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Abstract

Excessie power consumption is a major barrier
to the market acceptanceof hard disks in mobile
electronic devices. Studying and reducing power
consumption, however, often involvesrunning time-
intensive disk traces on real hardware with spe-
cialized power-monitoring equipmert. This paper
preseris Dempsey a disk simulation environment
that includes accurate modeling of disk power con-
sumption. It includes tools to automatically ex-
tract performance and power consumption param-
eters from a given disk drive, without needingde-
tailed specications from the manufacturer. The
tools use stimulus-based measuremets to extract
these parameters. Dempseyis experimentally vali-
dated for two mobile hard disks, namely, the 1 GB
IBM Microdrive and the 5 GB ToshibaType Il PC
Card HDD. In the worst obsered case,Dempsey's
estimate of power consumptiondi ers from the mea-
sured consumption by 7:5%. This demonstrates
that disk power consumption can be simulated both
e cien tly and accurately.

1 Intro duction

Many mobile electronic devices, sudh as MP3
players, digital cameras and personal digital as-
sistants, exhibit an almost insatiable demand for
storage capacity. These deviceshave traditionally
relied on compact ash memory, which is reason-
ably fast and power-e cien t, but alsoexpensive and
capacity-limited. Recent advancesin magnetic disk
technology have made possiblethe developmen of
high capacity, small form-factor disk drivesthat are
compatible with traditional mobile interfaces, sut
asPCMCIA and CF+ Typell slots.

Department of Computer Science, Princeton Univ ersity.
Email:  zedlwski@princeton.edu, fsobti, nitin, zheng, ry-
wangg@cs.princeton.edu.

YDepartment of Computer
Email: arvind@cs.yale.edu.

This work is supported in part by IBM. Wang is sup-
ported by NSF Career Award CCR-9984790 and Krishna-
murth y is supported by NSF Career Award CCR-9985304.

Science, Yale Univ ersity.

Nitin Garg FengzhouzZheng

Randolph Wang

Unfortunately, one important hurdle cortinues
to block the widespreadacceptanceof these minia-
ture hard disks in mobile devices: power consump-
tion. Recen studieshave demonstratedthat a small
form-factor disk, such asthe IBM Microdrive, may
consumeb-10times more power than its ash mem-
ory counterparts [26]. In the context of a note-
book computer with a powerful lithium-ion battery,
these levels of energy consumption are quite bear-
able, and the storage subsystemin sudh computers
is rarely responsible for more than 10-30% of the
overall power drain [4]. In an MP3 player running
on AAA batteries, on the other hand, every Jouleis
critical. Thus, e ectiv e power managemen of hard
disks, especially the mobile ones, is becoming in-
creasinglyimportant.

Researt in e ective disk power managemenm
can be a frustrating process, as meaningful disk
traces take days to run, and researters need ac-
cessto expensive power-monitoring equipmert. In
this scenario,simulation quite naturally seemslike
an attractiv e approach to follow. Simulation soft-
ware has already been demonstratedto be able to
model disk performance,both e cien tly and accu-
rately [6, 19, 2Q]. In this paper, we presert Dempsey
(Disk Energy Modeling and PerformanceSimulation
Environment), a tool that seeksto bring a similar
level of accuracy and corvenienceto energy-avare
storage systemdesigns.

Dempsey extends the well-tested DiskSim sim-
ulator [6] to model power consumption in addi-
tion to performance characteristics of hard disks.
It includes a set of tools to extract the necessary
power consumption parameters from a given disk.
Dempseyusesstimulus-basedmeasuremets to de-
rive all the required performance and power con-
sumption parameters. Thus, no detailed speci ca-
tions from the manufacturer are necessary This
enablesit to handle disks with the IDE interface,
which in generallacks commandsto determine spe-
cic internal parameters of the disk. This ability
to handle IDE disks is signi cant, sincelIDE is the
dominant standard for mobile disks today.

Dempsey is experimentally validated for the



1GB IBM Microdriveandthe 5GB ToshibaTypell

PC Card HDD using a variety of synthetic and real-
world traces. For the IBM Microdrive, Dempsey's
estimate of power consumptiondi ers from the mea-
sured consumption by 7:5% in the worst obsened
case. In the average case, however, the error is
only 1:8%. The corresponding errors for the Toshiba
HDD are 6:9% and 3:6% respectively. On a mod-

ern desktop machine, Dempseyis able to simulate
tracesat a rate of more than 8000disk-requestsper
second.

Section 2 provides an overview of relevant exist-
ing work in the elds of disk performancemodeling
and disk power managemenh Details of Dempsey's
design and implementation, including the perfor-
mance and power modeling componerts, are given
in Section 3. In Section 4, experimental results are
preseried, which validate the simulator for the two
represenativ e disks. Section5 preseris the conclu-
sions.

2 Related Work

Dempseyattempts to connecttwo researt elds:
disk performance maodeling and disk power manage-
ment. We survey some related work in these two
elds.

2.1 Disk Performance Mo deling

Ruemmler and Wilk es presert a thorough in-
troduction to disk performance modeling [19], and
convincingly demonstratethe needfor sophisticated
disk-simulation techniques. They suggestthe useof
the \demerit gure" asa measureof a simulator's
accuracy The demerit is de ned asthe root mean
squareof the horizontal di erence betweenthe sim-
ulated and real response-timedistribution curvesfor
a giventrace. They shov how demerit gures of as
low as 3% can be achieved by simulating the disk
behavior in extreme detail. Similar simulation tech-
niguesare usedin [12, 15, 22].

DiskSim [6], deweloped by Ganger, Worthington
and Patt, is a general-purposesimulator that goes
beyond the techniques of Ruemmler and Wilk es.
The DiskSim software requiresa large set of param-
eters to characterize a disk drive. These parame-
ters include nearly a hundred behavioral details and
overhead timings, in addition to detailed disk ge-
ometry information and a large table of seektimes.
Much of this complexity stemsfrom DiskSim's goal
of simulating the widest possiblerangeof disks. The
sourcecode for DiskSim is publicly available, and it

hasbeenusedasthe basisfor Dempsey'simplemen-
tation.

Seweral recert projects have attempted to auto-
mate the processof extracting these large number
of disk performanceparameters. Many of theserely
on a combination of two kinds of techniques [24],
namely interrogative extraction and empirical ex-
traction. Interr ogative extraction makesuse of low-
level commandsin the disk interfaceto extract infor-
mation about geometry and other static properties
of the disk. Sudh techniques have successfullybeen
usedwith many SCSldisk drives[20, 24]. Interroga-
tiv e extraction, however, is not su cien t for seweral
reasons. First, a given disk drive may not support
all interrogative commands. Second,the informa-
tion returned by such commandsmay beinaccurate,
in which caseit is only usableas a hint. Empirical
extraction obsenesthe behavior of a given disk on
a set of carefully-chosen synthetic workloads, and
extracts the parameter values from these obsena-
tions. Since empirical extraction does not depend
on speci ¢ commandsin the disk interface, it is more
generally applicable [2, 21].

