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Abstract

The importance of pushing the performance envelope of dislesl continues to grow, not just in the server market but
also in numerous consumer electronics products. One of & fundamental factors impacting disk drive design is tbath
dissipation and its effect on drive reliability, since higimperatures can cause off-track errors, or even headesaldntil now,
drive manufacturers have continued to meet the 40% annoatigtarget of the internal data rates (IDR) by increasind/RP
and shrinking platter sizes, both of which have counteirgatffects on the heat dissipation within a drive. As thipgrawill
show, we are getting to a point where it is becoming very diffito stay on this roadmap.

This paper presents an integrated disk drive model thaticegthe close relationships between capacity, perforenand
thermal characteristics over time. Using this model, wentjifiathe drop off in IDR growth rates over the next decade & w
are to adhere to the thermal envelope of drive design. Weeptd®&/o mechanisms for buying back some of this IDR loss
with Dynamic Thermal Management (DTM). The first DTM techmggexploits any available thermal slack, between what the
drive was intended to support and the currently lower opggdemperature, to ramp up the RPM. The second DTM technique
assumes that the drive is only designed for average caseibeghhus allowing higher RPMs than the thermal envelopel a
employs dynamic throttling of disk drive activities to reimavithin this envelope.

Keywords: Disk Drives, Thermal Management, Technology Scaling.

1 Introduction

The importance of I/O performance, disk drives in particutantinues to grow over the years, with the widening digpan
speeds between semiconductor and electro-mechanicalbcmnis. There are numerous applications in both the coniaherc
and scientific domains that are critically dependent on lé€figrmance. Data-centric services such as file and e-maitise
and transaction processing within an enterprise, togetiibrinternet based services such as Google, stock trading,rely
heavily on disks for their storage needs. Even in the sdierdbmain, the working sets of applications continue to out-
pace memory system capacities (requiring out-of-core Ugpsrt), and data sets are being shared across severalaijgpls
(requiring explicit file 1/0), often putting the I/O subsgst under the spotlight in limiting their scalability.

There have been several improvements over the years tossdthe |/O bottleneck, including better caching/buffer man
agement [37], parallelism in the form of RAID [36], and higartdwidth interconnects such as SAN. However, at the core of
these extensive I/O subsystems lie the disk drives, whoderpeance advances have woefully lagged behind the resteof t
system components. As Amdahl’s law dictates, a single sagdrd can eventually limit overall system performancetheu,
it is quite possible that a faster drive can actually allevine need for going to expensive storage area networksighdrh
levels of parallelism when deploying balanced systemss betomes particularly important for their usage in homeiggm



DVRs, and other low cost markets. Consequently, it is alvilaysrtant to understand and explore how much we can push the
envelope of disk drive performance.

Disk drive vendors express performance in terms of InteDeih Rates (IDR) and seek times. When we examine the
mechanics of drives, it may intuitively appear that we casilggush the envelope by spinning disks faster, making the
platters smaller (to reduce seek distances), and availtertaecording technologies whenever possible. However,af the
most fundamental factors affecting disk drive design ishtbat generated by some of these actions and its effect @bleli
operation. High temperatures can cause off-track erroestathermal tilt of the disk stack and actuator, or even chesel
crashes due to the out-gassing of spindle and voice-coibmuobricants [20]. Even a fifteen degree Celsius rise from th
ambient temperature can double the failure rate of a disled®], and it is important to provision some design margithva
the disk to accommodate slight variations in the extermapkerature. This makes it imperative for the disk to operatevb a
thermal envelope.

The disk drive industry has tried to chart out a 40% IDR anmuaivth rate, and has used different techniques until now
towards meeting it, while remaining within the thermal dope. Increasing the RPM alone to meet the target IDR can
sometimes push the drive beyond the envelope since hegdaties is proportional to nearly the cubic power (2.8-tliveo to
be precise) of RPM. In conjunction with such RPM increadesttick is to decrease the platter size, since that affeetbéat
dissipation in nearly the fifth power (4.6-th power to be jser When doing so, one needs to rely on the increases indiago
densities or add more platters to ensure the capacity daesmimish.

While these techniques have been successful in improviRgubtil now, without exceeding the thermal envelope, this is
getting to be more difficult because (i) further density ioy@ments are not as easy since they require high erroriodésance
and very complex head designs, (ii) stronger error-camgatodes to tolerate errors can consume a significant moofidisk
capacity and reduce the effective user data rate, (iii)gtmrsmaller enclosures decreases the amount of heat tha¢ chained
to the outside air and (iv) external ambient temperaturebacoming more difficult to contain since the heat dissigbbyeother
system components is increasing, and extensive coolingragsare very expensive. In order to continue to make inimvat
it is important to understand all these trade-offs and hay thhpact the disk drive roadmap over the next decade, whiah i
important goal of this paper.

Until now, industry has been rather conservative in proggidiesigns that assume worst-case operating conditiomstfre
thermal perspective. As our results will show, the thermabdope puts a severe restriction on what IDR growth (mussitiean
40%) we can get in the future if we continue along the samepbphy. Rather than under-provision the drive for perfaroea
at manufacturing time (which restricts the benefit to agtions) assuming the worst-case scenarios for temperatargoint
out that one may want to design the drives for more average-oahavior. This can let applications push the envelope of
performance, while still dynamically controlling the disktivities (seeks and rotational speeds) in order to enthateit
operates within the thermal envelope. In fact, similar kéghes are being increasingly suggested [4, 43] in the desmigl
usage of semiconductor components as well, where thersassare starting to seriously restrict design. In addition
allowing applications to benefit from higher performanceliaks designed with average-case temperature behaviogrbig
Thermal Management (DTM) techniques can also be used ol’'sodiaks (that are more restrictive in performance) toHart
lower their operating temperatures. As earlier studieg lséown [2], operating at lower temperatures can enhangetéom
drive reliability.

Understanding and studying all these issues mandates ebemsive models of disk drives. Most of the previous publish
work has been mainly on performance models [13], with a felaied studies on modeling temperature within a drive [12].
Rather than study these issues in isolation, for the prapesearch we need to understand (i) how different driverpeters
impact the three pronged metrics of interest, namely, dgpaerformance and heat, (ii) how these metrics are iretated,
and (iii) how these interactions vary over time. To our knesge, this is the first paper to do so, and it makes the follgpwin
contributions towards the important goal of temperatwesa disk drive design:

e We present models to study the capacity, performance amth#heharacteristics of disk drives in a unified way to



evaluate the different trade-offs over time. We validat ¥hlues given by these models with data from thirteen real
drives from four different manufacturers over four calengkzars.

e We compute a disk drive roadmap based on our models and expieends in technology scaling of the fundamental
parameters. We show that while we have been able to meet Rgi@wth rates until now, the thermal design envelope
severely restricts data rates and capacity growth in thedutThis problem is further accentuated with higher cobts o
cooling the external ambient air.

e In order to buy back some of the performance/capacity logggad by the thermal envelope, we present Dynamic
Thermal Management (DTM) of disks as an option. Specifically present two ways of performing DTM: (i) ramping
up rotational speed when detecting a thermal slack betwasart temperature and what the disk was designed for, and
(ii) designing a disk for the average case and dynamicallgleping throttling to control disk activities when reachin
close to the thermal envelope. Though the availability oftigpeed disks can allow more scope for DTM, and there
are disks [24] available today which allow dynamic modwatbetween two RPMs, throttling can be applied even on
existing disks. We also show that the data rate gain whichcaneobtain with DTM can considerably ease the response
times for I/O intensive workloads (providing 30-60% impeowent in response times with a 10K increase in RPM).

The next section reviews related work. The inter-relatedefofor capacity, performance and thermal charactesistie
given in section 3. Section 4 charts out the roadmap whemguliesj disks for a thermal envelope. The DTM possibilities ar
discussed in section 5. Finally, section 6 summarizes theibations and identifies research directions for therettu

2 Related Work

The importance of the I/O subsystem on the performance eEsapplications has resulted in fairly detailed perforoen
models of the storage hierarchy (e.g. [14, 15]). The Disksimulator [14], that we use in this paper, is one such puplicl
distributed tool that models the performance charactesisf the disk drive, controllers, caches and intercorméltie impor-
tance of modeling power has gained attention over the lasidie primarily in the context of conserving battery endagy
drives in laptops [52, 25]. Temperature-aware design i®fméng increasingly important [43] as well. In the contexidigk
drives, [9] describes a model of the thermal behavior of wedoased on parameters such as the dimensions, numbertefplat
in the disk stack, their size, and properties of the coretitmaterials. We adapt this model to study the thermal reatifins

of current and future hard disk drives. There has also bepre secent work on modeling and designing disk arrays in a
temperature-aware manner [28].

