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Abstract

Power is a big problem in data centers and a significant &maaif this power is consumed by the storage
system. Server storage systems use a large number of diakbive high performance, which increases their
power consumption. In this paper, we propose to signifigaetiuce the power consumed by the storage system
via intra-disk parallelism, wherein disk drives can expfmrallelism in the 1/O request stream. Intra-disk par-
allelism can facilitate replacing a large disk array withnaafler one, using the minimum number of disk drives
needed to satisfy the capacity requirements. We show thatakign space of intra-disk parallelism is large and
present a taxonomy to formulate specific implementationiwihis space. Using a set of commercial work-
loads, we perform a limit study to identify the key performarottlenecks that arise when we replace a storage
array that is tuned to provide high performance with a simigd-capacity disk drive. These are the bottlenecks
that intra-disk parallelism would need to alleviate. Wentlegplore a particular intra-disk parallelism approach,
where a disk is equipped with multiple arm assemblies that@aindependently controlled, and evaluate three
disk drive designs that embody this form of parallelism. \IWevg that it is possible to match, and even surpass,
the performance of a storage array for these workloads mgusisingle disk drive of sufficient capacity that
exploits intra-disk parallelism, while significantly rezlng the power consumed by the storage system compared
to the multi-disk configuration. We evaluate the perforneaaied power consumption of disk arrays composed of
intra-disk parallel drives, discuss the engineering issmeolved in implementing such drives, and finally provide
a preliminary cost-benefit analysis of building and depigyintra-disk parallel drives, using cost data obtained
from several companies in the disk drive industry.

1 Introduction

Storage is a large power consumer in data centers. Senragsetgystems provide the data storage and access
requirements of a variety of applications, such as, On-0irensaction Processing (OLTP), On-Line Analytical
Processing (OLAP), and Internet search engines. Given/@éntensive nature of these workloads and the fact
that there are usually several users who access the systemaroently, server storage systems need to be capable
of delivering very high I/O throughput. This performanceabis achieved is by using a large number of disks and
distributing the dataset of the application over the midtigrives, typically using RAID [32]. However, the result



of using multiple disk drives is that server storage systearsume a large amount of power [14, 6, 50], and disk
drive power consumption constitutes over 13% of the Totat©bOwnership of a data center [50].

The main motivation for using multiple disks for these apgiiions is to increase I/O throughput, and not capac-
ity, as most vendors recommend using multiple disk driveptwely performance reasons [41, 23, 4, 11]. (Multiple
disks are also used to provide reliability, which we discimsSection 4.1). Moreover, another common practice
to boost performance is to use only a fraction of the spacleinva drive in order to leverage the higher data rates
experienced at the outer tracks of a platter [2]. On the diled, the per-disk capacity has been growing rapidly
over the years, and disks with over a Terabyte of capacitplaeady available in the market, e.g., Hitachi Deskstar
7K1000 [20]. However, the performance of a single disk dhas been improving at a much lower rate, partly due
to certain limitations in magnetic recording technologydrd also due to thermal constraints on scaling rotational
speeds [15]. As a result, server storage systems end upaiange number of disk drives to get high performance.
Although industry predicts that capacity will continue tww briskly, with 1 Terabit/incheésof areal density ex-
pected by the year 2013, which will allow several Terabytedaia to be stored in one disk drive, future drives
are not expected to have faster rotational speeds nor sigmily lower seek times [26]. Therefore, future server
storage systems would still need to employ multiple disketrito meet performance goals and the storage system
will continue to be a large power consumer.

In this paper, we ask the following questids:it possible to design a storage system where we use thenalini
set of disks, purely for satisfying capacity requiremeats] still achieve the performance of a system designed for
high performance?By having fewer disks, we can reduce the total power of theagt system. However, using
fewer disks can create 1/O bottlenecks and lead to perfocmalegradation. In order to bridge this performance
gap, but still maintain low power consumption, we propose uke ofintra-disk parallelism i.e., disk drives that
can exploit parallelism in the I/O request stream. Unlilalitional approaches to disk power management, where
power management “knobs” are added to conventional digkslf?], we explore how extending the design of a disk
drive to exploit parallelism can enable the storage systelretmorepower efficient Towards this end, this paper
makes the following contributions:

e We first provide a historical retrospective on intra-diskgbielism. We discuss about the multi-actuator drives
that were used in mainframes back in the 1970s and 80s, wiybhee discontinued, and show why our
intra-disk parallelism idea is different.

e We present a taxonomy for intra-disk parallelism, ideiidythe locations within a disk drive where paral-
lelism can be incorporated, and discuss various desigobraptvithin this space.

e We conduct a detailed limit study using a set of commercialesavorkloads to identify the key performance
bottlenecks that intra-disk parallelism would need towdlee, when we replace a storage array that is tuned to
provide high performance with a single high-capacity digked We find that rotational latency is the primary
bottleneck that intra-disk parallelism needs to optimize.

e We present an intra-disk parallel design, which involvesitke of multiple disk arm assemblies, and evaluate
three implementations of this design. We show that evenithplsst intra-disk parallel design can facilitate
breaking-even with, or even surpassing the performancestafrage array, while consuming significantly less
power than the multi-disk configuration.



e We explore how the average power consumption of intra-disklfel drives can be made comparable to that
of conventional hard disk drives by designing them to ogeatita lower RPM. In some cases, we find that the
parallel disk drive can provide higher performance thanatsesponding multi-disk system, while consuming
lower power than the single, conventional, higher RPM disked

e We compare the performance and power characteristics dbR#ays built using intra-disk parallel drives to
those composed of only conventional disk drives that useahnge recording technology and share the same
architectural characteristics. We show that arrays bgilhgiintra-disk parallel drives provide the same or
even better performance than those using conventionagjnivhile consuming 41%-60% lower power across
a range of I/O intensities.

e We discuss the engineering issues that need to be addressedbwilding an intra-disk parallel drive and
point to existing solutions to address these issues.

e We perform a preliminary cost-benefit analysis of buildimgl @eploying intra-disk parallel drives, using real
data obtained from several companies in the disk drive ingu§Ve show that intra-disk parallelism holds
promise from the cost viewpoint as well.

The outline for the rest of the paper is as follows. The negtise presents an overview of disk drives and
introduces the intra-disk parallelism idea. Section 3 gji@énistorical retrospective on intra-disk parallel drives
Section 4 we provide a taxonomy for intra-disk paralleliamd &ection 5 discusses the related work. Details about
our workloads and evaluation infrastructure are given ictiSe 6 and Section 7 gives the experimental results. The
engineering issues are discussed in Section 8 and the aigsigns presented in Section 9. Section 10 concludes
this paper.

2 Basics of Disk Drives and Intra-Disk Parallelism

A hard disk drive is composed of one or more platters thattasked on top of each other and are held in place by a
central spindle. Both surfaces of each platter are coatexlayer of magnetic material, which forms the recording
medium. The data on the media are organized into sectorsacidt The platter stack is rotated at a high speed at a
certain Rotations Per Minute (RPM) byspindle moto(SPM. Data is read from or written to the magnetic medium
via read/write heads, which are mounted on sliders and floatthe surface of the platters in a very thin cushion
of air. The sliders are held in place by disk arms, which amnected to a central assembly. All the arms in the
assembly are moved in unison by a singééce-coil motor(VCM). (The arm assembly is sometimes referred to as
the “actuator”. We shall use the terms “arm assembly” andli&tor” interchangeably in this paper). In addition to
these electro-mechanical components, disks also haveaselectronic circuitry, such as, the disk controller,alat
channel, motor drivers, and an on-board cache.

