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Abstract

A new quality of service(QoS)aware diskschedulingal-
gorithmis presentedlt is applicablein ervironmentsvhee
datarequestsarrive with different QoSrequirementssud
asreal-timedeadline and userpriority. Previouswork on
disk scheduling has focusedon optimizingthe seektimes
and/or meetingthe real-timedeadlines. A uni ed frame-
work for QoSdisk schedulingis presentedhat scaleswith
the numberof schedulingparametes. Thegeneal ideais
basedon modelingthe disk schedulerrequestsas pointsin
the multi-dimensionakpace whele eadt of the dimensions
representoneof theparametes(e.g., onedimensiorrepre-
sentgherequestieadling anotherrepresentshediskcylin-
dernumberanda third dimensiorrepresentshepriority of
therequestetc.). Thenthediskscedulingproblemreduces
to the problemof nding a linear order to traverse these
multi-dimensionapoints. Space- lling curvesare adopted
to de ne a linear order for sorting and schedulingobjects
that lie in the multi-dimensionalspace This genealizes
theone-dimensionalisk schedulingalgorithms(e.g., EDF,
SATF, FIFO). Several techniquesare presentedo showhow
a QoS-awae disk schedulerdealswith the progressivear-
rival of request®vertime Simulationexperimentsare pre-
sentedo showa comparisonof the alternativetechniques
and to demonstate the scalability of the proposedQoS-
aware disk schedulingalgorithm over othertraditional ap-
proaches.

1. Intr oduction

Building reliableandef cient diskschedulerbasalways
beena very challengingtask. It hasbecomeaven more so
with today's complex systemsanddemandingpplications.
As applicationggrow in complexity, morerequirementsire
imposedon disk schedulersfor example,the problemof
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disk schedulingn multimediaseners. In additionto max-
imizing the bandwidthof the disk, the disk schedulethas
to take into consideratiornthe real-timedeadlineconstraints
of thepagerequestse.g.,asin the caseof videostreaming.
If clientsareprioritizedbasedon quality of serviceguaran-
teesthenthedisk schedulemightaswell considerthe pri-
ority of therequestsn its disk queue Writing a disk sched-
ulerthathandlegeal-timeandquality of serviceconstraints
in additionto maximizingthe disk bandwidthis a challeng-
ing andahardtask[2]. Similarissuesarisewhendesigning
scheduler$or multi-threadedCPUs network-attachedtor
agedevices(NASDs)[9, 16], etc.

In theattemptto satisfytheseconcurrentandcon icting
requirementsscheduledesigneraindalgorithmdevelopers
dependmainly on heuristicsto codesuchschedulerslt is
not alwaysclearthattheseschedulersrefair to all aspects
of the system or controllablein a measurablevay to favor
oneaspecif the systemover the other The target of this
paperis to revolutionizethe way disk scheduleraredevel-
oped. The generalideais basedon modelingthe disk re-
guestsaspointsin the multi-dimensionakpacewhereeach
dimensionrepresent®ne of the parameterge.g., one di-
mensiorrepresenttherequesdeadline anotherrepresents
thedisk cylindernumberandthethird dimensiorrepresents
the priority of the requestgtc.). Thenthe scheduleprob-
lemreducego nding alinearorderto traversethesemulti-
dimensionapoints.

The underlyingtheory is basedon space- lling curves
(SFCs). A space- lling curve mapsthe multi-dimensional
spaceinto the one-dimensionaspace.It actslike a thread
that passeghrough every cell element(or pixel) in the
multi-dimensionalspaceso that every cell is visited ex-
actly once. Thus, space- lling curves are adoptedto de-
ne alinearorderfor sortingandschedulingobjectsthatlie
in the multi-dimensionalspace. For example,in a QoS-
aware disk schedulerwhen a requestarrives to the disk
gueuetherequest parameterge.g.,its disk cylinder num-
ber, its real-timedeadline,etc.) are passedas arguments
to the space- lling curve function, which returnsa one-
dimensionalvalue that representghe location of the re-
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Figure 1. Two-dimensional Space-Filling Curves.

guestin the disk queue. As a result, the disk queueis al-

wayssortedin thespeci edspace- lling curve order Using

space- lling curves as the basesfor multi-parameterdisk

schedulinghasnumerousadvantagesincluding scalability
(in termsof the numberof schedulingparameters)aseof

code development,easeof code maintenancethe ability

to analyzethe quality of the schedulegieneratedandthe

ability to automatethe schedulerdevelopmentprocessin

a fashionsimilar to automaticgeneratiorof programming
languagecompilers.

