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Abstract

Accesdatencyto secondangtorage devicesis frequently
a limiting factor in computersystemperformance New
storage technolagies promiseto provide greater storage
densitiesatlowerlatencieghanis currentlyobtainablewith
hard diskdrives. MEMS-basedtorage devicesuseorthog-
onal magneticor physicalrecoiding techniquesand thou-
sandsof simultaneouslactiveMEMS-basedead-writetips
to provide high-densitylow-latency non-volatile storage.
Thesedevicespromiseseektimes10-20timesfasterthan
hard drives, storage densitiesl0 timesgreater and power
consumptioran order of magnitude lower. Previous re-
search hasexamineddatalayoutandrequesbrderingalgo-
rithmsthat are analags of thosedevelopedfor hard drives.
We presentan analytical model of MEMS device perfor-
mancethat motivatesa computationallysimple MEMS-
basedrequestschedulingalgorithm called ZSPTF,which
has average responsdimescompasble to ShortestPosi-
tioning TimeFir st (SPTF)but with responséimevariability
compaableto Circular Scan(C-SCAN).

1. Intr oduction

The huge disparity betweenmemory accesgimes and
disk accesstimes has beenthe subjectof extensve re-
search. CPU speedhasbeenincreasingrapidly but disk
accesdateny haslaggedbehind—diskiransferrateshave
beenincreasingat 40% per year, while seektimesandro-
tationallateny have beenincreasingat lessthan 10% per
year[5]. This disparity hascreateda performancebottle-
neckin computersystems Many techniquedasedon lim-
iting the seekand rotationallatengy of a disk drive have
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beendevelopedto improve disk, andthereforesystem per
formancg7, 11, 12, 17, 2Q].

A new class of secondarystoragedevices basedon
microelectromechanicalystemgMEMS) [1, 10, 19] cur
rently being developedpromisesseektimes 10-20times
fasterthan hard drives, storagedensities10 times greater
and power consumptionan order of magnitude lower.
MEMS devices provide non-wlatile storageusing either
physical [19] or magnetic [1] recording techniquesto
achieve extremelyhigh-densitystorage In orderto achieve
thesehigh densities,MEMS-basedstoragedesignsuse a
non-rotatingstoragedevice with storagemediaon onesur
faceanda large array of read/writeheadson anothersur
facedirectly above the storagemedia. By moving the sur
facesrelative to eachother using MEMS actuators,each
read/writeheadcanaccessregion of the surface. MEMS-
basedstoragedevices are expectedto have mary other
signi cant adwantagesover hard disks, including better
I/O performancehigherthroughput,smallerphysicalsize,
lowerheatdissipatiorrequirementsandintegratedprocess-
ing andstoragg15]. For all of thesereasonsSMEMS-based
storagedevices are an appealingnext-generationstorage
technology However, the characteristicof thesedevices
are very differentfrom thoseof hard drives,and le sys-
temalgorithmsdesignedor harddrivesarenotlikely to be
optimalfor MEMS-basedstoragedevices.

Previouswork by Grif n etal. [4] shovedthatstandard
disk requestschedulingalgorithms such as First-Come-
First-Sened (FCFS), Circular Look (C-LOOK), Shortest
SeekTime First (SSTF), and ShortestPositioning Time
First (SPTF)can be appliedto MEMS-basedstoragede-
vices. They foundthat,aswith disks, SPTFgenerallypro-
videsthelowestresponséime but exhibitsthegreatesvari-
ationin responsdimes,while FCFShasthe leastvariation
in responsdimes but the highestaverageresponsdime.
Their resultswere obtainedby a relatively direct applica-
tion of the disk-basedconceptsof sector track, andcylin-
der in which a cylinder consistsof all of the sectorsac-



cessiblewithout seekingin the higherlateng dimension.
However, thefairly signi cant differencedbetweerMEMS-

basedstorageand disks suggestghat thesedisk-basedl-

gorithmsareunlikely to be optimal for MEMS-basedstor

agedevices. In particular cylindersin disks are areasof

equalseektime, while the physicallyanalogousegions of

a MEMS device are not; the relative costsof seeksin the
two dimensionsare closeenoughthatit is sometimedess
costlyto seeka shortdistancen the higherlateng/ dimen-
sion thanto seeka long distancein the lowerlateng di-

mension.The goal of this work is thereforeto discover the

logical analogof a disk cylinder in MEMS-basedstorage
devicesand usethat knowledgeto develop betterMEMS-

speci ¢ requesschedulingalgorithms.

To develop a better understandingpf the accesstime
characteristicef MEMS-basedstoragedeviceswe created
a device simulatorthat generateseektimes betweenary
two pointson the device. This allowed usto obsenre the
seektime equivalenceregions or simply equivalencere-
gions areaof nearlyequalseektime from ary x edpoint,
analogoudo cylindersin a harddrive. Our resultsshav
that unlike hard drives, the equivalenceregionsin MEMS
devicesarenotasinglesectorwide but arein factrectangu-
lar with aratio of aboutl:10,indicatingthatit is sometimes
fasterto move a shortdistancelatitudinally thanto move
along distanceongitudinally. This is in directcontrastto
harddrives,wheremostalgorithmsimplicitly assumehat
it is fasterto accessary sectorin the currenttrack thanto
accesary sectorin ary othertrack. Theseresultssuggest
new approacho requesschedulingalgorithmsis warranted
for suchdevices.