At runtime, there are two structurally independent setdaxdte-mechanical activities that occur within a disk
drive: (i) the radial movement of the head across the suidatiee disk (driven by the VCM), and (i) the rotation
of the platters under the head (driven by the SPM). These &t® & moving subsystems affect two different
components of the total disk access timeségk time the time required to move the head to the desired track, and
(ii) rotational latency- the time taken for the appropriate sector to rotate undeh#ad. In addition to these two
latencies, the disk access time also includes the actualrguired to transfer the data between the platters and the



drive electronics. In workloads that exhibit random I/O gqedform relatively small data transfers, as is the case for
many server workloads [22], the latencies for the mechéapiasitioning activities dominate the disk access time.

Rationale Behind Intra-Disk Parallelism: In a conventional disk drive, only a single 1/O request casdm@iced
at atime. For any given disk request that requires accetisinglatters (i.e., cannot be serviced from the disk cache),
the access time of the requestserializedthrough the seek, rotational latency, and data transfesgzhaThat is,
although the arm and spindle assemblies are physicallypertient electro-mechanical systems, they are used in
a tightly coupled manner due to the way that disk accessepesfermed. Furthermore, all the resources within
each electro-mechanical system of the drive are “lockedfap&ach 1/O request. For example, all the individual
arms within the arm assembly move in unison on a disk seelft/Carequest, although only one of the heads on a
particular arm will actually service the request.

We propose to extend this conventional disk drive desigmdwigeintra-disk parallelismby: (i) decoupling how
the two electro-mechanical systems are used to serviceeti@ests, so that we can overlap seek time and rotational
latency, either for one 1/O request or across multiple retpjeand (ii) decoupling the multiplicity of components
within each of the electro-mechanical systems, e.g., the heads amaassembly. In order to achieve parallelism
using either approach, we need additional hardware support

3 Intra-Disk Parallelism - Historical Retrospective and Maotivation

Multi-actuator disk drives used to exist in the market in 18¢0s and 80s, and papers were published that explored
the use of such disks in mainframes. A dual arm assembly nlesigere one arm was capable of motion while the
other remained stationary was implemented in the IBM 3348 drive, which was used in the IBM System/370
mainframe [18]. A later work [42] explored the possibility lmaving multiple arms that are capable of moving
independently, and the IBM 3380, which was a 4-actuatorecleased in 1980 for the IBM System/370, embodied
this feature. Spencer Ng's study [31], based on the IBM 338@ d@rchitecture, motivated the use of multi-actuator
disks to reduce rotational latencies. Despite all thesdymts and research, multi-actuator drives do not exist in
the market anymore. Instead of using parallel disk drivesbuild RAID arrays using multiple single-actuator disk
drives.

Therefore, before we discuss intra-disk parallelism, firg important to understand why multi-actuator drives
were discontinued and why intra-disk parallelism, in theteat of modern disk drives, is different.

Disk Drive Disks From SIGMOD’88 RAID Paper [32] Modern Disk Drive Technology
Characteristics IBM 3380 AK4 | Fujitsu M2361A | Conners CP310(| Seagate Barracuda EF Projection for 4-Actuator
Intra-Disk Parallel Drive
Areal Density (Mb/irf) 12 128000
Disk Diameter (inches) 14 10.5 35 3.7 3.7
Formatted Data Capacity (MB 7,500 600 100 750,000 750,000
No. Actuators 4 1 1 1 4
Power/box (Watts) 6,600 640 10 13 34
Transfer Rate (MB/s) 3 25 1 72 Explored Section 7
Price/MB (including controller) $18-$10 $20-$17 $10-$7 $0.00042-$0.00034 Explored in Section 9

Table 1: Comparison of disk drive technologies over timee Beagate Barracuda ES disk drive is a state-of-the-art
SATA disk drive. The rightmost column presents the projgciearacteristics of a 4-actuator intra-disk parallel @riv
that extends the Barracuda design. The performance arglasygcts are explored in this paper.

Table 1 gives the characteristics of five disk drives alongeis# axes. The first four disk drives are actual
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products that have appeared in the market and the fifth is athgpcal intra-disk parallel drive. The disks listed
in the first three columns of the table and their charactesisire from the 1988 SIGMOD paper by Patterson,
Gibson, and Katz that introduced RAID [32]. The IBM 3380 AKdeé&cribed earlier), the Fujitsu M2361A, and the
Conners CP3100 are mainframe, minicomputer, and persongbuter drives respectively and were state-of-the-art
products of their time. The areal density information abdigk drives during this time period was obtained from
[44]. The fourth disk drive - the Seagate Barracuda ES - iat@sif-the-art SATA disk drive that is representative of
disk drives available in the market today. The technicat#jpations of this disk drive (including the areal density
information) were obtained from the manufacturer datashd@]. The price per Megabyte was calculated based on
data that we obtained about the Barracuda from retail wehstich abuy. comandpr i cegr abber . com The
specifications in the last column of this table are for a higptital intra-disk parallel drive that extends the Bardacu
architecture to include four independent actuators. Theepoonsumption for this drive is calculated assuming that
all four VCMs are active and all the arm assemblies are mowivitich represents the peak power consumption
scenario for this design. The power consumption is caledlasing detailed disk power models equivalent to those
given in [49]. As a simple validation test, we calculated difeerence between the seek and idle power for this drive
(thereby factoring out the SPM power), which we obtainednftbe manufacturer datasheet [40], and compared it
to the VCM power obtained from the power models. We found tiiMvpower values calculated using these two
methods to be very closeNQTE: This power number for the intra-disk parallel drive is an @ppmation and is
merely meant to facilitate the high-level discussion irs thection. We perform more detailed power modeling and
analysis of intra-disk parallel drives later in this paper)

Let us first look at the three disk drives that are discusseddarRAID paper [32]. The IBM 3380 used 14-inch
platters. Since the platter size has a fifth-power impacherpower consumption of a disk drive [24], the spindle
assembly of this drive consumed a very large amount of poMereover, larger platters require more powerful
VCMs, and this disk had 4 actuators. As a result, the IBM 33&tsamed a massive 6,600 Watts of power. Even
the Fujitsu M2361A drive, which had only one actuator, buirgé 10.5-inch platter consumed 640 Watts of power.
On the other hand, the Conner CP3100 had a much smallerr@datée(3.5 inches) and therefore consumed only
10 Watts. Although the high-end drives provided higher cépahan a single personal computer drive, their price
per Megabyte was in the $10-$20 range, compared to $7-$10éaCP3100. Therefore, the high-end drives were
much more expensive than the smaller drive, their powerwopsion was one to two orders of magnitude higher,
and provided only moderately faster transfer rates tharCfhg@100. Therefore, as the RAID paper pointed out,
using multiple CP3100 drives allowed one to surpass thepeegnce of the IBM 3380 while consuming an order
of magnitude less power than the mainframe drive. RAID wasaravinner and the high-end multi-actuator drives
soon disappeared from the market.

When we fast-forward to the modern era, the first thing thabigerve is that the areal density has improved
overfour orders of magnituddargely due to Giant Magneto-Resistive head technolodys #echnological break-
through has lead to a huge drop in the price per Megabyte ohggto Although higher densities have boosted
disk transfer rates as well, by close to two orders of magmitulisk performance is still limited by delays in the
electro-mechanical system. Compared to performance weprents in microprocessors over the same time period,
disk drives have woefully lagged behind and the speed gapdeet processors and disks has widened significantly.
This speed gap has been one of the main reasons why RAID-btisade systems are used in servers that run 1/0
intensive applications.