Therestof this paperis organizedasfollows. Section2
discussetherelatedwork of disk schedulingandthe useof
space- lling curvesin differentapplications.In Section3,
we develop new space- lling curve baseddisk scheduling
algorithms.Section4 adoptsthe notion of irr egularity asa
measureof the quality of the scheduledrder provided by
a space- lling curve. Section5 presentsa comprehensie
studyof the developedalgorithmson differentspace- lling
cunves.Finally, Section6 concludeghepaper

2. Related Work

The problemof schedulinga setof taskswith time and
resourceonstraintss known to beNP-completd19]. Ser-
eral heuristicshave beendevelopedto approximatelyop-
timize the schedulingproblem. Traditional disk schedul-
ing algorithms[5, 8, 12, 28] are optimizedfor aggreyate
throughput.Thesealgorithms,jncludingSCAN,LOOK, C-
SCAN,andSATF (ShortestAccessTime First), aimto min-
imize seektime and/orrotationallateny overheads.They
offer no QoSassurancetherthanperhapsabsencef star
vation. Deadline-basedchedulingalgorithms[1, 4, 15, 25|
have built on the basicearliestdeadline rst (EDF) sched-
ule of requestso ensurahatdeadlinesaremet. Thesealgo-
rithms, including SCAN-EDF and feasible-deadlind&EDF
performrestrictedreorderingswithin the basicEDF sched-
ule to reducedisk headmovementswhile preservingthe
deadlineconstraints.

Like previous work on QoS-avare disk scheduling,
space- lling curves explicitly recognizethe existence of
multiple and sometimesantagonisticserviceobjectvesin

the schedulingoroblem.Unlike previouswork thatfocuses
onspeci ¢ probleminstancesywe useamoregeneramodel
of mappingservicerequestsn the multi-dimensionakpace
into a linear order that balancedetweenthe differentdi-
mensions. Disk schedulerdasedon space- lling curves
generalizeraditionaldisk schedulers For example,SATF
canbemodeledby the SweepSFC(Figurela)by assigning
theaccesgdime to theverticaldimension.Similarly, EDF is
modeledby the SweepSFCby assigninghedeadlingo the
verticaldimension.

Space-Fillingcurvesare rst discoveredby Peang[24]
whereheintroduceda mappingfrom theunitinterval to the
unitsquargFigurelc). Hilbert [11] generalizesheideafor
a mappingof the whole space(Figure 1e). Following the
Peanoand Hilbert curves, mary space- lling curves have
beerproposede.g.,se€3, 6]. In thispaperwefocusonthe
space- lling curvesshown in Figure1, namelythe Sweep,
C-Scan,PeanoHilbert, Gray, Spiral, and Diagonal SFCs.
However, the developedtheory and schedulingalgorithms
applyto otherspace- lling curves. Space- lling curvesare
usedin mary applicationsin computerscienceand engi-
neering elds, e.g., spatialjoin [22], rangequeries[13],
spatialaccesanethod[7], R-Tree[14], multi-dimensional
indexing [18], andimageprocessing29]. Up to the au-
thors' knowledgeusingspace- lling curvesasa scheduling
tool is anovel application.

3. Disk-Scheduling Algorithms based on
Space-FillingCurves

In the QoS-avaredisk schedulera disk requesis mod-
eled by multiple parameters(e.qg., the disk cylinder, the
real-timedeadline the priority, etc.) andrepresenteésa
pointin the multi-dimensionakpacewvhereeachparameter
correspondso onedimension.Usinga space- lling curve,
the multi-dimensionaldisk requestis corvertedto a one-
dimensionalalue. Then,disk requestareinsertedinto a
priority queue accordingto their one-dimensionalalue
with a lower value indicating a higher priority. Figure 2
gives an illustration of an SFC-basedlisk scheduler To
helpin understandinghe proposedalgorithms,we present



— Disk request

SFC <
P with D parameters

Scheduler PRy B

Py
—
B

One dimensional value

Disk Server

SFC Based priority queue g

Figure 2. SFC-based Disk Scheduler

thenotionof afull cyclein aspace- lling curve.
De nition 3.1: A full cyclein a space- lling curvewith N
priority levelsin eat dimensiorof a D-dimensionakpace
is a contiguousmovefromthe r st point, saypoint0, to the
last point, saypoint , passingthroughall the pointsin
thespaceexactlyonce

A disk request takesa positionin the cycle accord-
ing to its space- lling curve value. Disk requestsarestored
in the priority queue accordingto their cycle position.
The disk sener walks througha cycle by servingall disk
requestdn accordingto their cycle position. Figure 3
presentstwo straightforvard approache®f using space-
lling curvesin disk-scheduling.
The Non-Preemptive SFC Disk Scheduler: In this ap-
proach,oncethe disk sener startsto walk througha full

cycleof a space- lling curve, the cycleis never preempted.