Dempseymainly usesempirical extraction tech-
nigues to extract the relevant performance and
power parameters from a given disk. This makes
Dempseyrelatively general-purposeand suitable for
disks with the IDE interface. The extraction tech-
nigues for the performance parameters are quite
similar to thosedescribedin existing work, like DIX-
Trac[20]. Tothese,we addtechniquesfor extracting
power parameters.

2.2 Disk Power Managemen t

Most researt in disk power managemen has fo-
cusedon the behavior of the disk during periods of
inactivit y, i.e., idle periods. Speci cally, the ques-
tion is when the disk should be put to sleepto
minimize power consumption with little impact on
performance. Many papers have analyzed the im-
pact of aggressiely spinning down disks when the
time since last /0 request exceedssome thresh-
old [4, 14, 23]. Algorithms for dynamically vary-
ing the spin-down threshold in responseto chang-
ing user behavior and priorities have also beenpro-
posed|[3, 7, 10, 13]. IBM's storage systems divi-
sion has developed an adaptive power managemen
algorithm [1] called ABLE (Adaptiv e Battery Life
Extender). ABLE has been incorporated in IBM
2.5-inch Travelstar drivesand IBM Microdrives.

The simulators employed in these projects are
simpler. Greenawalt usesan analytical model that
assumeghat requestsarrive accordingto a Poisson



distribution [8]. Helmbold et. al. [10] model power
in terms of secondsof activity, rather than using
Joules. This simpli cation relieson two implicit as-
sumptions. One is that a disk hasonly two distinct
power levels: active and idle. The secondis that an
active disk always consumespower at the samerate.
Douglis et. al. [4] usea disk simulator that usesa
xed, averageresponsetime for all requests,except
for thosethat lie within a small neighborhood of the
previous request. This is quite similar to the model
that Reummler and Wilk esshow to have a demerit
of 35%[19].

Theseearlier simpli ed simulations are valuable
in studying disk spin-up and spin-dovn policies.
One common assumption shared by these studies
is a given disk I/O accesspattern generatedby a
given le system. Researbers, however, have re-
certly begunto investigatehow to in uence the disk
I/O accesspattern to reduce energy consumption,
sometimesby changingthe le systemitself. Zheng
et. al. [26], for example,analyzethe e ect of various
le systemattributes, like data layout policy, bursti-
ness, badkground data reorganization algorithms,
etc., on disk energy consumption. Even when the
user issuesthe same sequenceof system calls, the
disk I/O requestsissuedby a log-structured le sys-
tem, for example, can be very di erent from those
generatedby an update-in-place le system,in their
locality and burstiness characteristics. A simulator
that lacks a level of sophistication that is compara-
ble to that seenin DiskSim, amongother disadvan-
tages, may err in its timing estimate of individual
I/O requests,which may translate into inaccuracies
in its energyestimate. Papathanasiouand Scott [16]
explore le-system level techniques for increasing
the burstiness of disk accesses.Heath et. al. [9]
and Weisselet. al. [23] attempt to achieve similar
goalsby making applications more \energy-aware".
We believe that an accurateand e cien t disk power
modeling tool like Dempsey can be very useful in
projects of this kind. We also expect Dempseyto
be usefulfor systemslike ECOSystem[25 whereac-
curate on-line estimates of energy consumption are
neededoutside a laboratory setting.

3 Dempsey

Dempsey extends the DiskSim simulator with
a componert to model disk power consumption.
The power modeling componert is relatively simple,
adding fewer than 200 non-commen sourcelines of
code to the existing DiskSim software. Given data
les describing the performanceand power charac-

teristics of a disk, the simulator can take an input
trace le and quickly return an estimate (in Joules)
of the energythat would be consumedby executing
the given trace on the speci ed disk. The simulator
also producesthe standard DiskSim output, which
describesperformanceand responsetime character-
istics.

Dempsey includes tools that automatically ex-
tract the required performance and power param-
eters of a given disk. In all, these tools contain
about 2500 source lines of code in C++, Python
and bash shell scripts. Thesetools usethe empiri-
cal extraction technique to extract disk parameters.
Speci cally, the behavior of the disk on a set of
carefully-selected synthetic workloads is obsened,
and parameter values are extracted from these ob-
senations. The performance characterization tools
are similar, in nature, to those usedin the DIXT rac
project [20], sothey will be describedonly in brief in
Section 3.2. The power modeling componert, how-
ever, is described in detail in Section3.3.

3.1 Measuremen t Infrastructure

To compute the parameters required for power
simulation, the characterization tools needto mea-
sure actual power consumption for a variety of syn-
thetic traces. For this, the tools need to inter-
face with a multimeter or a voltmeter. Clearly, it
would be preferableto eliminate this needfor spe-
cial equipmen, but other obsenable indicators of
power consumption, such as battery life, etc., sim-
ply do not provide the speedand accuracynecessary
for a detailed understanding of power usage. It is
also important, however, to note that the simula-
tion component of Dempsey does not require spe-
cial equipmert. Once a disk's power consumption
has been characterized, researters can usethe re-
sulting power parametersto model the disk drive
without needingto carry out any tests with special
equipmert. This sectiondescribes Dempsey'shard-
ware and software infrastructure.

3.1.1 Hardw are

To gather power statistics, we have fashioneda PC
card sleee aspictured in Figure 1, with a schematic
diagramin Figure 2. The power measuremeh sleee
consistsof a PC card extender attached to a shunt
resistor in serieswith the card's power supply. Fol-
lowing the general approach taken in [5, 11], we
measurethe voltage acrossthe shunt resistor. The
card extender connectsto a PCMCIA-compatible
disk drive, such as an IBM Microdrive. The card



Figure 1: Power measuremern apparatus.
(1) Linux-based PC with a PCMCIA slot, (2) Digital
multimeter, (3) Shunt resistor, (4) IBM Microdrive
housedin a PC card adapter, (5) PC card extender.