Power management for hard disks is a well-researched art®e inontext of single-user systems such as laptops and
desktops [11, 32, 35]. Here, energy savings are obtainegibypiag the disk down (by turning off the spindle-motor that
rotates the platters) during periods when no requests corite There has also been a study that has proposed replacing a
laptop disk with an array of smaller form-factor disks [SNlore recent studies [19, 5, 18, 31] have started to look & dis
power issues in the context of servers. Conventional spindoased power management techniques are challenginghlp ap
in server systems, due to the relatively smaller duratidribeidle periods and also due to the mechanical charatitsrisf
server-class disks [19]. To address this issue, the use ti-spged disks [18, 5] has been proposed. There has also bee
work on cache management for optimizing disk power consiom53]. In [10], the authors propose replacing a tape bpcku
system with an array of disks, which are kept in a low-powedeas long as possible.

The historical evolution of different aspects of hard-diskve design along with projections for their future trerate
given in a set of papers published by industry [2, 17, 22, 38kre have also been studies on the characteristics ofrilegig
future high density disk-drives. These papers cover issuels as the impact of bit-aspect ratios [7] and error-ctimgcode
overheads [49] in such drives. There are several propo$@)s3B3, 46] on how to build Terabit areal density drives, cing
magnetic recording physics issues and also engineerirgjdamations.



3 Modeling the Capacity, Performance and Thermal Characteistics of Disk drives

This section describes the models that we use in our studyafaiuring capacity, data rates and thermal characteristidisk
drives. The metrics that we use are standard ones that avgedy the disk drive manufacturers for their products.

3.1 Modeling the Capacity

The model begins with an abstraction of the fundamentalgnt@s of recording technologies via two quantities, nastéle
linear bit-density given in Bits-per-InctBPlI) for a track, and the radial track-density, which is expeelsi® Tracks-per-Inch
(TPI). BPl improvements are a result of technological advantesdad/write head design and recording medium materials. TP
is improved by advances in the servo design, track misiragiish reduction techniques, and more sophisticated H&adEhe
product of BPI andT P1I is known as thareal density and is one of the most fundamental determinants of both dpeed
and capacity. The rati@% is known as the bit aspect-ratiBAR) and will be used later in this study to set up the technology
scaling predictive model. Another metric of interest tdkdiive designers is the Internal Data RateR), which is expressed

in MB/s. The IDR is the actual speed at which data can be reed & written into the physical media. The IDR is affected by
the BPI, platter size, and disk RPM.

Let us assume that we know the outer radits,of the disk drive. We set the inner radius to be half that ef dlter
radius,i.e.;; = ~. Although this rule of thumb was common in the past, modesksimay not necessarily follow this rule
[3]. As the exact inner radius tends to be manufacturer fipegid even varies across a single manufacturer’s produetstill
use this rule in our evaluations.

Letng,s denote the number of surfaces in the drive - this value iseitfie number of platters. Then, the number of tracks
on the disk surface, which is also denoted as the numbafiolersin the disk,ncyin, is given byncyin = n(ro — r;)TPI,
wheren is the stroke efficiency, which measures the fraction of tial tplatter surface that is user accessibley K 1.0,
then the equation gives the number of tracks that can be lgithahe area between the innermost to the outermost edge of
the platter. However, in practicg,is much lesser than 1 since portions of this real estate alieated for recalibration tracks,
manufacturer reserved tracks, spare tracks (to recoverdiefects), landing zone for the head slider, and other naatwfing
tolerances. An accepted stroke efficiency used by practitmis aroun@ [29], which is the value that we use. From these, we
can calculate the raw capacity (in bit€},,..., of the disk drive as

Cmar =1 X Ngurf X 77(7'5 - T?)(BPI X TPI)

In reality, even thi<’,, .. is not completely usable because: (i) Outer tracks can holereectors because of their longer
perimeters. However, allocating storage on a per-trackshasuld require complex channel electronics to accomnadat
different data rates for each track [3]. InsteZdned Bit Recording (ZBR) or Multi-Band Recording is used, which can lead
to some capacity loss; (i) in addition to user data, eacloseeeds additional storage for servo patterns and ErroeCiing
Codes (ECC) leading to a further reduction in capacity. €@snponents are modeled as follows.

Capacity Adjustment due to Zoned Bit Recording (ZBR): ZBR is a coarse-grained way of accommodating variable sized
tracks, where the tracks are grouped into zones, with eachk tn a zone having the same number of sectors. Such grouping
can provide good trade-offs between capacity and complexithe electronics. ZBR can allow more data to reside onroute
tracks to benefit from higher data rate due to a constant angelocity, without extensively complicating the electics.

Each track,j, has a raw bit capacitg;,, which is given byC;, = 27r; BPI, wherer; is the radius of track. Let
J=0,1,...,neyin — 1, whereQ is the outermost track and.,;;, — 1 is the innermost. Then, for any two tracksandn such
thatm < n, Cy,, > C, sincer,, > r,. Since the recordable area is within — r;, and we have:.,;, cylinders that are
assumed to be uniformly spaced out, the perimeter of anydraek;, denoted ag*, is given by
) (eytin —J — 1)] €y

To —T;
P, = 27rri+(——
t [ ! (ncylin -1
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This equation is easy to understand by considering the tases where a track may be located on a surface:

1. If 5 = 0, then the corresponding track is that which is at the digtafe:, from the center of the platter. Thus, the
perimeter of the track igxr,.

2. If j = neyin — 1, then the corresponding track is that which is closest tefiedle-motor assembly, at a distance-pf
from the center of the platter. Thus, the perimet&is;.

3. Forthe intermediate tracks, the distance between atfjareeks is(f;—:f'i), i.e., the tracks are equally spaced out radially
cylin
along the platter surface. Therefore, any given tracklocated at a distanc(%)(ncylm — 7) from the innermost
track.

Assuming that each zone has an equal number of tracks, thiearwohtracks per zoney., isn;, = :’4% wheren,ones
is the desired number of zones, which is around 30 for modiskadtives. Therefore, zonewould be composed of tracks

to :y—l — 1, zonel would have tracks;% to (an—yl — 1) and so on. For each zonelet the bit capacity of its smallest
perimeter track in the zone be denotedas ., . In our ZBR model, we allocate, for every track in zone’; ., bits (or

Ctzmm

(Cg’;jlg ) sectors). Thus each zone has a capacity;of —z:=) sectors, making the total disk capacity (in 512-byte setor

. . - Cis .
with losses due to ZBR taken into acCount(@ssr = nsurf dorg e ngs (—ymman),

Capacity Adjustments due to Servo Information: Servo are special patterns that are recorded on the platterce to
correctly position the head above the center of a track. derfirives, an entire surface (and head) used to be deditated
servo information, leading to considerable loss of usabfgacity. To mitigate this, modern drives make use of a teghai
known asembedded servo, where the servo patterns are stored along with each séttere are no special servo surfaces and
the read/write heads that are used for user data accessangsal to read the servo information.