A newly arrivedrequest is insertedin the disk queue
if andonly if it will not preemptthe currentcycle (Fig-
ure 3c). If needgo preemptthe cycle(i.e., has
higher priority than ), thenit is insertedin a waiting
gueue (Figure3b). Thecycleis nished whenthe disk
requestwith the lowestpriority in  is sened, then,all re-
guestsrom
The Fully-Preemptive SFC Disk Scheduler: This is the
simplestapproach. All requestsare insertedinto a single
disk queue accordingto their space- lling curve priority.
This scheduleis fully-preemptivein the sensehatary in-
coming request with higher priority than pre-
emptsthe currentcycle and startsa new one (Figure 3a).
However, when haslower priority than ,itisin-
sertedn withoutaffectingthe currentcycle(Figure3c).

Thefully-preemptive SFCdisk schedulesenesall disk

requestsaccordingto their priority. Low priority requests

may stane dueto the continuousarrival of high priority re-
guests. On the other hand, the non-preemptie SFC disk
scheduledoesnotleadto stanationsinceit guaranteethat
lower priority diskrequestsn acertaincyclewill besened
beforestartinga new cycle However, a priority inversion
takesplacewherehigherpriority disk requestsnaywait for
lower priority disk request¢o be sened. The dravbacksof
the two approachesaisethe motivationfor having a com-

bineddisk schedulethathasthe meritsof bothschedulers.

In the following section,we presenta novel disk schedul-
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Figure 3. The Non-Preemptive and Fully-
Preemptive SFC disk scheduler s.

ing algorithmthatavoidsthedravbacksof thesealgorithms,
i.e., respectshedisk requespriority andavoids stanation.

3.1 The Conditionally-Preemptve SFC Disk
SchedulerAlgorithm

As atrade-of betweerthefully-preemptiveandthenon-
preemptvedisk schedulersn theconditionally-preemptie
disk schedulingalgorithm, a newly arrived disk request

preemptsthe processof walking througha full cy-
cle if andonly if it hassigni cantly higher priority than
the currently sened disk request To quantify the
meaningof signi cantly higherpriority, we de ne a block-
ing window with size (the roundedbox with thick bor-
der in Figure 4) that slideswith in . Then,
is consideredas a priority signi cantly higher than
if andonly if . Thewindow size is
a compromisebetweenthe fully-preemptive and the non-
preemptve disk schedulers. Setting =0 correspondgo
the fully-preemptive disk schedulerwhile setting to a
very large value correspondgo the non-preemptie disk
schedulerWhen arriveswhile the scheduleis going

to sene , thenone of the following threecasegakes
place:
1 (Figure4a). This meansthat has

lower priority than . Hence, is insertednto
asinsertingit into  will notpreempthecycle

2. (Figure 4b). This means
that liesinsidetheblockingwindow . Although
hasapriority higherthanthatof , butit is not
high enoughto preemptthe space- lling curve cycle
So, is insertedn thewaiting queue .

3. (Figure4c). This meanghat
hasa priority thatis signi cantly higherthanthat of
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Figure 4. The Conditionall y-Preemptive SFC
Disk Scheduler.

. So,it is worth to preemptthe space- lling curve
cycleby inserting in

Therearetwo issueghatneedto beaddressedrst, how
to dealwith the occurrenceof priority inversionthatresult
from disk requestghat lie inside the blocking window
(storedin ) andhave higher priority thansomerequests
in . Secondwith ary valueof lessthan (the last
pointin acyclé, thereis still achanceof stanation,wherea
continuousstreamof very high priority requestsnayarrive.
The next two sectionsproposealternatie approachegor
dealingwith thesetwo problems.

3.2 Minimizing Priority Inversion

The disk requestghatlie in window arestoredin
This resultsin priority inversionas the blocked requests
have higher priority than In this section,we pro-
posethreealternatvesto dealwith this situation. Figure5
gives an examplethat demonstrateshe differenceamong
thethreeproposedschedulingpolicies. Assumethatwhile

is beingsened, all the otherdisk requests , ,

, ,and havearrived. Noticethat , ,and are
insertedin  sincethey lie insidethe window and

areinsertedin  sincethey have lower priority than

isinsertedn sinceit hasasigni cantly higherpriority
than
Sewve and Resume (SR): The space- lling curve cycle
is preemptedonly by insertingthe newly arriving request
of signi cant high priority into . After preempting
thecycleandserving , theprocesf servingthecycle
is resumed.