Basedon our knowledge of the equivalenceregions
we have developedZSPTFE a new MEMS-speci ¢ request
schedulingalgorithm. ZSPTFpartitionsthe MEMS device
into atwo-dimensionabrrayof zonedasedn equivalence
regions.ZSPTFservicegequestdy traversingthezonesn
order, servicingrequestswithin eachzonein ShortestPo-
sitioning Time First (SPTF)orderbeforemoving on to the
next zone.

This simple algorithm is shavn to have averageseek
times lower than almostall previously publishedMEMS
schedulingalgorithmsincluding First Come First Sened
(FCFS), Circular Scan (C-SCAN), ShortestSeek Time
First (SSTF), and Aged ShortestPositioning Time First
(ASPTF).ZSPTFwas only outperformedby SPTFin ex-
perimentsghatmeasuregesponseimes. However, ZSPTFS
seektime variability is similar to C-SCAN's and signi -
cantly lower than SPTFS. Additionally, ZSPTFdoesnot
suffer from the stanation and computationalcomplexity
problemghatplagueSPTF— ZSPTFis easyto implement,
providescomparablgerformanceandensuredairness.

2. Background

It is importantto notethat becauseMEMS-basedstor
agedevicesare still in their infang/, mary of the details
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Figure 1. Data layout on a MEMS device .

are still uncertain. There are several proposedarchitec-
tures[3, 10, 15, 19], andwe have basedhephysicalparam-
etersof our experimentalmodelon the speci cation from
Carngyie Mellon University (CMU) [3, 15]. While the ex-
act performancenumbersdependupon the details of that
speci cation,thetechniqueshemselesdonot. TheZSPTF
algorithmshouldperformwell regardlesof theexactchar
acteristicof theeventualdevicesproduced.

A MEMS-basedstoragedeviceis comprisef two main
componentsgroupsof probetips calledtip arraysthatare
usedto accesslataon a movablemediasled In amodern
diskdrive, datais accessedly meanof anarmthatseeksn
onedimensiomabove arotatingplatter In aMEMS device,
theentiremediasledis positionedn thex andy directions
by electrostatidorceswhile the headsremainstationary*
Anothermajor differencebetweena MEMS-basedstorage
device andadisk is thaton a MEMS device, multiple tips
canbeactive atthe sametime. Datacanbethenbe striped
acrossnultipletips, allowing a considerabl@mountof par
allelism. However, power andheatconsiderationsimit the
numberof probetipsthatcanbeactive simultaneouslyit is
estimatedhat200to 2000probeswill actuallybeactive at
once.

Figurelillustratesthelow level datalayoutof aMEMS-
basedstoragedevice. The mediasledis logically broken
into tip regions de ned by the areathatis accessibldy a
singlehead,approximately2000by 2000bits in size.Each
tip in the MEMS device canonly readthe datain its own

1someMEMS storagedevice designslike the IBM Millipede, x the
sledandmove the heads.The effect is the same—théneadsmove relative
to themedia.



tip region; this limits the maximumsled movementto the
dimensionf a singletip region. The smallestunit of data
inaMEMS-basedstoragaleviceis calledatip sector Each
tip sectoridenti ed by thetuple x y tip , hasits own seno
informationfor positioningandits own error correctionin-
formation. The setof bits accessibléo a singletip with the
samex coordinatds calledatip track, andthe setof all bits
(underall tips) with the samex coordinateis referredto as
acylinder. Also, the setof tip sectorghatcanbe accessed
by simultaneoushactive tips is known asa logical sector
For fasteraccessdisk sectorscanbe stripedacrosdogical
sectors.

3. RelatedWork

Researcherbave beenoptimizing storagedevice seek
algorithmsfor secondanstoragedevicesfor decadesDisk
seekalgorithmshave beenstudiedsincethe 1960s; Teo-
rey and Pinkerton [18] discussedhe state of the art in
disk schedulingin 1972. Seltzeret al. [16] discussedlisk
scheduling,noting that Circular LOOK (C-LOOK) per
formedwell underhigh load, andthat SSTFwassufcient
for low load. More generally researcherbave found that
almostary disk seekalgorithmwill sufce underlow load;
it is only undermoderatelyhigh load that seekalgorithms
are stressedsufciently to exhibit much performancedif-
ference Worthingtonetal. [20] conducteda morethorough
studyof disk drive positioningalgorithms,including Short-
est PositioningTime First (SPTF)which, for disk drives,
includesbothdisk armpositioningandrotationallateng.

Thoughit is possibleto study seekalgorithmsby ex-
aminingthemin a live system,it is more feasibleto ex-
plorethemusinganaccuratesimulationof a storagedevice.
RuemmleandWilk es[14] developedanaccurataliskdrive
model,which hassincebeenusedto studydisk seekalgo-
rithms. DiskSimis anotherstoragesimulatorthathasbeen
usedto modelsystembehaior [2], andhasbeenadaptedo
includeMEMS devices.