We model the storage-overheads for servo by consideringuthmber of bits required to encode the track-identifier infar
tion for each servo-sector. Other fields in the servo infdiromssuch as those for write-recovery (which signals therggg
of a servo pattern) and for generating the Position Erron&8igwhich indicates the position of the actuator with respe a
particular track) are not modeled due to the lack of infoioraabout their implementation in real disk drives. We matiel
servo based on the information given in [34]. The track-fdimation is encoded as a Gray Code, such that the fields for an
two adjacent tracks differ only by a single bit. This enalféest and accurate seeks to be performed. Thus, the numbis of b
needed in the code to encode a track on a surfakgyign.,i. ). As the servo information is embedded with each sector, the
total number of bits used for storing servo in each se¢tqy,.,, is given by

Cservo = ”092 (ncylinﬂ (2)

Capacity Adjustments due to Error-Correcting Codes: Each bit cell in a track is composed of multiple magnetic ngai
(typically 50-100 grains/cell [23]). A bit storing a digitamne’ is composed of a region of grains that are uniformlyapized,

and a region where there is a transition in the magnetic pyplapresents a ‘zero’. When a write is performed on a bit, cel
all the grains in the region have their magnetic polaritgrat by the write head. To achieve higher areal density, itee s
of the bit cell needs to be reduced, and this typically inesha reduction in the grain size. However, the superparagatiagn
limit [6] imposes a minimum grain size so that the signal ggestored in the grain does not drop below the ambient thermal
energy. Otherwise, the magnetic grains would become thHrmiastable and would flip their polarity within a short time
span (effectively rendering disk drives as volatile stetagOne way to overcome this limit is to use a recording medibat

is more coercive, and thus requiring a stronger field to chahg state of the bits. Designing write heads to achieveighis
quite challenging [29]. Therefore, in order to continueiaeimg areal density growth beyond this point, it would beessary



Model Year | RPM KBPI KTPI Dia. | Platters Cap. Model Cap. IDR Model IDR
Quantum Atlas 10K 1999 | 10000 | 256 13.0 | 3.3 6 18 GB 17.6 GB 39.3MB/s | 46.5MB/s
IBM Ultrastar 36LZX 1999 | 10000 | 352 20.0 | 3.0 6 36 GB 30.8 GB 56.5 MB/s 58.1 MB/s
Seagate Cheetah X15 2000 | 15000 343 21.4 2.6" 5 18 GB 20.1 GB 63.5 MB/s 73.6 MB/s
Quantum Atlas 10K I 2000 | 10000 341 14.2 3.3 3 18 GB 12.8 GB 59.8 MB/s 61.9 MB/s
IBM Ultrastar 36215 2001 | 15000 397 27.0 2.6” 6 36 GB 35.2GB 80.9 MB/s 72.1 MB/s
IBM Ultrastar 73LZX 2001 | 10000 480 27.3 3.3 3 36 GB 34.7GB 86.3 MB/s 85.2 MB/s
Seagate Barracuda 180 || 2001 7200 490 31.2 3.7 12 180 GB 203.5GB 63.5 MB/s 71.8 MB/s
Fujitsu AL-7LX 2001 | 15000 450 35.0 2.7 4 36 GB 37.2GB 91.8 MB/s 100.3 MB/s
Seagate Cheetah X15-36LF 2001 | 15000 | 482 380 | 2.6 4 36 GB 40.1 GB 88.6 MB/s | 103.4 MB/s
Seagate Cheetah 73LP || 2001 | 10000 485 38.0 3.3" 4 73GB 65.1 GB 83.9 MB/s 88.1 MB/s
Fujitsu AL-7LE 2001 | 10000 485 39.5 3.3" 4 73 GB 67.6 GB 84.1 MB/s 88.1 MB/s
Seagate Cheetah 10K.6 || 2002 | 10000 570 64.0 3.3 4 146 GB 128.8 GB 105.1 MB/s | 103.5 MB/s
Seagate Cheetah 15K.3 [| 2002 | 15000 533 64.0 2.6” 4 73GB 74.8 GB 111.4 MB/s | 114.4 MB/s

Table 1: SCSI disk drives of different configurations fromiwas manufacturers and year of introduction into the miarkke
capacities and IDR given by our model are compared agairstdiresponding values in the datasheets. It is assumed that
Nn.ones = 30 for all the configurations.

to reduce the number of grains per bit as well. The use of fgrens in the bit cell leads to lower Signal-to-Noise Ratios
(SNR). In order to accommodate such noisy conditions, Ebanrecting Codes (ECC) are required, and most modern disks
Reed-Solomon codes [38]. It has been shown that, for cudisks, the ECC storage requirement is about 10% of the dlaila
capacity and would increase to 35% for disks whose arealtit=nare in the Terabit range [49]. Thus, in our model, thalto
capacity used by ECC (in bits){zcc, is 416 bits/sector for drives whose areal densities asethemn 1 Tb/id, whereas those
in the terabit range use 1440 bits/sector.

Derated Capacity Equation: From our above discussions on ZBR, Servo and ECC costs, weateuate their total space
overhead (in bits/sector) as

+)(Cservo + OECC)

Therefore, the estimated capacity of the disk in terms ofth8 sectors is given by

Nzones—1

Cactual = MNsurf E Ntz (
z=0

ntthzmm -«
4096 ) 3
Validation:  To verify the accuracy of this derived model, we calculateridapacity estimated by our model for a set of server
disks of different configurations, manufacturers, and faifferent years (obtained from [2]). The result of this caripon is
presented in Table 1. For most disks, the difference betweeactual and estimated capacities is within 12%. The ear
primarily due to some of the assumptions made along the walyabso because we assume 30 zones for each disk (which is
optimistic for many of the older disks in the table which usedly around 10-15 zones).

3.2 Modeling the Performance

As mentioned in section 2, there have been several eatlidieston modeling and simulation of disk drives. Rather ttame
up with an entirely new model, our goal here is to merely lagerfrom prior work in modeling two main performance related
drive parameters that we need for our later studies, narheletk time and theinternal data rate, as explained below.

Seek Time: The seek time depends on two factors, namely, the inertisépof the actuator voice-coil motor and the radial
length of the data band on the platter [17]. We use a similadtehas [50] which uses three parameters, namely, the tack-t
track, full-stroke, and average seek time values, whicluapally specified in manufacturer datasheets. The tratkatk seek
time is the time taken for the actuator to move to an adjacaokt The full-stroke seek time is the time taken for the atiu

to move from one end of the data band to another. It has beemadusthat, except for very short seeks (less than 10 cytide



a linear interpolation based on the above three parametaraccurately capture the seek time for a given seek disfafte
To determine these values for hard disk drives of the futuae we will be evaluating later, we used a linear interpolatf
data from actual devices of different platter sizes.

Calculating Internal Data Rate (IDR): The maximum IDR would be experienced by tracks in the outstrnone (zone 0)
of the disk drive, since there are more bits stored thereanth# angular velocity is the same across the tracks. Coardgu
we can express the maximum IDR (in MB/sec) of the disk as:

DM, Nio X H12

4
60 )(1024 X 1024) “)
wheren,.q is the number of sectors/track in zone 0, apahis the angular velocity expressed as rotations-per-minute

IDR = (

Validation: The seek time models have already been verified in earliek {8&]. To validate the IDR model, we computed
the IDR from the specifications for the disks listed in Tablesihg our model and compared it against the manufacturgtisap

IDR value. The resulting data is presented in the last twarook of Table 1. Again, we assume that each of the disks uses
ZBR with 30 zones. From the table, we observe that for mosiefiisks, the IDR predicted by our model and the actual IDR
are within 15%.

3.3 Modeling the Thermal Behavior

Even though there are disks in the market today that are pgdiwith temperature sensors, it is necessary to develaym#h
model for disk drives since we are intending to investigasghs that are yet to appear. Such a model can also helplyzena
the heat transfer between different components more gloEké thermal model that we employ is based on the one deselop
by Clauss and Eibeck [9]. This model evaluates the temperatistribution of the drive by calculating the amount of hea
generated by components such as the spindle motor (SPMhanebice-coil motor (VCM), the conduction of heat along
the solid components and the convection of heat to the ais dssumed that the drive is completely enclosed and the only
interaction with the external air is by the conduction oftiteaough the base and the cover and convection with thedsussi.

The outside air is assumed to be maintained at a constanétatape by some cooling mechanism. This is true in most nmoder
systems where air flow is provided, typically using fans, @imtain a constant external temperature [42].

The model divides the hard disk into four components, nap(i¢lihe internal drive air, (ii) the SPM assembly that catsi
of the motor hub and the platters, (iii) the base and covat,(af) the VCM and the disk arms. The heat transfer rate over a
time intervalt, % (in Watts), through a cross-sectional avk#s given by Newton’s Law of Cooling as

dQ
dt
whereh is the heat-transfer coefficient addl” is the temperature difference between the two entities.sblids, where heat
is transferred via conduction, the heat transfer coeffidietlepends upon the thermal conductivitynd the thickness of the
material and is given by—*—.

