thus, should be reclaimed back
after the background task completes. To ensure data
consistency, the log of reclaimed data should be deleted
from D_Table after the write succeeds. Since the redirected
read data are already in the RAID set that has completed the

background task, it need not be reclaimed as long as logs of
such data are deleted from D_Table. In order not to affect the
performance of the RAID system, the priority of the reclaim
process is set to be the lowest, which will not affect the
reliability of the redirected data as explained in Section 5.

During the reclaim period, all requests must be checked
in D_Table to ensure data consistency. If a write request hits
D_Table and its D_Flag is true, meaning that it will rewrite
the data that are still in the surrogate RAID set, the
corresponding log in D_Table must be deleted after writing
the data to its correct location to prevent the new write data
from being overwritten by the reclaimed data. On the other
hand, if a read request hits D_Table and its D_Flag is true,
meaning that the up-to-date targeted data have not been
reclaimed, the read request should be served by the
surrogate RAID set.

3.4 Design Choices

WorkOut can redirect data to different persistent config-
urations of storage devices as follows:

A dedicated surrogate RAID1 set. In this case, WorkOut
stores the redirected data in two mirroring disks, namely, a
dedicated surrogate RAID1 set. The advantage of this
design option is its high reliability, simple space manage-
ment, and moderate device overhead (i.e., two disks), while
its disadvantage is obvious: relatively low performance gain
due to the lack of I/O parallelism.

A dedicated surrogate RAID5 set. In favor of reliability
and performance (access parallelism), a dedicated surrogate
RAID5 set with several disks can be deployed to store the
redirected data. The space management is simple, while the
device overhead (e.g., four disks) is relatively high.

A live surrogate RAID set. WorkOut can utilize the free
space of another live surrogate RAID set in a large-scale
storage system consisting of multiple RAID sets and does
not incur any additional device overhead that the first two
design options cannot avoid. In this case, WorkOut gains
high reliability owing to its redundancy, but requires
complicated maintenance. Due to the contention between
the redirected requests from the degraded RAID set and the
native I/O requests targeted at the live surrogate RAID set,
the performance in this case is lower than that in the former
two design options.

The three design options are all feasible and can be made
available for system administrators to choose from through
the Administration Interface based on their characteristics
and trade-offs, as summarized in Table 1. In this paper, the
prototype implementation and performance evaluations
are centered around the dedicated surrogate RAID5
set, although sample results from the other two design
choices are also given to show the quantitative differences
among them.
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3.5 Data Consistency

Data consistency in WorkOut includes three aspects: 1) The
key data structures should be safely stored until the reclaim
process completes, 2) The redirected data must be reliably
stored in the surrogate RAID set, and 3) The user read
requests must fetch the up-to-date data.

First, since we must ensure never to lose the contents of
D_Table during the entire period when WorkOut is
activated, it is stored in an NVRAM to prevent data loss
in the event of a power supply failure or a system crash.
Fortunately, D_Table is, in general, very small (see Sec-
tion 4.5), and thus, will not incur significant hardware cost.
Moreover, since the performance of battery-backed RAM, a
de facto standard form of NVRAM for storage controllers
[10], [18], [19], is roughly the same as the main memory, the
write penalty due to D_Table updates can be negligible.

Second, in order to avoid data loss caused by a disk
failure in the surrogate RAID set, all redirected write data in
the surrogate RAID set should be protected by a redun-
dancy scheme. To simplify the design and implementation,
the redirected read data are stored in the same manner as
the redirected write data. If a disk failure in the surrogate
RAID set occurs, data will no longer be redirected to the
surrogate RAID set and the redirected write data should be
1) reclaimed back to the degraded RAID set or 2) redirected
to another surrogate RAID set if possible. Our prototype
implementation adopts the first option, i.e., these redirected
write data should be reclaimed back to the degraded RAID
set. We will analyze the reliability of WorkOut in Section 5.

Finally, since the up-to-date data for a read request can
be stored either in the degraded RAID set or in the
surrogate RAID set if the data are popular or modified by
a previous write request, every read request is first checked
in D_Table to determine whether it should be served by the
degraded RAID set, the surrogate RAID set, or both (if the
data are partially modified) to keep the fetched data always
up-to-date, until all the redirected write data are reclaimed.

4 PERFORMANCE EVALUATIONS

In this section, we first describe the prototype implementa-
tion of WorkOut, followed by an introduction to the
experimental setup and the methodology used in this
performance study. Then, through extensive trace-driven
and benchmark-driven experiments, we evaluate the
performance of WorkOut on two case studies of low-
priority background tasks: RAID reconstruction and RAID
resynchronization. Finally, we analyze the overhead and
complexity of WorkOut.

4.1 Experimental Setup and Methodology
We have implemented WorkOut by embedding it into the
Linux Software RAID (MD) as a built-in module. In order
not to impact the normal performance of RAID, WorkOut is
activated only when the low-priority background task is
initiated. WorkOut tracks the user I/O requests in the
make_request function and issues them to the degraded
RAID set or the surrogate RAID set based on the request
type and D_Table.