Asin Figureb, afterserving , following thecycleorder
wouldresultin serving . However, thecycleis preempted
toserne ( hasasigni cantly higherpriority than ).
After serving , thecycleis resumedo sene thedisk re-
qguestsin ( and ). Finally, the next cycle (waiting)
gueue is consideredndis sened. Hence the nal order
is ., .

Current position of T
1

Blocking Window

Lower priority

O Higher priority

Disk Server

®

T T T T T T
5 6 7 2 3 4
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Figure 5. Example of Conditionall y-
Preemptive SFC Disk Scheduler.

Sewe, Resumeand Promote (SRP): SRPactsexactly as
SR.In addition,beforethedisk startsto senearequesfrom
, it checks for ary requesthat becomeswith a signi -
cantly higherpriority. If sucharequesis found, SRPpro-
motesthis requestandinsertsit in . So, the space- lling
cunve cyclecanbe preempteckitherby a newly arrivedre-
guestor by an old requesthat eventuallybecomef sig-
ni cant higherpriority.

In Figure5, afterserving , thecycleis preemptedo
sene . Then,beforeserving , SRPdetectdhat now
lies outsidethewindow of . Hence, is senedbefore

. Continuingin this way, the nal orderwill be ,
Sewve and Scan(SS): Whenthe cycleis preemptediueto
thearrival of a new disk request , all therequestsn
arescanneandsenedin their priority order

In Figure5, whenthecycleis preemptedo sene |, all
thediskrequesténsidethewindow (next cyclequeue ) are
senedbeforereturningto the currentcyclequeue.Hence,
the nal orderwill be , , , , , ,

3.3 Starvation Avoidance

If thewindow size remainsx ed,anadwersarywould
still selectdisk requestsn amannetthatresultsin a stana-
tion of otherdisk requestsTo avoid stanation,we propose
to expandthewindow size  duringthe courseof executing
theschedulingalgorithm.As  increasesit eventuallybe-
comedargeenougho preventpreemptiorandhenceavoids
stanation. In this section,we proposewo policiesfor ex-
pandingthewindow size
Always Expand (AE): In AE, the window size s in-
creasedyy a constantfactor expansionfactor , with ary
preemptionof the space- lling curve cycle Eventually
will be large enoughto preventary cycle preemptionand
hencethedisk scheduleworksasthenon-preemptiedisk
schedulingalgorithmwhich avoids stanation.

Expand and Reset(ER): ER is the sameasAE wherewe
increase¢hewindow size byaconstanfactor . However,
whenadisk requests senedandanothedisk requesfrom



is dispatchedER resets to its original value. The ob-
jectiveis to achieve a balancebetweerthe non-preemptie
andthe fully-preemptive schedulers While in AE, oncea
schedulerbecomesa non-preemptie one (due to the in-
creaseof ), it continuesto work asthe non-preemptie
schedulerin ER, the schedulemovesbackand forth be-
tweenworking asthe non-preemptie schedulemndasthe
conditionally-preemptie schedulewith differentvaluesof

4. The Quality of Space-FillingCurves

An optimal space- lling curveis onethatsortspointsin
spacen ascendingrderfor all dimensionslin reality, when
aspace- lling curve attemptgo sortthe pointsin ascending
orderaccordingo onedimensionijt failsto do the samefor
the otherdimensions. A good space- lling curve for one
dimensions notnecessarilygoodfor theotherdimensions.
In this sectionwe introducethe concepbf irr egularity asa
measuref goodnes®f space- lling curves[20]. Then,we
shav how the irregularity can be usedas an indicator for
the practical performancemeasurese.g., disk utilization,
priority inversion,anddeadlindosses.