When we examine the internal organization of the CP3100 ardaBuda drives, we can see that both have 4



platters and that their platter sizes are approximatelysimee. However, the CP3100 was a 3575 RPM drive [9]
whereas the Barracuda operates at 7200 RPM. Since the pong&uraption of a disk drive is proportional to the
fifth-power of the platter size, is cubic with the RPM, andimnehlr with the number of platters [24, 15], the power
consumption of the CP3100 and the Barracuda are close, ®€R3100 consumes slightly less power than the
Barracuda. However, when compared to the IBM 3380, the Sed&mrracuda providesvo orders of magnitude
higher capacity consumegwo orders of magnitude less pow&ndcosts three orders of magnitude lgbsn the
old mainframe drive.

Now consider the hypothetical 4-actuator intra-disk patalrive given in the last column of the table, which
extends the Barracuda’s architecture. Since this pardileé has 4 actuators, all of which could be in motion
simultaneously, its worst-case power consumption will ghér than the Barracuda. Using the power models
described previously, we find the power consumption of theaidisk parallel drive to be 34 Watts. Although
34 Watts is still significant and it is desirable to reduce plogver consumption, the key insight here is that since
this 4-actuator drive is an extension oh@derndisk drive, which uses relatively small platter sizes, arets.,
its power consumption is much lower than the large IBM 338&k dirive -two orders of magnitude lowerand
the power consumption is within 3X that of the conventionaa&l Given this reversal in the power consumption
trends from the past, and with all the other advancementseinlisk drive design and manufacturing processes and
the importance of the storage power problem in servers atadadmters [6, 14, 50], there is a strong incentive to
re-examine whether parallel disk drive architectures amebcial in building high-performance, energy-efficient
storage systems.

4 The DASH Parallel Disk Taxonomy

Multi-actuator drives are a single design point within tipace of intra-disk parallelism. Since the design space
of intra-disk parallelism is large, it is desirable to havegonomy for systematically formulating specific designs
within this space. We have developed one such taxonomyidietkonomy, a specific disk configuration is expressed
hierarchically as a 4-tupleDyA;S,,H,,, where,k, [, m, andn indicate the degree of parallelism in four of the
possible electro-mechanical components in which paisitetan be incorporated, starting from the most coarse-
grained to the most fine-grained component - fhek stack,Arm assemblySurface, andHead. For example, a
conventional disk has the configuratiéh A,.51 H1, which indicates that there is a single disk stack that ies&ed

by one set of arms, and data is accessed one surface at a tigeawsingle head per surface. This design provides
a single data transfer path between the disk drive and thefrése system. Figure 1(a) shows the physical design
of a D1 A5S1 Hy configuration, which is a 2-actuator drive that can providaaximum of two data transfer paths
to/from the drive. Figure 1(b) shows/a; A;.51Hs configuration, which consists of two arm assemblies and with
two heads on each arm that can access a single surface ytipeoeiting a maximum of four possible data transfer
paths to/from the disk drive. We now discuss each of thesalpbsm dimensions in more detail.

e Level 1: Disk Stacks [D]

We can have multiple disk stacks, each with its own spindlackvis precisely the form of parallelism that
RAID provides. However, this form of parallelism can be immarated even within a single disk drive, by
shrinking the platter size. Since the power dissipated byspiindle assembly is strongly influenced by the
platter size (approximately 4/6power of the platter size [24]), shrinking the platters cagilitate incorporat-
ing multiple disk stacks within the power envelope of a séngjsk drive. In fact, there has been previous work
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Arm Assemblies Assemblies
per Disk [A=2] per Disk [A=2]

(a) A Dy A,S1 Hy disk drive. (b) AD, A5S1 H, disk drive.

Figure 1: Example design points within th&AS H intra-disk parallelism taxonomy.

that explores the possibility of replacing a laptop diskenvith a small RAID array composed of smaller
diameter disks [48].

Level 2: Arm Assemblies [A]

The number of actuators could be varied for each disk to deoparallelism. Providing parallelism along this
dimension can be used to minimize seek time and rotatiotexidg. The variables in this dimension are: the
number of arm assemblies and the placement of these asssmiifhin the drive.

Level 3: Surfaces [S]

The two surfaces on each platter could be independentlysaede Parallelism across surfaces can be imple-
mented by having heads on multiple arms within a single aseatcessing data on various surfaces, or by
having heads on arms mounted on different assemblies @higrirequires parallelism along tHedimension

as well). Given the high track-density on modern disks, &dhg deterministic alignment of heads on multi-
ple arms that are on a single assembly is very challenging th@ engineering perspective. This makes the
first approach to surface-level parallelism difficult to leypent, although having fewer arm assemblies could
provide power benefits.

Level 4: Heads [H]

Conventional disk drives have only a single head per sudaaach arm, but this assumption could be relaxed.
There are two possibilities for such a design, based on whierplace the heads on the arm: (a) on a radial
line on the arm, from the axis of actuation, or (b) equidisfaom the axis of actuation (which is illustrated
in Figure 1(b)). There are two design variables in this l@fahis taxonomy: the distance between each head
and the number of heads per arm.

There are two issues about this taxonomy that are worthgrotin

e For a given point in the taxonomy, a variety of physical inmpéatations are possible. For example, in a disk
that has two arm assemblies (i.4.,= 2), we may have one arm that is capable of motion while the ather
stationary, or both that are capable of motion at the same firhe actual choice depends on tradeoffs between
design and manufacturing costs, power/thermal conss;aamd the expected benefits for the applications for
which the product is intended.



e The taxonomy deals only with parallelism in the electro-h@tcal subsystem of the disk drive and not the
electronic data channel. If a disk drive provides multipd¢ectransfer paths (for example, a drive with= 2
might allow both arms to transfer data), then the data cHawinne drive must have sufficient bandwidth
to transport this data to gain maximum performance bendfitgeineral, we assume that the data channel
provides sufficient bandwidth to transport the bits betwiberplatters and the on-board electronics for all the
disk configurations that we consider. We plan to study daéaichl issues in more depth in our future work.

4.1 Intra-Disk Parallelism and RAID

Intra-disk parallelism isiot a replacement for RAID. RAID is used for boosting I/O thropghand also for relia-
bility. Although intra-disk parallelism addresses thenfier issue, multiple parallel disk drives may still be needed
for certain 1/0O intensive workloads to achieve high perfante. We evaluate RAID arrays that are built using intra-
disk parallel drives in Section 7.3. RAID would also be nekftem a reliability viewpoint, since the failure of an
intra-disk parallel drive can have adverse consequenoesthe system designer would have to provision as many
parallel drives as necessary to meet her storage systahiligli requirements.

5 Related Work

Disk Power Management:In order to boost I/O performance, server storage systems @®mbination of faster
disks to reduce latency and a large number of disks to imppanelwidth. However, this approach leads to signif-
icant increases in data center power and cooling costs f&¥has motivated research into power management of
server storage. To manage power in high-throughput setemge systems, the use of multi-RPM disk drives has
been proposed [6, 14] and such disks are now commercialliablea[46, 21]. Researchers have also explored how
multi-RPM disks can be used in conjunction with data clustgtechniques [33] and storage cache management
strategies [51]. A number of other techniques have beenogeapfor building energy efficient server storage sys-
tems, such as, MAID [8], which uses cache disks for conctdraccess to a specific set of disks while keeping
others in the spun down state, and diverted accesses taekr{gg].