We conduct our performance evaluation of WorkOut on
a platform of server-class hardware with an Intel Xeon
3.0 GHz processor and 1 GB DDR memory. We use two

TABLE 2
The Trace Characteristics
Trace ' ' Characteristics '
Write Ratio | IOPS | Average Request Size(KB)
Finl 67.18% 69 6.2
Fin2 17.61% 125 2.2
Web 0% 113 15.1

Highpoint RocketRAID 2220 SATA cards to house 15
Seagate ST3250310AS SATA disks. The rotational speed of
these disks is 7,200 RPM, with a sustained transfer rate of
78 MB/s, and the individual disk capacity is 250 GB. A
separate IDE disk is used to house the operating system
(Fedora Core 4 Linux, kernel version 2.6.11) and other
software (MD and mdadm). For the footprint of the
workloads, we limit the capacity of each disk to 10 GB in
the experiments. For simplicity, we use the main memory to
substitute a battery-backed RAM.

Generally speaking, there are two models for trace
replay: open-loop and closed-loop [31], [42]. The former
has the potential to overestimate the user response time
measure since the I/O arrival rate is independent of the
underlying system, and thus, can cause the request queue to
grow rapidly when the system load is high. The opposite is
true for the closed systems as the I/O arrival rate is dictated
by the processing speed of the underlying system and the
request queue is generally limited in length. In this paper,
we use an open-loop model (trace replay with RAIDmeter
[48]) and a closed-loop model (TPC-C-like benchmark [50])
to evaluate the performance of WorkOut.

The traces used in our experiments are obtained from
the Storage Performance Council [51], [46]. The Finl and
Fin2 traces were collected from the OLTP applications
running at a large financial institution and the WebSearch2
trace (or Web) was collected from a machine running a web
search engine. They represent different access patterns in
terms of write ratio, IOPS and average request size, as
shown in Table 2. The write ratio of the Finl trace is the
highest, followed by the Fin2 trace. The read-dominated
web trace exhibits the strongest locality in its access
pattern. Since the request rate in the web trace is too high
to be sustained by our degraded RAID set, we only use one
part of it that is attributed to device zero, while the part due
to devices one and two is ignored.

Since the three traces have very limited footprints, that
is, the user I/O requests are congregated on a small part of
the degraded RAID set (e.g., less than 10 percent of an
eight-disk RAIDS5 set for the Finl trace), their replays may
not realistically represent a typical scenario where user
requests may be spread out over the entire disk address
space. To fully and evenly cover the address space of the
degraded RAID set, we scale up the address coverage of the
I/0 requests by multiplying the address of each request
with a constant scaling factor without changing its size.
While the main adverse impact of this trace scaling is likely
to be on those requests that are originally sequential but can
subsequently become nonsequential after scaling, the
percentage of such sequential requests in the three traces
is relatively small at less than four percent [53]. Thus, we
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TABLE 3
The Reconstruction Time Results

NO. 1,

JANUARY 2011

Traces Reconstruction Time (second)
Off-line PR WorkOut+PR | speedup PRO WorkOut+PRO | speedup

Finl 1121.8 203.1 552 1109.6 188.3 5.89

Fin2 136.4 745.2 453.3 1.64 705.8 431.2 1.64

Web 9935.6 7623.2 1.30 9888.3 7851.4 1.26

TABLE 4
The Average User Response Time Results
Traces Average User Response Time (millisecond)
Normal | Degraded PR WorkOut+PR | speedup || PRO | WorkOut+PRO | speedup

Finl 7.9 9.5 12i7 4.4 2.87 9.8 4.6 2.15
Fin2 8.1 134 25.8 9.7 2.66 23.0 10.2 2:25
Web 18.5 27.0 38.6 28.3 1.36 35.6 29.1 1.22

believe that the adverse impact is rather limited in this
study and far outweighed by the benefits.

We also find that the observed trends are similar for the
original and scale trace, suggesting that neither is likely to
generate noticeably different conclusions for the study.
Nevertheless, we choose to present the results of the latter
for the aforementioned reasons.

The trace replay tool is RAIDmeter [48], [49] that replays
traces at the block level and evaluates the user response
time of the storage device. The performance of the low-
priority background tasks is evaluated in terms of the
completion time and average user response time.

The TPC-C-like benchmark is implemented with TPCC-
UVA [37] and the Postgres database. It generates mixed
transactions based on the TPC-C specification [50]. Twenty
warehouses are built on the Postgres database with the
ext3 file system on the degraded RAID set. Transactions,
such as PAYMENT, NEW_ORDER, and DELIVERY, gen-
erate read and write requests. To evaluate the WorkOut
performance, we compare the transaction rates (transactions
per minute) that are generated at the end of the benchmark
execution.

4.2 Case Study: RAID Reconstruction

In this section, we conduct experiments to evaluate how
WorkOut boosts the performance of the online RAID
reconstruction. First, we describe the configuration of the
RAID system. Then, we present the trace-driven experi-
mental results of WorkOut and investigate some sensitivity
factors of WorkOut, along with a few experiments that
study and compare different types of surrogate RAID sets.
In addition to the trace-driven experiments, we conduct and
report results of the benchmark-driven experiments to more
thoroughly evaluate WorkOut.

