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Abstract
Electric energy consumed in data centers is rapidly
growing. Power-aware IT, recently called ‘green IT’, is
widely recognized as a significant challenge. Disk storage is a non-negligible energy consumer. Rather, in light
of recent data-intensive systems where a number of disk
drives are incorporated, the disk storage may be what
we must consider primarily. Yet, all of the disk drives
are not used for primary datasets, but rather larger portion of them are utilized for storing a variety of copies
such as backups and snapshots. Saving the energy of
such storage resources that manage copies is a promising approach. The paper presents a power-aware disaster
recovery system, in which the reflection of transferred
updated information can be deferred through eager compaction technique. Great energy saving of storage systems is expected in the remote secondary site. Our experiments using a commercial database system show that
80-85% energy of the secondary-site disk storage can be
saved with small penalties of possible service breakdown
time.

1

Introduction

Many attentions are paid on the energy consumption of
IT systems, which has been grown up by 25% every year
[9]. The recent analysis [2] reports that the annual electricity cost paid by the system owner will go up to twice
higher than the annual server expense in 2009. More and
more powerful cooling systems and power-supply equipments are being installed into data centers for accommodating the increase of energy consumption; accordingly,
the electric energy and the related equipments account
for 44% of TCO in a typical system [1]. In addition to
the cost issue, energy and heat management has become
a key of data center design and operation. The exploding
energy consumption might strictly constrain the design
space of modern IT systems [32]. Hence, energy saving
is a grand challenge for IT research and development.
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Storage systems are non-negligible energy consumer
in IT systems. Storage systems present 27% of total energy consumption in a typical data center [23]. As the
digital data volume is explosively increasing [16], extremely many disk drives are being incorporated into an
enterprise system to improve the throughput. Thus, much
larger portion of the total energy may be consumed by the
storage system in high-performance data-intensive systems. Q. Zhu et al. in paper [34] points out an interesting
example, where disk drives account for 71% of the total energy consumption in a large-scale OLTP system.
Therefore, energy saving of the disk storage is rather essential as well as server processors and network devices.
Interestingly, all the disk drives of recent enterprise disk storage are not necessarily used for primary
datasets. Rather, larger portion of the disk drives are utilized for storing a variety of copies to improve the system
performance and availability. Suppose a simple IT system, which holds a single snapshot in a local data center
and a backup copy in a remote data center. Two thirds of
all the disk drives equipped in the total system are used
for copies. Modern enterprise systems may use much
more disk drives for copies [18]. Saving the energy of
such storage resources should be a natural idea.
The paper proposes a power-aware disaster recovery
system. It has been widely recognized that the business breakdown due to unpredictable disasters such as
terrors and hurricanes provides a nation and a society
with terrible damage [7, 25]. Business continuity is being enforced by nation-level legal systems as well as by
enterprise-level internal disciplines [3, 26, 29]. The disaster recovery system [8, 15, 17] is a practical solution
which places a remote secondary site and, in case of disaster, continues the business on the secondary site. By
concentrating transferred update information through eager compaction technique, our proposed system can derive longer idle time of the data volume in order to reduce
significantly the energy consumption of disk storage of
the secondary site with small penalties of service break-
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Figure 1: A disaster recovery system based on database
log forwarding.
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Figure 2: Deferred log application.
down time. In the real disaster recovery system, many
resources of the secondary site may not be fully utilized
when the primary site is normally operating. Great energy saving is expected in practice. To the best of our
knowledge, similar researches have not been published.
This paper is organized as follows. Section 2 concisely
describes disaster recovery systems that are currently deployed in many enterprise systems. Section 3 proposes
novel techniques for energy saving of disaster recovery
systems and Section 4 evaluates the proposal through the
experiments using a commercial database system. Section 5 briefly summarizes related works and finally Section 6 concludes the paper.

2

Disaster recovery system

A disaster recovery system comprises two or more sites.
Business is usually operated in the primary site and, once
a disaster damages the primary site, the business is continued in the remote secondary site. For enabling such
disaster recovery, up-to-date data of the primary site must
be always copied into the secondary site. Many solutions
have been proposed in papers and deployed into real systems, but the basic idea is similar in that they are composed of the following two steps: (1) transferring only
updated information of the primary site to the secondary
site and (2) reflecting it to the storage in the secondary
site. Here the updated information means queries or
transactions for the conventional logical database replication, changed blocks for the storage-level physical
block forwarding [8, 17], and database log entries for the
log forwarding [15, 27].
The recovery capability of such a disaster recovery
system can be defined by two metrics: recovery point objective (RPO) and recovery time objective (RTO). RPO
denotes possibility of data loss, i.e. how latest data can
be recovered in case of disaster. RTO means inter-site
takeover overhead, i.e. how soon the business can start
again in the secondary site in case of disaster. It is preferable that RPO and RTO would be small. This paper focuses on enterprise-level systems such as brokerage and
e-commerce, which accept only small service breakdown
time and do never allow any data loss even in case of disaster. Thus, we assume here that inter-site data transfer
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is done in the synchronous fashion; specifically, RPO is
always zero. Needless to say, our contribution can be
directly applied to more relaxed asynchronous modes.

3

Power-aware disaster recovery system

To save the energy consumption of disaster recovery systems, we focus on the disk storage in the secondary site,
in which most of the storage resources are used only for
storing backup copies.
Let us describe a scenario based on database log forwarding, which is recently deployed in high-end disaster
recovery systems. Figure 1 illustrates a disaster recovery
system based on database log forwarding, where physical database log is shipped from the primary site to the
secondary site and the forwarded log is applied in the
secondary site.

3.1 Deferred log application
Our idea is to defer the application of transferred
database log to derive longer idle time of the data volume in the secondary site. Figure 2 illustrates a batch
application scheme for realizing such deferred log application. In the secondary site, the transferred log is stored
in the log volume and is not immediately applied to the
data volume. While the database log is not being applied,
the data volume is idle, so that the energy consumption
of the data volume can be saved by spinning down the
volume. Longer standby time gives greater energy saving, but provides larger amount of unapplied log stored
in the log volume. In case of disaster, the secondary site
must apply all the unapplied log before starting the business again. Therefore, deferability of log application is
mainly determined by RTO requirements.
Let us discuss the relationship between RTO requirements and deferability. Let Rgen and Rapl be the log
generation rate in the primary site and the maximum log
application rate in the secondary site respectively. We
assume that the recovery time of the secondary site is
proportional to the amount of unapplied log1 . The fol1 Fast log application is a key to quick recovery [19].