Recentlytherehasbeeninterestin modelingthe behar-
ior of MEMS storagedevices. Grif n, SchlosserGanger
and Nagle have publishedextensively on the modeling of
MEMS-basedstoragedevices and the optimization of re-
guestschedulingfor suchdevices([3, 4, 15]. They shoved
thatfor alimited classof MEMS devices,one-dimensional
placemenandschedulingcanbe appliedef ciently . In that
work, datawasplacedonthe MEMS-basedlevicein longi-
tudinally sequentiatracks,similarto trackson a disk drive.
However, this methodis preferableonly if along longitu-
dinal seektakes lesstime than a smallerlatitudinal seek.
They found that for MEMS devices SPTFhadthe lowest
averageaccesdime, but the variability of SPTFwasvery
high, aswould be expectedfor a greedyalgorithmcontinu-
ally searchindor theleastexpensie “next step They also
exploredthe useof standarddisk-typealgorithmssuchas
SSTFandC-LOOK, with minor modi cations,on MEMS

devices.Theirresultsshawv thatsuchalgorithmscanbesuc-
cessfullyadaptedo MEMS storage.
MadhyasthandYang[8] havealsostudiedMEMS mod-
eling, with an emphasion creatingmoreaccuratanodels
of MEMS devices. They developeda morerealisticaccess
time modelthatdoesnot assumenly anideal acceleration
andtakesinto accountdampingandrestoringspringforces.
Theirwork informedoneanalyticalseektime analysis.
IBM has developeda prototype device, called Milli-
pede[19] that, unlike the CMU model, hasa mediasled
thatalsomovesin the z direction. This enablesdatato be
written usingtiny physicalmarkson the media,asopposed
to magneticrecordingusedin the CMU model. Additional
hardware researchs also being done at Hewlett Packard
andSandiaNationalLaboratory

4. Modeling SeekTime

An accurateand tractablemodel of seektime is im-
portantfor understandinghe seektime characteristicof
MEMS-basedstoragedevices. We usedthe positioning
model and physical parametersprovided by CMU [3, 4]
asthe basisfor our analysis. The CMU positioningmodel
takesinto accountthe externalforce (constantout bidirec-
tional, F),thespringforce,andtheinitial and nal access
velocities,which areoppositefor oddandeven-indexedbit
columns. Grif n et al. [3] usedan iterative approachto
solve the model,which is dif cult to applyin practice.In
this section,we proposean analytic solutionto the CMU
model. A completediscussionis availablein a technical
report[6].

Becauseheactuatiormechanismsndcontrolloopsfor
x andy positioningareindependenin MEMS—basedstor
agedevices,positioningin the x andy dimensionsanpro-
ceedin parallel. Therefore,

tseek Maxty ty 1)
wheretseekis the seektime andty andty arethe seektimes
in thex andy dimensions.

A seekin the x andy dimensionsconsistsof a base
seekplus a settlingtime in the x dimensionand necessary
turnaroundtimesin the y dimension. ty thus consistsof a
baseseekplusa settlingtime, tgqtje, @ function of thereso-
nantfrequeng of the systemandty consistsof abaseseek
plus necessaryurnaroundtimes, tiyrnaroung, @ function of
the actuatorand spring forces. Both tsgte and tiurmaround
can be easily calculatedfrom the physical parameterof
MEMS-basedstoragedevices.

A baseseekconsistof two phasesacceleratiorandde-
celeration.Theactuatorsaccelerat¢he sledtowardthedes-
tination in the acceleratiorphaseandreversepolarity and
decelerat¢hesledtoits nal destinatiorandvelocityin the
deceleratiophaseln additionto theactuatoforce,thesled
springsconstantlypull the sledtowardits centermostposi-
tion. Becausehe kinetic enegy of the sledis unchanged
atthebeginningandthe endof abaseseek we know when
andwhereto reversethe polarity of theactuators:
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wherexn is the positionat which actuatorseversepolarity,
from positive to negative, k is the springconstantandF is
theactuatorforce.

The phasesof acceleratiorand decelerationn a base
seekaredescribedn Equations3 and4:
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wherem is the sled mass,a is the acceleratiorby the ac-
tuators,and x is the sled displacement. Consideringthe
mauginal conditionsof Equation3 and 4, the seektimes
elapsedduring seekingin the x andy dimensionsty and

ty, aregivenin Equationss and6:
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Thephysicalconstantsn Equations and6 aregivenor can

be easilyderived from designparametere®f MEMS-based
storagalevices.UsingEquationdl, 2,5, and6, we canvery

accuratelyestimatgheseekiime betweerary two positions
in thesled.