By setting the reconstruction bandwidth range, MD
assigns different disk bandwidth to serve user I/O requests
and reconstruction requests and ensures that the recon-
struction speed is confined within the set range (ie.,
between the minimum and maximum reconstruction
bandwidth). For example, if the reconstruction bandwidth
range is set to be the default of 1-200 MB/s, MD will favor
the user I/O requests while ensuring that the reconstruction
speed is at least 1 MB/s. Under heavy 1/O workloads,
MD will keep the reconstruction speed at approximately
1 MB/s, but allows it to be much higher than 1 MB/s when

the I/0O intensity is low. At one extreme when there is no
user I/0O, the reconstruction speed will be roughly equal to
the disk transfer rate (e.g., 78 MB/s in our prototype
system). Equivalently, the minimum reconstruction bandwidth
of X MB/s (e.g., 1, 10, and 100 MB/s) refers to a
reconstruction range of X-200 MB/s in MD. When the
minimum reconstruction bandwidth is set to 100 MB/s,
which is not achievable for most disks, MD utilizes any disk
bandwidth available for the reconstruction process.

To better examine the WorkOut performance on existing
RAID reconstruction algorithms, we incorporate WorkOut
into MD’s default reconstruction algorithm PR, PRO-
powered PR (PRO for short), and JOR-powered PR (JOR
for short). Pipeline Reconstruction (PR) [27] utilizes the
sequential property of track retrievals to pipeline the
reading and writing processes. Popularity-based multi-
threaded Reconstruction Optimization (PRO) [48], [49]
allows the reconstruction process to rebuild the frequently
accessed areas prior to other areas. JOurnal-guided Recon-
struction (JOR) [56] only recovers the failed data on the
used stripes by monitoring the storage space utilization
status at the block level.

4.2.1 Trace-Driven Evaluations

We first conduct experiments on an eight-disk RAID5 set
with a stripe unit size of 64 KB while running PR, PRO, and
WorkOut-powered PR and PRO, respectively. Tables 3 and
4, respectively, show the reconstruction times and average
user response times under the minimum reconstruction
bandwidth of 1 MB/s, driven by the three traces. We
configure a four-disk dedicated RAIDS5 set with a stripe unit
size of 64 KB as the surrogate RAID set.

From Table 3, one can see that WorkOut speeds up the
reconstruction time by a factor of up to 5.52, 1.64, and 1.30
for the Finl, Fin2, and web traces, respectively. The
significant improvement achieved on the Finl trace is
due to the fact that 84 percent of requests (69 percent of
writes plus 15 percent of reads) are redirected away from
the degraded RAID set (see Fig. 4), which enables the
speed of the online reconstruction to approach that of the
offline counterpart. In our experiments, the offline recon-
struction time is 136.4 seconds for PR on the same platform.
Moreover, WorkOut outsources 36 and 34 percent of the
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Fig. 4. Percentage of redirected requests for WorkOut.

user 1/0 requests away from the degraded RAID set for
the Fin2 and web traces, which is much fewer than that for
the Finl trace, thus reducing the reconstruction time
accordingly.

Table 4 shows that, compared with PR, WorkOut speeds
up the average user response time by a factor of up to 2.87,
2.66, and 1.36 for the Finl, Fin2, and web traces, respec-
tively. For Finl and Fin2, the average user response times
during reconstruction under WorkOut are even better than
that in the normal or degraded period. The reasons why
WorkOut achieves significant improvement on user re-
sponse times are threefold. First, a significant amount of
requests are redirected away from the degraded RAID set,
as shown in Fig. 4. Their response times are no longer
affected by the reconstruction process. Second, the redir-
ected data are laid out sequentially in the surrogate RAID
set, thus further speeding up the user response time. Third,
since many requests are outsourced, the I/O queue on the
degraded RAID set is shortened accordingly, thus reducing
the response times of the remaining I/O requests served by
the degraded RAID set. Therefore, the average user
response time with WorkOut is significantly lower than
that without WorkOut, especially for the Finl trace.

Tables 3 and 4 show that WorkOut-powered PRO per-
forms similarly to WorkOut-powered PR. The reason is that
WorkOut redirects all write requests and popular read
requests to the surrogate RAID set, thus reducing the degree
of popularity of I/O workloads retained on the degraded
RAID set that can be exploited by PRO. Based on this
observation, in the following experiments, we only compare
WorkOut-powered PR (short for WorkOut) with PR and PRO.

4.2.2 Sensitivity Study

WorkOut’s performance is likely influenced by several
important factors, including the available reconstruction
bandwidth, the stripe unit size, the size of the degraded
RAID set, and the RAID level. Due to lack of space, we limit
our study of these parameters to the Fin2 trace. Other traces
show similar trends as the Fin2 trace.

Reconstruction bandwidth. To evaluate how the mini-
mum reconstruction bandwidth affects the reconstruction
performance, we conduct experiments that measure the
reconstruction times and average user response times as a
function of different minimum reconstruction bandwidth 1,
10, and 100 MB/s, respectively. Fig. 5 plots the experi-
mental results on an eight-disk RAID5 set with a stripe
unit size of 64 KB.

Fig. 5a shows that WorkOut speeds up the reconstruction
time more significantly with a lower minimum reconstruc-
tion bandwidth than with a higher one. The reason is that
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Fig. 5. Comparisons of reconstruction times and average user response
times with respect to different minimum reconstruction bandwidth.
(a) Reconstruction time. (b) Average user response time.

the reconstruction process already exploits all available disk
bandwidth when the reconstruction bandwidth is higher,
thus leaving very small room for the reconstruction time to
be further improved.