Other marginal
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Table 1: Typical OLTP systems
Rank

Vendor

System

tpmC

Database

# of disks
# of disks
(data volume)
(log volume)
1
IBM
System p5 595
4,033,378
IBM DB2 9
6400
360
2
IBM
eServer p5 595
3,210,540
IBM DB2 UDB 8.2
6400
140
3
IBM
eServer p5 595
1,601,784
Oracle Database 10g
3200
96
Fujitsu
PRIMEQUEST 540 16p/32c
1,238,579
Oracle Database 10g
1920
224
4
5
HP
Integrity Superdome 64p/64c
1,231,433
Microsoft SQL Server 2005
1680
56
Quoted from Top Ten TPC-C by Performance Version 5 Results disclosed at http://www.tpc.org/ as of December 11, 2006.

lowing formulae give the optimal batch configuration: a
batch interval Twnd and a necessary log application time
in the interval Tapl , the combination of which can gain
maximum energy conservation. For the page limitation,
we have to omit the mathematical proof.
Twnd
Tapl

2
Rapl
TRT O
(Rapl − Rgen ) · Rgen
Rapl
TRT O
Rapl − Rgen

=
=

3.3 Discussion

Here TRT O denotes a RTO requirement, i.e. given allowance of service breakdown time. Implicitly, Rapl >
Rgen and TRT O > Tup + Tdown , where Tup and Tdown
denote time penalties of spinning up and down respectively. The secondary site can concentrate log application based on the above batch configuration and proactively spin up and down the data volume in order to save
energy consumption of the disk storage.

3.2 Eager log compaction
R

apl
Obviously, larger Rgen
leads to greater energy saving. In
this section, we introduce eager compaction technique to
improve the log application throughput significantly.
In a disaster recovery system based on log forwarding,
the transferred log entries are applied to the data volume
in a way similar to database redo operation. In the normal redo operations, log entries are applied strictly in log
sequence number (LSN) order. On the contrary, our proposed eager techniques can compact the log sequence in
a window buffer and apply the compacted sequence to
the data volume. The compaction process comprises log
folding and log sorting. Log folding is a technique to reduce the number of log entries to be applied. The log
entries which manipulate the identical record are coalesced in the window buffer. For example, assuming that
three log entries, insert(data1), update(data1
→ data2) and update(data2 → data3), are
given in the sequence, these three entries, manipulating the same record, can be logically folded into a single entry, insert(data3). On the other hand, log
sorting reorders log entries in the window buffer to im-

recovery overheads are out of the scope of this paper.
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prove disk access sequentiality. In many cases, an entry of database log has a physical reference to the target
record. Log sorting leverages such physical information.
Both the methods together can improve the log application throughput. Accordingly, larger energy saving can
be expected.

Here we would like to briefly discuss our contribution
to the total energy consumed by the secondary-site storage. Table 1 shows top-five systems quoted from “Top
Ten TPC-C by Performance Version 5 Results”. Four
systems used only 2.2-5.6% of all the disk drives for
database log, and the other system used only 11.6% for
log. That is, in the secondary site, only very few disk
drives must be always spinning actively and the other
disk drives can be spun down by the combination of deferred log application and eager log compaction. The
contribution of our idea is still significant on the whole
storage system in the secondary site.
Although this section discusses the problem mainly
based on the database log forwarding, the proposed
method can be easily extended to other remote replication methods such as logical database replication and
physical block forwarding. Specifically, eager compaction technique can be directly applied to physical
block forwarding. Forwarded blocks can be folded and
sorted similarly based on physical block address. On
the other hand, slight modification is necessary for logical database replication, since queries and transactions
described in SQLs are not aware of physical addresses.
Queries and transactions should be scheduled with assistance of batch query scheduling techniques [21, 24]. So
far, such compaction techniques of updated information
were intended for reducing inter-site traffic [17]. In contrast, our attempt is focused on deriving long idle period
for energy saving.

4

Evaluation

This section presents validating experiments using TPCC benchmark, showing that disk power consumption of
the secondary site can be saved with slight degradation
of the quality of business continuity. Online transactions
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Capacity
Rotational speed
Avg. seek time
Transfer rate
Active power
Idle power
Standby power

Spin-down
penalties
(time and energy)
Spin-up
penalties
(time and energy)

IBM
Ultrastar 36Z15
18.4 GB
15000 rpm
3.4 ms
55 MB/s
39.0 W
22.3 W
4.15 W

15.0 s
62.25 J
26.0 s
904.8 J

HGST
Deskstar T7K250
250 GB
7200 rpm
8.5 ms
61 MB/s
9.7 W
5.24 W
(U) 4.04 W
(L) 2.72 W
(N) 0.93 W
(U) 0.7 s, 3.5 J
(L) 17.0 s, 19.0 J
(N) 0.7 s, 3.5 J
(U) 0.7 s, 3.5 J
(L) 17.0 s, 19.0 J
(N) 0.7 s, 3.5 J