Between solids and fluids, the heat exchange takes placeomigection, where the heat transfer coefficient depends on
whether the fluid flow is laminar or turbulent, and also on thact geometry of the solid components. The model makes use of
empirical correlations to calculate the heat transferfament of the different solid components of the disk drivdneTheat of
the internal drive air is calculated as the sum of the heatggr@nvected to it by each of the solid components and trmus
dissipation (internal friction) in the air itself minus theat that is lost through the cover to the outside. The visdisipation
is related linearly to the number of platters in the disk Istaubic (2.8th power to be precise) with the disk RPM and ® th
fifth (4.8th power to be precise) power of the platter diamge41].

To solve the heat equations for each component, the modglthsdinite difference method [30]. At each time step, the
temperatures of all the components and the air are calcllatel this is iteratively revised at each subsequent tiepewsttil it

= hAAT



converges to a steady state temperature. The air tempeiatassumed to be uniform over the entire drive at each tiege st
The accuracy of the model depends upon the size of the timpe g Using a coarse-grained time step provides a fastdeimo
(in terms of computation time), but the solution may not beuaate. On the other hand, an extremely fine-grained tinge ste
can provide an accurate solution at the expense of a high wiatiqgn time. We experimented with a wide range of different
sizes and found that a value of 600 steps per minute gave tiosolery close to that of the finer-grained ones.

There are a number of input parameters to the thermal modtiel fifist set of parameters relate to the disk geometry, such
as the inner and outer radii of a platter, the enclosure fiactor dimensions, and the length of the disk arms. Anoteeos
parameters pertain to the properties of the materials, asithe thermal conductivity and density. There are alsoatioeral
parameters such as the number of platters, the RPM, the tatapeof the outside air and the VCM power.

With regard to the materials, the platters on most curresk diives are typically made of an Aluminum-Magnesium alloy
and the base/cover castings are Aluminum [21]. As the exbost #hat is employed tends to be proprietary informatior, w
assumed that the platters, together with the disk arm amdilgphub, are made of Aluminum. With regard to the operationa
parameters, we set the external ambient temperature to@Bi€h is the maximum operating wet-bulb temperature. Thie we
bulb temperature measures the temperature with the hynoitiibhe air taken into account. Many disks, including soméhef
thirteen that we have examined in the earlier two subses{see Table 2), specify a maximum wet-bulb external tentpera
of 28-29.4 C. When calculating the power of the VCM, which épdndent on platter dimensions, we made use of previously
published data [44]. This earlier work shows that the VCM pois roughly twice for a 95 mm (3.7") platter compared to that
for a 65 mm (2.5”) one, and nearly four times that for the 47 M8 size.

Validation and Setting a Thermal Envelope The thermal model proposed earlier [12] was validated wighk drives that are

over 15 years old. In addition to making sure that the modsdilisapplicable for modern drives, we also need to definetwha

should be the thermal envelope (i.e. the maximum operatimgpérature) for drive design when charting out our roadmap.
We modeled the Seagate Cheetah 15K.3 ST318453 SCSI digk[dB}in detail. This disk-drive is composed of a single

2.6” platter (but a 3.5” form-factor enclosure) and roteied 5K RPM (a 4-platter version of this disk is listed in thstleow

of Table 1). We took the disk apart and studied its geometdetail. This allowed us to determine how the components are

internally laid out and create geometry models parametdrar the platter-size and count. We also measured the qalysi

drive parameters such as the length of the disk-arm, thgkoéthe platter, base, and cover etc., which are not comesidsy

the capacity and performance models, using Vernier caigdre VCM power of this disk is determined to be 3.9 W. The disk

specifications (in their data sheets) typically includerfeximum operating temperature which is the temperatutestiauld

not be exceeded even if the VCM and SPM are always on (noténtlaatual operation the temperature may be lower). In our

validation experiment, we set the SPM and VCM always on, aedsured the internal air temperature.

Temperature Distribution for Cheetah 15K.3 Disk-Drive
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Figure 1: Temperature of the modeled Cheetah ST318453 d&sktime starting from an external temperature of 28 C.

The temperature of the internal air over the duration of stpeement is shown in Figure 1. All components are initialty
the temperature of the outside air, namely, 28 C. The tenyrerasises from 28 C to 33 C within the first minute and rapidly



increases thereafter. It then stabilizes and reachesdysstate of 45.22 C after about 48 minutes. Note that in theahae
consider only the VCM and SPM heat sources, and do not cartsiddneat generated by on-board electronics, since our goal
here is to focus on the primary drive parameters and thdinigogical impact over time on the heat dissipation. A dethi
model of the electronic components using tools such as Hofgf] would be necessary to capture the heat dissipatien du
to drive electronics, and study their technological tren@snsequently, we discount the heat generated by thesgosliec
components in all our results and reduce the thermal engalbpperation accordingly. In fact, earlier research [28] Bhown

that on-board electronics can add about 10 C to the tempenatthin the drive. If we consider this additive factor (1@5.22
=55.22 C), the results presented here come very close tatbeé maximum operating temperature of this drive (whictbis 5
C), verifying the validity of this model.

Model Year | RPM External Wet-bulb Temp. Max. Oper. Temp.
IBM Ultrastar 36LZX | 1999 [ 10K 29.4C 50 C
Seagate Cheetah X15 2000 15K 28.0C 55C
IBM Ultrastar 36215 | 2001 | 15K 29.4C 55C
Seagate Barracuda 18p 2001 | 7.2K 28.0C 50C

Table 2: Maximum operating temperatures for a specifiedreatevet-bulb temperature.

It is to be noted that the thermal envelope - the maximum teatpee within a drive for reliable operation - itself has
negligible variance over time. This is reflected in the ratekimum operating temperatures of some of the disks in stir li
spanning different years (1999-2001) and different RPMs¢ured from datasheets (see Table 2), which remains mdes®r
constant. Consequently, we use the saheemal envelope of 45.22 C (obtained above without on-board electronics) when
laying out the roadmap over time across disks of differeattef sizes and counts.

4 Roadmap with Thermal Constraints

In the previous section, we developed three drive modelsdpacity, performance and thermal characteristics, wthichgh
explained independently are rather closely intertwindds 15 because many of the parameters used by each modelpamde
on the results from another. For instance, the performandetlzermal characteristics are closely dependent on thve dri
parameters (e.g. size and number of platters). The heapdaties is closely dependent on the operating RPM. Findilg,
capacity of drives is not only limited by recording techrgiks, but also by the thermal envelope (larger or more patan
lead to higher temperatures). It is important to ensurevleastudy all the inter-related factors together when chagrtiut a
disk drive technology roadmap, which is our intent in thistem.

This roadmap is driven by two fundamental factors: (i) theowations in magnetic technologies to increase recording
densities (the BPI and TPI in particular), and (ii) the gnogvivorkload demands for high data transfer rates (the IDRg T
trends in growth of BPI, TPl and IDR over the past decade haes Imade available by Hitachi [22] where the values for each
year, together with their Compound annual Growth R&@R), are given. For instance, for the year 1999, the values Riy B
TPI, and IDR were 270 KBPI, 20 KTPI, and 47 MB/s, and their C@&BRge been 30%, 50%, and 40% respectively. This growth
rate in the linear and track densities has resulted in an dessity CGR of 100%. These past/projected growth rateshare
starting points for our roadmap. Even though we have beddfiben these growth rates over the past decade, it is impddan
recognize some stumbling blocks which can affect theiriooed growth trends in the future:

e The growth in BPI is expected to slow down due to several facteirst, increases in linear density would require lower
head fly heights. With current head fly heights already beimy a few nanometers from the platter surface, it is very
difficult to reduce this further. Second, increasing the BRjuires higher recording medium coercivity, for whichyaes
mentioned in Section 3.1, it is not feasible to design a wr#ad with currently known materials. Finally, the smaller
grains can lead to superparamagnetic effects.



e The CGR for TPl is also expected to decline [7]. Increasimg®RI requires that tracks be narrower, which makes them
more susceptible to media noise. Further, more closelyesptracks can lead to inter-track interference effectsalRin
the track edges are noisier than the center region and theeedfipts increase with narrower tracks.