Solid-State Disks: Another interesting approach to building low power storaggtems is to use solid-state disks.
Flash memory is already used in a variety of consumer elgictproducts and has become popular for mobile stor-
age. Another possibility is to use MEMS based storage [5i¢ciwholds great promise for providing faster response
times and significantly lower power consumption than cotieeal disk drives. However, from an economic per-
spective, the cost per megabyte for flash and MEMS remainr®afanagnitude higher than hard disk drives [39].
According to arecent study by the IDC [38], hard disk drivééénemain the dominant storage technology for at least
another decade, and therefore it is important to develognsidns to conventional disk drive architectures to meet
performance goals and reduce power. However, we believéithae are opportunities for using solid-state disks in
conjunction with techniques that we discuss in this paperf vee plan to investigate these possibilities in future work

Freeblock Scheduling:Finally, an alternative approach to overlapping multiglé ftequests inside a conventional

disk drive is to use freeblock scheduling [30]. In freebl@ckeduling, the rotational latency periods of foreground
I/0 requests are used to service 1/O requests of backgraasic.t Intra-disk parallelism can provide the same
functionality as freeblock scheduling by utilizing indeyent hardware components for servicing foreground and



background I/O requests. However, freeblock scheduling @onventional drive is restricted by the fact that the
I/O accesses for the background process(es) need to beexkmwithin a tight deadline i.e., before the rotational
latency period of a foreground request completes. Thiseglaestrictions on the type of tasks for which freeblock
scheduling can be applied, and number of I/O requests thateaerviced before the deadline.

6 Experimental Setup and Workloads

Workload | Number of Requests | Number of Disks | Disk Capacity (GB) | RPM | Number of Platters
Financial 5,334,945 24 19.07 10000 4
Websearch 4,579,809 6 19.07 10000 4
TPC-C 6,155,547 4 37.17 10000 4
TPC-H 4,228,725 15 35.96 7200 6

Table 2: Workloads and the configuration of the original &jer systems on which the traces were collected.

Our experiments are carried out using the Disksim simulfit®f, which models the performance of disks,
caches, storage interconnects, and multi-disk organizain detail, and has been validated against several dal di
drives. We augmented Disksim with power models for the dpimahd arm assemblies that we developed in our
prior work [49]. These power models are based on the fundeahphysical and electrical characteristics of the two
electro-mechanical systems of the disk drive.

We use a set of commercial server I/O traces as our worklo#e. sinformation about these traces and the
original storage systems on which they were collected arengh Table 2. Financial and Websearch are 1/O traces
collected at a large financial institution and at a populéerimet search-engine respectively [45]. The TPC-C trace
was collected on a 2-way SMP machine running the IBM DB2 EEfaliese engine. The TPC-C benchmark was
run for a 20-warehouse configuration with 8 clients. The THP@ace was collected on an 8-way IBM Netfinity
SMP machine with 15 disks and running the IBM DB2 EE editiomeTPC-H benchmark was run in the power
test mode, in which the 22 queries of the benchmark are ee@@ansecutively.

6.1 Metrics

In our evaluations we use two main metricssponse timandaverage powerThese metrics are defined as follows:

e Response Time:The response time is the average time between the submissithe completion of an
I/O request presented to the storage system and is expriesseliseconds. The response time has a direct
impact on the throughput of the storage system and is ourgpyiperformance metric. In most of our results,
we present the response time characteristics of the stagegem using Cumulative Distribution Functions
(CDF) rather than as averages. A CDF graph expresses thiefrat I/0 requests whose response times are
less than or equal to a given value on the x-axis. A CDF allogvtowisualize the scenario where a large
number of 1/0O requests may be experiencing relatively slesfponse times whereas a few other requests may
have very long response times. A storage system that isiexgarg heavy bottlenecks will have a CDF curve
that is skewed towards numerically higher response tim&diacwhich indicates that the storage system is
unable to service I/O requests fast enough. Although a ystés would handle such an overload condition
at a higher level, for example, by dropping connections ¢cstirver, we do not attempt to modulate the arrival
rate of the 1/O requests to the storage system in this stadyedd, our goal is to design the storage system so
that it can efficiently service I/O requests as they arrive.
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e Average Power Consumption: The average power consumption is the total energy consurnadthe be-
ginning to the end of the simulation period divided by theatiian of that period.

7 Results

We conduct three sets of experiments. The firstis a limitystadletermine the performance and power ramifications
of replacing a multi-disk storage array with a single higipa&city disk drive. The objective of this experiment is
to determine the power benefits of such a system migrationttagherformance gap between the performance-
optimized storage array and the single disk drive configamatand the bottlenecks that lead to this gap. Based
on these results, we formulate three intra-disk parallsigies, which progressively extend the conventional disk
drive architecture. In the second set of experiments, whiateathe performance and power of these intra-disk
parallel designs. The third set of experiments use symthetirkloads to evaluate the performance and power
characteristics of RAID arrays that are built using intiskdparallel drives and compare them to arrays that are
composed of conventional drives that use the same undgngording technology and share common architectural
characteristics, such as, platter sizes, RPM, and diskeceagbacity, with the parallel drives.

7.1 Performance and Power Limit Study

The main reason that server storage systems use multile idiso boost performance [2, 4, 23]. On the other
hand, disk capacity has been growing steadily over the y@aist is now common to find commercial hard drives
that have several hundreds of Gigabytes of storage cap&uitia the availability of high-capacity disk drives, the
workload data could be housed in fewer disks, thereby sgwinger. However, the reduction in I/O bandwidth by
using fewer disks could lead to serious performance loss.

In order to quantify the performance loss and power beneffissich a storage system migration, we conduct a
limit study. In this study, we analyze the extreme case ofratigg the entire dataset of a workload onteiagle
state-of-the-art disk drive that has sufficient capacitgttore that dataset. We model this high-capacity disk drive
to be similar to the 750 GB Seagate Barracuda ES drive [40]s iBha four-platter, 7200 RPM drive, and has
an 8 MB on-board cache. We denote this disk as the High Capatigle Drive HC-SD configuration, and the
corresponding multi-disk storage system whose data iestagMD. We make the following assumption about how
the data fronMD is laid out onHC-SD we assume thaiC-SDis sequentially populated with data from each of the
drives inMD. For example, if there are two disks, D1 and D2MD, we assume thaiC-SDis populated with all
the data from D1, followed by all the data in D2. (We resortie ipproach because there is insufficient information
available in the I/O traces about the specific strategy tleat used to distribute the application datdb in order
for us to perform a more workload conscious data layout)ng/#his data layout, we compare the performance and
power ofMD andHC-SDfor each of the workloads.

The performance of the workloads on the two system configunratare given in Figure 2. The graphs present
performance as a Cumulative Distribution Function (CDF}hef response time. The corresponding power con-
sumption results are given in Figure 3. Each stacked bargarEi3 gives the average power of the entire storage
system, broken down into the four main operating modes ofk di) idle, (ii) seeking, (iii) rotational latency peri-
ods, and (iv) data transfer between the platters and the@bées. Each pair of bars for a workload give the power
consumption of thitD andHC-SDsystems respectively.

From Figure 2, we can see that naively replacing a multi-digkem with a single disk drive can lead to severe
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Figure 2: The performance gap betwédb andHC-SD

performance loss. Most of these workloads are I/O intenaivé therefore reducing the I/O bandwidth creates
significant performance bottlenecks. The only exceptiothesTPC-H workload. TPC-H has a fairly large inter-
arrival time (8.76 ms, on average), which is less than theaaeeresponse time of botMD and HC-SD for this
workload (3.99 ms and 4.86 ms respectively) and hence expEss very little performance loss. Therefore, in
either case, the storage system of TPC-H is able to sen@ceetjuests faster than they arrive.

Power Consumption - MD vs. HC-SD
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Figure 3: The power gap betwedtD andHC-SD For each workload, the bar on the left correspondsiiband
the one on the right tBiIC-SD

When we look at Figure 3, we see that migrating from a multkdiystem to a single-disk drive provides an
order of magnitudereduction in the power consumption of the storage systens rElsult strongly motivates us to
develop techniques to bridge the performance gap betWEzandHC-SDwhile keeping the power consumption
close to that oHC-SD One interesting trend that we can observe in Figure 3 is despite all the workloads being
I/O intensive and with no long period of inactivity, a largadtion of the power in th#1D configuration is consumed
when the disks are idle, which concurs with previous studreserver disk power management [16, 6].