(U): unloaded mode, (L): low-rpm mode, (N): non-spinning mode

are typical workloads that are seen in enterprise-level disaster recovery systems.
We prepared a hybrid simulation environment for
measuring the potential energy saving due to the proposed system. In the experiment, we used a disk drive
simulator which can calculate energy consumption based
on a disk drive model. We implemented deferred log
application and eager log compaction on the top of the
disk drive simulator. The developed log applier can apply database log generated by HiRDB [15], a commercial
database system.
The experiments were done on a Linux server with
dual Xeon processors and 2GB main memory. We set up
TPC-C benchmark with 16 and 160 warehouses respectively, and we generated database log on each configuration by executing one million transactions using HiRDB
plus 512MB database buffer with no think time. At this
execution, we also traced IO behavior by using a kernellevel IO tracer. Then, by replaying the traced IOs using a
disk drive model in the simulation environment, we simulated log generation at the primary site. Here, we assumed that the primary site processed transactions at the
maximum rate on the specified disk drive model. Next,
we applied the generated database log by the log applier,
and measured the power reduction effect at the secondary
site. Throughout this experiment, we followed the storage system configuration of “IBM System p5 595” in Table 1. That is, we assumed that 94.4% of disk drives were
used for the data volume and the same type of disk storage was used both in the primary and secondary sites.
The experiments were conducted for different RTO requirements and different window buffer lengths. For
validation, we compared the energy saving of the proposed power-aware system with the conventional system
in which the transferred update information is immediately reflected.
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(a) 16 warehouses
Average power consumption

Table 2: Basic parameters of disk drive models.
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(b) 160 warehouses
Figure 3: Power saving of secondary-site disk storage
with high-end disk drives.
Table 3: Batch interval for 160 warehouses and high-end
disks under 100 seconds of RTO requirement.
Window buffer 32 MB 128 MB 512 MB
Batch interval
536 s
1070 s
2150 s

Figure 3 summarizes the results obtained with a highend disk drive model. Basic parameters of the model
are presented in Table 2. This model, which is based on
IBM Ultrastar 36Z15, may not be new, but has been used
in many previous papers [4, 20, 33, 34]. In the graphs,
each bar, denoting the average power consumption of
the disk storage in the secondary-site storage, is normalized by that of the conventional system. Larger window
buffer could accelerate the log application throughput
more, and accordingly, greater power saving was gained.
Note that, by using 512 MB window buffer, which is as
large as the database buffer of the primary site, 85% of
the power could be conserved totally in the secondarysite storage. Such great saving was supported by acRapl
celerated log application; Rgen
could speed up to 20.5
(W=16) and 49.3 (W=160) at maximum by eager log
compaction. On the other hand, more tolerant RTO requirements could lead to more energy saving, but its contribution was slight. In our experiments, only short RTOs
(such as 30 seconds) failed because RTOs were shorter
than time penalties of spinning up and down the volume,
but moderate RTOs (100 seconds and more) could conserve the energy so much.
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5

Related works

Research communities have presented various attempts
for energy-efficient disk storage.
The simplest approach is to transition disk drives to
a low-power mode after the predetermined time period
has elapsed after the last disk access. This technique is
widely deployed in commercial disk drives. More sophisticated techniques that try to tune the threshold adaptively have been also studied [6, 11]. Such threshold
based techniques work effectively for battery-operated
mobile and laptop computers. However, it looks difficult
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Average power consumption

Let us consider the batch interval Twnd . Frequent
transition of energy modes affects the life time of disk
drives. Table 3 summaries sampled values of Twnd .
With small buffer, the data volume had to change its
modes frequently, but with as large buffer as 512 MB,
the disk mode changes only 40 times a day. Note that
this frequency was given when the primary site generates database log at top speed. Thus, it looks almost
acceptable, since many high-end disk drives support at
least 50,000 cycles of starts/stops. Of course, more tolerant RTO gives larger intervals. This analysis reveals that
eager compaction is a key technique to the longevity of
disk drives.
We conducted the experiments using a recent midrange disk drive, which has new energy-efficient features [14]. Basic parameters of the model are presented
in Table 2 too. The disk drive, which is based on HGST
Deskstar T7K250, has three standby states: unload, lowrpm and non-spinning (equal to conventional standby
mode). Basically, the proposed disaster recovery system
could work with mid-range disk drives similarly. But,
since recent mid-range disk drives can change the energy
modes with much smaller time penalties than high-end
disk drives, the proposed system could work for such
small RTOs as 30 seconds. Figure 4 compares these
three standby modes with 160 warehouses. By using the
non-spinning standby mode, 80% saving was gained at
maximum in comparison with the conventional system.
However, we cannot observe the substantial benefit of
using new energy-saving functions such as unload and
low-rpm.
In summary, the proposed power-aware disaster recovery system can achieve great energy saving of the
secondary-site disk storage without little harm to the recovery capability. Only 100 seconds and 30 seconds of
RTO allowance were needed for high-end disks and midrange disks respectively. This observation is surprising,
since strict high-availability systems, as known as five
nines (99.999%), allow only 315 seconds of breakdown
per year. Our proposal can be promising in such topdrawn disaster recovery systems.

1

unload
low-rpm
non-spinning

0.5

0
2

8
32
128
Compaction buffer [MB]

512

Figure 4: Power saving of secondary-site disk storage
with mid-range disk drives under 30 seconds of RTO requirement.

to directly apply these techniques to enterprise systems.
Massive Array of Idle Disks (MAID) [5] and Popular Data Concentration (PDC) [4] are alternative approaches that migrate/replicate popular blocks on specific disk drives to create long idle period of the other
disk drives. These techniques leveraging access locality
are deployed in real archival storage systems.
Exploiting redundancy information and large cache
space that RAID capability holds seems a reasonable approach. Energy Efficient RAID (EERAID) [20] and RIMAC [33] can arrange IO requests at RAID controllers
so as to avoid evicting out blocks that are originally
stored in spun-down disk drives as much as possible.
Power-Aware RAID (PARAID) [30] introduces an asymmetric parity placement on the legacy RAID-5 so that the
system can dynamically change the number of actively
spinning disk drives.
Other researchers [12, 34] have actively studied on
multi-speed disk drives which have the capability of
changing the rotational speeds. These attempts look very
effective. However, to our knowledge, such multi-speed
disk drives are still limited in experimental prototypes
and not yet seen in the market.
Recently several application-assisted approaches for
storage energy conservation have been reported. Cooperative IO [22, 31] is a set of power-aware IO system calls,
by which the user can specify deferability and abortability to each IO. Compiler-based application transformation [10, 13, 28] tries to arrange IO commands in source
code levels in order to concentrate IO requests.
Our work differs from these previous works in that
we are trying to fully leverage the characteristics of the
secondary-site disk storage. That is, the disk storage
there manages only copies and its resources are not necessarily busy when the primary site is alive. Our eager
strategy of concentrating database log can provide long
idleness to many disk drives, accordingly obtaining substantial energy saving opportunities.
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6