As the BARs have also been dropping, there has been a laoyedt@ivn in the BPI CGR than that for the TPI. It has been
shown [7] that there exist optimal values for the BAR for aggivareal density. The BAR is around 6-7 for disks today and is
expected to drop to 4 or below in the future [22]. Furthermdres expected [16, 39] that the growth in areal density woul
slow down to 40-50%. Given this growth in areal density, thduistry projections predict the availability of an areahsity of
1 Tb/in? in the year 2010.

We studied a set of proposals for creating such a terabititgtegtisk [49, 33, 46]. In particular, we are interested in the
feasible values for BPI and TPI, given all the constraintatesl to the recording medium, head design, and noise ngrgin
for constructing reliable terabit density disks. Among fheposals, we chose the one with more conservative assumspti
about the BPI, which does not scale as well as TPI, to obtdiregaof 1.85 MBPI and 540 KTPI giving a BAR of 3.42 (which
agrees with current expectations). We then adjusted thestf@iRhe BPI and TPI to achieve this areal density in the year
2010, together with the expected BAR trends. This provideRlkand TPl CGR of 14% and 28% respectively (down from the
original values of 30% and 50%), to give an areal density C&&bout 46% per year.

Once we have these fundamental parameters (the anticiB&eand TPI for each year), we then generate a “roadmap”,
starting from the year 2002, for a period of ten successiegsyé.e., upto the year 2012. The basic premise when doisg th
is that we are trying to sustain the expected IDR growth ratt teast 40% per year over the 11 year period. The steps when
generating the temperature-dictated disk drive techryalogdmap are given below:

1. For each year, we first plug in the BPI and TPI from the abgtienates into our capacity model calculated in section 3.1
for a given platter size and number of platters - carried &n@en the previous year. For the resulting disk configuration
we can calculate its IDR for a given RPM (which is again caroger from the previous year), by putting in the appro-
priate values for,.( in equation 4. If the resulting IDR meets the projected 40&tgh rate, then the new configuration
would remain within the tolerable thermal envelope (sifegame platter size, number of platters and RPM yielded a
disk within the thermal envelope in the previous year).

2. However, if the disk from step 1 does not meet the target i@Rhat year, one option is to see whether increasing the
RPM can get us to this IDR (by putting this value in the LHS ofigtipn 4 and finding thepm). We can then use the
resulting disk configuration and RPM value in the thermal edad the disk in section 3.3 to see whether this remains
within the thermal envelope. If it does, then we have achdahe target IDR using the same number of platters and
platter sizes as the previous year by increasing the RPM.

3. If the necessary RPM from step 2 does not keep the new dibikwthe thermal envelope, then the other option for still
meeting the IDR target is to shrink the platter sizes. No&t tihe viscous dissipation is proportional to the fifth poafer
the platter size, and the third power of the RPM. Further, allemplatter size implies shorter seeks, thus reducing VCM
power as well. Consequently, it is possible to remain withimthermal envelope by shrinking the platter size (note tha
the resultingn;. in equation 4 decreases) and increasing the RPM propolifidoaaompensate for the drop in IDR.

4. Shrinking the platter size as in step 3 results in a dropénotverall capacity. Over a period of time, such reductions i
capacity can cumulate, causing a concern. To compensatigigaeduction, it may become necessary to add platters at
some point, causing us to repeat all the steps enumerated.abo

Thus, the roadmap is not a single disk drive design pointdatspectrum of different platter sizes (and their corredjman
RPMs) that try to sustain the IDR growth rate from year to y®dénen generating this roadmap, we consider the initiatgrlat
size (in the year 2002) to be 2.6, with two subsequent skrivfi2.1” and 1.6” for later years. We do not consider smaller
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platter sizes due to the unavailability of VCM power cortiglas, and disk enclosure design considerations at such isredia
sizes. For each platter size in a given year, we considergqumations with 1, 2, and 4 platters. These represent diskhéo
low, medium, and high capacity market segments for the sasfenblogy generation. Increasing the number of plattes al
increases the viscous dissipation. We take this into ad@nadprovide different external cooling budgets for each of the three
platter countsin order to use the same thermal envelope (45.22 C) for thighetplatter disks at the beginning of the roadmap.
We assume that the cooling technology remains invarianttowe, and the disks need to be designed for the thermal epeel
solely based on internal choices. We shall study the rariiies.of changes in the cooling system in Section 4.2.1.

4.1 Results

As per our methodology, we would like to first find out what webble the disk speed required for a given platter size and its
resultant thermal impact, when trying to meet the 40% IDRMiihdarget. In the absence of any thermal constraints, if ree a
to meet the IDR target for a given year, we would use the langaster size possible and merely modulate the RPM to reach
the desired value (step 2 of the method). Table 3 gives the RRMSs required in each year for the three platter sizeswieat
consider and the steady state temperature that is reachedffie platter configuration. Trends for 2 and 4 platter coméitions

are similar, and are not explicitly shown here.

2.6 2.1 1.6 DR Required

Year IDRgensity RPM Temperature (C) IDRgensity RPM Temperature (C) IDRGensity RPM Temperature (C)

2002 128.14 15098 45.24 103.50 18692 43.56 78.86 24533 41.64 128.97
2003 166.53 16263 45.47 134.51 20135 43.69 102.51 26420 41.74 180.56
2004 189.85 19972 46.46 153.34 24728 44.37 116.83 32455 42.15 252.78
2005 216.37 24534 48.26 174.81 30367 45.61 133.19 39857 42.93 353.89
2006 246.66 30130 51.48 199.23 37303 47.85 151.83 48947 44.29 495.44
2007 281.19 37001 57.18 227.12 45811 51.81 173.04 60127 46.73 693.62
2008 320.47 45452 67.27 258.91 56259 58.81 197.27 73840 51.04 971.07
2009 365.34 55819 85.04 295.08 69109 71.17 224.88 90680 58.63 1359.5
2010 300.23 95094 223.01 242.49 117735 167.01 184.75 154527 117.61 1903.3
2011 342.13 116826 360.40 276.44 144586 262.19 210.62 189769 176.20 2664.61
2012 390.03 143470 602.98 315.02 177629 430.93 240.11 233050 279.75 3730.46

Table 3: The thermal profile of the RPM required to meet the IDBR of 40% for different platter-sizes. We assume a
single-platter disk with.,,,.s = 50 and a 3.5” form-factor enclosure. The thermal envelope i221&.

Let us analyze these results by first focusing on the 2.6tgrlaize. The IDR requirements (shown as IRR,; .4 in the
Table), from the year 2002 to 2012, increase nearly 29 tirAgsortion of the required increase is provided by the growith i
the linear density, denoted in the Table as PR, (i.e. the IDR obtainable with just the density growth withamy RPM
changes). Any demands beyond that has to be provided by szasein the RPM. For instance, the RPM requirements grow
nearly 9.5 times from the year 2002 to 2012. For a better wtaleding, let us sub-divide the timeline into three regjons
namely, the years before 2004, where the BPI and TPl CGRs#eahd 50% respectively, the years from 2004 to 2009,
which are in the sub-terabit areal densities, and the refymn 2010 to 2012. Recall that the growth rates in BPI and TPI
slow down after 2003 to 14% and 28% respectively and the EG€haads for terabit areal density disks would increase to
35%. The effects of these trends are shown in the Table, vthere is only a 7.7% increase in the required RPM from 2002
to 2003, but the required RPM growth increases to about 23%maum in the post-2003 region. During the terabit tramsit
(from 2009 to 2010), a sudden 70% increase in RPM is requiféis happens because of the way we model the impact of
ECC, as a sudden increase from 10% to 35% when transitionfoghe terabit region. Realistically, this transition wibbe
more gradual and we are looking at modeling this issue in rdetail in our ongoing work. After this steep increase, th&VRP
growth rate again steadies out to 23% for the subsequerd.year

When examining the thermal characteristics of the 2.6"ajnive find a similar trend for the three temporal regions of the
roadmap. The heat due to viscous dissipation increasesdreinW in 2002 to 1.13 W in 2003. In the second region, due to
the higher rotational speed growth (and its relationshignéncubic power), the viscous dissipation grows from 2 W i6£t
over 35.55 W in 2009, causing a significant rise in tempeeatwell beyond the thermal envelope of 45.22 C. Therefote, al
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other things remaining constant, it is clear that futurglsiplatter disk drives would not be able to provide the agsIDRs at
the 2.6” platter size. The viscous dissipation increases éurther from year 2010 onwards and reaches a value of 389.7
in 2012, causing the internal drive air temperature to reachigh as 602.98 C for this platter size.

