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Abstract

A new qualityof service(QoS)awarediskschedulingal-
gorithmis presented.It is applicablein environmentswhere
data requestsarrive with different QoSrequirementssuch
asreal-timedeadline, anduserpriority. Previouswork on
disk schedulinghas focusedon optimizingthe seektimes
and/or meetingthe real-timedeadlines. A uni�ed frame-
work for QoSdiskschedulingis presentedthat scaleswith
thenumberof schedulingparameters. Thegeneral idea is
basedon modelingthediskschedulerrequestsaspointsin
themulti-dimensionalspace, where each of thedimensions
representsoneof theparameters(e.g.,onedimensionrepre-
sentstherequestdeadline, anotherrepresentsthediskcylin-
dernumber, anda third dimensionrepresentsthepriority of
therequest,etc.).Thenthediskschedulingproblemreduces
to the problemof �nding a linear order to traverse these
multi-dimensionalpoints. Space-�llingcurvesare adopted
to de�ne a linear order for sorting and schedulingobjects
that lie in the multi-dimensionalspace. This generalizes
theone-dimensionaldiskschedulingalgorithms(e.g., EDF,
SATF, FIFO). Several techniquesarepresentedto showhow
a QoS-aware diskschedulerdealswith theprogressivear-
rival of requestsover time. Simulationexperimentsarepre-
sentedto showa comparisonof the alternativetechniques
and to demonstrate the scalability of the proposedQoS-
aware diskschedulingalgorithmover othertraditional ap-
proaches.

1. Intr oduction

Building reliableandef�cient diskschedulershasalways
beena very challengingtask. It hasbecomeevenmoreso
with today'scomplex systemsanddemandingapplications.
As applicationsgrow in complexity, morerequirementsare
imposedon disk schedulers,for example,the problemof

�
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disk schedulingin multimediaservers. In additionto max-
imizing the bandwidthof the disk, the disk schedulerhas
to take into considerationthereal-timedeadlineconstraints
of thepagerequests,e.g.,asin thecaseof videostreaming.
If clientsareprioritizedbasedonquality of serviceguaran-
tees,thenthediskschedulermight aswell considerthepri-
ority of therequestsin its diskqueue.Writing adisksched-
uler thathandlesreal-timeandqualityof serviceconstraints
in additionto maximizingthediskbandwidthis achalleng-
ing andahardtask[2]. Similar issuesarisewhendesigning
schedulersfor multi-threadedCPUs,network-attachedstor-
agedevices(NASDs)[9, 16], etc.

In theattemptto satisfytheseconcurrentandcon�icting
requirements,schedulerdesignersandalgorithmdevelopers
dependmainly on heuristicsto codesuchschedulers.It is
not alwaysclearthat theseschedulersarefair to all aspects
of thesystem,or controllablein a measurableway to favor
oneaspectof the systemover the other. The targetof this
paperis to revolutionizetheway disk schedulersaredevel-
oped. The generalideais basedon modelingthe disk re-
questsaspointsin themulti-dimensionalspacewhereeach
dimensionrepresentsoneof the parameters(e.g., one di-
mensionrepresentstherequestdeadline,anotherrepresents
thediskcylindernumberandthethird dimensionrepresents
thepriority of the request,etc.). Thenthe schedulerprob-
lemreducesto �nding a linearorderto traversethesemulti-
dimensionalpoints.

The underlyingtheory is basedon space-�lling curves
(SFCs). A space-�lling curve mapsthe multi-dimensional
spaceinto theone-dimensionalspace.It actslike a thread
that passesthrough every cell element(or pixel) in the
multi-dimensionalspaceso that every cell is visited ex-
actly once. Thus, space-�lling curvesare adoptedto de-
�ne a linearorderfor sortingandschedulingobjectsthatlie
in the multi-dimensionalspace. For example, in a QoS-
aware disk scheduler, when a requestarrives to the disk
queue,therequest'sparameters(e.g.,its diskcylindernum-
ber, its real-timedeadline,etc.) are passedas arguments
to the space-�lling curve function, which returnsa one-
dimensionalvalue that representsthe location of the re-
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Figure 1. Two­dimensional Space­Filling Curves.

questin the disk queue.As a result, the disk queueis al-
wayssortedin thespeci�edspace-�llingcurveorder. Using
space-�lling curvesas the basesfor multi-parameterdisk
schedulinghasnumerousadvantages,includingscalability
(in termsof thenumberof schedulingparameters),easeof
codedevelopment,easeof codemaintenance,the ability
to analyzethe quality of the schedulesgenerated,and the
ability to automatethe schedulerdevelopmentprocessin
a fashionsimilar to automaticgenerationof programming
languagecompilers.

Therestof this paperis organizedasfollows. Section2
discussestherelatedwork of diskschedulingandtheuseof
space-�lling curvesin differentapplications.In Section3,
we develop new space-�lling curve baseddisk scheduling
algorithms.Section4 adoptsthenotionof irregularity asa
measureof the quality of the scheduledorderprovidedby
a space-�lling curve. Section5 presentsa comprehensive
studyof thedevelopedalgorithmsondifferentspace-�lling
curves.Finally, Section6 concludesthepaper.