Conclusion

The paper proposes a power-aware disaster recovery system, in which the reflection of transferred updated information can be deferred through eager compaction technique, so as to gain great energy saving of storage systems in the remote secondary site. Experiments with a
commercial database system showed that 80-85% energy
consumption can be conserved in the secondary-site disk
storage with small penalties of possible service breakdown time.
In this paper, we focus on the energy consumption of
disk drives which are main components of recent disk
storage. Further, we would like to extend our approach so
as to provide a system-wide analysis considering RAID
controllers and cache memory.
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A Linux Implementation Validation of
Track-Aligned Extents and Track-Aligned RAIDs
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Abstract
Through clean-slate implementation of two storage
optimizations—track-aligned extents and track-aligned
RAIDs—this paper shows the values of independent
validations.
The experience revealed many
unanticipated disk and storage data path behaviors as
potential roadblocks for wide deployment of these
optimizations, and also identified implementation issues
to retrofit these concepts to legacy data paths.

1

Introduction

Validation studies are common in science, but less
emphasized in computer science, because a rapidly
moving field tends to focus on advancing the frontier.
Through a clean-slate Linux implementation of two
storage optimization techniques, we aim to demonstrate
the values of validations. (1) Existing validations are
often implicit when the original contributors extend
their work. Therefore, subtle assumptions on the OS
platforms, system configurations, and hardware
constraints can become obscure over time.
Independent validations help identify these roadblocks,
to ease the technology transfer for wide adoptions. (2)
Independent validations can explore design alternatives
to verify the resiliency of a concept to different
platforms and hardware generations.
This paper presents a validation study of trackaligned extents [9] and track-aligned RAIDs [10].
Both showed significant performance gains. Our
experience shows many unanticipated disk features and
interactions along the storage data path, and identifies
implementation issues to retrofit these concepts to the
legacy data path.

2

2.2

Hardware/software
Processor
Memory
RAID controller
Disks tested

Operating system
File system

Table 1:

Original Implementation

Track-aligned extents [9] was built under FreeBSD by
modifying FFS [7]. Two methods were proposed to
extract disk track boundaries, one from the user space
and one via SCSI commands. The track boundaries
are extracted once, stored, and imported to FFS at
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Recreating Track-aligned Extents

Recreating track-aligned extents involves (1) finding
the track boundaries and the zero-latency access disk
characteristics, (2) making use of such information, and
(3) verifying its benefits. The hardware and software
experimental settings are summarized in Table 1.

Track-aligned Extents

The basic idea of track-aligned extents is that an OS
typically accesses disks in blocks, each containing
multiple sectors. Therefore, accessing a block can
potentially cross a track boundary and incur additional
head positioning time to switch tracks. By exploiting
track boundaries, the performance of accessing a track
size of data can improve substantially [9].
2.1

mount times.
The FFS free block bitmaps are
modified to exclude blocks that cross track boundaries.
The FFS prefetching mechanism was modified to stop
at track boundaries, so that speculative disk I/Os made
for sequential accesses would respect track alignments.
Track-aligned extents rely on disks that support
zero-latency access, which allows the tail-end of a
requested track to be accessed before the beginning of
the requested track content [13]. This feature allows
an aligned track of data to be transferred without
rotational overhead.
With Quantum Atlas 10K II disks, the measured
results showed 50% improvement in read efficiency.
Simulated and computed results also demonstrated
improved disk response times and support for 56%
higher concurrency under video-on-demand workloads.

2.3

Configurations
Pentium D 830, 3GHz, 16KB L1 cache,
2x1MB L2 cache
128 MB or 2GB
Adaptec 4805SAS
Maxtor SCSI 10K5 Atlas, 73GB, 10K
RPM, 8MB on-disk cache [6]
Seagate CheetahR 15K.4 Ultra320 SCSI,
36GB, 8MB on-disk cache [12]
Fujitsu MAP3367NC, 10K RPM, 37GB,
with 8MB on-disk cache [5]
Linux 2.6.16.9
Ext2 [4]

Experimental settings.

Extracting Disk Characteristics

User-level scanning: Since the reported performance
gains for track alignments are high, conceivably a userlevel program can observe timing variations to identify
track boundaries. A program can incrementally issue
reads, requesting one more sector than before, starting
from the 0th sector. As the request size grows, the disk
bandwidth should first increase and then drop as the
request size exceeds the size of the first track (due to
track switching overhead). The process can then
repeat, starting from the first sector of the previously
found track. Binary search can improve the scheme.
To reduce disturbances caused by various disk data
path components, we used the DIRECT_IO flag to
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can later
later be
be returned
returned to
to the
the system.
s y s te m .
unused
However, should
should the
the system
system anticipate
anticipate mostly
mostly tracktra c k However,
wasted
size aaccesses,
ccesses, we
we aare
re lless
ess cconcerned
oncerned with
with tthe
he w
a s te d
size
sp ace.
F
or iinstance,
nstance, ddatabase
atabase aand
nd m
u ltim e d ia
space.
For
multimedia
applications ccan
an aadjust
djust their
their aaccess
ccess ggranularity
ra n u la rity
applications
accordingly. With
With the
the aid
aid of
of this
this llist,
is t, w
can also
a ls o
accordingly.
wee can
change the
the read-ahead
read-ahead tto
o perform
perform prefetches
prefetches with
w ith
change
respect tto
o ttrack
rack boundaries.
b o u n d a rie s .
respect
O
ur experience
experience ssuggests
uggests tthat
hat iindividual
ndividual ffile
ile
Our
systems oonly
nly nneed
eed to
to make
make minor
minor changes
changes tto
o bbenefit
e n e f it
systems
from ttrack
rack alignments.
a lig n m e n ts .
from
2.5

V
erification ooff tthe
he P
e r fo r m a n c e B
e n e fits
Verification
Performance
Benefits

