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Abstract

Power is a big problem in data centers and a significant &nacif this power is consumed by the
storage system. Server storage systems use a large nundisk®to achieve high performance,
which increases their power consumption. In this thesisexmore an architecture that can sig-
nificantly reduce the power consumed by the storage systannira-disk parallelism, wherein
disk drives can exploit parallelism in the 1/0O request stredntra-disk parallelism can facilitate
replacing a large disk array with a smaller one, using thamum number of disk drives needed
to satisfy the capacity requirements. We present an hislaretrospective of intra-disk parallelism
and show how technology has changed over time creating nevart for efficient designs. We
also show that the design space of intra-disk parallelisiarge and present a taxonomy to formu-
late specific implementations within this space. Using axfebmmercial workloads, we conduct
a bottleneck analysis to identify the key performance bo#tks that arise when a storage array
that is tuned to provide high performance is replaced witingle high-capacity disk drive. These
are the bottlenecks that intra-disk parallelism would neealleviate.

We then explore a particular intra-disk parallelism apphpavhere a disk is equipped with
multiple arm assemblies that can be independently coattoind evaluate three disk drive designs
that embody this form of parallelism. We show that it is pbkesito match, and even surpass, the
performance of a storage array for these workloads by usimpe disk drive of sufficient capacity
that exploits intra-disk parallelism, while significantlyducing the power consumed by the storage
system compared to the multi-disk configuration. We theruate the performance and power
consumption of disk arrays composed of intra-disk pardligles and compare it with conventional

multi-disk configurations. Intra-disk parallelism redadbe power consumed at the disk drives by



about 40-60% for the real server workloads that were usdusritiesis.
From the engineering standpoint, we discuss the issuetva@t/an implementing intra-disk
parallelism, and finally provide a preliminary cost-benafitlysis of building and deploying intra-

disk parallel drives, using cost data obtained from sevayaipanies in the disk drive industry.
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Chapter 1

Introduction

Storage is a large power consumer in data centers. Servagstsystems provide the data stor-
age and access requirements of a variety of applicationh, @8 On-Line Transaction Processing
(OLTP), On-Line Analytical Processing (OLAP), and Intersearch engines. Given the 1/O in-
tensive nature of these workloads and the fact that theresarally several users who access the
system concurrently, server storage systems need to beleagalelivering very high 1/0 through-
put. This performance goal is achieved by using a large nuwftiisks and distributing the dataset
of the application over the multiple drives, typically ugiRAID [34]. However, the result of using
multiple disk drives is that server storage systems consaufagge amount of power [14,6,55]. A
recent study [46] shows that the power consumption of thegtosystem contributes to about 37%
of the total power consumption in a datacenter. The study @scludes that the cost of power-
ing an array over a three- to five-year life span will exceasldbst of buying it and hence power
consumption becomes an important design constraint evéde désigning a datacenter. Another
study also points out that disk drive power consumption tiries over 13% of the Total Cost of
Ownership of a data center [55].

The main motivation for using multiple disks for these apgiions is to increase I/0O through-
put, and not capacity, as most vendors recommend usingateutiisk drives for purely performance
reasons [44, 23, 4, 11]. Moreover, another common praatidedst performance is to use only a
fraction of the space within a drive in order to leverage tighér data rates experienced at the outer

tracks of a platter [2]. On the other hand, the per-disk ciphas been growing rapidly over the
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years, and disks with over a Terabyte of capacity are alreadifable in the market, e.g., Hitachi
Deskstar 7K1000 [20]. However, the performance of a singdk drive has been improving at a
much lower rate, partly due to certain limitations in magne¢cording technology [7] and also
due to thermal constraints on scaling rotational speeds flba result, server storage systems end
up using a large number of disk drives to get high performamdéhough industry predicts that
capacity will continue to grow briskly, with 1 Terabit/ine$ of areal density expected by the year
2013, which will allow several Terabytes of data to be staneshe disk drive, future drives are not
expected to have faster rotational speeds nor significémilgr seek times [26]. Therefore, future
server storage systems would still need to employ multigk drives to meet performance goals
and the storage system will continue to be a large power coasu

In this thesis, we ask the following questiols it possible to design a storage system where
we use the minimal set of disks, purely for satisfying cdpaeiquirements, and still achieve the
performance of a system designed for high performarieRaving fewer disks, we can reduce the
total power of the storage system. However, using fewersdisk create 1/0 bottlenecks and lead
to performance degradation. In order to bridge this perforoe gap, but still maintain low power
consumption, we propose the useimfa-disk parallelism i.e., disk drives that can exploit paral-
lelism in the I/O request stream. Unlike traditional apptues to disk power management, where
power management “knobs” are added to conventional diskslfg, we explore how extending
the design of a disk drive to exploit parallelism can enabke dtorage system to be mqrewer

efficient Towards this end, this thesis makes the following contitins:

e We first provide a historical retrospective on intra-diskgtlalism. We discuss about the
multi-actuator drives that were used in mainframes backérl©70s and 80s, why they were

discontinued, and show why our intra-disk parallelism idedifferent.

e We present a taxonomy for intra-disk parallelism, idetmidythe locations within a disk drive

where parallelism can be incorporated, and discuss vadesign options within this space.

e We conduct a detailed limit study using a set of commercialeseworkloads to identify

the key performance bottlenecks that intra-disk paratelvould need to alleviate, when we



Chapter 1. Introduction 3

replace a storage array that is tuned to provide high pednom with a single high-capacity
disk drive. We find that rotational latency is the primarytlesteck that intra-disk parallelism

needs to optimize.

e We present an intra-disk parallel design, which involvesubke of multiple disk arm assem-
blies, and evaluate three implementations of this designshMéw that even the simplest intra-
disk parallel design can facilitate breaking-even withewen surpassing the performance of

a storage array, while consuming significantly less powan the multi-disk configuration.

e We explore how the average power consumption of intra-deglalfel drives can be made
comparable to that of conventional hard disk drives by desg@them to operate at a lower
RPM. In some cases, we find that the parallel disk drive cavigeechigher performance than
its corresponding multi-disk system, while consuming loywewer than the single, conven-

tional, higher RPM disk drive.

e We compare the performance and power characteristics oDR#days built using intra-
disk parallel drives to those composed of only conventiatisk drives that use the same
recording technology and share the same architecturahctasistics. We show that arrays
built using intra-disk parallel drives provide the same agrebetter performance than those
using conventional drives, while consuming 41%-60% lowawer across a range of I/O

intensities.

e We discuss the engineering issues that need to be addre$sadbuilding an intra-disk

parallel drive and point to existing solutions to addregséhissues.

e We perform a preliminary cost-benefit analysis of buildimgl @eploying intra-disk parallel
drives, using real data obtained from several companidseimlisk drive industry. We show

that intra-disk parallelism holds promise from the costwgeint as well.

The outline for the rest of the thesis is as follows. The nedtien presents an overview
of disk drives and introduces the intra-disk parallelismaadfollowed by a discussion on related

work. Chapter 2 gives a historical retrospective on iniskgarallel drives. In Chapter 3 we
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provide a taxonomy for intra-disk parallelism. Chapter glexes the intra-disk parallelism design
of adding multiple actuators, evaluating the performanue @ower characteristics of the design.
The chapter also provides the details about the workloadsealuation infrastructure and a limit
study conducted to identify primary bottlenecks in serverkioads. The engineering issues are

discussed in Chapter 5 along with a preliminary cost amaly@hapter 6 concludes this thesis.

1.1 Basics of Disk Drives and Intra-Disk Parallelism

= Spindle [D]
Sector —
Head [H]

ﬂ/> Arm

/ Assembly
1 [Al

Track

Cylinder ——

Surfaces — >

S~

Arm

Figure 1.1: Hard Disk Drive Architecture. The various lacats where parallelism can be incorpo-
rated are indicated within square-brackets.

A hard disk drive is composed of one or more platters thattaeked on top of each other and
are held in place by a central spindle. Both surfaces of elattepare coated by a layer of magnetic
material, which forms the recording medium. The data on tkdianare organized into sectors and
tracks. The platter stack is rotated at a high speed at arc&tations Per Minute (RPM) by a
spindle motor(SPM. Data is read from or written to the magnetic medium via heate heads,
which are mounted on sliders and float over the surface of ldigeps in a very thin cushion of
air. The sliders are held in place by disk arms, which are ectaal to a central assembly. All the
arms in the assembly are moved in unison by a siaglee-coil motoVCM). (The arm assembly

is sometimes referred to as the “actuator”. We shall usedhmed “arm assembly” and “actuator”
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interchangeably in this thesis). In addition to these eteatechanical components, disks also have
several electronic components, such as, the disk contraliga channel, motor drivers, and an
on-board cache.