4.1 Irr egularity in Space-FillingCurves

In orderto measurethe schedulingquality of a space-
lling curve, we introducethe conceptof irregularity asa
measuref goodnes$or theschedulingorderimposedby a
space- llingcurve. Irregularityis measuredor eachdimen-
sionseparatelylt givesanindicatorof how a space- lling
cuneis farfrom theoptimal. Thelowertheirregularity, the
betterthespace- lling curveis.
De nition  4.1: For any two points, and

, in the D-dimensional space with coominates

respectively and for a given space- lling curve if
is visited befoe , we say that an irregularity occurs
between and in dimension iff .
Figure6 demonstrateall possiblescenarioshatcanlead
to anirregularity in the two-dimensionakpace wherethe
arrons in the curvesindicatethe orderimposedby the un-
derlying space- lling curve, i.e., point s visited before
point . Formally, for a given space- lling curve in the
-dimensionakpacewith grid size , thenumberofirreg-
ularitiesfor any dimension is:

An optimal schedulefor any dimension would have
noirregularity. In contrastthe worst-casescheduldor ary
dimension is to sortall therequestsn reverseorderwith
respecto
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Figure 6. Irregularity in 2D space.

4.2 Irr egularity asa Measure of Performance

In this section,we show thattheirregularity canbe used
asa practicalmeasureof performance.Threeexperiments
have beenconductedo shav theeffectof lowerirregularity
on disk utilization, priority inversion,and deadlinelosses.
In the experiments,we assumeeight priority levels with
one disk requestfor eachlevel. This resultsin 8! possi-
ble differentschedules.The optimal schedulevould have
noirregularitywhile theworst-casechedulevould have 28
irregularities[20].

4.2.1 Disk Utilization

In this sectionwe investigatehe correlationbetweerirreg-
ularity asa measureof goodnesanddisk utilization. We
conductthe following experiment. Assumethat we have a
disk with eightconsecutie disk cylinder zones,say to
. We maptheseconsecuiie cylinder zonesto eightlev-
els of priority in the irregularity frame of work. Assume
that eachcylinder zonecontainsonedisk request.The ob-
jective is to sene all disk requestsvhile minimizing seek
time overhead(i.e., increasingthe disk utilization). The
disk headis initially locatedat the rst cylinder . The
seektime betweenrary two consecutre cylindersis . Ir-
regularity is computedbasedon the shortestpossibleseek
timefrom thecurrentlocation.For example thebestsched-
uleis which resultsin a seektime
of and has zero irregularity. The worst-casesched-
ule is where eachtime the sched-
uler chooseghe furthestcylinder to sene, this resultsin
28 irregularitiesand a seektime of . Figure7agives
therelationbetweerirregularity anddisk utilization, where
for eachpossiblenumberof irregularities (variesfrom O,
theoptimal,to 28, theworst),we computethe averageseek
time over all scheduleghatresultin irregularity. From
Figure 7a,we noticethatthe averageseektime andthe ir-
regularity in asequencef diskrequesschedulearealmost
linearly correlated,i.e., the lower the irregularity the bet-
ter thedisk utilization is andvise versa. Thereforewe can
deducethatirregularity canbe usedasa measureof good-
nessfor disk performance.The advantageof usingirregu-
larity asa measureof goodnesss thatwe cancomputeit
analytically andhencebe ableto analyticallyquantizethe
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schedulingquality for a givenschedulingolicy.

4.2.2 Priority Inversion

Priority inversiontakes placewhen a higher priority disk
requestis waiting for a lower priority disk requestto be
sened. In this experimentwe assumehatall disk requests
lie in the samecylinder, sothereis no seektime overhead.
Thereareeightlevels of priorities  to , andonedisk
requesperpriority level. Whena disk requestwith priority

is sened,we computethe priority inversionasthe num-
ber of disk requestswith priority thatarewaiting
for tobesened.Figure7bgivestheeffectof irregularity
on priority inversion. As canbe seenfrom the gure, ir-
regularity andpriority inversionarelinearly correlated The
lower the irregularity, the lower the occurrenceof priority
inversionis andviseversa.Hence,rregularity maybeused
asa goodperformanceneasurghatre ects the quality of
aschedulaggeneratedby a givenschedulem.r.t. priority in-
version.

4.2.3 DeadlinelLoss

In this experiment,we assumehat we have eight priority
levelsfrom to , andthereis onediskrequest
perpriority level. Assumehateachdiskrequesnheedscon-
stantservicetime, say msec.Assumefurtherthathigher
priority requestdiave moretight deadlinesso,thedeadline
for eachrequestis where . Notice that
meansrelaxed deadlinesand henceno deadlineviolation
would take place. We conductthis experimentin the fol-
lowing way: For eachpossiblenumberof irregularities
(variesfrom 0, the optimal, to 28, the worst), we compute
the averagedeadlinelossesover all scheduleshatresultin
irregularity. Figure 7c givesthe relationshipbetweenir-
regularity andthe numberof deadlinelosseswherewe set
=20msecand =25msec.Thesamegure is obtainedfor
ary valuesfor  where . Fromthe gure, noticethat

thelowertheirregularity, thelower the deadlindossesand
vise versa. Also, the gure demonstrates linear correla-
tion betweerirregularity andthenumberof deadlindosses.
Hence,irregularity canbe usedas a measureof goodness
for deadlinelossperformanceswell. Therefore Jowering
theirregularity is favorablein the caseof realtime applica-
tions.