We used
used tthe
he ssequential
equential rread
ead aand
nd w
rite pphases
hases ooff tthe
he
We
write
Bonnie benchmark
benchmark [3
], which
which iiss uunaware
naware of
of tthe
he ttrack
ra c k
Bonnie
[3],
alignments. T
he write
write pphase
hase ccreates
reates a 1-GB file,
f ile ,
alignments.
The
which eexceeds
xceeds our
our 128-MB
1 2 8 -M B m
emory llimit.
im it.
W
which
memory
Wee
e n a b le d S
CSI cache,
cache, disk
disk caching,
caching, aand
nd prefetch
prefetch to
to
enabled
SCSI
reflect nnormal
ormal usage.
u sag e. E
ach eexperiment
x p e rim e n t w
as rrepeated
e p e a te d
reflect
Each
was
10 times,
times, aanalyzed
nalyzed aatt a 990%
0% confidence
confidence iinterval.
n te rv a l.
10
Figure 5 shows
shows the
the expected
expected 3%
3% slowdown
slowdown for
fo r a
Figure
single sstream
tream of
of sequential
sequential disk
disk aaccesses,
ccesses, where
w h e re
single
skipped bblocks
locks tthat
hat ccross
ross ttrack
rack boundaries
boundaries can
can no
no
skipped
longer ccontribute
ontribute to
to the
the bbandwidth.
a n d w id th .
longer
We also
also ran
ran diff ffrom
ro m G
NU diffutils
utils 22.8.1
.8 .1
We
GNU
to compare
compare two
two 512-MB
512-MB llarge
arge ffiles
iles vvia
ia interleaved
in te rle a v e d
to
reads between
between ttwo
wo ffiles,
ile s , w
ith tthe
he –speed-large–speed
ed-largereads
with
ption. Without
Without tthis
his option,
option, diff
ff w
ill ttry
ry to
to
files ooption.
will
read one
one eentire
ntire file
file iinto
nto the
th e m
emory aand
nd tthen
hen tthe
he oother
th e r
read
memory
file aand
nd compare
compare them
them if
if memory
memory permits,
permits, which
w h ic h
file
nullifies oour
ur iintent
ntent ooff testing
testing iinterleaved
nterleaved rreads.
eads. Figure
F ig u re
nullifies
shows that
that ttrack-aligned
rack-aligned accesses
accesses are
are aalmost
lmost ttwice
wice aass
6 shows
fast aass the
the normal
normal case.
case. In
In addition,
addition, we
we observed
observed tthat
hat
fast
disk ffirmware
irmware pprefetch
refetch hhas
as nno
o rregard
egard ffor
or ttrack
ra c k
disk
boundaries. Disabling
Disabling on-disk
on-disk pprefetch
refetch further
further sspeeds
peeds
boundaries.
rack-aligned aaccess
ccess bbyy another
another 88%.
%. T
herefore, for
fo r
up ttrack-aligned
Therefore,
subsequent eexperiments,
xperiments, we
we disabled
disabled ddisk
isk ffirmware
irm w a re
subsequent
prefetch for
for track-aligned
track-aligned accesses.
accesses.
prefetch
A
dditionally, we
we conducted
conducted aann experiment
experiment that
th a t
Additionally,
involves concurrent
concurrent pprocesses
rocesses issuing
issuing multimedia-like
m u ltim e d ia - lik e
involves
traffic streams
streams aatt around
around 5500KB/sec.
00KB/sec. We
We used
used 2GB
2G B
traffic
for our
our m
emory size.
size. We
We wrote
wrote a script
script tthat
hat iincreases
n c re a se s
for
memory
the number
number ooff streams
streams by
by one
one after
after eeach
ach ssecond,
econd, and
and the
th e
the
script rrecords
ecords tthe
he sstartup
tartup llatency
atency ooff eeach
ach nnew
ew sstream.
tre a m .
script
Each emulated
emulated multimedia
multimedia sstreaming
treaming process
process ffirst
irs t
Each
randomly selects
selects a disk
disk position
position and
and ssequentially
e q u e n tia lly
randomly
accesses tthe
he subsequent
subsequent blocks
blocks at
at the
the sspecified
p e c if ie d
accesses
streaming rate.
rate. We
We assumed
assumed that
that tthe
he acceptable
a c c e p ta b le
streaming
startup llatency
atency iiss aaround
round 3 sseconds,
econds, aand
nd tthe
he pprogram
ro g ra m
startup
terminates once
once the
the latency
latency reaches
reaches 3 seconds.
seco n d s.
terminates
F
igure 7 shows
shows that
that the
the original
original disk
disk can
can support
su p p o rt
Figure
up to
to 1130
30 streams
s tre a m s w
ith a startup
startup latency
la te n c y w
ith in 3
up
with
within
seconds. A track-size
track-size rreadahead
eadahead w
indow ccan
an rreduce
educe
seconds.
window
the latency
latency at
at 130
130 streams
streams by
by 30%,
30%, while
while track-aligned
tra c k - a lig n e d
the
access ccan
an reduce
reduuce tthe
he latency
latency by
by 55%.
55% .
access

264

Figure 5: B
Figure
Bandwidth
andwidth ccomparisons
omparisons between
b e tw e e n
cconventional
onventional aand
nd ttrack-aligned
rack-aligned accesses
accesses to
to a single
s in g le
d
isk, when
when running
running tthe
he Bonnie
Bonnie benchmark.
ben ch m ark .
disk,
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Figure 6: Sp
Figure
Speed
peed comparisons
comparisons between
between conventional
c o n v e n tio n a l
and
a
nd ttrack-aligned
rack-aligned aaccesses
ccesses to
to a single
single disk,
disk, diffing
diffing
two 512MB
512MB ffiles
iles with
with 1128MB
28MB of
of RAM.
RAM.
two

Figure 7: S
Figure
Startup
tartup llatency
atency comparisons
comparisons of
cconventional
onventional I/O
I/O requests,
requests, requests
requests with
with a one-track
o n e -tr a c k
prefetch
p
refetch window,
window, aand
nd track-aligned
track-aligned rrequests
equests oon
n a
disk,
with
number
multimediassingle
in g le d
is k , w
ith a vvarying
a r y in g n
umber ooff m
u ltim e d ia llike
ike rrequest
equest sstreams.
tr e a m s.