At runtime, there are two structurally independent setdaxfteo-mechanical activities that oc-
cur within a disk drive: (i) the radial movement of the headoas the surface of the disk (driven
by the VCM), and (ii) the rotation of the platters under thedhédriven by the SPM). These two
sets of moving subsystems affect two different componehtheototal disk access time: (§eek
time- the time required to move the head to the desired track, ignetational latency- the time
taken for the appropriate sector to rotate under the heaatidition to these two latencies, the disk
access time also includes the actual time required to gatisé data between the platters and the
drive electronics. In workloads that exhibit random 1/O gedform relatively small data transfers,
as is the case for many server workloads [22], the latenoighé mechanical positioning activities

dominate the disk access time.

Rationale Behind Intra-Disk Parallelism:
In a conventional disk drive, only a single I/O request casédryiced at a time. For any given disk
request that requires accessing the platters (i.e., céenstrviced from the disk cache), the access
time of the request iserializedthrough the seek, rotational latency, and data transfesgshal hat
is, although the arm and spindle assemblies are physicalgpiendent electro-mechanical systems,
they are used in a tightly coupled manner due to the way tlstaticesses are performed. Further-
more, all the resources within each electro-mechanicaésysf the drive are “locked up” for each
I/O request. For example, all the individual arms within #nen assembly move in unison on a disk
seek for an I/0O request, although only one of the heads ontiaydar arm will actually service the
request.

We propose to extend this conventional disk drive desigrrawige intra-disk parallelismby:
(i) decoupling how the two electro-mechanical systems aegl to service 1/O requests, so that we
can overlap seek time and rotational latency, either forleequest or across multiple requests,

and (ii) decoupling the multiplicity of componenigthin each of the electro-mechanical systems,
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e.g., the heads on an arm assembly. In order to achievegimmallusing either approach, we need

additional hardware support.

1.2 Intra-Disk Parallelism - Related Work

1.2.1 Disk Power Management

In order to boost I/O performance, server storage systema a®mbination of faster disks to re-
duce latency and a large number of disks to improve bandwidtwever, this approach leads to
significant increases in data center power and cooling ¢a%lsand has motivated research into
power management of server storage. To manage power irttighghput server storage systems,
the use of multi-RPM disk drives has been proposed [6, 14]saicti disks are now commercially
available [50,21]. Researchers have also explored how-RBIM disks can be used in conjunction
with data clustering techniques [35] and storage cache gegment strategies [56]. A number of
other techniques have been proposed for building energyesffiserver storage systems, such as,
MAID [8], which uses cache disks for concentrated accessdpeaific set of disks while keep-
ing others in the spun down state; EERAID [29], eRAID [30]MAC [52] and diverted accesses
techniques [36] which use data migration techniques anghaahcy information to obtain energy

efficiency in large scale storage systems.

1.2.2 Solid-State Disks

Another interesting approach to building low power storsggems is to use solid-state disks. Flash
memory is already used in a variety of consumer electrorodyets and has become popular for
mobile storage. Another possibility is to use MEMS basedag® [5], which holds great promise
for providing faster response times and significantly lopewer consumption than conventional
disk drives. However, from an economic perspective, thé gesmegabyte for flash and MEMS
remain orders of magnitude higher than hard disk drives. [#2Fording to a recent study by the

IDC [40], hard disk drives will remain the dominant storagehnology for at least another decade,
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and therefore it is important to develop extensions to cotweal disk drive architectures to meet
performance goals and reduce power. However, we believghbee are opportunities for using
solid-state disks in conjunction with techniques that weedss in this thesis, and we plan to inves-

tigate these possibilities in future work.

1.2.3 Freeblock Scheduling

Finally, an alternative approach to overlapping multipl® requests inside a conventional disk
drive is to use freeblock scheduling [32]. In freeblock shifdang, the rotational latency periods of
foreground I/O requests are used to service 1/0 requesobipound tasks. Intra-disk parallelism
can provide the same functionality as freeblock schedudingtilizing independent hardware com-
ponents for servicing foreground and background I/O retguddowever, freeblock scheduling in
a conventional drive is restricted by the fact that the I/©eases for the background process(es)
need to be serviced within a tight deadline i.e., before thational latency period of a foreground
request completes. This places restrictions on the typas&ttfor which freeblock scheduling can

be applied, and number of I/O requests that can be servidedeltbe deadline.



Chapter 2

Intra-Disk Parallelism - Historical Retrospective and

Motivation

Multi-actuator disk drives used to exist in the market in #§0s and 80s, and papers were pub-
lished that explored the use of such disks in mainframes. & a@um assembly design, where one
arm was capable of motion while the other remained statjowass implemented in the IBM 3340
disk drive, which was used in the IBM System/370 mainfran&].[A later work [45] explored the
possibility of having multiple arms that are capable of nmgvindependently, and the IBM 3380,
which was a 4-actuator drive released in 1980 for the IBM &p$B70, embodied this feature.
Spencer Ng's study [33], based on the IBM 3380 drive archite¢ motivated the use of multi-
actuator disks to reduce rotational latencies. Despittnedle products and research, multi-actuator
drives do not exist in the market anymore. Instead of usirmglieh disk drives, we build RAID
arrays using multiple single-actuator disk drives.

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

Table 2.1 gives the characteristics of five disk drives alsegeral axes. The first four disk
drives are actual products that have appeared in the mamklethe fifth is a hypothetical intra-
disk parallel drive. The disks listed in the first three cohgof the table and their characteristics

are from the 1988 SIGMOD paper by Patterson, Gibson, and Hatzintroduced RAID [34].
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Disk Drive Disks From SIGMOD’88 RAID Paper [34] Modern Disk Drive Technology
Characteristics IBM 3380 Fujitsu Conners Seagate Projection for
AK4 M2361A CP3100 Barracuda ES 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 2.5 1 72 Section 4
Price/MB (including controller) || $18-$10 | $20-$17 $10-$7 $0.00042-$0.00034 Section 5.2

Table 2.1: Comparison of disk drive technologies over tifiee Seagate Barracuda ES disk drive
is a state-of-the-art SATA disk drive. The rightmost colupmasents the projected characteristics of
a 4-actuator intra-disk parallel drive that extends the&arda design. The performance and costs
aspects are explored in this thesis.

The IBM 3380 AK4 (described earlier), the Fujitsu M2361Adahe Conners CP3100 are main-
frame, minicomputer, and personal computer drives resgdetand were state-of-the-art products
of their time. The areal density information about disk ds\during this time period was obtained
from [48]. The fourth disk drive - the Seagate Barracuda ES a state-of-the-art SATA disk

drive that is representative of disk drives available inrtterket today. The technical specifications
of this disk drive (including the areal density informafjomere obtained from the manufacturer
datasheets [43]. The price per Megabyte was calculatedilmasdata that we obtained about the
Barracuda from retail websites, suchkag. comandpri cegrabber. com The specifications in

the last column of this table are for a hypothetical intrskdparallel drive that extends the Bar-
racuda architecture to include four independent actualdre power consumption for this drive is
calculated assuming that all four VCMs are active and allaima assemblies are moving, which
represents the peak power consumption scenario for thigrdéBhe power consumption is calcu-
lated using detailed disk power models equivalent to thosngn [54]. As a simple validation test,

we calculated the difference between the seek and idle pfmwéhis drive (thereby factoring out

the SPM power), which we obtained from the manufacturerstieget [43], and compared it to the
VCM power obtained from the power models. We found the VCM eowalues calculated using

these two methods to be very clos&QTE: This power number for the intra-disk parallel drive
is an approximation and is merely meant to facilitate thdfi@yel discussion in this section. We

perform more detailed power modeling and analysis of idisk-parallel drives later in this thesis).