5. SeekTime Analysis

To gainamorecompleteunderstandingf the seektime
characteristicof MEMS-basedstoragedevices, we con-
ductedexperimentsusingEquationss and6 andthe physi-
cal parameterprovidedby CMU, shavn in Table1. From
agivensectorwe calculatedhe physicaldistanceandseek
time to all othersectorson the device. We examinedtwo
representatie locationson the sled: the centerandthe top-
right corner Becausehe acceswelocitieson even-indexed
andodd-indexedbit columnsare positive andnegative, re-
spectvely, we examinedtwo tip sectorson even-indeed
and odd-indexed bit columnsfor eachlocation. The sec-
tors we examinedare 0 0 and 25 0, which arein the

Table 1. Default MEMS-based stora ge device
parameter s.

device capacity 3.2GB
numberof tips 6400
maximumconcurrentips 1280
sledmobility in x andy 100pm
sledaccelerationin x andy | 803.6m/s?
sledaccesspeed 28mm/s
sledresonanfrequengy 739.0Hz
springfactor 75%
mediabit cell size 40 40nm
bits pertip region(M N) | 2500 2500

centerand 12501250 and 12251250, whicharein the
top-rightcorner

Figure 2(a) shows the seektimesto every position on
thesledfrom tip sector 0 0 . Theseektimesareshavn in
0.1 msincrementsandlarger seektimes are indicatedby
darker colors. Seektimesareindependentf they dimen-
sionmovementsvhenthex dimensiormovementsarelarge
becausef the extra settlingtime in the x dimension. The
jaggedboundarie®f the similarly coloredregionsindicate
that seektimesto neighboringtip sectorscandiffer dueto
the unequalnumbersof turnaroundsequiredto accesghe
data.Theseinterestingeffectsarediscussedurtherbelow.

Becaus®f differentaccesselocitiesontip sectors0 0
and 25 0 , theequialenceregionsfor thesesectorsaredif-
ferentalthoughthe startinglocationsof the seeksareclose.
Neverthelesstheshapesndsizesof equivalenceregionsof
for thesesectorsarealmostidentical.

The shapesf the equivalenceregions are rectangular
but with jaggedtop and bottomedges. This is dueto the
differentnumbersof turnaroundsequiredto accessven-
andodd-indeedbit columns.Figures2(b) shav the equiv-
alenceregionsfrom the centerto even-indexedbit columns,
demonstratinglearly thatthe non-uniformityin the previ-
ousgraphswasdueto this effect. The equivalenceregions
of tip sector 1250 1250 andtip sector 1225 1250 that
aredistantfrom the centerareapproximatelythe samesize
andshapeasthoseof the sectorsnearthe center

The equivalenceregionsin the abore analysisexhibit an
Xy sizeratio thatis on averageaboutl:10. This meanghat
it is cheapeto move oneunit of distancen the x direction
thanto move morethantenunitsin they direction. These
resultssuggesthat datalayout and schedulingalgorithms
that take advantageof this ratio are likely to outperform
thosethatarebasedn a disk-basednodelof tip cylinders,
which assumesnimplicit ratio of 1:¥.

6. The Zone-basedShortestPositioning Time
First Algorithm

Although SPTFhasvery good averageresponsdimes
overawide rangeof requestates,it suffersfrom a high co-
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Figure 2. Seek time equiv alence regions from tip sector

ef cient of variationin responséimesandcancausestana-
tion athighrequestateg[4]. It canalsobecomputationally
intensie for large numbersf requestsBasedon our seek
time analysiswe have developedzone-base&hortesPosi-
tioning Time First (ZSPTF),an algorithmthat, like SPTK
groupsnearbyrequestsogetheito reduceaverageresponse
time, but alsodramaticallyreduceghe coefcient of varia-
tion for responseimes.

ZSPTFdividesthe MEMS storagemediainto a set of
zonesbasedon seektime equialenceregions. Zonesare
servicedn a C-SCAN orderandmultiple requestsithin a
zoneareservicedn SPTForder Onceall of thependingre-
guestsn thecurrentzonehave beenservicedthealgorithm
moveson to the next zonewith pendingrequestszonesin
which thereareno requestaaiting for serviceareskipped
(i.e., thedevicedoesnt actuallyseekto zonesn whichthere
arenorequestpending).

Although ZSPTFprovidesa high degreeof fairnessn a
way similarto C-SCANby servicingzonesn a x edorder,
its variability tendsto belike SPTFwhena steadystreanof
requestkeepsarriving to a singlezone,resultingin poten-
tial stanation. To addresghe problemof potentialstana-
tion, we have alsodevelopeda variationof ZSPTF Zone-
basedarrival-Time-constrainedshortestPositioning Time
First (ZTSPTF).ZTSPTFimprovesthe fairnessof ZSPTF
in a way similar to FCFSby only servicingrequestghat
arrive beforeZTSPTFbeginsschedulingequestsn azone.

The numberof zonesinto which the device is divided
will affect the performanceof the ZSPTF and ZTSPTF
algorithms. Fewer zonesleadsto longer averagequeue
lengthsfor eachzone, allowing SPTFto perform better
within each zone but causinghigher variability of seek
times. Larger numbersof zonesleadsto lower variability,
i.e. greaterfairnessandstanationresistancehut higherav-
erageseektimes. The performancef ZSPTFandZTSPTF
with severalzonesizeswill beexaminedin Section?.

Figure 3 shows an exampleof partitioningthe MEMS
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Figure 3. An example of partitioning the
MEMS storage area and the traversed order.
The sled is divided into 12 zones.

storagemediainto 12 zonesandthe orderin which zones
aretraversed.Note thateachcell in Figure 3 containstwo
zonesbecauseve divide even-indexedandodd-indexedbit
columnsinto differentzones.