3

Track-aligned
Track
ack-aligned RAIDs

Original
O
riginal implementation:
implementation: Schindler
Schindler eett aall [[10]
10]
proposed
RAID.
The
proposed Atropos,
Atropos, a track-aligned
tra c k - a lig n e d R
A ID .
T
he
implementation
was
im p le m e n ta tio n w
as tthrough
hrough a uuser-level
ser-level logical
lo g ic a l
volume
manager
The
v o lu m e m
anager pprocess.
ro c e ss.
T
he pprocess
rocess bbypasses
y p asses
conventional
conventional storage
storage data
data ppaths
aths and
and iissues
ssues rraw
aw IIOs.
O s.
An
with
An aapplication
pplication nneeds
eeds to
to bbee llinked
in k e d w
ith a sstub
tub llibrary
ibraryy to
to
issue
The
issue rreads
eads aand
nd writes.
w rite s . T
he library
library uuses
ses sshared
h a re d
memory
with
memory to
to avoid
avoid ddata
ata ccopies
opies aand
nd ccommunicates
o m m u n ic a te s w
ith
Atropos
Atropos through
through a ssocket.
o c k e t.
Without
Without the
the conventional
conventional storage
storage data
data path,
p a th ,
Atropos
Atropos iiss responsible
responsible for
for sscheduling
cheduling rrequests
equests with
with the
th e
help
model.
help of
of a detailed
detailed disk
d is k m
odel. Atropos
Atropos aalso
lso nneeds
eeds tto
o
duplicate
duplicate llogics
ogics provided
provided bbyy cconventional
onventional RAID
RAID llevels.
e v e ls .
As
As a proof
proof of
of cconcept,
oncept, the
the measured
measured prototype
p ro to ty p e
implemented
RAID-0
RAID-1
im p le m e n te d R
AID-0 ((no
no rredundancy)
edundancy) aand
nd R
AID-1
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RAID
(mirroring), aalthough
(mirroring),
lthough iissues
ssues rrelevant
elevant tto
o other
o th e r R
A ID
llevels
evels aare
re aaddressed
ddressed in
in the
the design.
d e s ig n .
T
o hhandle
andle different
different track
track sizes
sizes due
due to
to ddisk
isk ddefects,
e f e c ts ,
To
ffor
or simplicity
s im p lic ity A
tropos sskips
kips ttracks
racks that
that ccontain
o n ta in m
o re
Atropos
more
tthan
han a tthreshold
hreshold number
number of
of ddefects,
efects, which
which translates
translates to
to
aabout
bout 55%
% of
of storage
storage overhead.
o v e rh e a d .
or ttrack-aligned
RAIDs
matches
T
he pperformance
erformance ffor
ra c k - a lig n e d R
A ID s m
a tc h e s
The
tthe
he efficiency
efficiency eexpectation
xpectation ooff ttrack-aligned
rack-aligned extents.
e x te n ts .
R
ecreating Track-aligned
Track-aligned RAIDs:
R A ID s: O
ur cleanc le a n Recreating
Our
sslate
late vvalidation
alidation implements
implements ttrack-aligned
rack-aligned RAIDs
RAIDs vvia
ia
m
o d if y in g R
AID-5 ((distributed
distributed pparity),
arity), rretrofitting
etrofitting tthe
he
modifying
RAID-5
cconventional
onventional sstorage
torage ddata
ata ppath.
ath. Thus,
Thus, uunmodified
n m o d if ie d
aapplications
pplications ccan
an enjoy
enjoy tthe
he pperformance
erformance bbenefit
enefit aass well.
w e ll.
H
owever, we
we hhad
ad to
to overcome
overcome a nnumber
umber of
of
However,
iimplementation
mplementation cconstraints.
o n s tra in ts .
R
ecall from
from Section
Section 2.3 tthat
hat tthe
he ttrack
rack ssizes
izes ccan
an
Recall
ddiffer
iffer eeven
ven from
from the
the same
same disk
d is k m
odel. T
his ddifference
if f e re n c e
model.
This
w
as much
m uch m
ore tthan
han that
that caused
caused bbyy ddefects.
e f e c ts .
was
more
T
h e re fo re , w
eed m
easures bbeyond
eyond skipping
skipping ttracks.
ra c k s.
Therefore,
wee nneed
measures
F
or one,
one, we
we ccan
an cconstruct
onstruct sstripes
trip e s w
ith tracks
tracks ooff
For
with
ddifferent
ifferent sizes.
sizes. Although
Although this
this scheme
scheme can
can work
work with
w ith
R
AID-0, iitt ddoes
oes nnot
ot balance
balance lload
oad w
ell or
o work
work well
w e ll
RAID-0,
well
w
ith other
other RAID
RAID llevels.
evels. For
For example,
example, RAID-5
RAID-5 pparity
a rity
with
iiss ggenerated
enerated vvia
ia XORing
XORing cchunks
hunks ((units
units ooff ddata
ata sstriping)
trip in g )
ooff the
the ssame
ame ssize.
iz e . S
u p p o se w
want tthe
he cchunk
hunk unit
unit to
to
Suppose
wee want
bbee set
set to
to the
the ssize
ize of
of a ttrack.
rack. IIff we
we use
use the
the largest
largest track
tra c k
ssize
ize as
as the
the chunk
chunk uunit,
nit, ssome
ome ddisks
isks nneed
eed tto
o uuse
se 11+
+ ttracks
ra c k s
ttoo form
form a cchunk.
hunk. Or we
we can
can use
use the
the smallest
smallest track
track size
s iz e
aass the
the cchunk
hunk unit,
unit, leading
leading to
to aabout
bout 110%
0% ooff uunused
n u sed
ssectors
ectors ffor
or ddisks
is k s w
ith larger
larger ttrack
rack sizes.
s iz e s .
with
A
d d itio n a lly , w
bserved tthat
hat pparity
arity iin
nR
AIDs ccan
an
Additionally,
wee oobserved
RAIDs
iinteract
nteract poorly
p o o rly w
ith pprefetching
refetching iin
n tthe
he ffollowing
o llo w in g w
ay.
with
way.
T
ake RAID-5
RAID-5 aass aan
n eexample.
x a m p le . A
he ffile
ile ssystem
ystem llevel,
e v e l,
Take