From Fig. 5b, in contrast, the user response time increases
rapidly with the increasing minimum reconstruction band-
width for both PR and PRO, but much more slowly for
WorkOut. WorkOut speeds up the user response time
significantly, by a factor of up to 10.2 and 7.38 over PR and
PRO, respectively, when the minimum reconstruction
bandwidth is set to 100 MB/s. From this viewpoint, the
user response time with WorkOut is much less sensitive to
the minimum reconstruction bandwidth than that without
WorkOut. In other words, if the reconstruction bandwidth
is set very high or the storage system is reliability-oriented,
that is, the reconstruction process is given more bandwidth
to favor the system reliability, the user response time
improvement by WorkOut will be much more significant.
Moreover, the user response time during reconstruction for
PR and PRO is so long that it will likely violate SLA, and
thus, become unacceptable to the end users.

Stripe unit size. To examine the impact of the stripe unit
size, we conduct experiments on an eight-disk RAID5 set
with stripe unit sizes of 16 and 64 KB, respectively. The
experimental results show that WorkOut outperforms PR
and PRO in the reconstruction time as well as the average
user response time for both stripe unit sizes. Moreover, the
reconstruction times and average user response times of
WorkOut are almost unchanged, suggesting that WorkOut
is not sensitive to the stripe unit size.

Number of disks. To examine the sensitivity of WorkOut
to the number of disks of the degraded RAID set, we conduct
experiments on RAID5 sets consisting of different numbers
of disks (5, 8, and 11) with a stripe unit size of 64 KB under
the minimum reconstruction bandwidth of 1 MB/s. Fig. 6
shows the experimental results for PR, PRO, and WorkOut.

Figs. 6a and 6b show that for all three approaches, the
reconstruction time increases and the user response time
decreases for higher number of disks in the degraded RAID
set. The reason is that more disks in an RAID set imply not
only a larger RAID group size, and thus, more disk read
operations to reconstruct a failed drive, but also higher
parallelism for the I/O process. However, WorkOut is less
sensitive to the number of disks than PR and PRO.

RAID level. To evaluate WorkOut with different RAID
levels, we conduct experiments on a four-disk RAID10 set
and an eight-disk RAID6 set with the same stripe unit
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Fig. 6. Comparisons of reconstruction times and average user response times with respect to the number of disks. (a) Reconstruction time.

(b) Average user response time.

size of 64 KB under the minimum reconstruction
bandwidth of 1 MB/s. In the RAID6 experiments, we
measure the reconstruction performance when two disks
fail concurrently.

From Fig. 7, one can see that WorkOut speeds up both the
reconstruction times and average user response times for
the two sets. The difference in the amount of the
performance improvement seen for RAID10 and RAID6 is
caused by the different user I/O intensities, since the
RAID10 and RAID6 sets have different numbers of disks.
The user I/O intensity on individual disks in the RAID10 set
is higher than that in the RAID6 set, thus leading to longer
reconstruction times.

On the other hand, since each read request to the failed
disks in an RAID6 set must wait for its data to be rebuilt on
the fly, the user response time is severely affected for PR,
while this performance degradation is significantly lower
under WorkOut due to its external I/O outsourcing. For the
RAIDI10 set, however, the situation is quite different. Since
the read data can be directly returned from the surviving
disks, Workout provides smaller improvements in the user
response time for RAID10 than for RAID6.

4.2.3 Different Design Choices

All experiments reported up to this point in this paper
adopt a dedicated surrogate RAID5 set. To examine the
impact of different types of surrogate RAID set on the
WorkOut performance, we also conduct experiments with a
dedicated surrogate RAID1 set (two mirroring disks) and a
live surrogate RAID set (replaying the Finl trace on a four-
disk RAIDS set). Similar to the experiments conducted in
the PARAID [54] and write offloading [33] studies, we
reserve the 10 percent portion of storage space at the end of
the live RAIDS5 set to the store data redirected by WorkOut.
The degraded RAID set is an eight-disk RAID5 set with a
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Fig. 7. Comparisons of reconstruction times and average user response
times with respect to different RAID levels. (a) Reconstruction time.
(b) Average user response time.

stripe unit size of 64 KB and under the minimum
reconstruction bandwidth of 1 MB/s.

The experimental results show that the reconstruction
times achieved by WorkOut are almost the same for the
three types of surrogate RAID set and outperform PR as
expected, as shown in Table 3, as WorkOut outsources the
same amount of requests during reconstruction. The user
response times are somewhat different, as shown in Fig. 8.
The dedicated surrogate RAID5 set results in the best user
response times.

From Fig. 8, one can see that the dedicated surrogate
RAID sets (both RAID1 and RAID5) outperform the live
surrogate RAID set in the user response time. The reason is
the contention between the native I/O requests and the
redirected requests in the live surrogate RAID set. Serving
the native I/O requests not only increases the overload on
the surrogate RAID set, compared with the dedicated
surrogate RAID set, but also destroys some of the
sequentiality in the LFS style writes. The redirected requests
also increase the overall I/O intensity on the live surrogate
RAID set and affect its performance. Our experimental
results show that the performance impact on the live
surrogate RAID set is 43.9, 23.6, and 36.8 percent, on
average, when the degraded RAID set replays the Finl,
Fin2, and web traces, respectively. The experimental results
are consistent with the comparisons in Table 1.