In order to bridge the performance gap betwbEhandHC-SD, it is important to know what the key bottlenecks
are. The performance of a disk drive is influenced by variétiactors, including, disk seeks, rotational latencies,
transfer times, and disk cache locality. To determine tloé¢ cause of the performance lossHIC-SD, we need to
isolate the effect of each factor on the disk response time.fild that disk transfer times are much smaller than
the mechanical positioning delays across all the worklpand therefore do not consider it further in the bottleneck
analysis. To isolate the effect of disk cache size, we reltaheaHC-SDexperiments with a 64 MB cache. We find
that using the larger disk cache has negligible impact ofopeance.

To determine empirically whether disk seeks are a bottlenge artificially modified the seek times calculated
by the simulator so that they are one-half and one-fourthaes/ely of the actual seek time of each request. We
also consider the ideal case where all disk seeks incur agzndy, thereby eliminating the effect of this factor on
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performance. The results for the one-half, one-fourth,zard seek time cases are shown by the CDF curves labeled
(1/2)S (1/4)S andS=0respectively in the first row of graphs in Figure 4. We condustmilar experiment for the
rotational latencies, where we evaluate the performandeifrotational latencies are one-half and one-fourth of
the original values respectively, and the case where thegads is eliminated completely. These rotational latency
results are labeled §%/2)R (1/4)R andR=0 respectively in the second row of graphs in Figure 4.

Impact of Seek Time on Performance
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Impact of Rotational Latency on Performance
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Figure 4: Bottleneck analysis éfC-SDperformance. The graphs on the top row show the effect of tieekand
the ones in the bottom row show the impact of rotational keen

In Figure 4, we can clearly see that rotational latency isghimary performance bottleneck. In the case of
Financial and TPC-C, even completely eliminating seek tdones not boost performance significantly, whereas
similar optimizations to the rotational latencies shovgébenefits. For Websearch and TPC-C, halving the rota-
tional latencies lead to a significant boost in performamdech is evident by the extent to which t&2)Rcurves
shift upwards from their correspondindC-SDcurves. In fact, for Websearch, TPC-C, and TPC-H, we seeathat
further reduction in the rotational latencies to one-foutieir original values (th¢1/4)R curves) would allow us
to surpass the performance of even B system. Although boosting seek time can also h(pSDmatch the
performance oMD for TPC-H, we can observe a slightly higher sensitivity ttatmnal latency than to seek time.

To summarize, we find that the primary bottleneck to perfarceawhen replacingyiD by HC-SDis rotational
latency One straightforward approach to mitigating this bottt#ngould be to increase the RPM of the drive.
However, increasing the RPM can cause excessive heatatissipwithin the disk drive [15], which can lead to
reliability problems [19]. Indeed, commercial productdogaps show that disk drive RPMs are not going to increase
in the future [26], and therefore we need to explore alt@éraapproaches to boost performance.

7.2 Design and Evaluation of Intra-Disk Parallelism

Having seen that rotational latency is the primary reasortHe performance gap betweéfC-SD and MD, we
now explore how intra-disk parallelism designs can helddwithis gap. Rotational latency could be minimized by
incorporating parallelism along any of the four dimensi¢hs A, S, or H) discussed in Section 4. For example,
we could go in for a coarse-grained RAID-style design thatjoles parallelism along thB-dimension, by having
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multiple spindle assemblies that can mask the rotationahty of one I/O request with the service time of others.
At the other end of the spectrum, we could optimize along the-rainedH -dimension, allowing multiple heads
on an arm perform data accesses simultaneously. Such anaisg not require the use of multiple spindles and is
therefore easier to operate at a lower power. However, teetefeness of such fine-grained parallelism depends on
whether the data that is accessed by the heads on a singlearsatisfy the 1/0 requests presented to the storage
system within a given window of time. Such data access o#istns can limit the ability of the disk to choose
multiple pending I/O requests to be scheduled in paraligdeeially if the workloads perform random 1/O.

Since rotational latency is the primary performance boétk, we choose to focus on intra-disk parallelism
along the A-dimension, which we believe provides a reasonable tradezifveen power consumption and 1/O
scheduling flexibility. Incorporating parallelism alortgs dimension requires replication of the VCM and the arms,
but not the spindle assembly. Since the average power of @M & typically much lower than the SPM power
[49], there are opportunities to boost performance by ipor@ating additional arm assemblies without significantly
increasing the power consumption. Since our goal is to me@notational latency, we use the Shortest-Positioning
Time First (SPTF) [47] scheduling policy at the disk. With ltiple actuators, the SPTF-based disk arm sched-
uler has flexibility in choosing that arm assembly which mmirzes the overall positioning time for a particular /0
request.

7 N
>

Convent tional Disk 2 Arm Assemblies

| Sector
\ / requested
\ @ Arm 1 Action of
Rotation

3 Arm Assemblies 4 Arm Assemblies

(a) Disk drive floorplans (b) Minimizing rotational latenaging two actuators.
A conventional disk drive has only the arm labeled “Arm 1”.

Figure 5: Intra-disk parallelism along tb&dimension.

We evaluate the behavior of three disk drive designs, alltkvare instances db, A,,S1 H; and progressively
extend the conventional disk drive architecture to prowuidea-disk parallelism along thé-dimension:

e HC-SD-SA(n): This design extends the conventiol#C-SDarchitecture by incorporating — 1 additional
arm assemblies. HC-SD-SA(1)s the same ablC-SD. However, this design retains two key characteristics
of conventional disk drives in that, at any given point ofdin{i) only a single arm3A assembly can be in
motion, and (ii) only a single head can transfer data ovecliamnel. However, for any given I/O request, the
disk arm scheduler can choose between any of the idle arrmbise based on whichever would minimize
the positioning time of that disk request.

e HC-SD-MA(n): This design relaxes the first restriction HC-SD-SA(n)by allowing Multiple Arm (MA)
assemblies to be in motion simultaneously. However, asapthvious design, the single data channel design
is assumed to be capable of transferring data to/from aeshefd. This design allows overlapping the service
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time of one I/O request with the positioning phases of otbquests that are waiting for disk access.

e HC-SD-MC(n): Here, we relax the assumption about the data channel fronprivgousHC-SD-MA(N)
design and assume the existence of Multiple Channd(S) (where the data from heads on multiple arm
assemblies can be transferred simultaneously, therelwdprg even higher peak disk throughput.

In our experiments, we vary the number of arm assembtig$r¢m 1 to 4. The placement of the arm assemblies
within the disk drive for each of these four design pointsgiven in the floorplan diagrams in Figure 5(a).

7.2.1 Performance Behavior

HC-SD-SA(n): The CDFs of the response time of tHE-SD-SA(nyesign, along with those of the corresponding
MD systems, are given in first row of graphs in Figure 6. We compiae performance of thdC-SD-SA(nyesign
points for each workload to the correspondiMi system of that workload. In order to quantify the impact that
these designs have on rotational latency, we plot the Piiigdbensity Function (PDF) of the rotational latencies
of the 1/0 requests, given in the second row of graphs in Eigur
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Figure 6: Performance impact of thEC-SD-SA(ndesign.