Chapter 2. Intra-Disk Parallelism - Historical Retrospertand Motivation 10

Let us first look at the three disk drives that are discussdddrRAID paper [34]. The IBM
3380 used 14-inch platters. Since the platter size has gpfoftver impact on the power consump-
tion of a disk drive [24], the spindle assembly of this driemsumed a very large amount of power.
Moreover, larger platters require more powerful VCMs, amid tisk had 4 actuators. As a result,
the IBM 3380 consumed a massive 6,600 Watts of power. EveRufiesu M2361A drive, which
had only one actuator, but a large 10.5-inch platter conduda® Watts of power. On the other
hand, the Conner CP3100 had a much smaller platter sizen@hBs) and therefore consumed only
10 Watts. Although the high-end drives provided higher céapdhan a single personal computer
drive, their price per Megabyte was in the $10-$20 range,paoed to $7-$10 for the CP3100.
Therefore, the high-end drives were much more expensivetti@asmaller drive, their power con-
sumption was one to two orders of magnitude higher, and geavonly moderately faster transfer
rates than the CP3100. Therefore, as the RAID paper pointedusing multiple CP3100 drives
allowed one to surpass the performance of the IBM 3380 wlifeseming an order of magnitude
less power than the mainframe drive. RAID was a clear winmelr the high-end multi-actuator
drives soon disappeared from the market.

When we fast-forward to the modern era, the first thing thablserve is that the areal density
has improved oveiour orders of magnituddargely due to Giant Magneto-Resistive head technol-
ogy. This technological breakthrough has lead to a huge idrthee price per Megabyte of storage.
Although higher densities have boosted disk transfer r@desell, by close to two orders of mag-
nitude, disk performance is still limited by delays in theato-mechanical system. Compared to
performance improvements in microprocessors over the sameeperiod, disk drives have woe-
fully lagged behind and the speed gap between processodiskschas widened significantly. This
speed gap has been one of the main reasons why RAID-basadestsystems are used in servers
that run 1/O 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 areoappately the same. However, the
CP3100 was a 3575 RPM drive [9] whereas the Barracuda opaat#®00 RPM. Since the power

consumption of a disk drive is proportional to the fifth-poveé the platter size, is cubic with the
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RPM, and is linear with the number of platters [24, 15], thev@oconsumption of the CP3100 and
the Barracuda are close, but the CP3100 consumes sligbsiptaver than the Barracuda. However,
when compared to the IBM 3380, the Seagate Barracuda psaigieorders of magnitude higher
capacity consumegwo orders of magnitude less powandcosts three orders of magnitude less
than the old mainframe drive.

Now consider the hypothetical 4-actuator intra-disk pgakalrive given in the last column of
the table, which extends the Barracuda’s architectureceStinis parallel drive has 4 actuators, all
of which could be in motion simultaneously, its worst-casa@r consumption will be higher than
the Barracuda. Using the power models described previowsyfind the power consumption of
the intra-disk parallel drive to be 34 Watts. Although 34 /as still significant and it is desir-
able to reduce the power consumption, the key insight hdietssince this 4-actuator drive is an
extension of anoderndisk drive, which uses relatively small platter sizes, arsts., its power
consumption is much lower than the large IBM 3380 disk drivee orders of magnitude lower
- and the power consumption is within 3X that of the converdiadrive. Given this reversal in
the power consumption trends from the past, and with all theraadvancements in the disk drive
design and manufacturing processes and the importance atdhage power problem in servers
and data centers [6, 14, 55], there is a strong incentive-exaenine whether parallel disk drive

architectures are beneficial in building high-performamgeergy-efficient storage systems.



Chapter 3

The DASH Parallel Disk Taxonomy

Multi-actuator drives are a single design point within thaee of intra-disk parallelism. Since
the design space of intra-disk parallelism is large, it isiddle to have a taxonomy for systemat-
ically formulating specific designs within this space. Weéddeveloped one such taxonomy. In
this taxonomy, a specific disk configuration is expressedatihically as a 4-tupleDgASnHn,
where,k, |, m, andn indicate the degree of parallelism in four of the possibkr&b-mechanical
components in which parallelism can be incorporated,istpftom the most coarse-grained to the
most fine-grained component - tbesk stack,Arm assemblySurface, andHead. For example, a
conventional disk has the configuratibnA; S H1, which indicates that there is a single disk stack
that is accessed by one set of arms, and data is accessedface atia time using a single head per
surface. This design provides a single data transfer patielea the disk drive and the rest of the
system. Figure 3.1(a) shows the physical design@f& S H1 configuration, which is a 2-actuator
drive that can provide a maximum of two data transfer pattsoto the drive. Figure 3.1(b) shows
aD1A,SH, configuration, which consists of two arm assemblies and tmithheads on each arm
that can access a single surface, thereby providing a maxiafdour possible data transfer paths

to/from the disk drive. We now discuss each of these paigtfetimensions in more detail.

e Level 1: Disk Stacks [D]

We can have multiple disk stacks, each with its own spindleickvis precisely the form

of parallelism that RAID provides. However, this form of pbelism can be incorporated

12
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Arm Assemblies Assemblies
per Disk [A=2] per Disk [A=2]
(a) AD1AS H1 disk drive. (b) AD1A>SH> disk drive.

Figure 3.1: Example design points within tB&SHintra-disk parallelism taxonomy.

even within a single disk drive, by shrinking the platteresi&Since the power dissipated by
the spindle assembly is strongly influenced by the platr G@pproximately 48 power of

the platter size [24]), shrinking the platters can fadiéitincorporating multiple disk stacks
within the power envelope of a single disk drive. In fact,réhbas been previous work that
explores the possibility of replacing a laptop disk drivehaa small RAID array composed

of smaller diameter disks [53].

e Level 2: Arm Assemblies [A]

The number of actuators could be varied for each disk to geoyarallelism. Providing
parallelism along this dimension can be used to minimizé& siege and rotational latency.
The variables in this dimension are: the number of arm askesrdnd the placement of these

assemblies within the drive.

e Level 3: Surfaces [S]

The two surfaces on each platter could be independentlysaede Parallelism across surfaces
can be implemented by having heads on multiple arms withimglesassembly accessing
data on various surfaces, or by having heads on arms mountdifferent assemblies (this

design requires parallelism along thedimension as well). Given the high track-density
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on modern disks, achieving deterministic alignment of seaw multiple arms that are on
a single assembly is very challenging from the engineeriegggective. This makes the
first approach to surface-level parallelism difficult to ieypent, although having fewer arm

assemblies could provide power benefits.

e Level 4: Heads [H]

Conventional disk drives have only a single head per sudaasach arm, but this assumption
could be relaxed. There are two possibilities for such agmhediased on where we place the
heads on the arm: (a) on a radial line on the arm, from the dastaation, or (b) equidis-
tant from the axis of actuation (which is illustrated in FigB.1(b)). There are two design
variables in this level of this taxonomy: the distance bemveach 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 inmpémtations are possible. For
example, in a disk that has two arm assemblies (Ae=, 2), we may have one arm that is
capable of motion while the other is stationary, or both #y& capable of motion at the
same time. The actual choice depends on tradeoffs betwsegmdend manufacturing costs,
power/thermal constraints, and the expected benefits éogpiplications for which the prod-

uct is intended.

e The taxonomy deals only with parallelism in the electro-hegtcal subsystem of the disk
drive and not the electronic data channel. If a disk drivevigies multiple data transfer paths
(for example, a drive witlh = 2 might allow both arms to transfer data), then the data adlann
of the drive must have sufficient bandwidth to transport tdga to gain maximum perfor-
mance benefit. In general, we assume that the data chann@lgessufficient bandwidth to
transport the bits between the platters and the on-boaatr@thécs for all the disk configu-
rations that we consider. We plan to study data channelssisumore depth in our future

work.
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3.1 Intra-Disk Parallelism and RAID

Intra-disk parallelism iswot a replacement for RAID. RAID is used for boosting 1/O thropgh
and also for reliability. Although intra-disk parallelisaddresses the former issue, multiple parallel
disk drives may still be needed for certain 1/O intensive kimaids to achieve high performance.
We evaluate RAID arrays that are built using intra-disk pekdrives in Section 4.4. RAID would
also be needed from a reliability viewpoint, since the fa&laf an intra-disk parallel drive can have
adverse consequences, and the system designer would harewiion as many parallel drives as

necessary to meet her storage system reliability requimesne



Chapter 4

An Intra-Disk Parallelism Design

In this chapter, we evaluate an intra-disk parallelism glesn detail. Each dimension in the tax-
onomy offers particular advantages that can alleviate ffieets of certain performance bottlenecks
in a disk drive. In order to evaluate which bottleneck is prathant in real server workloads, we
first conduct a limit study. We then present the intra-distafhal design that is best suited to target
this bottleneck in a series of architectural enhancementsiiventional disk drives. We also pro-
vide the performance and power characteristics of thigdemnd compare it with a multiple array

storage system configuration.