4.2.4 Benchmark-Driven Evaluations

In addition to the trace-driven experiments, we also
conduct experiments on an eight-disk RAID5 set with a
stripe unit size of 64 KB under the minimum reconstruction
bandwidth of 1 MB/s, driven by a TPC-C-like benchmark.

From Fig. 9a, one can see that PRO performs almost the
same as PR due to the random access characteristics of the
TPC-C-like benchmark. Since WorkOut outsources all
write requests that are generated by the transactions, both
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Fig. 8. A comparison of average user response times for different types
of surrogate RAID set.
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the degraded RAID set and surrogate RAID set serve the
benchmark application, thus increasing the transaction rate.
WorkOut outperforms PR and PRO in terms of transaction
rate, with an improvement of 46.6 and 36.9 percent,
respectively. It also outperforms the original system in
the normal mode (the normalized baseline) and the
degraded mode, with an improvement of 4.0 and 22.6 per-
cent, respectively.

On the other hand, since the TPC-C-like benchmark is
highly I/O intensive, all disks in the RAID set are driven to
saturation; thus, the reconstruction speed is kept at around
its minimum allowable bandwidth of 1 MB/s for PR and
PRO. As shown in Fig. 9b, the reconstruction times for PR
and PRO are similar at 9,835 and 9,815 seconds, respec-
tively, while that for WorkOut is 8,526 seconds, with
approximately 15 percent improvement over PR and PRO.
WorkOut gains much less in the reconstruction time with
the benchmark-driven experiments than with the trace-
driven experiments. The main reason lies in the fact that the
very high I/O intensity of the benchmark application
constantly pushes the RAID set to operate at or close to
its saturation point, leaving very little disk bandwidth for
the reconstruction process even with some of the transac-
tion requests being outsourced to the surrogate RAID set.

4.3 Case Study: RAID Resynchronization

To demonstrate how WorkOut optimizes other low-priority
background tasks, such as RAID resynchronization, we
conduct experiments on an eight-disk RAID5 set with a
stripe unit size of 64 KB under the minimum resynchroni-
zation bandwidth of 1 MB/s, driven by the three traces. We
configure a dedicated four-disk RAIDS5 set with a stripe unit
size of 64 KB as the surrogate RAID set. The experimental
results of the resynchronization times and average user
response times during resynchronization are shown in
Figs. 10a and 10b, respectively.

Although the resynchronization process performs some-
what differently from the reconstruction process, its requests
also compete for the disk resources with the user 1/O
requests. By redirecting a significant amount of user 1/0O
requests away from the RAID set during resynchronization,
WorkOut can reduce both the resynchronization times and
user response times. The results are very similar to that in the
reconstruction experiments, so are the reasons behind them.

4.4 Portability Evaluation

In this paper, we also incorporate WorkOut into JOR [56] to
evaluate the portability of WorkOut. One disadvantage of
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Fig. 10. Comparisons of resynchronization times and average user
response times during resynchronization. (a) Resynchronization time.
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JOR is that it does not consider the negative impact of the user
I/0 requests on the reconstruction process, while WorkOut
should not waste much time in recovering the unused space.
Since WorkOut and JOR do not modify the data layout or the
reconstruction workflow of RAID and they are orthogonal,
they can optimize the reconstruction process jointly.

We conduct experiments to compare the reconstruction
times of PR, JOR-powered PR, WorkOut-powered PR, and
WorkOut-powered JOR. The experimental setup is the same
as that described in Section 4.2.1. We set different percentage
of unused storage space in the best case, where the unused
space is compacted into a single portion of the disk array [56].
From Fig. 11, we can see that in spite of PR or JOR-powered
PR, WorkOut can continue to reduce the reconstruction time
under a certain percentage of the unused storage space.

WorkOut and JOR optimize the RAID reconstruction
process from two different angles. Thus, directly comparing
the performances of WorkOut and JOR makes no sense.
However, the results demonstrate the good interoperability
of WorkOut and JOR. When they optimize the reconstruc-
tion process jointly, the performance can be optimized.
Moreover, the portability of WorkOut is also demonstrated.

4.5 Overhead and Complexity Analysis

4.5.1 Memory Overhead.

To prevent data loss, WorkOut uses nonvolatile memory to
store D_Table, thus incurring extra memory overhead. For
example, in the RAID reconstruction experiments, the
amount of memory consumed is largest when the minimum
reconstruction bandwidth is set to 1 MB/s, since in this case,
the reconstruction time is the longest and the amount of the
redirected data is the largest. In the above experiments on
the RAID5 set with individual disk capacity of 10 GB, the
maximum memory overheads are 0.14, 0.62, and 1.69 MB for
the Finl, Fin2, and web traces, respectively. However, the
memory overhead incurred by WorkOut is only temporary
and will be removed after the reclaim process completes.
With the rapid increase in the memory size and decrease in
the cost of nonvolatile memories, this memory overhead is
arguably reasonable and acceptable to the end users.