Like SPTE ZSPTFkeepsthe averageservicetime low
by groupingnearbyrequestsogethertherebyreducingav-
erageseekdistance Unlike SPTF however, ZSPTFguaran-
teesfairnessn away similarto C-SCANby servicingzones
in a x edorder This servicingorderpreventsa large num-
ber of new requestsn lowernumberedzonesfrom inde -
nitely delayingtheservicingof requestsn highernumbered
zones.ZTSPTFcanevenprovide betterfairnesshy impos-
ing aFCFS-like orderon scheduling.

ZSPTFand ZTSPTF are computationallysimpler than
SPTFandits variants. SPTFmustrecomputethe position-
ing time of eachrequestn its queueafterservicingeachre-
guestandthetime neededo do sois proportionalto queue
length.With longerqueudengths thisrepeatedecomputa-
tion maynotbepractical.ln ZSPTFandZTSPTFE theaver-
agequeudengthof eachzonewill onaveragebemuchless
thanthatof SPTE Becaus¢hezonesaresmallandbasedn
seektime equivalenceregions,thisrecalculatiormaynotbe
necessargftereachrequest.



Anotheradvantageof ZSPTFis its customizability The
orderin whichthealgorithmtraversegshezoneds not x ed;
rather the order can be storedin an array allowing easy
corversionfrom a“physical” zonenumberto alogical zone
numberin constantime. In thefollowing experimentswe
useda x edorderanalogougo theoneshown in Figure3.

7. Experimental Analysis

BecauseMEMS storagedevices are not readily avail-
able,we usedDiskSim[2] to simulaterequestsanddevice
service.This simulatorhasbeenusedin previousstudiesof
MEMS seekalgorithms[3, 4, 15], makingit agoodchoice
to allow directcomparisorwith prior work in the area.

Many studiesof accesdime optimizationusetracesof
real le systemrequestdo producemore realisticresults.
We usedtwo traces)abeledserveranduser, thatwerecol-
lectedfrom anHP-UX time-sharingsystemandan HP-UX
workstationin 1999. Thesesystemswere alsotracedand
studiedin 1992[13]. Thesenertraceis a one-hoursubset
of the HP Cello news disk (SeagatéBarracudad, 9.1 GB)
tracewith 118,760requests.The usertraceis a one-hour
subsetof the HP Hplajw userdisk (SeagateBarracuda4,
4.3 GB) tracewith 75,304requests.We believe that one-
hour heary workloadsarelong enoughto exerciserequest
schedulingalgorithmsandreveal their performanceliffer-
ence. The averagerequestarrival rateis 33.0requestgper
secondfor the sener trace and 20.9 requestsper second
for theusertrace. Thelogical sequentialitythe percentage
of requestghatareat adjacentdisk addresseer addresses
spacedythe le systeminterleavefactor)of thesenerand
usertracess 0.5%and82.9%,respectiely. In generalthe
usertraceis much more sequentiakhan the sener trace,
and75.3%of therequest$n theusertracehave inter-arrival
timeslessthan5 ms.

In orderto explore a rangeof workloadintensities,we
scalethe tracedinter-arrival times to producea range of
averageinter-arrival times. Hence,a scalingfactor of one
correspondgo replayingthe traceat its original speed;a
scalingfactorof two correspond$o halvingthetracednter-
arrival timesandreplayingthetracetwice asfast,andsoon.

Becausehe capacitieof thetraceddisksarelargerthan
the default capacityof a MEMS mediasled (3.2 GB), we
usedmultiple mediasledsin aMEMS-basedstoragedevice
to bridgethe gapin capacity The numbersof mediasleds
usedfor thesenerandusertracesarethreeandtwo, respec-
tively. Thelow-rangedisklogicalblocknumbergLBN) are
mappedo low-numberednediasleds. The sledsmove si-
multaneoushandtheir relative positionsareunchanged.

The layout of blockson the storagedevice is animpor-
tantissue. Allocation algorithmsthat take storagedevice
characteristicsnto accounttendto outperformthosethat
do not. For example, the Berkeley FastFile System[9]
groupsrelateddataand metadatanto cylinder groupsin
an effort to reduceseektime. Disk-basedallocationsare
unlikely to be optimal for MEMS-baseddevices, but in

theseexperimentsno attempthasbeenmadeto optimize
thelayoutfor MEMS-basedlevices. Speci cally, we used
the disk-analogouMEMS datalayout proposeddy Grif n
etal. [3, 4]. Thislayoutfavorssequentialvorkloads,aswe
canseein Section8.

To generatéheresultsve modi ed aversionof DiskSim
to include our seekalgorithms,ZSPTFand ZTSPTF and
ranthe new algorithmsawell asthe existing algorithmson
thesamerequesstreamsAll of thesimulationdn Section8
usedthe default parameterseportedin Grif n etal. [4], as
shavnin Tablel.

7.1. Comparison of In-Zone Algorithms

The essencef zone-basedlgorithmsis to partitionthe
MEMS storagemediainto a set of seek-time-constrained
regionsbasedon seekequivalenceregionsandservicethe
regionsin a x ed order One questionthat arisesis what
schedulingalgorithmto usewithin eachzone.To determine
thiswe implementedseveralin-zoneschedulingalgorithms
and found that SPTF gives the bestoverall performance.
For simplicity, we only discussthe resultsof ZSPTFE ZT-
SPTF andZone-basedrirst ComeFirst Sened (ZFCFS).
Thezonesizewe usedhereis 120 1200bits?.