When we look at the response time CDFs, we can see thati@&D-SA(n)design can provide substantial
performance benefits comparedH&-SD. The rotational latency benefits of this design stem fromfétue that,
since there are multiple arms that are located at differemitp within the disk drive, the closest idle arm can
be dispatched to service a given I/O request. In the case bE®¥ech and TPC-C, going from one to two arm
assemblies provides a large boost in response times. Thampance of these two workloads ¢1C-SD-SA(2)
nearly match that of theivID counterpart. TPC-H also gets a slight improvement in respdime, which allows it
to perform better thaiMD. With three sets of disk arms, the Financial workload overes a substantial portion of
the rotational latency bottleneck and gets a large perfoomdoost. Websearch and TPC-C outperfddid with
the use of three arm assemblies. As we can see from the PDisgi@ap/Nebsearch, TPC-C, and TPC-H, increasing
the number of arms from one to two substantially shortengatef distributions from a higher to a lower range
of rotational latencies. Going in for a third disk arm creagesimilar shift in the rotational latency distribution for
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Financial. However, increasing the number of arms beyorektprovides diminishing performance returns, which
can be seen from the closeness of @ SD-SA(3andHC-SD-SA(4xurves in both the CDF and PDF graphs.

The high-level performance characteristics of these waidt can be explained from the bottleneck analysis in
Section 7.1. When we look at the second row of graphs in Figuree can see that significant reduction in the
rotational latency of 1/O requests ¢iC-SDcan make its response times match or even exbledor Websearch,
TPC-C, and TPC-H. Indeed, in Figure 6, we can observe thati@«SD-SA(ndesign provides these performance
benefits for Websearch, TPC-C, and TPC-H. This result inelicthat an intra-disk parallel design as simplél@s
SD-SA(nxan effectively mitigate rotational latency bottleneckisthese workloads. In the case of TPC-H, as noted
previously, the load on thBIC-SDsystem is relatively light and therefore going in for inttizk parallelism does
not result in significant performance improvements.

When comparing the response time CDFs of Websearch and TiREigure 6 to the rotational latency graphs in
Figure 4, we can observe an interesting trend. When goimg #6C-SDto aHC-SD-SA(2xonfiguration, the CDF
curves for these two workloads shift up by a large amountcatohg a significant improvement in performance. On
the other hand, thelC-SDand(1/2)Rcurves for these two workloads in Figure 4 show a smalleroperince im-
provement. Intuitively it may appear that tHC-SD-SA(2)design, by virtue of having two arm assemblies, should,
on average, halve the rotational latency of the 1/0 requdstsvever, the behavior diC-SD-SA(2depends on a
variety of factors, such as, the stream of I/O block refeesn@and how the disk arms are assigned to service the
requests. These factors can cause the performanekCeé8D-SA(2)o diverge significantly from(1/2)R Indeed,
when we plot the PDF of the rotational latencies(fo?)RandHC-SD-SA(2)we find that the tail of the distribution
is at 11 ms and 7 ms respectively for the two configuration$\febsearch, and at 9.5 ms and 7 ms for TPC-C. (The
PDF graphs are not shown here due to space limitations).

HC-SD-MA(n) and HC-SD-MC(n): On evaluating these two intra-disk parallel designs, waddahat they provide
very little performance improvements ougC-SD-SA(n) We now explain why this happens. (We do not show the
graphs from this experiment due to space limitations).

Both HC-SD-MA(n)andHC-SD-MC(n)attempt to exploit parallelism across I/O requests at thke ldivel. The
former design attempts to overlap the seek time of one or negrgests (based on the number of available arms) with
the service time of another request, while the latter degags one step further and facilitates the multiple in-flight
I/O requests to transfer their data in parallel over the datmnel. Therefore, in order to exploit the parallelism
offered by these two disk drive designs, we need a sufficieimdow” of requests from which we can choose
requests to schedule to the multiple hardware resources.

In the HC-SDconfiguration, the rotational latency bottleneck resuittong disk response times relative to the
inter-arrival times. ThédC-SD-SA(ndesign mitigates the rotational latency bottleneck eiffett for most of the
workloads, thereby lowering the response time. Howewvecesihe arrival rate of I/O requests does not change across
the designs, fewer requests get queued at the disk waitibg serviced. This behavior has the effect of shrinking
the scheduling window, thereby diminishing the effectess of theHC-SD-MA(n)andHC-SD-MC(n)designs over
HC-SD-SA(n) For example, for the two-arm configuration, we find that thier-arrival times of I/O requests for
the Websearch and TPC-C workloads are within 50 ms for 99%efdquests. On the other hand, 75% and 92%
of the 1/0 requests in Websearch and TPC-C have responsg biehev 40 ms for the HC-SD-SA(2) configuration.
For those configurations where the response time is grdwerthe inter-arrival time (e.g., Financial, where 73% of
the requests have an inter-arrival time less than 10 ms,askamly 26% of the requests have response times lower
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than 10 ms foHC-SD-SA(2), we find that the providing additional arm assemblies tacedhe rotational latency
has the first order impact on performance, rather than mgsderk time or providing parallel data transfers using
fewer sets of arms.

We note that one possible reason tH&-SD-MA(n)andHC-SD-MC(n)appear less effective can be attributed
to the use of trace-driven simulation. In a real system, ow@ments in disk performance would translate to better
system responsiveness at the higher level, which can ser@ arrival rate of I/O requests. This increase would
enlarge the window of requests fAIC-SD-MA(n)andHC-SD-MC(n) Since we do not modulate the arrival rate of
I/0O requests in this study, it is possible that the benefithede two intra-disk parallelism designs are being masked.
We focus solely on thelC-SD-SA(nHlesignin the remainder of this paper, but plan to re-vigisdtwo other designs
in our future work

7.2.2 Power Behavior and Optimization

Although HC-SD-SA(ndrives use multiple actuators, since only one VCM is activargy given time, theeak
power consumption of these drives will be comparable to conveatialisk drives. Peak power consumption is
important for the disk drive designer, who has to design thedo operate within a certain power/thermal envelope
for reliability purposes [15]. However, it would be desil@bfrom an operating cost perspective, for theerage
power of intra-disk parallel disks be comparable to conventiaales as well. The average power consumption
of the HC-SD-SA(ndesigns and that diC-SDare given in Figure 7. Each graph shows the power consumption
broken down into the four operating modes of the disk. Thele$t bar in each graph shows the power consumption
of the HC-SD configuration. We omit the intermedial¢C-SD-SA(3)design point from the graphs for space and
clarity purposes.
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Figure 7: Average power consumption of the disk drive coméijans. Each bar corresponds to a particular disk
drive configuration and the x-axis labels are in the formattC-SD-SA(n) configuratior/<RPM Value-.

First, let us look at the 3 leftmost bars in each graph, whigbggthe average power consumption for the 7200
RPM disk drive configurations. We can see that the power goaduby the intra-disk parallel configurations are
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comparable t¢1C-SDfor TPC-C and TPC-H. The power consumption is about 2 Watjisdrifor theHC-SD-SA(2)
configuration for Financial, but 6 Watts higher for the 4-atesign. For Websearch, the power consumed by the
intra-disk parallel designs are significantly higher th@-SD. Although the peak power consumption oH&-
SD-SA(ndrive will be close to that of a conventional disk drive, thver@ge power can vary significantly based on
the disk seeking characteristics of the workload. Indedtenwve look at the distribution of the seek times of the
I/0 requests in Websearch, we find that the percentage oéstgjthat have a non-zero seek time for H@& SD,
HC-SD-SA(2)andHC-SD-SA(4xonfigurations are 55%, 83%, and 90% respectively. The ased seek activity
leads to more power being consumed by the arm assembly. rEmid is clearly visible in the Websearch graph,
where the power consumed during the seeking phases of theamishigher for the intra-disk parallel designs. A
similar trend is seen for the Financial workload as welhaltgh the increase in seek power is less pronounced than
in Websearch. However, as we saw eatrlier, the use of mubliptes and the SPTF scheduling algorithm leads to
a significant decrease in the rotational latency, whichlteéu a large performance boost for Websearch, allowing
the intra-disk parallel design to surpass the performamdd®, while consuming roughly aarder of magnitude
less powethanMD. On the other hand, the sharp reduction in the rotationahtags provided by thelC-SD-SA(n)
designs for TPC-C leads to a large reduction in the poweruwapson. Among the four workloads, the absolute
power consumption of the disks in TPC-C is the lowest anddsecto the idle power of the disk drive. The reason
for this is because the bulk of the power consumed byHBeSDdisk in TPC-C is due to rotational latency, during
which time the arms are stationary and therefore the VCM do¢sonsume any power. The intra-disk parallel
drives reduce the rotational latencies (as shown in Fighir@n@ therefore the power consumed in the rotational
latency phase decreases. In TPC-H, both the seek and natiaiidency components are optimized when going in
for intra-disk parallelism and therefore the overall powensumption of the drives are reduced by going in for the
HC-SD-SA(nylesigns. However, the absolute reduction in power is snmalésT PC-H is not as heavily bottlenecked
as the other three workloads and therefore its sensitigitgtta-disk parallelism is lower.