5. Performance Evaluation

The SFC-basedlisk schedulerhas three major com-
ponents;the irregularity policy, the stanation policy, and
theunderlyingspace- lling curve, andtwo parametersthe
window size  and the expansionfactor . In this sec-
tion, we perform comprehensie experimentsto construct
an SFC-basedlisk scheduleiby appropriatelychoosingits
componentsand parameters.In Section5.1, we perform
experimentso evaluateall the proposedooliciesfor mini-
mizing irregularity and avoiding stanation In Section5.2,
we studytheeffect of eachspace- lling curve onthesched-
uler In Section5.3, we studythe effect of the initial win-
dow size For all experimentswe setthe expansionfactor

to be5% of . All experimentsin this sectionare per

formedwith the disk simulationmodeldevelopedat Dart-
mouthCollege[17]. It simulatesheHewlett Packardd7560
disk drive [23] thatis describedn detailin [27]. This disk
simulationmodelhasbeenwidely usedin mary projects,
e.g.,in the SImOSprojectat StanfordUniversity [10, 26]

andin the Galley projectat DartmouthCollege [21]. The
HP 97560disk drive contains1962cylinder with 19 tracks
percylinder. Eachtrack contains72 sectorswith 512 bytes
each.Therevolution speeds 4002rpm andthe disk hasa
SCSlI-ll controllerinterface.

To re ect theirregularity of the SFCschedulerwe mea-
surethe meanirregularity over all the spacedimensions.
The standarddeviation of requestwaiting time is consid-
eredasa measuref stanation, the higherthe standardde-
viationthehigherthechancehatstanationmayoccur For



Mean Irregularity (Percent)
Mean Irregularity (Perc

== SR+ER

—=— SR+ER

0 20 40 60 80 100 0 20

20 60
Window Size (Percent) Window Size (Percent)

(a) SweepSFC (b) DiagonalSFC

60 80 100 0 20 40 60 80 100

0 20 40
Window Size (Percent) Window Size (Percent)

(c) GraySFC (d) SweepSFC

Figure 8. Comparison among diff erent policies.

comparisonpurposeswe usethe FCFS scheduleras our
basepoint. Theirregularity andthe standarddeviation of
the waiting time arepresentedsa ratio to the irregularity
and the standarddeviation of the waiting time causedby
FCFS,respectiely. Recallthattraditionaldisk schedulers,
e.g.,EDF andSATF canbe modeledasspecialcaseof an
SFC-basedlisk schedulerHence ,we do not have to com-
parewith eachoneof themseparately

5.1 Selectingthe Policy

In this section,we comparethe proposedalgorithmsin
Sections3.2 and 3.3. All experimentsconsiderdisk re-
guestswith four QoS parametershat arrive exponentially
with meaninterarrival time 25 msec. The initial window
size s expressedas a percentagef the total pointsin
the space.The expansionfactor is setto 5% of . The
notation”+” is usedto indicatea combinationof two disk
schedulingpolicies. For example SR+AE indicatesthat
the disk schedulerusesPolicies SR (Sene and Resume)
to handleirregularity and AE (Always Expand)to handle
stanation. Figures8a, 8b, and8c give the meanirregular
ity for the Sweep,Diagonal,and Gray SFCs,respectiely
at differentvaluesfor . To simplify the graph,we only
plot SR+AE asa representatie of disk schedulershatuse
policy AE. Otherdisk schedulerghat usethe samepolicy
(AE) give the sameperformanceas SR+AE. At =0, all
theschedulerslegeneratéo the Fully-Preemptie SFCdisk
schedulerSimilarly, at =100, all the schedulerslegener
ateto the Non-Preemptie SFCdisk scheduler Exceptfor
the casewhere =0, the AE (Always Expand)Policy re-
sultsin very highirregularity evenwith smallwindow size.
Thereasonis that is alwaysincreasingandeventuallyit
becomedarge enoughto block all incomingdisk requests
asin thenon-preemptiescheduler