4.1 Experimental Setup and Workloads

This section describes the experiment infrastructure hednietrics that we use to evaluate the

intra-disk parallel designs.

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 4.1: Workloads and the configuration of the originatage systems on which the traces
were collected.

Our experiments are carried out using the Disksim simulgt®}, which models the perfor-

mance of disks, caches, storage interconnects, and nihtiecyanizations in detail, and has been

16



Chapter 4. An Intra-Disk Parallelism Design 17

validated against several real disk drives. We augmentskisiph with power models for the spin-
dle and arm assemblies. These power models are based omttzerfental physical and electrical
characteristics of the two electro-mechanical system&efdisk drive. A detailed description of
these power models are given in [54].

We use a set of commercial server I/O traces as our worklogel. dmformation about these
traces and the original storage systems on which they wélextzd are given in Table 4.1. Finan-
cial and Websearch are 1/O traces collected at a large fialinstitution and at a popular Internet
search-engine respectively [49]. The TPC-C trace wasdateliieon a 2-way SMP machine running
the IBM DB2 EEE database engine. The TPC-C benchmark wasruanZ0-warehouse configura-
tion with 8 clients. The TPC-H trace was collected on an 8-\i&yl Netfinity SMP machine with
15 disks and running the IBM DB2 EE edition. The TPC-H benctkmweaas run in the power test

mode, in which the 22 queries of the benchmark are executeskcatively.

41.1 Metrics

In our evaluations we use two main metricesponse timandaverage powerThese metrics are

defined as follows:

e Response Time:The response time is the average time between the submigstbithe
completion of an I/O request presented to the storage syastelis expressed in milliseconds.
The response time provides an indication of how long a réquesds to wait before it is
serviced and this is our primary performance metric. In nebstur results, we present the
response time characteristics of the storage system usinguf@ative Distribution Functions
(CDF) rather than as averages. A CDF graph expresses thoifrat I/O requests whose
response times are less than or equal to a given value on diesx-A CDF allows us to
visualize the scenario where a large number of I/O requeatsbra experiencing relatively
short response times whereas a few other requests may havéong response times. A
storage system that is experiencing heavy bottleneckshewie a CDF curve that is skewed
towards numerically higher response time buckets, whidicates that the storage system

is unable to service I/O requests fast enough. Although lesyséem would handle such an
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overload condition at a higher level, for example, by dragpionnections to the server, we
do not attempt to modulate the arrival rate of the I/O requésthe storage system in this
study. Instead, our goal is to design the storage systemasat ttan efficiently service 1/0

requests as they arrive.

e Average Power Consumption: The average power consumption is the total energy con-
sumed from the beginning to the end of the simulation perigidled by the duration of that

period.

We conduct three sets of experiments. The firstis a limitystodlietermine the performance and
power ramifications of replacing a multi-disk storage amath a single high-capacity disk drive.
The objective of this experiment is to determine the poweelfies of such a system migration and
the performance gap between the performance-optimizedgsaarray and the single disk drive
configuration, and the bottlenecks that lead to this gape®as these results, we formulate three
intra-disk parallel designs, which progressively extema conventional disk drive architecture. In
the second set of experiments, we evaluate the performamtpaver of these intra-disk parallel
designs. The third set of experiments use synthetic wodklda evaluate the performance and
power characteristics of RAID arrays that are built usingairdisk parallel drives and compare
them to arrays that are composed of conventional drivesusatthe same underlying recording
technology and share common architectural charactesjsticch as, platter sizes, RPM, and disk

cache capacity, with the parallel drives.

4.2 Performance and Power Limit Study

The main reason that server storage systems use multide idiso boost performance [2, 4, 23].
On the other hand, disk capacity has been growing steaddytbe years and it is now common to
find commercial hard drives that have several hundreds ddlyigs of storage capacity. With the
availability of high-capacity disk drives, the workloadta@&ould be housed in fewer disks, thereby
saving power. However, the reduction in I/O bandwidth byhngdewer disks could lead to serious

performance loss.
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In order to quantify the performance loss and power bendfgaah a storage system migration,
we conduct a limit study. In this study, we analyze the exgease of migrating the entire dataset of
a workload onto @&inglestate-of-the-art disk drive that has sufficient capacitgttoe that dataset.
We model this high-capacity disk drive to be similar to th@ @B Seagate Barracuda ES drive [43].
This is a four-platter, 7200 RPM drive, and has an 8 MB on-baache. We denote this disk as
the High Capacity Single DriveHC-SD) configuration, and the corresponding multi-disk storage
system whose data it stores |®. We make the following assumption about how the data from
MD is laid out onHC-SD we assume thatC-SDis sequentially populated with data from each of
the drives inMD. For example, if there are two disks, D1 and D2ViD, we assume thaC-SD
is populated with all the data from D1, followed by all theaat D2. (We resort to this approach
because there is insufficient information available in tk&tlaces about the specific strategy that
was used to distribute the application dataMi in order for us to perform a more workload
conscious data layout). Using this data layout, we compa@érformance and power BID and
HC-SDfor each of the workloads.

The performance characteristics of the workloads on thestygtem configurations are given
in Figure 4.1. The graphs present performance as a Cunmlaistribution Function (CDF) of the
response time. The corresponding power consumption seadtgiven in Figure 4.2. Each stacked
bar in Figure 4.2 gives the average power of the entire stosggtem, broken down into the four
main operating modes of a disk: (i) idle, (i) seeking, (iidtational latency periods, and (iv) data
transfer between the platters and the electronics. Eaclopbars for a workload gives the power
consumption of thitID andHC-SDsystems respectively.

From Figure 4.1, we can see that naively replacing a muk-diystem with a single disk drive
can lead to severe performance loss. Most of these worklaedBO intensive and therefore re-
ducing the I/O bandwidth creates significant performandddrecks. The only exception is the
TPC-H workload. TPC-H has a fairly large inter-arrival tif®76 ms, on average), which is less
than the average response time of gl andHC-SDfor this workload (3.99 ms and 4.86 ms re-
spectively) and hence experiences very little performdmg® Therefore, in either case, the storage

system of TPC-H is able to service I/O requests faster thaypdirive.
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When we look at Figure 4.2, we see that migrating from a ndi#tikc system to a single-disk

drive provides arorder of magnitudeeduction in the power consumption of the storage system.

This result strongly motivates us to develop techniquesitigb the performance gap betwddb

and HC-SDwhile keeping the power consumption close to thaH&-SD One interesting trend

that we can observe in Figure 4.2 is that, despite all the ads being I/O intensive and with no

long period of inactivity, a large fraction of the power irethlD configuration is consumed when
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the disks are idle, which concurs with previous studies ovesalisk power management [16, 6].

In order to bridge the performance gap betw&#d andHC-SD it is important to know what
the key bottlenecks are. The performance of a disk driveflisanced by variety of factors, includ-
ing, disk seeks, rotational latencies, transfer times, diskl cache locality. To determine the root
cause of the performance lossHC-SD, we need to isolate the effect of each factor on the disk
response time. We find that disk transfer times are much snihfn the mechanical positioning
delays across all the workloads, and therefore do not cengifurther in the bottleneck analysis.
To isolate the effect of disk cache size, we reran allHi@& SD experiments with a 64 MB cache.
We find that using the larger disk cache has negligible impagierformance.

To determine empirically whether disk seeks are a bottlenge artificially modified the seek
times calculated by the simulator so that they are one-malfoee-fourth respectively of the actual
seek time of each request. We also consider the ideal case alelisk seeks incur zero latency,
thereby eliminating the effect of this factor on performanthe results for the one-half, one-fourth,
and zero seek time cases are shown by the CDF curves |ali¢®8 (1/4)S andS=0 respectively
in the first column of graphs in Figure 4.3. We conduct a siméeperiment for the rotational
latencies, where we evaluate the performance if the rataltiatencies are one-half and one-fourth
of the original values respectively, and the case wherddtescy is eliminated completely. These
rotational latency results are labeled(22)R (1/4)R andR=0 respectively in the second column
of graphs in Figure 4.3.