Reducing Average Power Consumption Through Lower RPM Desig: Since RPM has nearly a cubic impact
on the power consumption of a disk drive [24], one way to redine power consumption of an intra-disk parallel
drive is to design it for a lower RPM. Lowering the RPM, on theey hand, would tend to increase the rotational
latency. However, the extent to which 1/O response time jsaiated by the reduction in RPM can be offset by the
use of multiple actuators. In order to determine how thestfa interact, we analyze the power and performance of
three lower RPM design points fétC-SD-SA(n) 6200 RPM, 5200 RPM, and 4200 RPM respectively. The power
consumption for these lower RPM design points are showngurgi 7, and the response time CDFs are given in
Figure 8. We plot the CDFs for only those workloads and depignts where we can break-even with or achieve
better performance thaviD.

As we we can see from Figures 7 and 8, there are several desiigfs prhere, for the three workloads, we can:
(i) match or surpasshe performance of the multi-disk system, (ii) consumeater of magnituddess power than
MD, and (iii) consume power that is close toless thanthat of a single conventional disk drive (for TPC-C and
TPC-H).

7.3 Using Intra-Disk Parallel Drives to Build RAID Arrays fo r High Performance

For workloads that are very I/O intensive, a single intrskdparallel drive might not be sufficient to meet perfor-
mance goals. This naturally raises the question whetheslomald go in for a RAID array made up of conventional
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Figure 8: Performance of reduced RRHWC-SD-SA(ndesigns whose response times match or exé4Bd Each
legend entry is in the formak:HC-SD-SA(n) configuration/<RPM Value-.

disk drives or an array that is composed of intra-disk peratives. We now explore this issue and compare the
performance and power characteristics of these two typBAUD arrays. We consider conventional and intra-disk
parallel drives that use the same underlying recordingnigidgy and have the same architectural characteristics, in
terms of platter sizes, number of platters, RPM, and dishkeaapacity.

Since we wish to study the tradeoffs between the two typesoohge systems for a range of I/O intensities,
we use synthetic workloads for this experiment. We use tmhsyic workload generator in Disksim to create
workloads that are composed of one million I/O requests. dfothe synthetic workloads, 60% of the requests
are reads and 20% of all requests are sequential. Theseqiararare based on the application I/O characteristics
described in [36]. We vary the inter-arrival time of the I/@quests to the storage system using an exponential
distribution. An exponential distribution models a purehndom Poisson process and depicts a scenario where
there is a steady stream of requests arriving at the stoyatens. We vary the mean of the distribution and consider
three different inter-arrival time values: 8 ms, 4 ms, and 4, mhich represent light, moderate, and heavy I/O
loads respectively. We evaluate the performance and pawer fange of disk counts in the storage system, from
a single-drive configuration to a 16-disk system using bottventional disk drives (thelC-SD configuration) and
intra-disk parallel drives (theIC-SC-SA(2andHC-SD-SA(4xonfigurations). The results from this experiment are
given in Figure 9. The first three graphs give the performartaeacteristics under each inter-arrival time scenario
for disk arrays that are composed€-SD, HC-SD-SA(2and HC-SD-SA(4drives. We express performance in
terms of the 90th percentile of the response time in the CDE&s (naximum response times incurred by 90% of
the requests in the workload). The power graph shows thevirage power consumption of thC-SD-based disk
array when it reaches its steady-state performance andfttte@HC-SD-SA(2andHC-SD-SA(4arrays when their
performance breaks even with the steady-state perfornaritbe HC-SDarray.
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Figure 9: Performance and power characteristics of RAIBy&rusing intra-disk parallel drives

The graphs in Figure 9 show a clear performance advantagetfardisk parallelism. For the relatively light 8
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ms inter-arrival time workload, the performanceH€-SD-SA(2andHC-SD-SA(4yeach their steady-state values
with just two disks in the array, wherea$#C-SDdrives are required to get performance that is comparalleta-
disk HC-SD-SA(2prray. We can see that a single 4-actuator drive is able tklbreen with the performance of the
4-disk HC-SDand 2-diskHC-SD-SA(2grrays respectively. From the power perspective, the afrapnventional
disks consumes 61.4 Watts, whereasHiiz SD-SA(2andHC-SD-SA(4arrays consume 37.1 Watts and 26.2 Watts
of power respectively. Under moderate and heavy I/O loadsg4nd 1 ms inter-arrival times respectively), we can
see that the intra-disk parallel drives are able to mitigiael/O bottlenecks with fewer disks than arrays composed
of conventional disk drives. For the 1 ms inter-arrival timerkload, we find that the ratio of the number of intra-
disk parallel drives to conventional drives needed to bmadn in performance is the same as under lighter loads.
However, since we need 16 conventional disks to break-evdmtiae performance of an 8-dighC-SD-SA(2and
4-diskHC-SD-SA(4array respectively, the average power consumption of tina-aisk parallel drive based arrays
are lower. We find that thélC-SD-SA(2)and HC-SD-SA(4)arrays consume 41% and 60% less power than the
HC-SD-based array respectively.

These results indicate that using intra-disk paralleledrils more attractive, performance and power-wise, than
using conventional disks to build RAID arrays for I/O intesesworkloads.

8 Issues in Implementing Intra-Disk Parallel Drives

Our discussions so far have focused on the performance avet pspects of intra-disk parallelism. We now discuss
three key engineering issues that need to be addressed witdindintra-disk parallel drives.

e Vibration Tolerance: One problem that can arise with with having multiple acttgtwithin a single disk
drive enclosure is vibration. When more than one set of amasramotion, the physical movement of
one arm assembly can induce off-track errors in the othees@&lvibration induced off-track errors, if left
unchecked, can lead to the inability to reliably performkdiseks or data transfers between the platters and
the head, thereby negating the benefits of intra-disk mdisath. Although vibration problems are expected to
be less severe falC-SD-SA(nHrives, since only one actuator is active at any given titris,still important
to address this issue for intra-disk parallelism in general

Modern server drives are already built to handle signifieandunts of vibration, since these disks are usually
housed with several other drives within a single rack or metb[1, 37]. At runtime, a single disk drive
can experience a large amount of external vibration indumethe other drives that are operating in close
proximity. To operate reliably and efficiently under suckawe vibration conditions, the servo processing
system of server drives are designed to use data from dbrainsors embedded within the drive to adjust
to varying degrees of vibration [1, 13]. Although the souoddhe vibrations are different in an intra-disk
parallel drive (internal arm assembly vs. external diskeajithe vibration compensation technologies that
exist in modern server drives can be leveraged for intrlajolesallel drives.

e Air Turbulence: Another reason for vibration related problems inside araidisk parallel disk drive is air
turbulence due to the presence of multiple arm assembliese, khere are two turbulence-related issues that
need to be tackled: (i) vibration of the platters, and (ihration of the heads. Studies on the air flow pattern
within disk drives [28, 10] show that there is turbulence iregion surrounding the head, but the gap flow
reverts to laminar beyond that region. By placing the arrerasdies diagonally from each other (as shown in
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Figure 1), the vibration of the platter due to the second aiifrbe at most additive (i.e., the effects of the two
heads will be independent of each other, and the total is at twice larger), and the heads on the respective
arm assemblies will not affect each other either. Theségplaibrations can be reduced to acceptable levels
via engineering methods [25], and the impact of the turlzderan be mitigated using the servo mechanisms
discussed earlier.