Figure 2: Scematic diagram of the power measure-
ment apparatus.

extenderis inserted into a PCMCIA slot of a Linux-
basedPC. A digital multimeter is usedto measure
the shunt resistor voltage, and integrate it over a
sampling interval to compute the average resistor
voltage for that interval. These measuremets are
logged via a serial link to the PC over the course
of an experiment. After independenly determining
the ohmageof the shunt resistor, we deducethe av-
eragecurrent deliveredto the disk drive via Ohm's
law Iprive = VResistor =RResistor . This leadsto the
averagepower consumedby the drive over the sam-
pling interval using Pprive = Vbrivel Drive, Where
Vb rive IS the voltage of the power supply to the disk
drive. The total energyconsumedby the drive over
the samplinginterval is, then, the product of Pp iy e
and the length of the sampling interval.

In all of our measuremets, we con gure the mul-
timeter to produce 3 samplesper second,although
the multimeter itself is capableof operating at much
higher sampling rates. In other words, the time in-
terval over which averagevoltage is measuredacross
the shunt resistor is approximately 333 ms. This is
a choice in favor of overall accuracy The multi-

meter, in producing eac sample, needsto spend
sometime performing computation, and the volt-
agechangeduring the computation time is basically
ignored. So, fast sampling rates, though good for
shawing peak values, are generally bad for overall
accuracy All of our experiments run seweral sec-
ondsor more. Thus, a relatively long sampling time
interval is acceptablein this corntext.

3.1.2 Software

A typical power measuremeh experiment has two
main tasks: (1) to executethe disk trace, and (2) to
record average voltage measuremets from the se-
rial port. In the Dempsey setup, these two tasks
are performed by two concurrert threads. It is im-
portant to ensurethat thesethreads are scheduled
fairly during the measuremeh To minimize inaccu-
racy due to unfairnessin relative scheduling of the
threads, Dempsey schedules both threads as real-
time processeswith the port readerhaving a higher
priority than the execution thread. Additionally,
the experiments for this paper are run on a Linux
system that usesa kernel patched for low-latency
and pre-emptible operation. An alternative would
have beento usetwo separatecomputers,oneto ex-
ecutethe trace and the other to record the measure-
ments. The current setup, however, givessu cien t
accuracythat we do not usea secondcomputer.

To transfer data to the drive, the execu-
tion thread usesthe Linux raw device interface
(/dev/r aw), which bypassesthe operating system's
bu er cade and allows the software to read from
or write to arbitrary sectors. The disk also has an
internal cadhe that can interfere with attempts to
measure performance. The Microdrive, for exam-
ple, hasboth a read cache and a write cade, and it
allows a userto disable the write cade, but not the
read cache. Unlessotherwise noted, the write cache
is enabledduring the experimerts in this paper.

3.2 Performance Mo deling

Dempseyusesthe DiskSim softwareto model the
execution of a given trace on a given disk. DiskSim
models the execution in extreme detail, including
modeling di erent stagesof the execution, namely,
seeking, rotation, data transfer and idle periods
Dempsey adds code to model energy consumption
during eac of thesestages.

To simulate the execution, DiskSim requires
speci c values for a large number of parameters
that characterize disk geometry and layout, me-
chanical timings and cace behavior, among other



things. Dempseyincludes performance characteri-
zation tools to automatically extract these parame-
ters from a given disk.

Typically, the rst stepin sud characterization
is the extraction of detailed information about disk
geometry and physical layout of data blocks on the
disk. For this, many previous e orts, including
DIXT rac [20Q], have relied on low-level commands
in the disk interface that reveal the mapping from
logical block addressegLBAs) to physical locations
on the disk. The SCSl interface, for example, has
the \T ranslate" option in its \SEND DIA GNOS-
TIC" and \RECEIVE DIAGNOSTIC" commands
to translate a given LBA to the corresponding phys-
ical location.

Dempsey choosesnot to rely on sud transla-
tion commands, since not all disks support suc
commands. Also, even if a disk does support suc
commands, the information returned may not be
ertirely correct and reliable. For example, the
IBM Microdrive, which supports the IDE inter-
face, does include a \T ranslate Sector" command
to translate a given LBA to the corresponding
cylinder/head/sector (CHS) combination. Unfortu-
nately, this CHS addressdoesnot represen the true
physical location of the corresponding sectoron the
disk. Dempseyusesempirical extraction techniques
to extract the geometry information, which is then
usedin the extraction of all other relevant parame-
ters through empirical extraction techniquessimilar
to those usedin [2Q].

3.2.1 Extracting Disk Layout

The most important feature of the mapping be-
tween LBAs and their corresponding physical lo-
cations on a given disk drive is the drive's zoning
strategy. Zoning refersto the technique of dividing

a drive's surface into seweral groups (or zones) of
tracks, such that all tracks within a givenzonehave
an equalnumber of sectors. Tracksin di erent zones
may have di erent numbers of sectors. This allows
more sectors on the outermost tracks, which are
longer than the innermost tracks. BecauselLBA to

physical-location mappingsare generally sequettial,

an accurate description of a disk's zonesis nearly
equivalent to a description of a drive's layout, pro-
vided that the drive's geometry has not been sub-
stantially aected by defectsand that the number
of headsis known.

Finding trac ks. A fundamertal building
block of the zone discovery algorithm is the
SameTrack (L) function. SameTrack returns a
range of LBAs that includes all LBAs on the same

track as LBA L. Let SeekTime(L1, L) denote
the time taken for a seekfrom LBA L; to LBA

Lo. (A function to compute Seek Time can be im-

plemerted using the SEEK command directly, so
that it bypassesssuesof caching and rotational la-

tency.) The SameTrack function begins by com-
puting SeekTime(L, L). This represerts the time

necessaryto perform a zero-distance seek, essen-
tially equivalert to the busand commandprocessing
overhead. Any seekof non-zero distance will take
substartially longer. The SameTrack function can
then compute Seek Time(L, L) for a seriesof L

values. If the Seek Time value is more than twice of
the minimal seektime (this factor of two is an arbi-

trary threshold that provesto work well in practice),

then it is inferred that Ly doesnot lie on the same
track asL. SameTrack canthen usebinary searh

to discover the upper and lower boundaries of the

desiredtrack.

From trac ks to zones. Note that using the
SameTrack function, it is trivial to determine the
number of sectorson the track on which a given
LBA lies. Let NumSectors (L) denote the number
of sectorson the track on which L lies. Remenber
that a zoneis de ned to be a set of consecutive
tracks, all of which have the samenumber of sectors.
Let SameZongL) be a function that returns the
range of LBAs that lie in the samezone as LBA
L. SameZone can easily be implemened using the
NumSectors function and binary seard.

Starting with the disk's rst LBA and repeat-
edly applying SameZone function until the disk's
nal LBA isreached, Dempseyis ableto generatea
complete map of the disk's zones.