In additionto the averageresponséime, anotheliimpor-
tantfactorfor requessschedulingalgorithmsis the squared
coefcient of variationof responsgimes(s? p?), wheres
is the standarddeviation of responsdimesand is the av-
erageresponsdime. This metric measureshe consisteng
of theresponsé¢ime for request$18, 20]. A low coefcient
of variation meansthat the servicetimes for the requests
arelikely to be nearthe average,while a high coefcient
of variationis anindicationthatsomerequestsnay getfast
serviceat the expenseof othersthat cansuffer stanation.
In otherwords, it is a measureof fairnessand stanation
resistance.

Figure4 shavs the averageresponsdimesandsquared
coefcients of variationof responséimesof FCFS ZFCFS,
ZSPTE andZTSPTFwith differenttracescalingfactorsfor
the usertrace. Although the regionsin zone-basedlgo-
rithms are seek-time-constraine@ goodin-zoneschedul-
ing algorithmis still critical to avoid unnecessargettling
andturnaroundtimes. Both FCFSand ZFCFShave good
performanceonly underlight workloads. ZSPTFoutper
forms ZTSPTFby 31-122%underthe moderateto heary
userworkloads.Theoverall stanationresistancef ZSPTF
and ZTSPTF are quite similar; ZSPTF has up to 15%
highersquaredcoefcient of variationthan ZTSPTFonly
undermoderatavorkloads.ZSPTFandZTSPTFhave very
similar averageresponsdimes andsquareccoefcients of
variation for all rangeof requestarrival ratesof the non-
sequentiakener workloads. In summary ZSPTFhasthe
bestperformancewith reasonablevariability amongthese
algorithmsunderdifferentworkloads.
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Figure 4. Performance comparison of diff erent in-zone scheduling algorithms on the user trace.

7.2. Potential Zone Sizes

As discussedn Section5, thereis a rectangularela-
tionship betweenequivalenceregions and starting sectors
if we studyequivalenceregionsfor even-indexedandodd-
indexed bit columnsseparately The sizesof equivalence
regions of tip sectorsnearthe centerare a little different
from thoseof tip sectorgistantfrom the centerwhich sug-
gestdifferentzonesizesfor differentsectors However, for
simplicity, we useduniformly sizedzones. As mentioned
above,we foundthebestratio of width andheightof azone
to bearoundl:10.

Thesizeof azoneis determinedy a seekimethreshold
suchthat the seektime betweenary two positionswithin
a zoneshould be lessthan the threshold. The minimum
thresholdmust be morethanthe settlingtime in the x di-
mension,which is 0.215ms in our simulations. Using
Equationsl, 5, and6, a thresholdof 0.3 ms givesuszones
60 600bits? in size.A thresholdof 0.4 msgivesuszones
120 1200bits? in size. To make the MEMS mediasled
divisible by thesezonesizes,we slightly changethe sled
mobility in x andy from 100um to 96 um for simplicity (in
practice sucha changds unnecessargecauseéhex: y size
ratio of zonescanbe slightly differentfrom 1:10). There-
fore, the bits pertip regionis 2400 2400.As anextreme
casewe will alsoexaminezones240 2400bits? in size.
For simplicity, we will referto the ZSPTFand ZTSPTF
algorithmswith zonesizesof 60 600,120 1200, and
240 2400 bits?> as Z(T)SPTF(60,600), Z(T)SPTF(120,
1200),andZ(T)SPTF(2402400).

7.3. ZoneSizeResults

Fromthe simulationswe nd thatalthoughZSPTF(60,
600) hasslightly better overall stanation resistancethan
ZSPTF(120,1200), it has12—-21%greaterresponseime
under the heary non-sequentialsener workloads and
69-118% greaterresponsetime under the moderateto
heary sequentialuserworkloads. ZSPTF(120,1200) and
ZSPTF(240,2400) have similar averageresponsetimes
and squaredcoefcients of variation for all rangeof re-
guestarrival ratesof the non-sequentiasener workloads.

ZSPTF(2402400)outperformsZSPTF(120,1200) by 18—
42% under the moderateto heary sequentialuser work-
loads.However, ZSPTF(2402400)suffershigherresponse
time variationthan ZSPTF(120,1200). Its squaredcoef-
cientof variationis higherthanthat of ZSPTF(120,1200)
by 22-142%underthe moderateto heary sequentialuser
workloads.

Our experimentsshaw thatthe arrival time constraintof
ZTSPTFandthe choiceof the zonesize have no signi -
cantimpacton the performanceand variability of ZSPTF
undernon-sequentialvorkloads. However, they do have
greatimpacton ZSPTFundermoderatdo heary sequential
workloads. The arrival time constraintprovides a higher
degreeof fairnesshy boundingthe numberof requestser
viced within a zoneto the size of the requestjueuewhen
thatzonewasenteredhbut candegradeperformancéy fail-
ing to take full adwantageof the sequentialityof the re-
queststream. Larger zonesizescanimprove performance
by makingtherequestjueudongerandtheschedulemore
efcient but mayresultin higherresponsdime variability.
Basedon its good performanceacrossa wide rangeof re-
guestratesunderdifferentworkloads we usedZSPTF(120,
1200) asthe basisfor comparisonagainstexisting request
schedulingalgorithms.