In Figures8aand8b, Policy SSgivesthe lowestirregu-
larity when . As increasesmoredisk requests
areblocked and storedin the disk queue . The blocked
diskrequestaresenedaccordingo their SFCorder Thus,

respectingthe SFC-orderlowersthe irregularity. SR+ER
and SRP+ERgive reasonabléncreasen irregularity as
increases.The Spiral and PeanoSFCsexhibit similar be-
havior asthe SweepandDiagonalSFCs.TheDiagonalSFC
givesthe lowestirregularity for any window size . How-
ever, the choiceof the appropriatespace- lling curve does
notrely only onirregularity. Otheraspectghatcontrolthe
choiceof a space- lling curve areinvestigatedn the next
section. Figure 8c representshe performanceof the Gray,
C-ScanandHilbert SFCs.Unlike the SweepandDiagonal
SFCs,in SR+ERandSRP+ERpolicies,increasing from
0to 40 resultsin loweringtheirregularity.

Figure 8d gives the standarddeviation of the waiting
time for the SweepSFC. All space- lling curvesgive the
samecurve for waiting time. SS+ERgivesvery high stan-
darddeviation, which indicatesa high possibility of stana-
tion. In Policy SS,disk requestghatare blocked by win-
dow areaccumulate@ndstoredin thequeue . Soserv-
ing themin one scanmay resultin starvinglower priority
requests.SR+AE works asthe non-preemptie scheduler
SRP+ERandSR+ERgive lower stanationas increases.

As can be seenfrom the experiments, SR+ER and
SRP+ERgive the bestschedulingperformancevherethey
resultin amoderateschedulghatbalancedetweenrregu-
larity andstanation. However, Policy SR hasa vital drav-
back,thatit penalizedisk requestdor their early arrival.
Assumethatadiskrequest arriveswithin window , then
it is storedin . Theserviceof is postponedill all disk
requestdan aresened. If wassmartenoughto delay
itself sothatit arriveswhenthe blockingwindow  slides
aheadsothat becomesutside andstoredin , thenit
will beeligible for beingsenedimmediately This scenario
highlightsthefactthat may be sened betterif it arrives
late. This problemis dealtwith in Policy SRR that after
servingeachrequestSRPchecksthequeue for thosere-
guestghatbecomeeligible to serviceandmove (promote)
themto . Fortherestof experimentdn thefollowing sec-
tions, we usethe Policies SRP+ERIn the Conditionally-
Preemptie SFCdisk scheduler
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5.2 Selectingthe Space-FillingCurve

In this section,we perform comprehensie comparison
betweerthe sevenspace- lling curvesin Figurel. The ob-
jective is to determinewhich space- lling curve will best
t in the SFC-basedlisk schedulerAll experimentsn this
sectionareperformedwith SRP+ERpolicies.

5.2.1 Scalability of SFC-basedSchedulers

In this section,we addresghe issueof scalabilityof SFC-
basedschedulerse.g., when the number of dimensions
(scheduleparametersjncreasesor when the number of
priority levels per dimensionincreases. The experiments
in this sectionare performedwith SRP+ERpolicies with

, andthe meaninterarrival time of disk requests
is 25 msec. In Figure 9a, we measurehe irregularity of
the SFC-basedlisk schedulemsing differentspace- lling
cunvefor upto 12 QoSparametergschedulingdimensions)
whereeachdimensionhas16 priority levels. The Diagonal
SFCgivesthe bestperformanceespeciallywith higherdi-
mensionsThe SweepPeanoandSpiral SFCshave almost
thesameperformance.

Figure 9b compareghe space- ling curvesin the four-
dimensionalspace, while the number of priority levels
variesfrom 4 to 256. After 16 priority levels, all space-
lling curvestendto exhibit constanbehaior. The Diago-
nal SFCgivesthe bestperformance TheHilbert andGray
SFCshave theworstperformancevith respecto irregular
ity. The Sweep,PeanoandSpiral SFCshave similar per
formancethat tendsto be equalto the performanceof the
C-ScanSFCin high priority levels. The C-ScanSFC has
constantperformanceaegardlessof the numberof priority
levels.

Fromtheexperimentsijt canbe seernthatthe SFC-based
disk schedulerscaleseasily and without additionalcoding

dif culty to higher QoS parametersAlso whenusingthe
appropriateSFC,the SFC-basedchedulercanexhibit low
irregularity evenathigherdimensionsThetime compleity
for corvertinga pointin the -dimensionakpaceinto the
one-dimensionatpaceds [20].