¢ Disk Drive Reliability: Intra-disk parallel drives make use of extra hardware carepts. If the failure of

any one component were to render the drive unusable, thevidha Time to Failure (MTTF) of an intra-disk
parallel drive would be worse than a conventional disk drilre order to mitigate this problem, intra-disk
parallel drives need to be designed to allgrceful degradatiorso that a failure (or an impending failure)
in a head or arm assembly can be handled by deconfiguring itimg feomponent. Almost all modern disk
drives are equipped with sensors, based on the Self-Margtémalysis and Reporting Technology (SMART)
[43], which can predict impending failures. A recent studyfailure data collected from a large number of
disks has shown that the data from SMART sensors correlgtdyhivith disk failures and motivate the need
to enhance the SMART architecture [35]. The firmware of theatdisk parallel drives need to be modified
to allow deconfiguration of hardware components based afdah these sensors at runtime.

9 Preliminary Cost-Benefit Analysis of Intra-Disk Parallel Drives

Our results thus far have highlighted how intra-disk patalfives, built using modern disk drive technology, offer
a fundamentally different set of tradeoffs, performancd power wise, than the multi-actuator (e.g., IBM 3380)
and conventional drives of the past. In Section 7.3 we sawetlsangle 4-actuator intra-disk parallel drive delivers
performance that is comparable to two 2-actuator drives@iaddisk array of four conventional drives. Since these
performance and power benefits are obtained by extendingentianal disk drive architectures with additional
hardware components, we are faced with an important questiould it be worth spending more money on a single
intra-disk parallel drive than on multiple conventionaliges?We now provide a preliminary estimate of the cost of
manufacturing intra-disk parallel drives, usirgnl cost dataobtained from several companies within the disk drive
industry. Our analysis reveals that intra-disk paralfelis promising from the cost viewpoint as well.

Building a disk drive involves material costs, for all thedh@are components, such as the heads, motors, and the
electronics, and also labor costs and other overheadsieStalbblout the disk drive industry have shown that the bulk
of the manufacturing costs of a disk go into the materials 1 and, therefore, we focus on quantifying these costs.
Many of the components that go into a disk drive are manufadtby different companies, each of whom specialize
in making a particular component, such as the head or a peartry, and supply their components to disk drive
companies on a volume basis. In order to estimate the cosicbf@ these components, we contacted several major
component manufacturers to obtain data about the price ighwvithey supply these components to disk drive com-
panies, on a volume basis, for their server hard drives.gNatfew of the large disk drive companies manufacture
several of these components in-house. However, given thevedy low market price differentiation between disk
drive products of the same class from different companiesassume that the component manufacturing costs are
comparable across the industry). A component-wise bremkadid costs of several key disk drive components are
given in Table 10(a). The companies from whom we obtainesidhta are listed in the figure captiorCayeats:

(i) The costs listed in Table 10(a) aestimategprovided to us by the companies through personal corregnmed
Sometimes we were provided a single value and sometimes w& giseen a price range. The exact price of a
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component would depend on the precise low-level specificatof the disk drive to be built and other purchasing

issues that are too early to finalize at the current stageiofdélsearch project. (ii) We identified the 9 components
listed in Table 10(a) as the key cost contributors based scudsions that we had with a disk drive company about
manufacturing cost issues. (iii) We assume that the mawoss for building a disk drive and the final cost of the

product are related and that a rise or fall in the manufawoguciosts will translate to similar effects on the price at
which the drive is marketed).

We give the per-component cost estimates provided to useéogninufacturers and calculate the material costs
for a conventional disk drive, a 2-actuator intra-disk flelarive and also a 4-actuator drive. To be consistent with
our previous discussions, we calculated the cost for afitatter drive. In Figure 10(b), we show the costs of the
three storage system configurations that deliver equit/aleiormance, based on the the results in Section 7.3. Each
of the bars in the Figure are based on the average of the lowighdosts of each disk drive configuration listed in
Table 10(a). The low-to-high cost range is depicted usingrdrars.

Component Component | Conventional | 2-Actuator | 4-actuator Iso-Performance Costs
Cost Disk Drive Disk Drive Disk Drive 350
Media 6-7 24-28 24-28 24-28 300 I
Spindle Motor 5-10 5-10 5-10 5-10 7 250
Voice-Coil Motor 12 12 2-4 48 3 200 1 .
Head Suspension 0.50-0.90 2-3.6 4-7.2 8-14.4 3 150 '
Head 3 24 48 96 E o
Pivot Bearing 3 3 6 12 50
Disk Controller 4-5 4-5 4-5 4-5 o
Motor DriVer 35_4 35_4 5_6 8_10 4 Conv[e;:lvlzgal Disk 2 ZVA(I:Dl:\ej;osr Disk 1 4-Actuator Disk Drive
Preamplifier 1.2 1.2 2.4 4.8 Configurations
Total Estimated Cost 67.7-80.8 100.4-116.6| 165.8-188.2

(b) Iso-performance cost comparison between conventional
and intra-disk parallel drives. The error-bars give the cos
range based on the values in the table on the left.

(a) Estimated component and disk drive costs (in US Dollars)

Figure 10: Preliminary cost-benefit analysis of intra-diskallel drives. Personal communication from: US Fuji
Electric Inc., Nidec Corporation, H2W Technologies Incytehinson Technology Inc., Hitachi Metals America
Ltd., NMB Technologies Corporation, STMicroelectronid$e cost data was collected in November 2007.

As Table 10(a) indicates, the bulk of the cost increase fddimg intra-disk parallel drives is expected to be
in the heads. Other components, such as, the VCMs and thé&ir eiivers, head suspensions, pivot bearings, and
head preamplifiers are expected to constitute only a smellgbahe overall cost of an intra-disk parallel drive.
However, the overarching question is whether this increéasst (and its corresponding higher selling price) would
be worth the investment for the eventual customer of theymdAs Figure 10(b) indicates, the use oHE-SD-
SA(n)intra-disk parallel drives delivers equivalent perforoas 4 conventional disk drives, bua®b lower cost
One 4-actuator drive delivers the same performance, b#@%t lower costhan the 4-disk array of conventional
drives. These results are encouraging and motivate us torexptra-disk parallelism further.

10 Conclusions

Server storage systems consume a large amount of powee $y&ems are built using a large number of disk drives
to meet the I/O performance demands of server workloadsidmpaper, we show that we can build server storage
systems using far fewer disks, thereby providing huge p@aeings, but provide intra-disk parallelism to maintain
high performance. We present a taxonomy for the intra-desklfelism design space, discuss implementation issues,
and provide a preliminary cost-benefit analysis of buildamgl deploying intra-disk parallel drives using real cost
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data obtained from the disk drive industry. Given the penfamce, power, and cost benefits of intra-disk parallelism,
which is a complete trend-reversal from the multi-actuatires of decades past, we strongly believe that intra-disk
parallelism holds great promise for building high-perfamme, low power server storage systems.
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