8. Comparisonof ZSPTF with Existing Algo-
rithms

Many disk requesschedulingalgorithmshave beenpro-
posedandstudiedover the years. Thesealgorithmscanbe
adaptedo MEMS-basedstoragedevicesoncethesedevices
aremappedntoa disk-like interface.Our comparisongo-
cuseson ve: FCFS,C-SCAN, SSTE SPTF andASPTE
FCFShasgood performanceonly underlight workloads,
but we include it here as a baselinefor comparison. C-
SCAN servicesrequestsn ascendindogical block hum-
ber (LBN) order, startingover with the lowestLBN when
the disk armsreachthe edgeof the disk. Our MEMS im-
plementationof SSTFusesthe numberof tracksbetween
the lastaccessedlBN andthe desiredLBN asan estimate



of the seektime. SPTFalways servicesthe requestwith
smallesipositioningdelay[7, 16] from the currentposition.
SPTFexplicitly considerdoth seektime androtationalla-
teng for disks. For MEMS, SPTFconsidersseektime in
bothx andy dimensions Although SPTFgenerallyhasthe
bestperformancejt suffers from high responsdime vari-
ability. To addresghis problem,ASPTFwas proposechy
JacobsorandWilkes[7]. Besidesseektime androtational
lateng/, ASPTFalsoconsiderghetime thattherequeshas
beenwaiting for service. The resultingpositioningdelay
teff, IS givenin Equation?:

w

teﬂ‘ tpos m.) twait (7)
wherew is the agingfactor, tpes is the positioningtime and
twait IS thewaitingtime.

Theagingfactorw canbevariedfrom zero(pureSPTF)
toin nity (pureFCFS).Experimentallywechosew 5be-
causASPTF(5)exhibitedgoodperformancecrosarange
of requesrates.In fact,this factoris closeto theagingfac-
tor, 6, proposedor the disk ASPTFalgorithmin [7, 2Q].
The reasonis that althoughMEMS-basedstoragedevices
aremuchfaster they have ratios of requestthroughputto
data bandwidth similar to those of disks from the early
1990s[4]. Therefore,we comparethe ZSPTFalgorithm
to ASPTF(5).

Figure 5(a) and 5(b) shav the averageresponsdimes
of the differentschedulingalgorithmswith differenttrace
scalingfactorsfor the sener andusertraces.As expected,
FCFShasgood performanceonly underlight workloads.
As the trace scaling factor increasesthe performanceof
FCFSdegradegdramatically C-SCANandSSTFalsowork
well underlight workloadsbut suffer underheary work-
loads. SPTFalways hasthe lowestaverageresponsdime
underall tracescalingfactors.

ZSPTFhasperformancesimilar to thatof C-SCANand
SSTFunderlight and moderatesener workloadsand sig-
ni cantly outperformsC-SCAN andSSTF, by asmuchas
afactorof 2.8, underheary senerworkloads. ZSPTF, C-
SCAN, andSSTFperformsimilarly underlight userwork-
loads.However, ZSPTFexceed«C-SCANandSSTFby al-
mostafactorof 2—27undermoderateandheary userwork-
loads.

SPTFandASPTF(5)performslightly bettethanZSPTRK
by up to 7%, under light workloads. However, SPTF
andASPTF(5)performbetterthanZSPTF by 10-40%un-
der moderateworkloads. Under heavry sener workloads,
ZSPTFsigni cantly outperformsASPTF(5),by a factorof
1.2-2.6,whoseperformancedegradesbecauseof the ag-
ing effect, andperformsalmostaswell asSPTFE However,
SPTFand ASPTF(5) perform betterthan ZSPTFby 30—
76% underheary userworkloads. This is becaus& SPTF
cannottake advantageof the high sequentialityof the user
workloadsasmuchasSPTFandASPTF(5). Thereasons
thatthe datalayoutwasdoneassuminga disk-basednodel
ratherthan a MEMS-basedmodel. This inherently pun-

ishesalgorithmsthat employ a MEMS-basedmodel. In

the future, we will generateMEMS-speci c layouts that
will furtherhighlightthebene tsof MEMS-speci crequest
scheduling.

Whenthe workloadis light, the queuelengthsof SPTE
ASPTFE, and ZSPTF are all small enoughthat no signif-
icant optimization can take place by reorderingrequests.
And whenthe queuelengthsarelong, all threealgorithms
canachieve excellentperformanceby reorderingrequests.
However, whentheworkloadis moderatethequeudengths
of SPTFandASPTF(5)arelong enoughto allow for good
optimizationthrough reordering,but the queuelength of
eachzonein ZSPTFis too small to allow for ary signi -
cantoptimization.We proposea solutionto this problemin
Section9.