In Figure 4.3, we can clearly see that rotational latencyhés grimary performance bottle-
neck. In the case of Financial and TPC-C, even completefyimditing seek time does not boost
performance significantly, whereas similar optimizatitmghe rotational latencies show large ben-
efits. For Websearch and TPC-C, halving the rotational tasnlead to a significant boost in
performance, which is evident by the extent to which ¢b&)R curves shift upwards from their
correspondingHC-SDcurves. In fact, for Websearch, TPC-C, and TPC-H, we seeattiatther
reduction in the rotational latencies to one-fourth theigioal values (thg1/4)R curves) would
allow us to surpass the performance of evenMtiz system. Although boosting seek time can also

helpHC-SDmatch the performance dD for TPC-H, we can observe a slightly higher sensitivity
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to rotational latency than to seek time.

To summarize, we find that the primary bottleneck to perfaroeavhen replacingiD by HC-
SDis rotational latency One straightforward approach to mitigating this bottldnerould be to
increase the RPM of the drive. However, increasing the RPMcaaise excessive heat dissipation
within the disk drive [15], which can lead to reliability golems [19]. Indeed, commercial product
roadmaps show that disk drive RPMs are not going to increaieeifuture [26], and therefore we

need to explore alternative approaches to boost performnanc

4.3 Design and Evaluation of Intra-Disk Parallelism

Having seen that rotational latency is the primary reasohi® performance gap betwebtC-SD
andMD, we now explore how intra-disk parallelism designs can helgge this gap. Rotational
latency could be minimized by incorporating parallelisrorg) any of the four dimension®(A, S,

or H) discussed in Section 3. For example, we could go in for aseegrained RAID-style design
that provides parallelism along thi&-dimension, by having multiple spindle assemblies that can
mask the rotational latency of one 1/0O request with the sertime of others. At the other end of
the spectrum, we could optimize along the fine-graikedimension, allowing multiple heads on
an arm perform data accesses simultaneously. Such a demgmdt require the use of multiple
spindles and is therefore easier to operate at a lower poewever, the effectiveness of such
fine-grained parallelism depends on whether the data tlzacisssed by the heads on a single arm
can satisfy the I/O requests presented to the storage sysgitbin a given window of time. Such
data access restrictions can limit the ability of the diskhoose multiple pending I/O requests to
be scheduled in parallel, especially if the workloads genfeandom 1/0.

Since rotational latency is the primary performance bio#tdk, we choose to focus on intra-
disk parallelism along thé&-dimension, which we believe provides a reasonable tradediveen
power consumption and I/O scheduling flexibility. Incoratimg parallelism along this dimension
requires replication of the VCM and the arms, but not thedipiassembly. Since the average power

of the VCM is typically much lower than the SPM power [54], there opportunities to boost
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performance by incorporating additional arm assemblig¢soumt significantly increasing the power
consumption. Since our goal is to minimize rotational lajgme use the Shortest-Positioning Time
First (SPTF) [51] scheduling policy at the disk. With muldiactuators, the SPTF-based disk arm

scheduler has flexibility in choosing that arm assembly thiinimizes the overall positioning

time for a particular 1/O request.

D — D

Conventional 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.

XA,

Figure 4.4: Intra-disk parallelism along tRedimension.

We evaluate the behavior of three disk drive designs, alllutkvare instances dAS1H;
and progressively extend the conventional disk drive &chire to provide intra-disk parallelism

along theA-dimension:

e HC-SD-SA(n): This design extends the conventiom#C-SD architecture by incorporating
n— 1 additional arm assemblieddC-SD-SA(1)s the same adC-SD). However, this design
retains two key characteristics of conventional disk drivethat, at any given point of time:
() only a single arm $A assembly can be in motion, and (ii) only a single head carstea
data over the channel. However, for any given 1/O requestditk arm scheduler can choose

between any of the idle arm assemblies based on whichevddwuonimize the positioning

time of that disk request.
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e HC-SD-MA(n): This design relaxes the first restrictionHC-SD-SA(npy allowing Multi-
ple Arm (MA) assemblies to be in motion simultaneously. However, dsaptevious design,
the single data channel design is assumed to be capablensfemang data to/from a single
head. This design allows overlapping the service time ofldeequest with the positioning

phases of other requests that are waiting for disk access.

e HC-SD-MC(n): Here, we relax the assumption about the data channel frorprevéous
HC-SD-MA(n)design and assume the existence of Multiple Chanmé@) (vhere the data
from heads on multiple arm assemblies can be transferredltaineously, thereby providing

even higher peak disk throughput.

In our experiments, we vary the number of arm assembfif@dm 1 to 4. The placement of the
arm assemblies within the disk drive for each of these fosigiepoints are given in the floorplan

diagrams in Figure 4.4(a).

4.3.1 Performance Behavior

HC-SD-SA(n): The CDFs of the response time of thkC-SD-SA(n)Xesign, along with those of
the correspondind/ID systems, are given in first column of graphs in Figure 4.5. @fegare the
performance of thélC-SD-SA(nHesign points for each workload to the corresponditigy system
of that workload. In order to quantify the impact that thessigns have on rotational latency, we
plot the Probability Density Function (PDF) of the rotatbtatencies of the I/O requests, given in
the second column of graphs in Figure 4.5.

When we look at the response time CDFs, we can see thelGh8D-SA(ndesign can provide
substantial performance benefits compared@SD. The rotational latency benefits of this design
stem from the fact that, since there are multiple arms treatamated at different points within the
disk drive, the closest idle arm can be dispatched to seavgieen I/O request. In the case of Web-
search and TPC-C, going from one to two arm assemblies @ewdarge boost in response times.
The performance of these two workloadst@-SD-SA(2nhearly match that of theiD counter-

part. TPC-H also gets a slight improvement in response tivhgh allows it to perform better than



Chapter 4. An Intra-Disk Parallelism Design

Financial
——HC-SD ——HC-SD-SA(2) - 4= HC-SD-SA(3) —*— HC-SD-SA(4) —#—MD

14
0.9 4
0.8 4
0.7 4
0.6 1

[’y

80,5 1
0.4 4
0.3 4
0.2 4
0.1+

0 T T T T T T T T
5 10 20 40 60 90 120 150
Response Time (ms)

200 200+

Financial
—s—HC-SD - + HD-SD-SA(2) —— HC-SD-SA(3) = HC-SD-SA(4)]

0.6

0.5 1

0.4 1

0.3 7

PDF

024, .--7""

0.1 7%

0

1 3 5 7 8 9 11
Rotational Latency (ms)

Websearch

Websearch

[=—HC-SD ——HC-SD-SA(2) - A HC-SD-SA(3) =% HC-SD-SA(4) —&—MD

14
0.9 1
0.8 q
0.7 q
0.6 q

o5 |

o
0.4 1
0.3 q
0.2 q
0.1+

0 T T T T T T T T T !

40 60 90 120 150 200 200+

Response Time (ms)

o
=
153
N
S

——HC-SD - + HD-SD-SA(2) —— HC-SD-SA(3) = HC-SD-SA(4)]

06 T
05
04F N.--oe-
L
S 03
a
02

0.1

0

Rotational Latency (ms)

TPC-C

TPC-C

[——HC-SD —e—HC-SD-SA(2) - & HC-SD-SA(3) = HC-SD-SA(4) —+— MD

14 —

0.8
0.7 1
0.6 q

.

8 0.5 4
044
0.3 4
0.2 1
0.1

0 T T T T T T T T

40 60 90 120 150
Response Time (ms)

T
200 200+

a
=
o
N
[}

——HC-SD - + HD-SD-SA(2) —— HC-SD-SA(3) = HC-SD-SA(4)]

Rotational Latency (ms)

TPC-H
[——HC-SD —e—HC-SD-SA(2) - & HC-SD-SA(3) = HC-SD-SA(4) —+—MD

1+
0.9 1
0.8
0.7 1
0.6 -

w
80,5 1
0.4 -
0.3 1
0.2 4
0.1 -
0 T T T T T T T T T |

5 10 20 40 60 90 120 150 200 200+
Response Time (ms)

TPC-H
——HC-SD - + HD-SD-SA(2) —— HC-SD-SA(3) —*— HC-SD-SA(4)]

Rotational Latency (ms)

Figure 4.5: Performance impact of thkC-SD-SA(npesign.