Disk heads. The boundaries, which record the
number of blocks per track and the starting and
ending LBAs of ead zone, are still not enough
information to map an LBA to a physical cylin-
der/head/sector address. On a disk with multiple
heads,ead cylinder logically corntains tracks spread
across sewral dierent data surfaces. Therefore,
if a zone has S, total sectorsand S; sectors per
track, the zone contains (StS—ZH) cylinders, where H
is the number of headson the disk. Clearly, then,
Dempseymust know the number of physical heads
on the disk in order to understand its geometry.

The current version of Dempsey relies on the
manufacturer's speci cations to determine the num-
ber of disk headsin a drive, although techniques
for experimentally determining this number are also
known [20].



3.2.2 Extracting Other Parameters

Other performance parameters, like the seekcurve,
the rotation speed and the cache parameters, are
extracted using techniques similar to those usedin
the DIXT rac project. Therefore, these techniques
are not described herein any detalil.

As noted in [20], somedisk drivesthat incorpo-
rate adaptive caching techniques(where the organi-
zation of the on-disk cache changesin responseto
changing disk accesspatterns) are not very accu-
rately modeled by DiskSim. Both the IBM Micro-
drive and the Toshiba HDD are obsened to have
an adaptive cace. Thus, following [20], Dempsey
usesaverage values for many cade parametersin
the parameter les.

3.3 Power Mo deling

Traditionally, most approacesto power mod-
eling of hard disks have been very coarse-gmained.
For example, many previous attempts have mod-
eled disk to be in one of two states at any given
time: active and sleep, and power consumption in
ead of these states has been assumedto be con-
stant. On the other hand, Dempsey's approac is
fairly ne-grained. Dempseyattempts to accurately
estimate the energy consumedby ead of seweral
sub-commnerts of a disk request. Each disk request
consistsof se\eral stages:a seekto the correct cylin-
der, aperiod of wait until the disk rotates to the cor-
rect position, an actual data transfer, and, possibly,
a period of idlenessbefore the next disk requestis
handled. In this section, we describe how Dempsey
computes the values of various power parameters
required to model the energy consumption for eat
of these stages, namely, (1) seeking, (2) rotation,
(3) reading, (4) writing, and (5) idle-periods. Ta-
ble 1 summarizesthe power parametersfor the two
drives. We also describe how Dempsey usesthese
parametersto arrive at its estimatesfor the energy
consumption for these stagesduring the execution
of a disk trace.

3.3.1 General Approac h

To compute the power parameters, Dempseyneeds
to measurethe averagepower consumption for each
of the above-mertioned disk stages. This is a signi -
cant challengebecauseany stagemay completein as
little as half a millisecond, whereasthe multimeter-
basedapparatus can, at best, take 75 samplesper
second. Thus, it is not possibleto measureaccu-
rately the power consumption of a single stage in

Stage | IBM Microdrive | Toshiba HDD

Seeking 637 1287
Rotation 594 1122
Reading 627 1185
Writing 756 1430
Stand-by 61 231

Table1l: Averagepower consumed(mW). The number
for the \Seeking" stage is the average power consumed
during a seekover one-third of the maximum seekdis-
tance.

a single request, even if the software could some-
how identify exactly when the disk transitions be-
tweendi erent stages(which itself is a hard prob-
lem). Therefore, all of Dempsey's power charac-
terization experimernts rely on power measuremets
taken over the courseof longer traces.

Energy consumedduring a single sampling in-
terval can be computed using the reading from the
multimeter, asdescribedin Section3.1.1. Total en-
ergy consumedby a trace is the sum of the energy
consumptionsof all the samplingintervals. In order
to obtain a measureof the averagepower consumed
by a speci ¢ disk stageS, Dempseyruns two traces
that di er only in the amourt of time spert in stage
S. The following formula, then, givesthe average
power consumption for disk stageS.

Ex Ei

P =
T T T

whereE; is the total energyconsumedby trace i
and T; is the total time taken by trace i. Note that
if the two traces di er only in the time they spend
in stage S, then the numerator is the extra energy
spent in stage S and the denominator is the extra
time spernt in stageS. We refer to this method of
estimating average power consumption of an indi-
vidual stageasthe Two-Trace methal.

3.3.2 Seeking

Dempsey generatesa Seek-PRower Pro le to model
the seekingstage. The pro le lists the energy con-
sumed by the disk for seeksof various distances,
measuredin number of cylinders crossed. Figure 3
preseris the measured Seek-PRower Pro le for the
IBM Microdrive.

Measuring seek power is relatively easier than
measuringpower consumption for other stages. For
this purpose,Dempseyusesthe SEEK commanddi-
rectly. To estimate the energy consumedby a seek
of C cylinders, the Two-Trace method is used as
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Figure 3: Seek-Power Prole for the IBM Microdrive.

follows. The rst trace consistsof only SEEK com-
mands addressedto an LBA L chosen randomly
at the beginning of the experiment. The second
trace alternates evenly between SEEK commands
addressedo L andthoseaddressedo another block
that is C cylinders away from L. Neither trace
spendsany time in the rotation, reading, writing or
idle periods, sothe tracesonly di er in the seeking
stage.

3.3.3 Rotation

The rotation stageof a requestoccursafter the disk
head has reached the correct track. The disk must
then wait until its rotation placesthe desired sec-
tor beneath the active head. Although the disk is
neither seekingnor transferring data during this in-
terval, it isalsonot \idle" in the strict sense.During
a true idle period, in which no requestsare active,
a disk may be able to shut down certain compo-
nens in order to reduce power consumption. Thus,
a disk may consumemore power during a period
of rotation than it does during a true idle period.
For that reason,Dempseyincludes tests that mea-
sure the power consumedwhile the disk waits for
rotation to complete.

For this stage, Dempseyusesa single power pa-
rameter, which is a measureof averagepower con-
sumption during rotation. Again, the Two-Trace
method is used. A track T is selectedrandomly.
Both traces issuethe samenumber of single-block
writes to T. The write-cache of the disk is disabled
during this experiment. The rst trace writes blocks
on T sequetially, wrapping around when the last
block on the track is reached. The secondtrace
writes blocks on T with alarger stride betweenead
pair of successie requests.

Each trace cortains the samenumber of single-
block write requests,ensuringthat they spend equal
amourts of time in the writing stage. Neither trace
includes any seeking,reading or idle period. Thus,
they dier only in their time spert in the rotation
stage. Therefore, the Two-Trace method yields the
correct power consumption for the rotation stage.

While the exactsizeof the large stride for the sec-
ond trace is not particularly important, the stride
must be large enoughto ensurea substartial dif-
ference between the two traces. Dempsey usesa
50-block stride as an arbitrary choice.