Figure 5(c) and 5(d) shav the squaredcoefcients of
variation of responsetimes of different schedulingalgo-
rithms under differenttrace scalingfactorsfor the sener
and usertraces. In general,FCFShasthe overall lowest
squarectoefcients of variationundermoderateandheary
workloads. However, we are not interestedin it because
of its poor averageresponsdime. C-SCAN and ZSPTF
have similar squaredcoefcients of variationfor all range
of requestarrival ratesbecauseZSPTF traversesthe me-
diaareain theordersimilarto thatof C-SCAN.ZSPTFand
ASPTF(5)have verysimilar squarectoefcient of variation
underlight workloads. ZSPTFhas8-44%highersquared
coefcient of variationthanASPTF(5)undermoderateand
heary workloads. SSTFand SPTFsuffer higher viability
of responsdimesthan otherschedulingalgorithmsfor all
rangeof requestarrival rates. SPTFhas16—45%and 83—
700% higher squaredcoefcient of variationthan ZSPTF
undermoderateand heary sener and userworkloads,re-
spectvely.

Although ASPTF(5)hasthe overall bestperformancen
termsof averageresponsdime and squaredcoefcient of
variationof responsegimesunderlight andmoderatevork-
loadsand heary sequentiaworkloads(the usertrace),its
high computationatostpreventsits usein realsystemsTo
guantifythis, we ransomeexperimentonalinux machine
(Pentiumlll 700MHz, 512 MB). We foundthat SPTFand
ASPTFtake 7.1 ps for eachentryin the queue.Evenwith
table-drivencalculationof arcsinandarccosfunctions,they
took about5.1 ps for eachentryin the queue. This means
thatfor a queuelengthof 200 requestsSPTFand ASPTF
take morethan1 msto determinewhich requesto service
next. This is longerthanthe maximumseektime of the
MEMS-basedstoragedevice usingthe default parameters.
Therefore,it is impracticalto apply SPTFand ASPTFin
realsystemsBy contrastthe queuelengthof eachzonein
the ZSPTFalgorithmis on average10-100times smaller
andthe computationatostof computingSPTFwithin each
zoneis therefordimited andtolerable.

Basedonits goodaverageresponséime, very low coef-
cient of variation,andlow computationatost,we believe
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Figure 5. Performance comparison of diff erent scheduling algorithms.

thatZSPTFis anidealalgorithmfor usewith MEMS-based
storagedevices.

9. FutureWork

The ZSPTFalgorithmimproves MEMS schedulingby
providing nearSPTF performancewith much lower re-
sponsetime variability at high requestrates. However, it
performslesswell at moderaterequestratesbecausehere
aretoo few requestsn eachzoneto yield muchoptimiza-
tion. To addresshis, we areexploring avariable-sizeaon-
ing techniquecalled pyramiding In Section7, we shoved
thatwith largerzonesizesandappropriatevidth-heightra-
tios, ZSPTFcanachiese betterperformancelnsteadof op-
timizing within x ed-sizezonespyramidingmergesnearby
zoneswith too few requestandschedulesll requestérom
the memgedzonestogether Figure6 illustratesan example
of pyramidingin ZSPTF In this example,ZSPTFcanfunc-
tion aseithera8 1,16 2,o0r32 4 grid dependingon
the requestrate. Although instantaneougsequestratesare
dif cult to measurewe canusethe length of the request
gueueto approximatehe requestateandto determinethe
granularityof the grid. Our preliminary experimentswith
pyramidingarepromising:we have foundthatdynamically
melging up to 16 neighboringzoneseliminateshalf of the

Figure 6. Fractal breakup of the MEMS device
grid.

performancalifferencebetweerz SPTFandASPTF(5)un-
dermoderatevorkloads.

We arealsoexploring datalayoutissuesor MEMS de-
vices. File systemshave long clusteredrelated datato-
gether;for example,the Berkeley FastFile System[9] lays
out datain cylinder groups. We believe that groupingre-
lated datawithin zones,similar to a methodsuggestedy
Schlosseetal. [4], andusingazone-basedchedulingalgo-



rithm

will provide considerablgerformancemprovement

oversimply usingmechanismbasednlogical block num-

bers.

10.

Conclusions

As new typesof storagedevicesaredevelopedit is nec-
essanyto revisit theissueof schedulingo reduceaccesda-

teng

to dataon thedevices.We introduceda new schedul-

ing algorithm, ZSPTFE. for MEMS-basedstoragedevices,

ands

havedthatZSPTFexhibits a combinatiorof high per

formanceoverawide rangeof requestateswhile maintain-
ing very low variability over the samerange. We explored
adesigntrade-of of zonesizefor theZSPTFalgorithmand
shoved that the zonesize of 120 1200 bits? is the best
amongthe sizeswe tested.

Our results shav that ZSPTF has better averagere-

spon

setime than FCFS, C-SCAN, and SSTF and better

than ASPTF on heary non-sequentialorkloads. ZSPTF
also has responsetiime variability as much as 50-160%
lower than of that of SPTE Finally, ZSPTF avoids the
practicalimplementationproblemsthat plague SPTF and
ASPTFE, makingZSPTFanattractve choicefor systemsise
in MEMS devices.

As MEMS-basedstoragedevicesaredevelopedand put
into generaluse, it will benecessaryo modify le systems
to take full advantageof their uniquecharacteristics.The
ZSPTFalgorithm provides a combinationof high perfor
mance Jow variability, fairness stanation avoidance ease
of implementationand customizabilityfor varying device
characteristicsiaking it anideal seekalgorithmfor stor
agesystemduilt aroundMEMS-basedievices.
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