26

MD. With three sets of disk arms, the Financial workload overes a substantial portion of the

rotational latency bottleneck and gets a large performénomest. Websearch and TPC-C outper-
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form MD with the use of three arm assemblies. As we can see from thegRiphs for Websearch,

TPC-C, and TPC-H, increasing the number of arms from one ¢ostybbstantially shortens the tail

of distributions from a higher to a lower range of rotatiolzéncies. Going in for a third disk arm

creates a similar shift in the rotational latency distribatfor Financial. However, increasing the
number of arms beyond three provides diminishing perfocaaeturns, which can be seen from
the closeness of tHeC-SD-SA(3andHC-SD-SA(4xurves in both the CDF and PDF graphs.

The high-level performance characteristics of these waidkd can be explained from the bot-
tleneck analysis in Section 4.2. When we look at the secohuhuwoof graphs in Figure 4.3, we can
see that significant reduction in the rotational latency/6f lequests otdC-SD can make its re-
sponse times match or even excédd for Websearch, TPC-C, and TPC-H. Indeed, in Figure 4.5,
we can observe that théC-SD-SA(n)design provides these performance benefits for Websearch,
TPC-C, and TPC-H. This result indicates that an intra-digkalbel design as simple a$C-SD-
SA(n)can effectively mitigate rotational latency bottlenecks these workloads. In the case of
TPC-H, as noted previously, the load on tHE-SDsystem is relatively light and therefore going
in for intra-disk parallelism does not result in significgetrformance improvements.

When comparing the response time CDFs of Websearch and TiRG-igure 4.5 to the ro-
tational latency graphs in Figure 4.3, we can observe amestieg trend. When going from a
HC-SDto a HC-SD-SA(2)onfiguration, the CDF curves for these two workloads shiftoy a
large amount, indicating a significant improvement in perfance. On the other hand, tH&-SD
and(1/2)Rcurves for these two workloads in Figure 4.3 show a smallgopaance improvement.
Intuitively it may appear that thelC-SD-SA(2)design, by virtue of having two arm assembilies,
should, on average, halve the rotational latency of the éffuests. However, the behaviorté€-
SD-SA(2)depends on a variety of factors, such as, the stream of I/€kbieferences, and how
the disk arms are assigned to service the requests. Thesesfaan cause the performance of
HC-SD-SA(2}o diverge significantly fronf1/2)R Indeed, when we plot the PDF of the rotational
latencies for(1/2)R and HC-SD-SA(2) we find that the tail of the distribution is at 11 ms and 7
ms respectively for the two configurations for Websearch, a&tr9.5 ms and 7 ms for TPC-C. (The

PDF graphs are not shown here due to space limitations).
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HC-SD-MA(n) and HC-SD-MC(n): On evaluating these two intra-disk parallel designs, wadou
that they provide very little performance improvementsrdd€-SD-SA(n) We now explain why
this happens.

Both HC-SD-MA(n)andHC-SD-MC(n)attempt to exploit parallelism across I/O requests at the
disk level. The former design attempts to overlap the seek tif one or more requests (based on
the number of available arms) with the service time of anotbguest, while the latter design goes
one step further and facilitates the multiple in-flight I/€@yuests to transfer their data in parallel
over the data channel. Therefore, in order to exploit thalfism offered by these two disk drive
designs, we need a sufficient “window” of requests from whighcan choose requests to schedule
to the multiple hardware resources.

In theHC-SDconfiguration, the rotational latency bottleneck resuit®ng disk response times
relative to the inter-arrival times. ThHeC-SD-SA(ndesign mitigates the rotational latency bottle-
neck effectively for most of the workloads, thereby lowgrthe response time. However, since the
arrival rate of I/O requests does not change across therdedeyver requests get queued at the disk
waiting to be serviced. This behavior has the effect of $imip the scheduling window, thereby
diminishing the effectiveness of th¢C-SD-MA(n)andHC-SD-MC(n)designs oveHC-SD-SA(n)
For example, for the two-arm configuration, we find that theriarrival times of 1/0O requests for
the Websearch and TPC-C workloads are within 50 ms for 99%eofdquests. On the other hand,
75% and 92% of the 1/0O requests in Websearch and TPC-C hgpenss times below 40 ms for
the HC-SD-SA(2) configuration. For those configurations igtte response time is greater than
the inter-arrival time (e.g., Financial, where 73% of thguests have an inter-arrival time less than
10 ms, whereas only 26% of the requests have response timesstitan 10 ms foHC-SD-SA(2),
we find that the providing additional arm assemblies to redhe rotational latency has the first
order impact on performance, rather than masking seek tmpeowiding 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. hea system, improvements in disk
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performance would translate to better system responsgeattethe higher level, which can increase
the arrival rate of 1/0 requests. This increase would eeldng window of requests faC-SD-
MA(n)andHC-SD-MC(n) Since we do not modulate the arrival rate of I/O requestsigdtudy, it

is possible that the benefits of these two intra-disk pdisitedesigns are being masked. We focus
solely on theHC-SD-SA(nyesign in the remainder of this thesis, but plan to re-viiwse two other

designs in our future work

4.3.2 Power Behavior and Optimization

Although HC-SD-SA(ndrives use multiple actuators, since only one VCM is activarg given
time, thepeak poweiconsumption of these drives will be comparable to conveatialisk drives.
Peak power consumption is important for the disk drive desigwho has to design the drive to
operate within a certain power/thermal envelope for rditgtpurposes [15]. However, it would be
desirable, from an operating cost perspective, foraerage powepf intra-disk parallel disks be
comparable to conventional drives as well. The average poargsumption of thédC-SD-SA(n)
designs and that dfiC-SD are given in Figure 4.6. Each graph shows the power consampti
broken down into the four operating modes of the disk. Thigrle$t bar in each graph shows the
power consumption of thelC-SD configuration. We omit the intermedialéC-SD-SA(3)design
point from the graphs for space and clarity purposes.

First, let us look at the 3 leftmost bars in each graph, whiskegthe average power con-
sumption for the 7200 RPM disk drive configurations. We camtbat the power consumed by
the intra-disk parallel configurations are comparablel@ SDfor TPC-C and TPC-H. The power
consumption is about 2 Watts higher for tHE-SD-SA(2onfiguration for Financial, but 6 Watts
higher for the 4-arm design. For Websearch, the power coedloy the intra-disk parallel designs
is significantly higher tharlC-SD. Although the peak power consumption di€-SD-SA(n@rive
will be close to that of a conventional disk drive, the averagwer can vary significantly based
on the disk seeking characteristics of the workload. Indedwn we look at the distribution of
the seek times of the 1/0 requests in Websearch, we find thgidicentage of requests that have a

non-zero seek time for theC-SD, HC-SD-SA(2)andHC-SD-SA(4konfigurations are 55%, 83%,



Chapter 4. An Intra-Disk Parallelism Design 30

Financial Websearch
‘ WIdle #ASeek [MRotational Latency M Transfer ‘ WIdle #Seek [MRotational Latency M Transfer
25 1 i

N
a

1 . . 1 . .
— Reduced RPM Configurations — Reduced RPM Configurations —

N
S

Average Power (Watts)
[
o (5]

@
Average Power (Watts)

o

Configurations Configurations

TPC-C TPC-H
‘lldle 7 Seek [ Rotational Latency ETransfer ‘lldle 7 Seek [MRotational Latency ETransfer

94 1 . . 25 4 1 . .
Y — Reduced RPM Configurations — N — Reduced RPM Configurations —»
@ )

z,] o z
2 zzz 2
26 b
5] 3
z°] 5
a 44 a
g2y g
<,/ e B B O e B [ e <
oA
') S S S S
2 > Ul W & o o W 95
« Q& @ S @ @ W o
o 2 X o o 2
Configurations Configurations

Figure 4.6: Average power consumption of the disk drive gumfitions. Each bar corresponds
to a particular disk drive configuration and the x-axis labate in the format:<HC-SD-SA(n)
configuration-/<RPM Value-.

and 90% respectively. The increased seek activity leadte power being consumed by the arm
assembly. This trend is clearly visible in the Websearclplyravhere the power consumed during
the seeking phases of the disk is higher for the intra-diséljghdesigns. A similar trend is seen for
the Financial workload as well, although the increase ik pegver is less pronounced than in Web-
search. However, as we saw earlier, the use of multiple andgree SPTF scheduling algorithm
leads to a significant decrease in the rotational latencighwtesults in a large performance boost
for Websearch, allowing the intra-disk parallel designuxpass the performance BID, while con-
suming roughly amrder of magnitude less powt#ranMD. On the other hand, the sharp reduction
in the rotational latencies provided by thHe&-SD-SA(ndesigns for TPC-C leads to a large reduc-
tion in the power consumption. Among the four workloads,aheolute power consumption of the
disks in TPC-C is the lowest and is close to the idle power efdisk drive. The reason for this is
because the bulk of the power consumed byHi@SDdisk in TPC-C is due to rotational latency,

during which time the arms are stationary and therefore tBM\does not consume any power. The
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intra-disk parallel drives reduce the rotational latead@s shown in Figure 4.5) and therefore the
power consumed in the rotational latency phase decreasd@$C-H, both the seek and rotational
latency components are optimized when going in for intskgiarallelism and therefore the overall
power consumption of the drives is reduced by going in forHiizSD-SA(nh)Xesigns. However,

the absolute reduction in power is small since TPC-H is ndieswily bottlenecked as the other

three workloads and therefore its sensitivity to intrekgiarallelism is lower.