5.2.2 Fairnessof SFC-basedSchedulers

A very critical point for SFC-basedlisk schedulerss how
to assignthe QoS disk requestparametergi.e., the dead-
line, priority, etc.) to the dimensionsof the space- lling
cunve. For example,the EDF disk schedulercan be mod-
eledby the SweepSFCwhenassigninghe verticaldimen-
sion (Figurela)to the deadlineparameterAlso SATF can
be modeledusingthe Sweepor the C-ScanSFChy assign-
ing the vertical dimensionto the accesgime. We saythat
aspace- lling curveis biasedo dimension if it resultsin
low irregularityin  relative to the otherdimensionsAlso,
we saythata space- lling cuneis fair if it resultsin similar
irregularity for all dimensions.In this section,we usethe
standardleviation of irregularity overall the dimensionsas
ameasuref thefairnesof space- lling curves.Theexper
imentin this sectionis performedon four QoS parameters
usingSRP+ERpolicieswith , andtheinterarrval
time of diskrequestss 25 msec.In Figure10a,we measure
the standarddeviation of irregularity over all dimensions.
A low standarddeviation indicatesmorefairness.The Di-
agonalSFCis the mostfair space- lling curve amongthe
space- lling curveswe considerin this study(the standard
deviationis lessthan10%). For amediumwindow size,the
Spiral SFChasa very low standarddeviation. The C-Scan
and SweepSFCsgive the worst performance.This is be-
causethey have noirregularity in the lastdimensionwhile
having highirregularity in the otherdimensions.
Someapplicationamay have only oneimportantdimen-
sion,while the otherdimensionsarenot with the samesig-
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ni cant importance. One exampleis optimizing the me-
chanicalmovementsof the disk headover the cylinders.
Anotherexampleis the real time requestswherein some
applicationsthe most importantfactor would be to meet
therequestdeadline,andthenthe otherparameterganbe
scheduled. EDF favors the deadline,while ignoring all
otherdimensions.CSCAN favors the cylinder dimension.
SATF favorsthe accesgime dimension.For theseapplica-
tions, we developthe experimentgivenin Figure10h Al-
though,we run the experimentin a four-dimensionalQoS
space,we plot only the most favored dimensionfor each
space- lling curve. Figure 10b shaws thatthe C-Scanand
the SweepSFCsare always the bestfor a small window
size.They have noirregularity in smallwindow sizes.This
is alsoaninterpretatiorof why they haveveryhigh standard
deviation (Figure10a).

5.3 Selectingthe Initial Window Size

In this setof experimentswe investigatenow the value
of thewindow canbedetermined.We developa design
cunve for eachspace- lling curve thatdemonstratethe ef-
fectof changing ontheirregularity andstanationin the
three- four-, and ve-dimensionaspacesWe usethesame
experimentasin Section5.1 while varying the numberof
dimensiondrom threeto ve. Figure 11 givesthe design
curnvesfor the PeanoHilbert, and Diagonal SFCs,respec-
tively. The C-Scanandthe Gray SFCshave similar shapes
asthatof theHilbert SFC.All other SFCshave similar de-
sign curves asthat of the Peanoand Diagonal SFCswith
differentirregularity values.

Determiningthe valueof thewindow size depend®n
thespace- lling curve. For the PeandSFC,setting =35%
resultsin the besttrade-of betweertheirregularity andthe
standarddeviation of waiting time. For the Hilbert and Di-

agonalSFCs,setting =35%, 40%, respectiely would re-
sultin thebesttrade-of.

6. Conclusion

In this paper we have proposeda new scalabledisk
schedulingalgorithmfor servingrequestghatrequireQoS
parameterdi.e., deadline,priority, etc.). The ideais to
mapthe multiple QoSparameterinto the one-dimensional
space.Then,we usethe orderingimposedby space- lling
cunesto sene the disk requests.We introducethe irr eg-
ularity as a measureof quality of the space- lling curve
order We shav how irregularity is linearly correlatedwith
othermeasuresf goodnes$or scheduleperformanceeg.g.,
disk utilization, deadlindlossesandpriority inversion.The
window sizetuning parameter is introducedto tunethe
irregularity andstanation of an SFC-basedlisk scheduler
Ourcomprehensie simulationexperimentshow thatusing
the disk-schedulingalgorithm SRP+ERachieves the best
performancdor ary space- lling curve. Fromthesetof the
discussedpace- lling curves,we show the differentprop-
ertiesthatmotivatesthe useof eachspace- lling curve.
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