The effect of shrinking the platter (related in the fifth poweheat, which can compensate for certain amounts of isesea
in RPM as discussed in step 3 of our methodology) can be obddry examining the results for the 2.1” and 1.6” drives in
Table 3. Even though a smaller platter size implies a highiviks needed to meet the required IDR (than for the 2.6” drive)
we see that the higher RPMs can be somewhat offset by movihg &maller sizes, helping us stay within the thermal empelo
until around 2007. Beyond that, even the 1.6” size is too bigtay within the envelope.
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Figure 2: Disk Drive Roadmap. Each solid curve (for a giveattpl size) gives the maximum attainable IDR (in the top 3
graphs) with that configuration which is within the thermavelope of 45.22 C, and the corresponding capacity (in thi®bo

3 graphs), for a given year. The dotted line indicates the &0%et growth rate in IDR over time. Any curve which falls k|
this dotted line fails to meet the target for those years.
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Having seen that RPM increase is not always a viable optiaiiv@ design to achieve the target IDR, let us now analyze
the impact of the thermal envelope in meeting the IDR requénets and the resulting capacity. Figure 2 shows the maximum
achievable data rates (and the corresponding capacitiethd spectrum of disk designs where the points are all withé
thermal envelope. For each experiment (with a given numbglatters each of a given size), we find the maximum RPM that
it can run at without exceeding the thermal envelope. Thigptad with the density values for the corresponding yeark@an
used to calculate the maximum IDR (and its capacity) thah sudisk can sustain within the envelope. In addition to these
lines, the IDR graphs also plot the 40% growth rate targetdttited line). The IDR roadmap points which yield a valuerip a
year larger than the corresponding value in the dotted fideate that the corresponding configuration can yield adriglata
rate than the target. Typically, in such years, the manufacof such a disk may opt to employ a lower RPM to just sustain
the target IDR, rather than what is really possible. The nme¥esting points are where the roadmap lines intersedgtiyet
IDR line. Note that the y-axes of all IDR roadmap graphs ategascale.

Let us first consider the 1-platter roadmap. We can see tlkal.Bi platter, and the 2.1" to a certain extent, are able to
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provide (and even exceed in the earlier years) the targetudti about 2006. The 2.6” platter size, however, startbnigl
short of being able to meet the projections from 2003 onwarts 2.1” and 1.6” sizes reach their maximum allowable RPMs
in the 2004-2005 and 2006-2007 timeframes respectivaby afich they fall short of the IDR requirements. At suchrjsj

the manufacturer is presented with three options:

e Sacrifice the data rate and retain capacity growth by maiimgithe same platter size.
e Sacrifice capacity by reducing the platter size to achiegéntgher data rate.
¢ Achieve the higher IDR by shrinking the platter but get thghteir capacity by adding more platters.

For example, consider the year 2005. From Table 3, we ndtateatspeed of 30,367 RPM would be required to meet the IDR
for the 2.1" size. However, this is 1,543 RPM in excess of whaequired to be within the thermal envelope. If we shrink
the platter to 1.6”, we would be able to achieve this data wate an RPM of 39,857. However, for the one platter device,
the capacity drops from 61.13 GB to just 35.48 GB. If the mantufrer wishes to achieve a capacity that is closer to the 2.1
system, an additional platter may be added to push the dgmdi¢he 1.6” drive to 70.97 GB. At this point, the roadmap Jgbu
shift into the 2-platter system and consequently increaseooling requirements for the product. In general, we firad the
IDR growth of 40% can be sustained till the year 2006. The ¢indvom 2006 to 2007, for the 1.6” platter-size, dips to 25%
and to only 14% per-annum subsequently.

When transitioning to terabit areal densities in the yediQ@ue to the large increase in the ECC overheads, whicttis no
offset by the BPI growth, the IDR drops from 805.24 MB/s in 926 661.39 MB/s in 2010. After this, the IDR growth of 14%
is resumed. By the year 2012, there is over a 2,870 MB/s gapdeet the 40% CGR point and the best data rate achievable
from our design space. Similar trends can be observed fdt #rel 4 platter roadmaps as well with the difference thatahe f
off from the roadmap is slightly steeper (despite conserggtassuming a higher cooling budget for them), since theyr
higher viscous dissipation making RPM an even bigger issuestricting their maximum data rates.

4.2 Impact of Other Technological Considerations

We have studied the influence of different drive parametech |s its form factor, aggressiveness of ZBR, etc., and othe
external conditions such as the effectiveness of the cpaystem, on the above roadmap. We discuss only two of these
sensitivity results below in the interest of space.

4.2.1 Cooling System

The heat transfer rate from the drive depends on the temyergtadient between its enclosure surfaces and the ambient
air. Thus, reducing the ambient external air temperatune (d better external cooling technologies) allows more tehe
extracted from the inside. We consider two configuratioas éine 5 C and 10 C cooler than the values (referred to as Bageli
used in the previous experiments, and those results arenshdvigure 3 for the 1-platter configuration.

We observe that better cooling can indeed provide benefitghié 2.6” platter-size, lowering the ambient temperatiom
28 C to 23 C (approximately room temperature) allows it to intlee target data rates till the year 2005, while it was falkirff
at 2003 earlier. Under the original cooling provisions yothle 1.6” platter size would have been able to provide the B4R
satisfies the 40% CGR curve. The ability to use the 2.6” siZtly improved cooling, would be able to provide a capacity of
93.67 GB compared to only 35.48 GB for the latter with the atjek system. Overall, the 5 C and 10 C temperature redwsction
allow the roadmap to be lengthened by one and two years riggg¢2007 and 2008) using the 1.6” size. However, theliitra
transition cannot be sustained even by the aggressivengsfstems. We find the trends to be similar for higher platents
as well.

Though these enhancements can buy some more time in the apgdmd enhance drive reliability as well [2]), providing
extensive cooling systems is not that attractive from tlaefical viewpoint: (i) it is not as easy to control ambiemhpeerature
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Figure 3: Improvements in the Cooling System. Each graplwstibe IDR in the original roadmap (Baseline), together with
those when the ambient external air temperature is 5 C andl@@€. The curves are shown only for the data points where
they fail to meet the target 40% CGR.

in a desktop setting - where the bulk of drives are targeteldércommodity market - even if one can for a machine room, and
(i) the associated costs may be prohibitive [26, 48]. A maneferable alternative is to come up with designs that céiuate
the required performance/capacity without increasingtiding requirements.

4.2.2 Form Factor of Drive Enclosure

Another trend in drive design is to use smaller enclosurgse@ally for disks with platters that are 2.6” or smalleritia
smaller form factor, the base and cover areas are reduceeritg the heat transfer rate from the drive. This can calse t
internal drive temperature to be higher than for one withrgdaform factor. In order to compensate for this and enshae t
the thermal-envelope would not be violated, more coolinglddave to be provided. We studied how the roadmap would be
affected if we employed a disk that uses the 2.5” form factmi@sure, instead of 3.5” (note that this is not the platieg)s
The dimensions for such a disk case would be 3:3575" [45], and would therefore still be able to house a 2 l&tter. Our
experiments - the results are not explicitly given here idatk that we tend to fall off the roadmap even at 2002 by gfong
such a smaller enclosure, and a much more aggressive cegbtegm to cut the ambient temperature by another 15 C is deede
before this becomes a comparable option.

5 Dynamic Thermal Management (DTM)

We have seen that designing disk drives for the future, teigeathe growth in data rates that we have enjoyed so far isggoi
to be a challenge, both in terms of engineering complexity@mling cost. In this Section, we present two possible chese
Dynamic Thermal Management (DTM) mechanisms - for boogtieormance while working under the thermal constraints:

1. Detecting thermal slack (difference between currenptenature and the thermal envelope that the disk has beameelsi
for), and exploit this slack to temporarily ramp-up RPM fetter performance in multi-speed disks [18].