Reducing Average Power Consumption Through Lower RPM Desig:

Since RPM has nearly a cubic impact on the power consumpfiandask drive [24], one way to
reduce the power consumption of an intra-disk paralleledisvto design it for a lower RPM. Low-
ering the RPM, on the other hand, would tend to increase ta#ional latency. However, the extent
to which I/O response time is impacted by the reduction in RRaNbe offset by the use of multiple
actuators. In order to determine how these factors intewaetinalyze the power and performance
of three lower RPM design points féfC-SD-SA(t) 6200 RPM, 5200 RPM, and 4200 RPM re-
spectively. The power consumption for these lower RPM depimjnts is shown in Figure 4.6, and
the response time CDFs are given in Figure 4.7. We plot the<IbiFonly those workloads and

design points where we can break-even with or achieve h@dtéormance thaiiD.
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Figure 4.7: Performance of reduced RPM-SD-SA(n)designs whose response times match or
exceedVID. Each legend entry is in the format:HC-SD-SA(n) configuratios/<RPM Value-.

As we can see from Figures 4.6 and 4.7, there are severalndesigts where, for the three

workloads, we can: (ijnatch or surpastghe performance of the multi-disk system, (ii) consume an
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order of magnituddess power thaD, and (iii) consume power that is close toless thanthat

of a single conventional disk drive (for TPC-C and TPC-H).

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

Performance

For workloads that are very I/O intensive, a single intrskddarallel drive might not be sufficient
to meet performance goals. This naturally raises the quresthether one should go in for a RAID
array made up of conventional disk drives or an array thabisposed of intra-disk parallel drives.
We now explore this issue and compare the performance andrpdvaracteristics of these two
types of RAID arrays. We consider conventional and intiskgiarallel drives that use the same
underlying recording technology and have the same ar¢bitdccharacteristics, in terms of platter
sizes, number of platters, RPM, and disk cache capacity.

Since we wish to study the tradeoffs between the two typesoshge systems for a range of
I/O intensities, we use synthetic workloads for this expent. We use the synthetic workload
generator in Disksim to create workloads that are compo$eshe million I/O requests. For all
the synthetic workloads, 60% of the requests are reads atddall requests are sequential.
These parameters are based on the application I/O chasticeedescribed in [38]. We vary the
inter-arrival time of the I/O requests to the storage sysising an exponential distribution. An ex-
ponential distribution models a purely random Poissongss@nd depicts a scenario where there
is a steady stream of requests arriving at the storage sySémvary the mean of the distribution
and consider three different inter-arrival time values: § rhms, and 1 ms, which represent light,
moderate, and heavy I/O loads respectively. We evaluatpdgtifermance and power for a range
of disk counts in the storage system, from a single-drivefigaration to a 16-disk system using
both conventional disk drives (th¢C-SDconfiguration) and intra-disk parallel drives (tHE-SC-
SA(2)andHC-SD-SA(4konfigurations). The results from this experiment are gimegRigure 4.8.
The first three graphs give the performance characterigticer each inter-arrival time scenario

for disk arrays that are composedt€-SD HC-SD-SA(2andHC-SD-SA(4drives. We express
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performance in terms of the 90th percentile of the respanse in the CDFs (i.e., maximum re-
sponse times incurred by 90% of the requests in the worklddty power graph shows the average
power consumption of thelC-SD-based disk array when it reaches its steady-state penfmena
and that of theHC-SD-SA(2and HC-SD-SA(4)arrays when their performance breaks even with

the steady-state performance of th€-SDarray.
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Figure 4.8: Performance and power characteristics of RAtBya using intra-disk parallel drives

The graphs in Figure 4.8 show a clear performance advantagatfa-disk parallelism. For
the relatively light 8 ms inter-arrival time workload, therformance oHC-SD-SA(2)and HC-
SD-SA(4yeach their steady-state values with just two disks in tiheyawhereas HC-SDdrives
are required to get performance that is comparable to thekHIC-SD-SA(2array. We can see
that a single 4-actuator drive is able to break-even withpirdormance of the 4-diskC-SDand
2-disk HC-SD-SA(2)arrays respectively. From the power perspective, the asfayonventional
disks consumes 61.4 Watts, whereas t@-SD-SA(2)and HC-SD-SA(4)arrays consume 37.1
Watts and 26.2 Watts of power respectively. Under modenadehaavy 1/0 loads (4 ms and 1 ms

inter-arrival times respectively), we can see that theaudisk parallel drives are able to mitigate
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the 1/O bottlenecks with fewer disks than arrays composedoafrentional disk drives. For the
1 ms inter-arrival time workload, we find that the ratio of tmember of intra-disk parallel drives
to conventional drives needed to break-even in performandlee same as under lighter loads.
However, since we need 16 conventional disks to break-evtnthe performance of an 8-disk
HC-SD-SA(2and 4-diskHC-SD-SA(4)rray respectively, the average power consumption of the
intra-disk parallel drive based arrays are lower. We find thaHC-SD-SA(2andHC-SD-SA(4)
arrays consume 41% and 60% less power thatltheSD-based array respectively.

These results indicate that using intra-disk paralleledriis more attractive, performance and

power-wise, than using conventional disks to build RAIDags for 1/O intensive workloads.
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Issues in Implementing Intra-Disk Parallel Drives

5.1 Engineering Issues

Our discussions so far have focused on the performance avet pspects of intra-disk parallelism.
We now discuss two key engineering issues that need to bessdt when building intra-disk

parallel drives.

e Vibration Tolerance: One problem that can arise with having multiple actuatoithiwia
single disk drive enclosure is vibration. When more than seteof arms are in motion, the
physical movement of one arm assembly can induce off-tracksin the other. These vi-
bration induced off-track errors, if left unchecked, caedé¢o the inability to reliably perform
disk seeks or data transfers between the platters and the theacby negating the benefits
of intra-disk parallelism. Although vibration problemsaxpected to be less severe -
SD-SA(n)drives, since only one actuator is active at any given timgs, still important to

address this issue for intra-disk parallelism in general.

Modern server drives are already built to handle signifieanbunts of vibration, since these
disks are usually housed with several other drives withimgls rack or cabinet [1, 39]. At
runtime, a single disk drive can experience a large amouakigirnal vibration induced by
the other drives that are operating in close proximity. Terafe reliably and efficiently under

such heavy vibration conditions, the servo processingesysif server drives is designed to

35
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use data from vibration sensors embedded within the drivadjost to varying degrees of
vibration [1, 13]. Although the source of the vibrations iffaetent in an intra-disk parallel
drive (internal arm assembly vs. external disk drive), tibeation compensation technologies

that exist in modern server drives can be leveraged for-tlista parallel drives.