4.5.2 Device Overhead

WorkOut is designed for use in a large-scale storage system
consisting of many RAID sets that share one surrogate
RAID composed of the spare disks. In such an environment,
the device overhead introduced by WorkOut is small, given
that a single surrogate RAID can be shared by many
production RAID sets. Nevertheless, for a small-scale
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storage system composed of only one or two RAID sets with
few hot spare disks, the device overhead of a dedicated
surrogate RAID set in WorkOut cannot be ignored. In this
case, to be cost-effective, we recommend the use of a
dedicated surrogate RAID1 set instead of a dedicated
surrogate RAID5 set, since the device overhead of the
former (i.e., two disks) is lower than that of the latter (e.g.,
four disks in our experiments).

To quantify the cost-effectiveness of WorkOut in this
resource-restricted environment, we conduct experiments
and compare the performance of WorkOut (eight-disk data
RAIDS set plus four-disk surrogate RAID5 set) with that of
PR (12-disk data RAID5 set), i.e., we use the same number
of disks in both systems. Experiments are run under the
minimum reconstruction bandwidth of 1 MB/s and driven
by the Fin2 trace. The results show that WorkOut speeds up
the reconstruction time of PR significantly, by a factor of
1.66. The average user response time during reconstruction
achieved by WorkOut is 16.5 percent shorter than that
achieved by PR, while the average user response time
during the normal period in the eight-disk RAID5 set is
20.1 percent longer than that in the 12-disk RAID5 set due to
the reduced access parallelism of the former. In summary,
we can conclude that WorkOut is cost-effective in both the
large-scale and small-scale storage systems.

4.5.3 Power Overhead

An additional surrogate set of WorkOut has also increased
the power consumption of storage system. In a large-scale
storage system, the power overhead of the surrogate set that
is composed of several disks can be negligible relative to the
huge power consumption of the whole system. In a small-
scale storage system, however, this power overhead must
be taken into account. However, since the surrogate set only
runs in the time when WorkOut is activated and some
degraded RAID sets request to use it, it operates in the
energy-saving mode most of time, resulting in relatively
low power consumption. Moreover, compared with the
significant improvement on the reliability and availability
of the storage system, we believe that the small power
overhead is a reasonable trade-off for WorkOut.

4.5.4 Implementation Complexity

WorkOut contains 780 lines of added or modified code to
the source code of the Linux software RAID (MD), with
most lines of code added to md.c and raidx.c, while
37 lines of data structure code added to md_kh and
raidx.h. Since most of the added code is independent of the
underlying RAID layout, they are easy to be shared by

different RAID levels. Moreover, the added code is
independent of the reconstruction module, so it is easy to
adapt the code for use with other low-priority background
tasks. All that needs to be done is modifying the
corresponding flag that triggers WorkOut. Due to the
independent implementation of the WorkOut module, it is
portable to other software RAID implementations in other
operating systems.

5 RELIABILITY ANALYSIS

In this section, we adopt the MTTDL metric to estimate the
reliability of WorkOut taking into account the reconstruc-
tion scenario. We assume that thedisk failures are inde-
pendent events following an exponential distribution of
rate y, and the repairs follow an exponential distribution of
rate v. For simplicity, we do not consider the latent sector
error in the system model. Although some of these
assumptions are not true for the real storage systems, they
are necessary for using the stochastic models with finite
numbers of states [36].

According to the conclusion about the reliability of
RAIDS [60], MTTDL of an eight-disk RAID5 set achieved by
PR and PRO is

15p+v

MTTDL 5_8 =
RAID5-8 56,2

(1)

Fig. 12 shows the state transition diagram for a WorkOut-
enabled storage system configuration consisting of an eight-
disk data RAIDS set and a four-disk surrogate RAIDS set.
Note that by design, WorkOut always reclaims the redir-
ected write data from the surrogate RAID set upon a
surrogate disk failure. Once the reclaim process is com-
pleted, there is no more valid data of the degraded RAID set
on the surrogate RAID set. Therefore, there is no need to

Fig. 12. State transition diagram for a WorkOut-enabled storage system
configuration consisting of an eight-disk RAID5 set and a four-disk
surrogate RAID5 set.
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reconstruct data on the failed disk of the surrogate RAID
set. This means that the degraded surrogate RAID set can be
recovered by simply replacing the failed disk with a new
one, resulting in a newly recovered operational four-disk
surrogate RAID5 set ready to be used by the eight-disk
degraded data RAIDS set. As a result, the state transition
diagram only shows the reclaim process but not the
reconstruction process of the four-disk surrogate RAID5 set.

State <0> represents the normal state of the system
when its eight data disks are all operational. A failure of any
of the eight data disks would bring the system to state <1>
and a subsequent failure of any of the remaining seven data
disks would result in data loss. A failure of any of the four
surrogate disks in state <0> does not affect the system
reliability of the eight-disk RAID5 set as long as the
redirected write data on the former are reclaimed back to
the latter, and thus, it is omitted from the state transition
diagram. In state <1>, a failure of any of the four surrogate
disks would bring the system to state <2>. A second failure
in either the eight-disk data RAIDS5 set (one out of seven) or
the four-disk surrogate RAIDS set (one out of three) in state
<2> would result in data loss.

In state <2>, WorkOut reclaims the redirected write data
back to the eight-disk data RAID set, which brings the
system back to state <1> and follows an exponential
distribution of rate ;. This transition implicitly assumes
that while the redirected write data are being reclaimed
from the surrogate set to the data set, the reconstruction
process on the latter is temporarily suspended. This
simplifying assumption is justifiable and will not affect
the result noticeably since the reclaim time is much shorter
than the reconstruction time on the eight-disk data RAID
set.