2. Deploying a disk that has been designed foraeeage case behavior to run it at a higher RPM than what the worst case
would support most of the time, and use dynamic throttlimiptéques when getting close to thermal emergencies.

Although the first mechanism above would require multi-spaisks, such support is not necessary for the second mechani
(though it can be used for better throttling abilities). &ldtat in the following discussion, we merely point out thegibilities
with these approaches together with identifying the trafiefrom a purely theoretical/synthetic perspectiveheathan present
detailed DTM algorithms/solutions (which is part of ourdte work). Before discussing these two possibilities, thesgion
one may ask is whether such performance improvements dhemeaded from the application perspective. Consequenty
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first (section 5.1) examine some commercial applicatiocesao motivate the need for higher data rates. Subsequestly
discuss the above two mechanisms as possible ways of awfpiswch data rates in sections 5.2 and 5.3 respectively.

5.1 The Need for Faster Disks

Even though it is apparent that higher data rates would hetiWidth limited workloads, one is still interested in fingiout
how helpful this can be in the context of realistic workloadgch may be intensive in seeks (that do not really benefihfeo
higher RPM). We conducted this evaluation using 5 commEv€draces given in Figure 4 (a). The TPC-C trace was cadiéct
on a 2-way Dell PowerEdge SMP machine, and the TPC-H tracecollected on a 8-way IBM Netfinity SMP system, both
using DB2 on Linux as the underlying platform. The table @a@s the approximate year when the traces were collected.

We used our model to capture some of the disk characterfstidhie appropriate year (since this information was not
always available). All the disks are assumed to have a 4 MBadishe and ZBR with 30 zones/surface. For the RAID systems,
RAID-5 was used with a stripe-size of 16 512-byte blocks. pagormance of the disks was simulated using DiskSim [14]
with the appropriate RPM in Figure 4 (a). We conducted expenits by increasing RPM in steps of 5000 (without their
thermal effects) to find the impact on response time. Pleatethat the objective of this exercise is not to optimizedherall
system performance for each workload, which would requir®ee detailed analysis involving RAID parameter tuning;tea
management policies, etc. Rather, our objective is mereiptestigate if using higher RPM disks can provide significa
storage system performance boosts.

0.9
Workload Year # Req. RPM Disk Cap. (GB) | # Disks | RAID? 08|
HPL Openmail [1] 2000 | 3,053,745| 10000 9.29 8 Yes 07
OLTP Application [47] | 1999 | 5,334,945 10000 19.07 24 No 06
Search-Engine [47] | 1999 | 4,579,809 | 10000 19.07 6 No 5 os
TPC-C 2002 | 6,155,547 | 10000 37.17 4 Yes o4
TPC-H 2002 | 4,228,725| 7200 35.96 15 No o
0.2]
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Figure 4: Performance impact of faster disk drives for semarkloads. Each graph shows the CDF of the response tinmes fo
each RPM used in the constituent drives in the simulate@syst The average response times for each of the corresgondin
configurations is shown below each plot in the order of insirggRPMs.

Results from these experiments are shown in Figure 4 in thne &6 CDF plots of the response times. In addition, below
each graph, we give the average response times for that ¥eénd that a 5000 RPM increase from the baselines provides
significant benefit in the 1/0 response time. The averageoresptimes improved by 20.8% for the OLTP Application torove
52.5% for Openmail. For the Openmail, Search-Engine, and-CRvorkloads, we notice that the entire CDF curve shifts to
the left, indicating that most of the 1/0 requests benefitedhfthe increased RPM. We find the higher RPM helping everethos
workloads with a considerable number of seeks such as Opemrhare there is an average seek distance of 1952 cylinugrs
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request with over 86% of all requests requiring a movemetit@frm. This is because most requests span multiple sixeeess
blocks, thus benefiting from the higher RPM.

These results suggest that these workloads would have teshieim a higher RPM even in those systems where they were
initially run, though one may not have been able to get theabse of the thermal envelope. This makes a strong case for
continuing to support higher RPM in future disk drives, etlemse beyond thermal limits as long as we can provision dymam
thermal management techniques to avoid hitting thosedindis the subsequent two mechanisms illustrate, it wouldbissiple
to supply the additional 5-15K RPM, which provided us witk thulk of the performance benefits in these traces, with DTM.

5.2 Exploiting Thermal Slack

Note that the thermal envelope was previously defined bas#tedemperature attained with both the VCM and the SPM being
on (i.e. the disk is constantly performing seeks). Howegtaring idle periods (when not serving requests), the VCMfiis o
thus generating less heat. Further, there could be segligniti requests, reducing seek activities. This impliestthere is a
“thermal slack” to be exploited between the thermal envelapd the temperatures that would be attained if the VCM wlas of
However, the disk drive has been pre-set with a maximum RRM fbhermal limit based on the VCM being on constantly. If
on the other hand, the disk provided multi-speed abilitiesn we could temporarily push the RPM even higher duringpdsr

of no/few seeks without exceeding the thermal limits.

Note that a detailed study with workloads, and a realisti&RRodulation technique based on the seek characteristits an
current temperatures is needed to evaluate the benefitplufitaxg this slack in practice. Such a detailed study isdrel/the
scope of this paper, and is part of future work. Here we singpigntify the thermal slack of different designs and the &igh
RPMs that we may be able to drive it to when exploiting thislsla
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Figure 5: Exploiting the Thermal Slack. 1-platter disk. V&t corresponds to the RPM and IDR values attainable when th
thermal slack is exploited. Envelope-Design correspoadsd¢ RPM/IDR values when the VCM is assumed to be always on.

Figure 5 (a) shows the RPM that we can drive the design to (fiardnt platter sizes) when exploiting this slack, congzhr
to the original maximum RPM we could support assuming the M4 always on. We see that there is plenty of slack for the
2.6" platter size, allowing its speed to increase up to 26 RBM from the 15,020 RPM with the original thermal enveldpe.
terms of the data rate, this boost allows it to exceed the 4@R Curve until the 2005-2006 time frame (Figure 5(b)). Even
after this time frame, the data rates are around 5.6% hidiaer the non-slack based configuration. In fact, the slackhier
2.6” drive allows it to surpass a non-slack based 2.1” comditjon, thus providing both better speed and higher capémit
the same thermal budget.
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The amount of available slack decreases as the platterssst@link (see Figure 5(a)), since the VCM power is lower for
smaller platter sizes (2.28 W for 2.1" vs. 0.618W for 1.6")hig makes the slack smaller to exploit in future designs with
smaller platters. The next solution strategy can turn obetanore rewarding in such situations.

5.3 Dynamic Throttling

We consider two alternatives to exceed the thermal envaRipld when designing disk drives, and dynamically modulat-
ing/throttling their behavior when we get close to the IgniThese techniques are schematically shown in Figure 6basie
idea is that by building a disk with higher RPM, we can benefiperformance in the average case, and throttle the systlym on
when temperature limits are reached.

A

VCM-On Max RPM

VCM-On Max RPM

VCM-Off Max RPM
— g4 - ----- Thermal-Envelope

== — — = - — — — — ——— = Thermal-Envelope
VCM-Off Max RPM : :

gt VCM-Off+Reduced RPM

® ~c ~®» =~@®0T 3 ® o
® =~ ~® =~ ®T 3 0o o

Time Time >
(a) VCM-alone (b) VCM+Lower RPM.

Figure 6: Dynamic Throttling Scenarios in the context okdiglesigned with average case behavior rather than wasst-ca
assumptions. In (a), only the VCM is turned off, with the disintinuing to spin at maximum RPM. In (b), the VCM is turned
off and the disk is transitioned to a lower RPM.

Let us first consider the scenario in Figure 6(a). Here, ihltoe SPM and VCM are operating continuously, the tempegatur
of the disk (depicted by the legend “VCM-On Max RPM”) wouldlate the thermal envelope. In the absence of the VCM
(either there are no requests issued to it, or the requesteguential to avoid seeks), the temperature falls belewitkielope
(depicted by the legend “VCM-Off Max RPM”). The throttlingaohanism can then operate as follows. Requests are sent to
the disk, operating at this higher RPM (than permitted byrthemal thermal envelope) until the temperature is closé¢o t
thermal limit. At that point, the requests are not issued#disk for a while{..;), giving a thermal profile indicated by the
downward-pointing dotted curve. After this period, reqaémvolving seeks) can be resumed and the disk would statirg
up again (shown by the rising dotted curve), till it reachiese to the thermal envelope again in time,;.