3.3.4 Reading and W iting

Dempsey uses one power parameter eacd for the
reading and writing stages. Theseparametersare a
measureof averagepower consumption during these
stages. Dempseysupports two separatemethods to
compute read and write power consumption. The
decisionof which method to usedependson whether
the disk supports zem-latency accessor not. When a
disk without zero-latencyaccesseceivesa large read
or write request, it must wait for the disk to spin
until it reachesthe rst sectorof the requestbefore
it beginstransferring data. A disk with zero-latency
accesgalso called a read/write-on-arriv al disk), on
the other hand, can begin transferring data when
the disk headis positioned above any of the sectors
in the request.

To determine whether or not a disk supports
zero-latency access,Dempseyissuesa single-block
read request at the rst block of a track, followed
by a requestto read the ertire track, beginning at
the rst block. In a disk without zero-latency ac-
cess,this processwill take two rotations, whereasin
the other caseit will take only slightly longer than
onerotation. (This sametechnique is usedby DIX-
Trac [20].)

Measuring for disks without zero-latency
access. To measureread power in a disk without
zero-latency access,Dempsey again usesthe Two-
Tracemethod. A random sequencef distinct tracks
is selected. The rst trace consistsof 1-block reads
to the rst block in ead of the selectedtracks. The
secondtrace consists of whole-track readsto ead
of the selectedtracks, where ead read begins at
the rst block in the track. It is easyto seethat
both traces spend almost equaltimes in the seeking
and rotation stages.Neither trace includesany idle
time. Thus, the Two-Trace method vyields a rea-
sonable approximation of the power consumption
parameter for the reading stage.

The power parameter for the writing stage is



computedin the samemanner, with the write cache
of the disk disabled.

Measuring for disks with zero-latency ac-
cess. It is easyto obsenethat the tracesusedabove
can not be usedin this case,becausehere the two
traceswill di er signi cantly in the time they spend
in the rotation stage.

To make it work for disks with zero-latency ac-
cess,we needto changethe rst trace slightly. Here
the rst trace, instead of issuing 1-block read com-
mands, issuesSEEK commandsto ead of the tracks
in the selectedsequence. The secondtrace issues
whole-track readsasin the previouscase.lt is easy
to verify that these two traces, when executed on
a zero-latency disk, will dier only in the reading
stage. Thus, the Two-Trace method can be ap-
plied to obtain the average power consumption of
the reading stage. Note that the traces that work
in this casedo not work for the previous case,be-
causethey will dier signicantly in the time they
spend in the rotation stagewhen executedon a disk
without zero-latencyaccess.

3.3.5 Idle Periods

The behavior of a hard disk during idle periods is
substartially more complex than during the disk-
stages described above. Typically, sewral power
modes are de ned where performanceis traded-o
for savings in power consumption. For example,
many disks have four modes of operation: active,
idle, standby and sleep. The active-made is the
only mode in which the disk can satisfy requests.
The active-made has the highest power consump-
tion, followed by the idle-mode, the standby-mode
and the sleep-male in that order. The intention
is to let the disk operate in one of the low power
modeswhenthere is no disk activit y, but transition-
ing from one power mode to another usually incurs
time and energy overheads. Thus, power manage-
ment usually hasimplications for power and perfor-
mance (responsetimes, in particular).

Modeling a disk's power managememn schemecan
be decompmsedinto two tasks. First, the energyand
performanceoverheadsassaiated with modetransi-
tions needto be measured. Second the power simu-
lator requiresa model of when the mode transitions
occur.

To measure the cost of mode transitions,
Dempsey issuesa series of traces to generate an
Idle-Period Energy Pro le. Each trace has a large
number of I/O operations that are separated by
an idle period of constart length. By varying the
length of idle periods acrosstraces, Dempseygen-

erates a seriesof tuples of the form (t;E;T). A
tuple (t; E;T) recordsthe fact that an idle period
of length t consumesenergy E, and introducesde-
lay T in the responsetime for the following request.
The Idle-Period Energy Pro le can be usedto de-
termine accurately the modes used by the power
managemen scheme,the overheadsincurred during
mode transitions, and the power consumedby the
disk in di erent modes.

The task of developing a model for whenthe disk
transitions betweenmodesis more complex. Tradi-
tionally, disks have used xed waiting thresholdsto
transition from higher power to lower power modes.
For such disks, the Idle-Period Energy Pro le is suf-
cient to predict when mode transitions would oc-
cur. The xed thresholds for mode transitions can
beinferred from the Idle-Period Energy Pro le, and
Dempsey provides a default mecanism for deter-
mining such xed thresholds.

Newer disks, howewver, are moving toward more
sophisticated medanismsfor managing their oper-
ation. For example, the IBM Microdrive employs
the Adaptiv e Battery Life Extender (ABLE) tech-
nology, which, in addition to de ning many more
power modes, adaptively managestransitions be-
tween those modes. ABLE continuously monitors
disk-requestpattern and maintains statistics on the
recen history of disk requests. Instead of xed wait-
ing thresholds, ABLE's decisionson when and how
to make power-mode transitions are determined by
its predictions about the current request-burst, the
current level of internal disk-activity (prefetching,
write-behind, etc.), the desired performance-lewel
and the energycostsassaiated with the transitions.

Ideally, one would like to use the exact ABLE
algorithms when modeling the IBM Microdrive in
Dempsey but since these algorithms are not avail-
able publicly, we usethe xed-threshold model with
the following straightforward implementation. The
estimate for the energy consumedduring a given
idle period of length t is computed by looking up
the appropriate tuple in the energypro le. If notu-
ple is found for length t, then interpolation is used
to arrive at an estimate. The time overheadis fed
bad into the performance modeling componert of
Dempseyso asto keepthe response-timeestimates
accurate.

3.4 Simulation

Dempsey inherits the performance simulation
module from DiskSim, which modelsthe disk in ex-
treme detail. To obtain an estimate of total en-
ergy consumption for a given trace, the simulator



Componert Description

Laptop IBM ThinkP ad T20
750 MHz P3, 128 MB RAM
Linux Operating System
Multimeter Agilent 34401A

0.47 Ohm
Sycard PCCextend

Shunt Resistor
PC Card Extender

Table 2: Various hardware componerts of the experi-
mental setup.

IBM Toshiba

Microdrive HDD

Model DSCM-11000 | MK5002MPL

Capacity (GB) 1 5
SeekTime (ms)

Track-to-T rack 3 3

Avg. Seek 13 15

Max. Seek 20 26

Rotation (RPM) 3600 3990

Table 3: Detailed characteristics of the IBM Micro-
drive and the Toshiba HDD.

simply computes estimates for the seeking, rota-
tion, reading, writing and idle-period stages, and
adds them up. The Seek-Rower Prole is usedto
arrive at the estimate for the seeking stage. For
the rotation, reading and writing stages, the cor-
responding power parameter is multiplied with the
estimated time spent in the stageto arrive at the
energy estimate for that stage. The energy spent
during the idle periods is estimated as described in
Section 3.3.5above.