Att tthe
pprefetching
refetching oone
ne track
track ffrom
rom each
each nnon-parity
on-parity disk
d is k
iinvolves
nvolves a pprefetching
re f e tc h in g w
indow tthat
hat iiss tthe
he ssize
ize of
of a ttrack
ra c k
window
m
ultiplied by
by tthe
he nnumber
umber of
of ddisks
isks that
that do
do nnot
ot ccontain
o n ta in
multiplied
tthe
he pparity
arity information.
in f o rm a tio n . H
owever, aass a R
AID rredirects
e d ire c ts
However,
RAID
tthe
he ccontiguous
ontiguous pprefetching
refetching requests
requests from
from tthe
he ffile
ile ssystem
y s te m
llevel,
evel, the
the aactual
ctual fforwarded
orwarded ttrack-size
rack-size pprefetching
re f e tc h in g
rrequests
equests to
to individual
individual disks
disks aare
re fragmented,
ffrragmented, ssince
ince rreads
eads
iinn R
AIDs do
do nnot
ot nneed
eed to
to access
access tthe
he parity
parity iinformation.
n f o rm a tio n .
RAIDs
A
nother poor
poor iinteraction
nteraction is
is the
th e L
inux pplug
lug aand
nd
Another
Linux
unplug mechanisms
mechanisms aassociated
ssociated with
with ddisk
isk qqueues
ueues aand
nd
unplug
multi-device queues.
queues. These
These mechanisms
mechanisms are
are designed
d e s ig n e d
multi-device
to increase
increase the
the oopportunities
pportunities for
for data
data reordering
reordering by
by
to
introducing aartificial
rtificial fforwarding
orwarding delays
delays at
at ttimes
imes (e.g.,
(e .g ., 3
introducing
msec), aand
nd do
do nnot
ot respect
respect track
track bboundaries.
oundaries. Therefore,
T h e re fo re ,
msec),
by m
aking these
these mechanisms
mechanisms aware
aware of
of track
track bboundaries,
o u n d a rie s ,
by
making
we were
were finally
finally able
able to
to m
ake individual
individual ddisks
isks in
in a
we
make
RAID-5 access
access iin
n a ttrack-aligned
rack-aligned manner.
m a n n e r.
RAID-5
IImplementation:
m p le m e n ta tio n : W
o d if ie d L
inux ssoftware
o f tw a re
Wee m
modified
Linux
R
AID-5 to
to implement
implement tthe
he ttrack-aligned
rack-aligned accesses.
accesses. W
RAID-5
Wee
aaltered
ltered tthe
he make_request ffunction,
u n c tio n , w
hich iiss
which
rresponsible
esponsible ffor
or ttranslating
ranslating tthe
he R
AID vvirtual
irtual ddisk
is k
RAID
aaddress
ddress iinto
nto iindividual
ndividual ddisk
isk aaddresses.
d d re ss e s.
IIff tthe
he
ttranslated
ranslated rrequests
equests ccrossed
rossed ttrack
rack bboundaries,
oundaries, tthe
he uunplug
n p lu g
ffunctions
unctions ffor
or iindividual
ndividual ddisk
isk qqueues
ueues w
ere eexplicitly
x p lic itly
were
iinvoked
nvoked tto
o iissue
ssue ttrack-aligned
rack-aligned rrequests.
e q u e s ts .
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T
o pprevent
revent tthe
he pparity
a rity m
echanisms ffrom
ro m
mechanisms
To
ffragmenting
ragmenting ttrack-size
rack-size pprefetching
refetching rrequests,
e q u e s ts , w
wee
m
o d if ie d R
AID-5. Whenever
Whenever the
the parity
parity holding
holding disk
d is k
RAID-5.
modified
iin
n a sstripe
trip e w
as tthe
he oonly
nly oone
ne nnot
ot rrequested
equested ffor
or tthat
hat sstripe,
trip e ,
was
w
illed iin
n tthe
he rread
ead rrequest
equest for
for that
that disk
disk aand
nd passed
passed iitt
wee ffilled
ddown
ow n w
ith aall
ll oothers.
th e rs . W
hen tthis
his ddummy
ummy rrequest
eq u est w
as
with
When
was
ccompleted,
o m p le te d , w
imply ddiscarded
iscarded tthe
he ddata.
a ta . T
he ddata
a ta
wee ssimply
The
bbuffer
uffer iin
n L
inux ssoftware
o f tw a re R
AID-5 iiss ppre-allocated
re-allocated aatt
Linux
RAID-5
iinitialization,
nitialization, sso
o tthis
his iimplementation
mplementation ddoes
oes nnot
ot ccause
au se
aadditional
d d itio n a l m
emory ooverhead.
verh
head.
memory
V
erification ooff p
e r fo r m a n c e b
e n e fits : W
Verification
performance
benefits:
Wee
ccompared
ompared tthe
he bbase
ase ccase
ase R
A ID -5 w
ith a track-aligned
tra c k - a lig n e d
RAID-5
with
R
A ID -5 w
ith ffive
ive ddisks,
isks, aand
nd a chunk
chunk ssize
ize ooff 4KB.
4K B . F
or
RAID-5
with
For
tthe
he B
onnie bbenchmark,
e n c h m a rk , w
sed a 11-GB
-GB working
working set
set
Bonnie
wee uused
w
ith 1128MB
28MB ooff R
AM. F
igure 8 sshows
hows tthat
hat tthe
he write
w rite
with
RAM.
Figure
bbandwidth
andwidth ffor
or tthe
he tthree
hree ssystem
ystem ssettings
ettings ffalls
a lls w
ith in a
within
ssimilar
imilar rrange
ange ddue
ue tto
o bbuffered
u ffe re d w
rite s . H
owever, ffor
or
writes.
However,
rread
ead bbandwidth,
andwidth, tthe
he ttrack-aligned
rack-aligned RAID-5
RAID-5 ooutperforms
u tp e rf o rm s
tthe
he cconventional
onventional oone
ne bby
y 557%.
7% .
T
he diff
f eexperiment
xperiment ccompared
ompared ttwo
wo 5512-MB
12-MB ffiles
ile s
The
w
ith 1128MB
28MB of
of RAM.
RAM. Figure
Figure 9 shows
shows that
that the
the trackt ra c k with
aaligned
lig n e d R
AID-5 can
can achieve
achieve a 3x
3x ffactor
actor sspeedup
peedup
RAID-5
ccompared
ompared tto
o tthe
he original
original RAID-5.
RAID-5.