Figure 6(b) shows a scenario for throttling with an even namgressive (in terms of IDR) disk. In this disk, even turning
off the VCM would not allow the disk to be within the thermaMefope since the RPM is so high. However, if the RPM was a
lower value, then the temperature that would be reachedtindtvVCM off for this lower RPM (depicted by the legend “VCM-
Off+Reduced RPM") is lower than the thermal envelope. Is tase, the throttling mechanism would not just stop issuing
requests (to cut down VCM power) but would also pull down th&MRof this disk, when the temperature reaches close to the
thermal envelope for a timg,,; as indicated in the Figure, and then let requests go on fa#ip, after bringing up the disk
to full RPM. Note that in this case, even though we are periiogfRPM modulation, we only need a disk with 2 RPM levels,
with the servicing of requests always being done only at thhdr RPM. Such a disk is already available in the marketytoda
[24], since it only requires setting different SPM speeds], @oes not need any further innovations in recording telciyies. A
full-fledged multi-speed disk [18] that services requestlifferent speeds, though not necessary for this thrgttirechanism,
can provide even finer granularity of temperature control.

The utility of both these techniques is largely dependerntherrelative time given to cooling(,,;) and the time it takes
to get back from the lower temperature back to the thermaitdir;...). We call this ratio (f—“z) as thethrottling-ratio.
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In practice, we would like this ratio to be larger (greatearthl) since that allows for longer periods of operation ofdhsk
compared to inoperation (i.e. its utilization is greatent0%).

Let us consider a disk-drive that consists of a single 2.&ttpt. The highest RPM that can be achieved by this disk,runde
the assumptions of our original roadmap, is 15020 RPM. Néowdesuppose that we would like to be able to use the 2.6” size
and be able to satisfy the 40% IDR CGR till the year 2005. Fraild 3, we find that this needs an RPM of 24,534. Let us
assume that we would like to build a disk which operates atRRM even though in the worst case it would violate the therma
envelope and heat up to 48.26 C. We find that, if the VCM is tdiofé the temperature of the drive is 44.07 C, which is within
the design envelope and is thus a candidate for the firstlihgbapproach. With such a disk (constant RPM of 24,534)sete
the initial temperature to the thermal envelope. We then i the VCM for a specific period of time(,,; in seconds) and
then turn it back on again. We observe the timg f;) it takes for the disk temperature to reach the envelope. apfeat this
experiment for various values 6f,,; and the corresponding throttling ratios are plotted in Fégi(a).
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Figure 7: Throttling ratios with differenit.,; for (a) VCM-alone and (b) VCM+Lower RPM

For the second throttling scenario, let us say that we walkidtb stretch the 2.6” roadmap to meet the CGR expectations
till the year 2007, whereby a RPM of 37,001 RPM would be resfliiiThe disk temperatures with and without the VCM turned
on are 57.18 C and 53.04 C respectively, both of which areatiermal limits. We assumed that the disk drive is desigoed t
operate at two RPMs, namely, the full-speed of 37,001 RPMadader-level of 22,001 RPM. We conduct a similar experiment
as before, except that the RPM is also lowered by 15,000 ittiaddo turning off the VCM, when thermal limits are reached
The resulting throttling ratio graph for this scheme is shawFigure 7(b).

Both these graphs give insight on how long we need to let thle ol (throttle) between successive periods of activity.
In both cases, we find that if we want to keep the active perdsast as long as the idle periods, throttling needs to be do
at a relatively finer granularity (less than a second). Thalizations of these results, together with a discussionoskible
techniques for throttling are given in the next section.

5.4 Discussion and Future Work

The results presented in this section indicate that theseriee amount of thermal slack between when the VCM is on and off
(section 5.2) to temporarily ramp up the RPM. Such techréguas buy us some IDR in the near future. However, as platter
sizes continue to diminish, the benefits with this technianediikely to become less significant due to the drop in VCM eow
This technique also requires multi-speed disks with adedmechnologies to allow reading/writing at different spee

The more promising approach seems to be the dynamic timgsitrategy where we can use a disk designed for the average
case behavior and allow it to operate at its full performaaduiéties. Throttling is employed to reduce/avoid sendiaguests
to the disk for a cooling down period, before resuming agiere again, the second scenario where lowering the RPMn@luri
teoor) IN @ddition to turning off the VCM, is more promising sinaesf turning off the VCM may not buy too much slack in the
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future. Further, this only requires a couple of RPM levelghwhe requests being always serviced at the highest |8uadh a
disk (from Hitachi) [24] is already available in the marketiay.

The attractiveness of implementing throttling even witlisgrg disks warrants a closer investigation of technigioes
achieving the intended goals with little performance Id3sr throttling ratio graphs indicate that keeping the digkzation
higher than 50% requires a finer granularity of throttlingosgibly at the granularity of a few dozen requests. If therint
arrival times of requests in a workload are appropriateficsg, then one could achieve such throttling at little carséyen for
free). Even if the workload keeps issuing requests at arfaste, there may be future work to be done in enhancing cgchin
techniques to appropriately space out requests for allpadroling, similar to how there has been recent work on cagcfdn
power management of disks [53]. Techniques for co-locatatg items to reduce seek overheads (e.g. [40]) can redubk VC
power, and further enhance the potential of throttling.alin it is also possible to use mirrored disks (i.e. writesgagate
to both) while reads are directed to one for a while, and tleenh ® another during the cool down period. The throttlinipra
graphs give an indication of how many of these disks may neéeé £employed for a desired cool down period.

There are several other techniques to enhance IDR whileingmgawithin thermal bounds. For instance, we could use two
disks, each with a different platter size. The larger disle tb its thermal limitations, would have a lower IDR than shaaller
one, although the latter, assuming the platter counts tbdeame, would have a lesser capacity. Such a configurakivvsal
the smaller disk, which itself could have capacities in troeo of several Gigabytes, to serve as a cache for the langerThis
is somewhat similar in philosophy to previously proposecheadisks [27].

In this paper, our primary intention has been to briefly explhe potential offered by a few of these techniques in order
to identify directions for further research. Estimating thenefits to be obtained with these techniques mandatesulcar
application-driven evaluation together with an explaratof the detailed design space of DTM control policies. Ohthe
main difficulties when doing so is identifying the I/O worklds of the future to be used in such evaluations, rather thiag u
traces from previous years which may not be representatitieecfuture demands. Our ongoing work is investigating ¢hes
issues (similar to [8]) together with a detailed evaluatd®TM control policies.

6 Concluding Remarks

This paper has presented an integrated framework for stgdle inter-relationships between capacity, performanckther-

mal characteristics of disk drives, and how this can be usetiart out a roadmap based on a given thermal envelope. Tihoug
there could be minor variations in absolute values due toetioglinaccuracies, one cannot deny the sharp drop off iic-ant
ipated IDR growth rates as we move in to the future, becausieeathermal envelope and emerging limitations in growth of
areal densities, growing capacity needs of error corrgatotes, together with the cooling costs.

We have presented Dynamic Thermal Management (DTM) as aonojotr buying back at least some of the loss in IDR
growth rates for the future, by either exploiting the theksiack, or by throttling disk activities. As we mentionetiese
options are achievable even on existing disks. By emplotfirge options, we find that there is around 5-10K RPM to gain in
the near future. Even though this may not be enough to getelsdlbathe way to the IDR roadmap, this gain still provides
substantial improvements in response times for severaés&0 traces Even if one does not wish to consider DTM as a way
of amplifying data rates, it is important to reiterate theghperatures have a considerable impact on long term diieditiy
[2], and we can use DTM just to reduce the average operatingeeature for enhancing reliability.

This paper identifies several future directions for redeancluding those for developing DTM control algorithms,dan
evaluating the effectiveness of these algorithms with nfatteristic server and consumer electronics workloads. afe laave
plans in the future to release the code for the thermal mottkita integration into the DiskSim infrastructure.
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