4 Exp erimental Validation

This section preseris someexperimental results
that contribute toward validating the Dempseysim-
ulator for the IBM Microdrive and the Toshiba
HDD. We also compare Dempsey against seeral
other alternativeswhich model the disk power con-
sumption in lessdetail than Dempsey We useboth
synthetic and real-world tracesto perform the eval-
uation. Detailed speci cations of various hardware
componerts of the experimertal setup and the mo-
bile disks are provided in Tables2 and 3.

4.1 Synthetic Traces
A disk trace is a sequenceof disk requests,eadh

of which hasfour componerts: requestarrival time,
starting block address,size of requestand type of

request(read/write). This suggestsfour natural di-
mensionsalong which a synthetic trace can be char-
acterized.

Delay. This refersto the probability distribu-
tion from which delay intervals betweensucces-
sive requestsare chosen. We consider 4 di er-
ert distributions. (1) Fixed: delay interval of a
xed sizeis always chosen. (2) Standad: de-
lay interval is chosenuniformly at random in
the range 1-80 ms (this is the distribution used
in the DIXT rac validation test [20].) (3) Long
here a standard delay is chosenwith 0.9 proba-
bility and a random delay between1-8 seconds
is chosenwith 0.1 probability. (4) Very Long
herearandom delay is chosenbetween1-200ms
with 0.98probability and between5-20seconds
with 0.02 probability.

Access Pattern.  This determines the se-
guence of addressesaccessedin the trace.
Three kinds of accesspatterns are considered
here. (1) Sequential: the blocks are sequettially

accessedn the disk. (2) Random block ad-
dressesin the trace are randomly chosenfrom

the range of valid disk addresses. (3) Cache
Test this test is usedin [20] to test the accu-
racy of the disk-cache modeling. In this pat-

tern, 20% of the requestsare sequetial, 30%
are local (i.e., within 250 blocks of their pre-
decessotin either direction), and 50% are com-
pletely random.

Transfer Size. This parameter speci es the
number of blocks to transfer with ead request.
The tracesusedhere have two kinds of transfer
sizes: (1) Fixed, and (2) Standard: where size
of ead requestis chosenuniformly at random
between 16-24 sectors(i.e., 8-12KB.)

Request Type. This refersto the distribution
of read and write requestsin the trace. Be-
sidespurely read and write traces, the evalua-
tion usesrandomly-generatedmixed traceswith
read-write ratio of 2:1.

For eadh synthetic trace, it is necessaryto spec-
ify a value for ead of the four parametersdescribed
above. We useeight represenativ e synthetic traces
in our experiments. Table 4 summarizesthe syn-
thetic traces used. Unspecied parametersin the
trace descriptions have the default values given in
Table 5. Trace I, with 400 ms delay interval be-
tweensuccessie requests,tests the simulator's abil-
ity to model medium-length idle periods in which
the drivesdo not erter the low-power modes. Trace



Trace | Description

I Delay: Fixed at 400 ms

I Transfer Size: Fixed at 1 sector
11 All Parameters: Standard

\Y Delay: Long

\% Delay: Very Long

\! AccessPattern: Sequeriial
VI AccessPattern: Cache Test
VI Delay: Fixed at 100 ms,

AccessPattern: Sequeriial,
Transfer Size: Fixed at 128 sectors,
Request Type: Only writes

Table 4: Summary of the synthetic traces used.

Parameter | Default Value

Delay Standard (random in 1-80 ms)
AccessPattern | Random

Transfer Size Standard (random in 8-12KB)
Request Type | Mixed (read-write ratio of 2:1)

Table5: Default valuesfor the synthetic trace param-
eters.

[, with single-sectorrequests,tests the simulator's
accuracyfor small requests. Tracelll usesthe stan-
dard parameters (i.e., default values in Table 5)
from the DIXT rac traces to test the simulator's
handling of mid-sized transfers. TracesIV and V
include a number of long idle periods when the
drivesshould erter the low-power modes. TracesVI
and VI include non-random accesatterns. Trace
VIII contains large sequetial writes, represeting
workloadsthat are typical of log-structured le sys-
tems [17].

4.2 Real-w orld Traces

We usea portion of the 1992 Cello Trace (Disk-
2) from HP Labs [18] in our study. The trace from
June 12" 1992 is broken into 6 traces of length
4 hours ead. These traces are named A-F in the
tables below. Sincethe Microdrive usedhas 1 GB
capacity, all accessesn these traces to blocks af-
ter the rst Gigabyte are removed. The traces A-F
contain about 130,000disk requestsin all, of which
about 81,000are writes. Table 6 givesdetailed char-
acteristics of thesetraces.

4.3 Alternativ e Power Mo dels
We compare Dempsey against three less-

sophisticated power models. Table 7 lists the values
usedfor the parametersin these models.

Trace | Reads | Writes Total Size | Rate
A 529 7460 7989 7 54
B 14942 4433 | 19375 5 207
C 5590 | 15619 | 21209 6 258
D 22107 | 36077 | 58184 7 390
E 4351 | 11765 | 16116 7 284
F 1742 5689 7431 7 289

Total | 49261 | 81043 | 130304

Table 6: Characteristics of the real-world traces. Each
trace is 4 hours long. Columns 2-4 describe the number
of reads, writes and total number of operations respec-
tively. The fth column givesthe average request size
(KB). The last column lists the maximum number of
requestsin a secondin ead trace. Note, however, that
the disks may not be able to handle requests at these
rates, and somerequestsmay be delayed.

Parameter | IBM Microdrive | Toshiba HDD

Pactiv e 624 mW 1186 mW

Pactiv e ide 531 mW 891 mW

Psieep 61 mwW 231 mW

To 2s 15s
Table 7: Parameter values for the three alternativ e
models.

4.3.1 The 2-Parameter Mo del

The 2-Parameter model is, in fact, a naive model,
which makes two simplifying assumptions: (i) the
disk consumesenergy at a constart rate when it is
actively satisfying disk requests,and (ii) when the
disk nishes a disk requestand nds that there are
no more pending requestsin the queue, it imme-
diately enters the sleep-male. The model usesthe
following formula to compute an estimate of total
energy consumption for a given trace.