Finishing the reconstruction process of the eight-disk
data RAID5 set would bring the system from state <1> to
state <3>, where the redirected write data have not been
reclaimed. Then finishing the reclaim process would bring
it back to state <0>, which follows an exponential
distribution of rate xs. In state <3>, a failure of any of the
eight data disks would bring the system to state <1>, and a
failure of any of the four surrogate disks would bring the
system to state <4>, where the redirected write data are not
protected by redundancy. In state <4>, WorkOut also
reclaims the redirected write data back to the eight-disk
data RAID set, which brings the system back to state <0>
and follows an exponential distribution of rate x3. In state
<4>, a failure of any of the eight data disks would bring the
system to state <2> and a second-disk failure in the four-
disk surrogate RAID5 set would result in data loss.

Since ki, k2, and k3 all represent the rate at which the
redirected write data are reclaimed, it is reasonable to
assume that they are equal to a fixed reclaim rate &, since
the amount of the redirected write data should be roughly
the same and the rate of transferring this data should also
be the same under reasonable circumstances for all the
three cases.

The Kolmogorov system of differential equations describ-
ing the behavior of WorkOut is expressed in (2):

6
O PR
I
25 @ PRO
E 4 B WorkOut
=
E 3
g2
1
=
i [‘ ol
0
Finl Fin2 Web2

Fig. 13. Comparisons of the mean times to data loss. Note that the
normalized baselines are the MTTDLs achieved by PR driven by the
three traces, respectively.

dp;ft) = —8upo(t) + kops(t) + Kspa(t),

dp(;—,ft) = —(11p 4 v)p1(t) + 8upo(t) + 8ups(t) + kipa(t),
dpézft) = —(10p + K1)pa(t) + 4upy (t) + 8upa(t),

dpj;t(t) = —(12p + r2)ps(t) + vp1(t),

dp;%it) = —(11p + r3)pa(t) + 4ups(t),

(2)
where p;(t) is the probability that the disk array is in state
<i> with the initial condition py(0) =1 and p;(0) =0 for
i #0.

The Laplace transformation of (2) is

spy(s) — 1= —8upg(s) + Kap3(s) + r3pi(s),
spi(s) = (11u +v)pi(s) + 8upg(s) + 8ups(s) + Kipy(s),
spy(s) = —(10p + K1)psy(s) + 4up;(s) + 8upi(s),

sp3(s) = —(12p + k2)p5(s) + vpi(s)),

spi(s) = —(11p + k3)p;(s) + 4pupi(s).

(3)
Observing that the MTTDL of the disk array is given by

MTTDL = p;(0). (4)

Using (4), we solve the disk array of Laplace transformation
for s =0 and use (3) to compute MTTDL of WorkOut in
Fig. 12:

MTTDLVVm'kOut =

(89 + 15K) (12 + &) + v(69p2 + 151k + K2) (5)
8u2(39612 + 117uk + 7K% + 12uv)

Fig. 13 plots comparisons of the MTTDLs achieved by
PR, PRO, and WorkOut, which are normalized to the
MTTDLs achieved by PR driven by the three traces,
respectively. The disk failure rate p is assumed to be one
failure every 100,000 hours, which is a conservative
estimate to the values quoted by disk manufactures. The
disk repair times, when the individual disk capacity is
250 GB, are 25 times the results listed in Table 3, where the
capacity of each disk is limited to 10 GB. « is assumed to be
equal to the corresponding v, which is actually over-
estimated. From Fig. 13, one can see that WorkOut increases
the MTTDL and improves reliability with the decreasing the
MTTR, especially for the write-intensive trace (i.e., Finl).
Moreover, if we alter « to be several times smaller or larger
than v, the black bar remains almost unchanged, suggesting
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Data Migration

Scheme Purpose Environment VWhat When Where
Write off-loading [33] Eper'gy Emerprise: orgs Write data Write-dominated period me. Spin-dowil Yolumes
efficiency systems to spin-up volumes
Everest [34] Performance Data center Write data Peak load period F“’F“ myetloaded galnmes
to lightly loaded volumes
PARAID [54] Encrgy Single RAID set | All data Gear shifting From: spini-down, disks: ©
efficiency active disks
Data reallocation [3] Performance | Multidisk systems All data Dynamic to workloads me busy dlngolumes b
ess busy ones
Cuckoo [25] Performance Clustering servers Brequently-read, N/A Fron. busy' seevess -onip
rarely-updated files others
User-centric Networked storage | Data that is currently s From busy devices to the
L Performance . Migration on access
migration [23] systems read or written least busy ones
Reliability & | Systems with | Write data and . . From a degraded RAID set
Worknt performance multiple RAID sets | popular read data Bedieset on demand to a surrogate RAID set

that the reclaim time does not affect the reliability of the
RAID system, and thus, can be excluded from the
reconstruction time.

6 RELATED WORK

6.1 Low-Priority Background Task Scheduling

RAID reconstruction algorithms, such as DOR [14], PR [27],
PRO [48], and others [4], [15], [16], [17], [24], [55], [58], [59],
have been extensively studied. However, they mostly focus
onimproving the performance in the context of a single drive,
e.g., by optimizing the reconstruction workflow [14], [27] or
the reconstruction sequence [4], [48] in a single RAID set.
They try to achieve a trade-off between the reconstruction
bandwidth and the I/O serving bandwidth to satisfy the
requirements of the end users. By utilizing the file system’s
semantic knowledge, the live-block recovery method in
D-GRAID [45] only reconstructs the live data to the hot spare
disk. By monitoring the storage space utilization status at the
block level, JOR [56] only recovers the failed data on the used
stripes.