e Air Turbulence: Another reason for vibration related problems inside aratdisk parallel
disk drive is air turbulence due to the presence of multiple assemblies. There are two
vibration-related issues that need to be tackled: (i) \ibneof the platters, and (ii) vibration
of the heads. Studies on the air flow pattern within disk drif@8, 10] show that there is
turbulence in a region surrounding the head, but the gap #werts to laminar beyond that
region. By placing the arm assemblies diagonally from edbbkrdas shown in Figure 3.1),
(i) the vibration of the platter due to the second arm will benast additive (i.e., the effects
of the two heads will be independent of each other, and tla¢ ittt most twice larger), and
(ii) the heads on the respective arm assemblies will notta#fach other either. These platter
vibrations can be reduced to acceptable levels via engimearethods [25], and the impact

of the turbulence can be mitigated using the servo mecharmitsaussed 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 drivesable, then the Mean Time
to Failure (MTTF) of an intra-disk parallel drive would be e than a conventional disk
drive. In order to mitigate this problem, intra-disk paghltirives need to be designed to
allow graceful degradatiorso that a failure (or an impending failure) in a head or arnem@ss
bly can be handled by deconfiguring the failing componentndst all modern disk drives
are equipped with sensors, based on the Self-Monitorindy&isaand Reporting Technology
(SMART) [47], which can predict impending failures. A retestudy of failure data col-
lected from a large number of disks has shown that the data 8MART sensors correlate
highly with disk failures and motivate the need to enhanee SMART architecture [37].
The firmware of the intra-disk parallel drives need to be riiedito allow deconfiguration of

hardware components based on data from these sensorsimuerunt
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5.2 Preliminary Cost-Benefit Analysis of Intra-Disk Parallel Drives

Our results thus far have highlighted how intra-disk patalrives, built using modern disk drive
technology, offer a fundamentally different set of tradgoperformance and power wise, than
the multi-actuator (e.g., IBM 3380) and conventional dsive the past. In Section 4.4 we saw
that a single 4-actuator intra-disk parallel drive delsperformance that is comparable to two 2-
actuator drives and to a disk array of four conventionalerivSince these performance and power
benefits are obtained by extending conventional disk drighitectures with additional hardware
components, we are faced with an important questgould it be worth spending more money on a
single intra-disk parallel drive than on multiple conveamtal drives?We now provide a preliminary
estimate of the cost of manufacturing intra-disk paralldlas, usingreal cost dataobtained from
several companies within the disk drive industry. Our asiglyeveals that intra-disk parallelism is
promising from the cost viewpoint as well.

Building a disk drive involves material costs, for all therdh@are components, such as the
heads, motors, and the electronics, and also labor coststhedoverheads. Studies about the disk
drive industry have shown that the bulk of the manufactucogts of a disk go into the materi-
als [17, 3] and, therefore, we focus on quantifying thesdscoklany of the components that go
into a disk drive are manufactured by different companiesheof whom specialize in making a
particular component, such as the head or a pivot bearigs@pply their components to disk drive
companies on a volume basis. In order to estimate the costobf & these components, we con-
tacted several major component manufacturers to obtamataiut the price at which they supply
these components to disk drive companies, on a volume basiheir server hard drives. (Note:
A few of the large disk drive companies manufacture sevdrdiese components in-house. How-
ever, given the relatively low market price differentiatibetween disk drive products of the same
class from different companies, we assume that the compamemufacturing costs are comparable
across the industry). A component-wise breakdown of cdstgeweral key disk drive components
are given in Table 5.1(a). The companies from whom we obdinis data are listed in the figure

caption.
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Component Component | Conventional | 2-Actuator 4-actuator
Cost Disk Drive Disk Drive Disk Drive
Media 6-7 24-28 24-28 24-28
Spindle Motor 5-10 5-10 5-10 5-10
Voice-Coil Motor 1-2 1-2 2-4 4-8
Head Suspension 0.50-0.90 2-3.6 4-7.2 8-14.4
Head 3 24 48 96
Pivot Bearing 3 3 6 12
Disk Controller 4-5 4-5 4-5 4-5
Motor Driver 3.5-4 3.5-4 5-6 8-10
Preamplifier 1.2 1.2 2.4 4.8
Total Estimated Cost 67.7-80.8 100.4-116.6| 165.8-188.2

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

Cost (US Dollars)
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(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.

Figure 5.1: Preliminary cost-benefit analysis of intrakdiarallel drives. Personal communication
from: US Fuji Electric Inc., Nidec Corporation, H2W Techagies Inc., Hutchinson Technology
Inc., Hitachi Metals America Ltd., NMB Technologies Corption, STMicroelectronics. The cost
data was collected in November 2007.

Caveats:

e The costs listed in Table 5.1(a) aestimategprovided to us by the companies through per-
sonal correspondence. Sometimes we were provided a sialgle &nd sometimes we were
given a price range. The exact price of a component wouldrakpa the precise low-level
specifications of the disk drive to be built and other purcigsssues that are too early to

finalize at the current stage of this research project.

¢ We identified the 9 components listed in Table 5.1(a) as tlyeckst contributors based on

discussions that we had with a disk drive company about naatwring cost issues.

e We assume that the material costs for building a disk drivcetha final cost of the product
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are related and that a rise or fall in the manufacturing cedt$ranslate to similar effects on

the price at which the drive is marketed).

We give the per-component cost estimates provided to uséyntmufacturers and calculate
the material costs for a conventional disk drive, a 2-actuaitra-disk parallel drive and also a
4-actuator drive. To be consistent with our previous disiuss, we calculated the cost for a four-
platter drive. In Figure 5.1(b), we show the costs of thedlstrage system configurations that
deliver equivalent performance, based on the results itidde4.4. Each of the bars in the Figure
are based on the average of the low and high costs of each riigkconfiguration listed in Table
5.1(a). The low-to-high cost range is depicted using eravs.b

As Table 5.1(a) indicates, the bulk of the cost increase tidding intra-disk parallel drives is
expected to be in the heads. Other components, such as, this Y@ their motor drivers, head
suspensions, pivot bearings, and head preamplifiers asz®&xpto constitute only a small part of
the overall cost of an intra-disk parallel drive. Howevég bverarching question is whether this
increased cost (and its corresponding higher selling pricrild be worth the investment for the
eventual customer of the product. As Figure 5.1(b) ind&atee use of HC-SD-SA(h)ntra-disk
parallel drives delivers equivalent performance as 4 catimeal disk drives, but €7% lower cost
One 4-actuator drive delivers the same performance, bl@%tlower costhan the 4-disk array of
conventional drives. These results are encouraging angatmts to explore intra-disk parallelism

further.
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Conclusions

Server storage systems consume a large amount of powere Shsems are built using a large
number of disk drives to meet the I/O performance demandemves workloads. In this thesis,
we show that we can build server storage systems using faarfdisks, thereby providing huge
power savings, but provide intra-disk parallelism to maimthigh performance. We present a
taxonomy for the intra-disk parallelism design space,uisaimplementation issues, and provide a
preliminary cost-benefit analysis of building and deplgyintra-disk parallel drives using real cost
data obtained from the disk drive industry. Given the pentance, power, and cost benefits of intra-
disk parallelism, which is a complete trend-reversal frbm multi-actuator drives of decades past,
we strongly believe that intra-disk parallelism holds grg@mise for building high-performance,

low power server storage systems.

6.1 Future Work

Energy efficient storage systems can be designed by makimitentural changes, as well as by
developing efficient policies to manage the architecturee @ossible avenue of future research
is to design efficient scheduling algorithms that use thentedge of extra resources at the hard
disk and explore how a system level design would benefit froraiDisk Parallelism. Another

area where Intra-Disk Parallelism can find application isadditional knobs that can be tuned

in the disk drive architecture. We explored how the avadaiynamic knobs of RPM and VCM

40
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Speed can be controlled in a disk drive in a recent paper [BA¢ intra-disk parallel dimensions
could be considered to be additional dynamic knobs and wtowighin the framework of dynamic
optimization. For example, the disk may select to use maltiardware extensions in the event that
performance is desired, but in the event that power consamfs required, the disk intelligently
reduces the utilization and hence the power consumed by titgora hardware resources.

Solid state disk drives are now a topic of popular researblou@h hard disk drives are predicted
to be the dominant storage technology for atleast a decdijeaitl we need to research efficient
designs for this technology; we should not discount thecesfef future technologies. In this
case, exploration of how solid state disk drives could béfrfiefm Intra-Disk Parallelism could
lead to interesting architectures for energy efficientayst Solid state disk drives could be an
intermediate level in the storage hierarchy or could repkame of the hard disk drives in a large
server farm, which could benefit from the lower power constimmpand faster access times of
solid state devices. However, the disparity in cost betvasdid state disks and hard disk drives of
similar capacities should be factored in when designingtacgater. Cost can be factored in as an
optimization constraint to help decide how much of the togdacity should be composed by solid
state devices when used in conjunction with intra-disk Iprdrives. Optimization in the presence
of multiple knobs is discussed in [41] and the framework ddug extended to factor in the new
variables.

Given these multiple avenues of future work, intra-diskaialism holds strong promise as an

architectural concept that could be exploited for enerifigient high performance storage systems.
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