Etotat = Eactiv e + Eidie (1)

Eactiv e IS estimated as Paciiv e Tactiv e; Where
Paciiv e IS the assumedpower consumption when the
disk is active (regardlessof whether it is in the seek-
ing, rotation, reading or writing stage), and Taciiv e
is the time spent by the disk while actively satisfy-
ing disk requests. Ejge is estimated as Pseep Tidle »
where Pgeep is the assumedpower consumption in
the sleep-male, and Tige is the length of the ertire
idle-period in the trace. Pagy e is derived by execut-
ing a random trace of 12 KB accessegevenly mixed
with readsand writes), and computing the average
power consumedby the trace. Pgeep is measured
by observingthe disk in the sleep-male after it has
beenleft idle for a long time.



4.3.2 The 3-Parameter Mo del

The 3-Parameter model improves upon the 2-
Parameter model by further re ning the modeling
of idle periods. As in the 2-Parameter model, equa-
tion (1) is usedto estimate the total energy con-
sumption, and E 5¢iiy e 1S estimated asPagtiv e Tactiv e-
The behavior during the idle periods, howewer, is
modeled as follows. The model assumesthat the
disk enters an intermediate power-mode, called the
\activ e-idle" mode, as soon asit nishes a disk re-
guest and nds no more pending requestsin the
gueue. The transition from the active-idle-mode
to the sleep-male, however, is governed by a xed
waiting threshold Ty. For an idle-period of length L
with L Tp, the energy consumption is estimated
asPaciiv e idle L. For anidle-period of length L with
L > To, the energy consumption is estimated as
Pactiv e ide To + Psieep (L To). Note that the time
or energyoverheadsof the mode transitions are not
modeled. Paciv e igle IS Measuredby observingthe
disk immediately after a disk requesthas nished.

4.3.3 The Coarse-Dempsey Mo del

The Coarse-Dempseynodel is a hybrid betweenthe
3-Parametermodel and Dempsey As before,it uses
equation (1) to estimate total energy consumption.
Eaciiv e IS estimated as in the 3-Parameter model,
whereasEqe is estimated as in Dempsey There-
fore, this model usesthe complete Idle-Period En-
ergy Pro le of the disk, which also models the time
and energy overheadsof mode transitions.

4.4 Exp erimen tal Results

Tables 8 and 9 presert results from executing
the synthetic and the real-world traces on the IBM
Microdrive. The tables comparethe estimatesfrom
the power modelswith the actual (measured)power
consumption on these traces. The corresponding
results for the Toshiba HDD are presened in Ta-
bles 10 and 11.

The foremostconclusionthat can be drawn from
theseresults is that Dempseyis able to model disk
power consumption quite accurately. For the IBM
Microdrive, Dempsey'sworst obsened error is an
underestimateby 7:5%, while the meanerror is only
1:8%. For the ToshibaHDD, the corresponding er-
rors are 6:9% and 3:6% respectively.

The simple 2-Parameter model is grossly inad-
equate. It consisterily underestimatesthe energy
consumption becauseit wrongly assumesthat the
disk spendsall of its non-active time in the sleep-
mode with the lowest power consumption, and be-

causeit does not model the energy overheads of
mode transitions.

For the Microdrive, the 3-Parameter model ap-
pears to achieve a vast improvemert over the 2-
Parameter model in many cases. Here, the worst
obsened error for the 3-Parameter model is only
10:0%. This highlights the importance of being able
to accurately model disk behavior during idle peri-
ods. The Coarse-Dempseynodel and Dempseycon-
sistertly achieve higher accuracyonly by being able
to model idle periods more accurately. Recall that
the 3-Parameter model does not model the energy
and time overheads assaiated with power-mode
transitions, which the Coarse-Dempseymodel and
Dempseydo. This explains why estimatesfrom the
3-Parametermodel are consisterily lower than those
from the Coarse-Dempseymodel and Dempsey

For the ToshibaHDD, however, the 3-Parameter
model appearsto be lessaccurate. On TraceslV, V
and A-F, which include relatively long idle-periods,
the 3-Parameter model overestimates the energy
consumption by a large amount. This shaws that
its modeling of disk behavior during idle-periods
is not very accurate. The reason for this is that
the Toshiba disk has seweral intermediate power-
modes betweenthe highest power active-made and
the lowest power sleep-male. From the intermedi-
ate power-modes,the 3-Parameter model selectsthe
one with the highest power consumption to derive
the value for Pgagiiv e ide - Therefore, unlessan idle
period is very short, the 3-Parameter model stays
in a mode with relatively high power consumption.

The only di erence betweenthe Coarse-Dempsey
model and Dempseyis in the modeling of periods of
disk activity. The Coarse-Dempseymodel assumes
that the disk usesenergy at a constart rate when
it is satisfying disk requests, regardlessof whether
it is in the seeking, rotation, reading or writing
stage. Dempsey on the other hand, attempts to
separately estimate the energy consumedin eac of
these stages. As the results show, the two mod-
els perform almost equally well on all traces except
Trace VIII. Trace VIII is a trace cortaining only
large sequettial writes interspersedby idle-periods
of 100ms. It is represenativ e of workloadsthat may
occur morefrequertly in adierent le system(such
asan LFS [17]) than thosetraced in TracesA-F. For
this trace, Dempseyis obsened to be more accu-
rate than the Coarse-Dempseynodel by asmuch as
5%. Additional experiments with awrite-only work-
load that haslittle idle time show that the Coarse-
Dempseymodel canbe o by amounts indicativ e of
the power variancesshown in Table 1.

Table 12 lists the number of transitions into the



Trace | Actual 2-Parameter 3-Parameter | Coarse-Dempsey Dempsey
| 220.1 | 37.2 ( 831%) | 2140 ( 2:8%) | 219.0 ( 0:5%) | 219.1 ( 0:5%)
I 2441 136 ( 441%) 232 ( 47%) 235 ( 3:6%) 234 ( 4:0%)
11 246 | 145 ( 40:9%) 240 ( 2:3%) 243 ( 1:2%) 244 ( 0:8%)
\% 1712 | 424 ( 752%) | 160.3 ( 6:4%) | 170.8 ( 0:3%) | 170.8 ( 0:2%)
\Y, 89.7 | 31.9 ( 644%) 845 ( 5:8%) 87.6 ( 2:3%) 87.7 ( 22%)
\ 222 | 58 ( 737%) 21.2 ( 4:3%) 217 ( 2:4%) 216 ( 2:5%)
VI 23.8 | 10.8 ( 54:8%) 223 ( 6:1%) 227 ( 47%) 227 ( 4:8%)
VI 80| 23 ( 71L3%) 7.2 ( 10:0%) 7.2 ( 10:0%) 7.4 ( 7:5%)

Table 8:
IBM Microdrive. The column labeled \Actual"

Measured and estimated total energy consumption (in Joules) for the synthetic traces executed on the
lists the measured energy consumption. The last four columns,

respectively, presert the energy consumption estimates from the 2-Parameter model, the 3-Parameter model, the
Coarse-Dempseymodel and Dempsey The numbers in parenthesesin the last four columns are the percertage

di erence betweenthe estimated and the actual values.