Figure 8: Bandwidth
Figure
Bandwidth ccomparisons
omparisons ooff tthe
he ttrackrack aligned
RAID-5,
RAID-5
with
prefetch
window
a
lig n e d R
AID-5,
D aR
A ID -5 w
ith a p
r e fe tc h w
in d o w
off ffour
RAID-5,
o
our tracks,
tracks, aand
nd tthe
he ooriginal
r ig in a l R
AID-5, rrunning
u n n in g
Bonnie
with
working
B
o n n ie w
ith 11GB
GB w
orking set
set and
and 128MB
128MB of
of RAM.
RAM .

Figure 9: Elapsed
Figure
Elapsed time
time ccomparisons
omparisons of
of the
the tracktr a c k aligned
RAID-5,
RAID-5
with
prefetch
window
a
lig n e d R
AIDD 5, a R
A ID -5 w
ith a p
r e fe tc h w
in d o w
off four
o
four ttracks,
racks, and
and the
the original
original RAID-5,
RAID-5, when
w hen
rrunning
unning diff
ff ccomparing
omparing ttwo
wo 5512MB
12MB ffiles.
iles.
For
F
or the
the multimedia-like
multimedia-like workload
workload with
with 2GB
2GB of
of RAM,
RAM ,
RAID-5
tthe
he track-aligned
tra c k - a lig n e d R
AID-5 demonstrates
demonstrates a 33.3x
.3x better
b e tte r
RAID-5
sscaling
caling iin
n cconcurrency
oncurrrency than
than tthe
he cconventional
o n v e n tio n a l R
AID-5
10),
where
RAID-5
with
window
((Figure
Figure 10
), w
h e re a R
A ID -5 w
ith a rreadahead
eadahead w
in d o w
RAID-5
ccomparable
omparable tto
o the
the track-aligned
tra c k - a lig n e d R
AID-5 ccontributes
o n trib u te s
only
o
nly lless
ess than
than half
half of
of the
the scaling
scaling improvement.
improvement. The
The
llatency
atency iimprovement
mprovement ooff ttrack-aligned
rack-aligned RAID-5
RAID-5 iiss
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impressive cconsidering
impressive
onsidering that
that tthe
he RAID-5
R A ID -5 w
was
as eexpected
x p e c te d
ttoo degrade
degrade in
in latency
latency when
when ccompared
ompared to
to the
the ssingle-disk
in g le - d is k
ccase,
ase, ddue
ue tto
o the
the nneed
eed to
to w
ait ffor
or tthe
he sslowest
lowest disk
disk ffor
or
wait
sstriped
triped requests.
requests. Track-aligned
Track-aligned accesses
accesses reduce
reduce the
th e
w
orst-case rrotational
otational ttiming
iming vvariance
ariance aand
nd ccan
an rrealize
e a liz e
worst-case
m
ore bbenefits
enefits ooff pparallelism.
a ra lle lis m .
more

Figure 10: S
Figure
Startup
tartup llatency
atency ccomparisons
omparisons of
of the
th e
RAID-5
with
ttrack-aligned
rack-aligned RAID-5,
R A ID -5 , a R
A ID -5 w
ith a prefetch
p r e fe tc h
w
indow of
of ffour
our ttracks,
racks, aand
nd the
the original
original RAID-5,
RAID-5,
window
w
ith a vvarying
arying number
number of
of multimedia-like
multimedia-llike rrequest
eq u est
with
sstreams.
tr e a m s.

4

Lessons
ssons Learned and Conclusions
clusions

Through clean-slate
Through
clean-slate iimplementations
mplementations ooff ttrack-aligned
ra c k - a lig n e d
eextents
xtents aand
nd ttrack-aligned
rack-aligned RAIDs,
RAIDs, we
we have
have
demonstrated
d
emonstrated iimportant
mportant vvalues
alues ooff iindependent
ndependent
validations.
va
lidations. First,
First, the
the validation
validation of
of research
research results
re s u lts
obtained
o
btained five
five yyears
ears ago
ago sshows
hows tthe
he rrelative
elative rresiliency
e s ilie n c y
aand
nd applicability
applicability of
of tthese
hese concepts
concepts tto
o ddifferent
if f e re n t
platforms
p
latforms and
and ggenerations
enerations of
of ddisks.
isks. On
On tthe
he oother
ther hhand,
and,
aass tthe
he bbehaviors
ehaviors of
of disks
disks aand
nd tthe
he llegacy
egacy storage
storage ddata
a ta
path
p
ath bbecome
ecome iincreasingly
ncreasingly ccomplex,
omplex, extracting
extracting physical
p h y s ic a l
disk
will
d
isk geometries
g e o m e trie s w
ill llikely
ikely bbecome
ecome increasingly
increasingly more
m o re
difficult.
Also,
d
if f ic u lt. A
lso, as
as ddisks
isks become
become lless
ess hhomogeneous
om ogeneous
within
model,
eeven
ven w
ithin the
the ssame
am e m
odel, ttechniques
echniques ssuch
uch aass ttrackra c k measures
aaligned
ligned RAIDs
RAIDs nneed
eed to
to devise
devise additional
a d d it io n a l m
easures to
to
prevent
RAID
p
re v e n t a R
AID ffrom
rom bbeing
eing limited
limited by
by the
the sslowest
lowest ddisk.
is k .
Second,
design
S
econd,
tthrough
h ro u g h
eexploring
x p lo rin g
d e s ig n
aand
nd
wee rrevealed
many
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