Other work tries to improve the reconstruction perfor-
mance by reorganizing the data layout in an RAID set.
Parity declustering [15] decreases the parity group size to
boost the scalable RAID rebuild rates. The client-driven
rebuild approach [55] based on a per-file RAID layout
allows the clients to rebuild files in parallel, thus achieving
better recovery performance. In large-scale distributed
storage systems, FARM [59] exploits the excess disk
capacity to reduce the recovery time.

By introducing the declared mode to provide a record of
all outstanding writes in case of a crash, the journal-guided
resynchronization approach has improved the reliability
and availability of software RAID, while the performance
loss during the normal period is little [9].

To cope with the unrecoverable of latent sector errors
and improve the reliability of disk systems, disk scrubbing
periodically accesses the disks to detect the sector errors
and correct the affected sectors [35], [43]. However, study
results demonstrate that the reliability improvement due to
disk scrubbing is sensitive to the workload [20].

Free block scheduling [30], [47] has been proposed to
better utilize the disk bandwidth by letting the back-
ground applications make steady forward progress, with
no effect on the foreground response times. Argon [52]
uses automatically configured prefetch/write-back sizes to

bound the inefficiency arising from the interservice disk
and cache interference in a storage system which is shared
by several services. An algorithmic framework [32]
estimates when and for how long idle times can be
utilized by the low-priority background tasks, without
violating the performance goals of foreground tasks.

While all the above algorithms focus on improving the
performance by optimizing the organization of work within a
disk or a single RAID set, our work increases the performance
of the low-priority background tasks by outsourcing 1/O
workloads. Importantly, WorkOut is orthogonal to and can
further improve the above techniques.

6.2 Write Offloading and Data Migration

Our study is related in spirit to write offloading [33], [34]
and data migration [3], [23], [25], [29], [54], but with
distinctively different characteristics, as shown in Table 5.

Write offloading [33] redirects the writes from one
volume to another, to prolong the idle period for one
volume allowing the system to spin down disks for saving
energy. Similarly, Everest [34] offloads the writes from the
overloaded volumes to the lightly loaded ones to improve
the performance during peaks.

Data migration [29] moves data from one storage device to
another, e.g., for the purpose of load balancing (or load
concentration), failure recovery, or system expansion. Data
migration has been used in the context of improving energy
efficiency in PARAID [54], improving the performance by
data reallocation (e.g., in the products of EMC’s Symmetrix
family [3]), for the read request offloading in Cuckoo [25] and
for the user-centric data migration in networked storage
systems [23].

In contrast, WorkOut improves the performance of the
low-priority background tasks by temporarily redirecting
writes and popular reads and reclaiming the redirected
write data back after the background tasks complete.

7 CONCLUSION

In this paper, for significantly boosting the performance
of the low-priority background tasks, we propose WorkOut
(I/O Workload Outsourcing) that outsources a significant
amount of user I/O requests away from the degraded RAID
set, which is performing the background task, to a surrogate
RAID set. We have implemented a lightweight prototype of
WorkOut in the Linux software RAID. In a detailed
experimental evaluation, we demonstrate that, compared
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with the existing reconstruction algorithms PR and PRO,
WorkOut significantly speeds up the reconstruction time
and average user response time simultaneously.

In summary, this paper makes the following main
contributions:

e We propose WorkOut to outsource the I/O work-
loads away from the degraded RAID set. It tackles
I/0O intensity that is one of the most important
factors adversely affecting the performance of the
low-priority background tasks. To the best of our
knowledge, it has not been adequately addressed by
the previous studies [4], [48].

e  WorkOut has a distinctive advantage of improving
the performance of the low-priority background
tasks. It is a very effective optimization scheme
focusing on optimizing the write-intensive work-
loads, a roadblock for many of the existing
approaches [48].

e We conduct comprehensive experiments on our
lightweight prototype implementation to evaluate
the performance of WorkOut and its sensitivity to a
number of workloads and system parameters.

e We provide insights and guidance for storage
system designers and administrators by exploiting
three WorkOut design options based on their device
overhead, performance, reliability, maintainability,
and trade-offs.

e Besides the RAID reconstruction, we demonstrate
how WorkOut can be easily deployed to improve the
performance of other low-priority background tasks,
such as RAID resynchronization. Moreover, Work-
Out is portable and complementary to and can be
easily incorporated into most existing optimized
approaches to further improve their performance.

WorkOut is an ongoing research project and we are

currently exploring several directions for future work. One
is to obtain the liveness information at the block level, thus
making WorkOut more transparent to the file system and
more effectively utilize the free space on a live surrogate
RAID set. The reason is that utilizing the free space on a live
RAID set at the file system level is complicated as the file
system must be engaged to discover, assign, protect, and
manage the free space [44]. Another is to conduct detailed
experiments to measure the impact of WorkOut on other
low-priority background tasks, such as disk scrubbing and
block-level backup and snapshot.
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