Trace | Actual 2-Parameter 3-Parameter Coarse-Dempsey Dempsey
A 2116.5| 963.0 ( 545%) | 2036.9 ( 3:8%) | 2136.0 (+0:9%) | 2137.9 (+1:0%)
B 1897.9 | 1030.6 ( 457%) | 1840.6 ( 3:0%) | 1903.0 (+0:3%) | 1902.1 (+0:2%)
C 2462.7 | 1049.6 ( 57:4%) | 2370.6 ( 3:7%) | 2479.4 (+0:7%) | 2480.9 (+0:7%)
D 3156.0 | 1255.9 ( 60:2%) | 3027.7 ( 41%) | 31525 ( 0:1%) | 3157.3 (+0:0%)
E 2114.3 | 1022.0 ( 5L7%) | 2031.4 ( 3:9%) | 2121.0 (+0:3%) | 2122.6 (+0:4%)
F 1801.4 | 958.4 ( 46:8%) | 17425 ( 3:3%) | 1813.7 (+0:7%) | 1814.4 (+0:7%)

Table 9: Measured and estimated total energy consumption (in Joules) for the real-world traces executed on the
IBM Microdrive. The numbers listed have the samemeaning asin Table 8.

Trace Dempsey
Simulation Time (s)
0.9
2.7
2.3
6.8
1.9

0.8

TMOO ®>

Table 13: Time (in seconds)taken by Dempsey to
simulate the IBM Microdrive on the real-world traces,
ead of which is a 4-hour long trace.

sleep-male predicted by Dempsey and the corre-
sponding numbers from an actual execution of the
real-world traces. The "Actual" number of transi-
tions for a given trace is obtained by courting the
number of instancesin the execution where the re-
sponsetime exceedsa certain threshold. The worst
obsened error is 3:4% for the IBM Microdrive and
5% for the ToshibaHDD. This showsthat Dempsey
is able to model the drives' behavior during idle-
periods with reasonableaccuracy

Simulation time for Dempsey to simulate the
IBM Microdrive on the 4-hour traces are listed in
Table 13. These times are measured by running

Dempseyon a desktop machine with a 2 GHz Pen-
tium processor.The tracestake a total of lessthan

16 secondsto execute, indicating that Dempseyis
able to processtracesat the rate of more than 8000
disk-requestsper second. Dempsey'smemory usage
is lessthan 2 MB. Thus, Dempseyhasthe potential

of beingusedasan e cien t and accuratedisk-power
modeling tool.

5 Conclusion

In this paper, Dempseyis demonstrated to be
able to model hard-disk energy consumption quite
e cien tly and accurately. Dempseyincludes tools
that can extract the required parameters from a
given disk automatically. This makes Dempseyrel-
atively general-purpose.

Dempseyis experimentally validated for two mo-
bile hard disks, namely, the 1 GB IBM Microdrive
and the 5 GB ToshibaTypell PC Card HDD. Both
synthetic and real-world tracesare usedfor the eval-
uation. For the IBM Microdrive, Dempsey'sworst
obsened error is an underestimate by 7:5%, while
the meanerror is only 1:8%. For the ToshibaHDD,
the corresponding errors are 6:9% and 3:6% respec-
tively.



Trace | Actual 2-Parameter 3-Parameter | Coarse-Dempsey Dempsey
I 368.0 | 108.6 ( 70:5%) | 360.1 ( 2:1%) | 350.5 ( 4:8%) | 351.1 ( 4:6%)
1 40.4 | 24.2 ( 40:1%) 39.6 ( 2:0%) 39.9 ( 12%) 40.3 ( 0:2%)
11 414 | 256 ( 382%) 405 ( 22%) | 40.8 ( 1:4%) 413 ( 0:2%)
\% 2935 | 126.8 ( 56:8%) | 432.0 (+47:2%) | 277.6 ( 54%) | 278.2 ( 5:2%)
\% 195.0| 89.1 ( 543%) | 280.6 (+43:9%) | 189.3 ( 2:9%) | 189.8 ( 2:7%)
\ 369 | 142 ( 61.5%) 353 ( 4:3%) 358 ( 3:0%) 356 ( 3:5%)
VI 39.7| 20.1 ( 494%) 374 ( 5:8%) 37.7 ( 5:0%) 379 ( 45%)
VI 14.4 7.1 ( 50:7%) 125 ( 132%) | 12.6 ( 125%) 13.4 ( 6:9%)

Table 10: Measured and estimated total energy consumption (in Joules) for the synthetic traces executed on the
Toshiba HDD. The numbers listed have the samemeaning asin Table 8.

Trace | Actual 2-Parameter 3-Parameter Coarse-Dempsey Dempsey
A 5808.0 | 3338.7 ( 425%) 8614.2 (+48:3%) | 5507.9 ( 52%) | 5511.0 ( 5:1%)
B 5206.0 | 3453.1 ( 33:7%) 6884.8 (+32:3%) | 49929 ( 4:1%) | 4994.6 ( 4:1%)
C 6476.9 | 3556.0 ( 451%) 9523.5 (+47:0%) | 6114.3 ( 56%) | 6115.0 ( 5:6%)
D 6992.9 | 3914.4 ( 44:.0%) | 10059.3 (+43:8%) | 6832.6 ( 2:3%) | 6834.9 ( 2:3%)
E 6115.2 | 3516.5 ( 42:5%) 9305.7 (+52:2%) | 5934.4 ( 3:0%) | 5935.8 ( 3:0%)
F 5544.0 | 3392.5 ( 388%) 8297.2 (+49:6%) | 5421.8 ( 2:2%) | 5421.9 ( 2:2%)

Table 11: Measured and estimated total energy consumption (in Joules) for the real-world traces executed on the
Toshiba HDD. The numbers listed have the samemeaning asin Table 8.

Dempseyusesa ne-grained approac to model
the energy consumption of a disk. In particular,
Dempsey attempts to accurately estimate the en-
ergy consumption of specic disk stages, namely,
seeking,rotation, reading, writing and idle-periods.
Dempsey is also compared against sewral other
models,which model disk power consumptionin less
detail than Dempsey The results shov that accu-
rate modeling of disk behavior during idle periods
is critical to the accuracy of any power model. Ac-
curate modeling of periods of activity is also shovn
to be important, although to a smaller extert.
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