2. RelatedWork

The problemof schedulinga setof taskswith time and
resourceconstraintsis known to beNP-complete[19]. Sev-
eral heuristicshave beendevelopedto approximatelyop-
timize the schedulingproblem. Traditional disk schedul-
ing algorithms[5, 8, 12, 28] are optimizedfor aggregate
throughput.Thesealgorithms,includingSCAN,LOOK, C-
SCAN,andSATF (ShortestAccessTimeFirst),aimto min-
imize seektime and/orrotationallatency overheads.They
offer no QoSassuranceotherthanperhapsabsenceof star-
vation.Deadline-basedschedulingalgorithms[1, 4, 15, 25]
have built on thebasicearliestdeadline�rst (EDF) sched-
uleof requeststo ensurethatdeadlinesaremet.Thesealgo-
rithms, including SCAN-EDF and feasible-deadlineEDF,
performrestrictedreorderingswithin thebasicEDF sched-
ule to reducedisk headmovementswhile preservingthe
deadlineconstraints.

Like previous work on QoS-aware disk scheduling,
space-�lling curves explicitly recognizethe existenceof
multiple andsometimesantagonisticserviceobjectives in

theschedulingproblem.Unlike previouswork that focuses
onspeci�c probleminstances,weuseamoregeneralmodel
of mappingservicerequestsin themulti-dimensionalspace
into a linear order that balancesbetweenthe differentdi-
mensions. Disk schedulersbasedon space-�lling curves
generalizetraditionaldisk schedulers.For example,SATF
canbemodeledby theSweepSFC(Figure1a)by assigning
theaccesstime to theverticaldimension.Similarly, EDF is
modeledby theSweepSFCby assigningthedeadlineto the
verticaldimension.

Space-Fillingcurvesare�rst discoveredby Peano[24]
whereheintroducedamappingfrom theunit interval to the
unit square(Figure1c). Hilbert [11] generalizestheideafor
a mappingof the whole space(Figure1e). Following the
PeanoandHilbert curves,many space-�lling curveshave
beenproposed,e.g.,see[3, 6]. In thispaper, wefocusonthe
space-�lling curvesshown in Figure1, namelytheSweep,
C-Scan,Peano,Hilbert, Gray, Spiral, andDiagonalSFCs.
However, the developedtheoryandschedulingalgorithms
applyto otherspace-�lling curves.Space-�lling curvesare
usedin many applicationsin computerscienceand engi-
neering�elds, e.g., spatial join [22], rangequeries[13],
spatialaccessmethod[7], R-Tree[14], multi-dimensional
indexing [18], and imageprocessing[29]. Up to the au-
thors' knowledgeusingspace-�lling curvesasascheduling
tool is a novel application.

3. Disk-Scheduling Algorithms based on
Space-FillingCurves

In theQoS-awaredisk scheduler, a disk requestis mod-
eled by multiple parameters,(e.g., the disk cylinder, the
real-timedeadline,the priority, etc.) andrepresentedasa
point in themulti-dimensionalspacewhereeachparameter
correspondsto onedimension.Usinga space-�lling curve,
the multi-dimensionaldisk requestis convertedto a one-
dimensionalvalue. Then,disk requestsareinsertedinto a
priority queue� accordingto their one-dimensionalvalue
with a lower value indicating a higher priority. Figure 2
gives an illustration of an SFC-baseddisk scheduler. To
help in understandingtheproposedalgorithms,we present
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thenotionof a full cyclein a space-�lling curve.
De�nition 3.1: A full cyclein a space-�lling curvewith N
priority levelsin each dimensionof a D-dimensionalspace
is a contiguousmovefromthe�r st point,saypoint 0, to the
last point, saypoint ��� , passingthroughall thepointsin
thespaceexactlyonce.

A disk request� takes a position in the cycle accord-
ing to its space-�lling curvevalue.Disk requestsarestored
in the priority queue � accordingto their cycle position.
The disk server walks througha cycleby servingall disk
requestsin � accordingto their cycle position. Figure 3
presentstwo straightforward approachesof using space-
�lling curvesin disk-scheduling.
The Non-Preemptive SFC Disk Scheduler: In this ap-
proach,oncethe disk server startsto walk througha full
cycleof a space-�lling curve, thecycleis neverpreempted.
A newly arrivedrequest�����	� is insertedin thedisk queue

� if andonly if it will not preemptthe currentcycle(Fig-
ure3c). If �
���	� needsto preemptthecycle(i.e., ������� has
higherpriority than ��
���� ), then it is insertedin a waiting
queue��� (Figure3b). The cycle is �nished whenthe disk
requestwith the lowestpriority in � is served, then,all re-
questsfrom ��� aremovedto � anda new cycleis generated.
The Fully-Pr eemptive SFC Disk Scheduler: This is the
simplestapproach.All requestsare insertedinto a single
disk queue� accordingto their space-�lling curve priority.
This scheduleris fully-preemptive in thesensethatany in-
coming request�
���	� with higher priority than ��
���� pre-
emptsthe currentcycle andstartsa new one (Figure 3a).
However, when �

����� haslower priority than �

���� , it is in-

sertedin � withoutaffectingthecurrentcycle(Figure3c).
Thefully-preemptiveSFCdisk schedulerservesall disk

requestsaccordingto their priority. Low priority requests
maystarvedueto thecontinuousarrival of highpriority re-
quests. On the other hand,the non-preemptive SFC disk
schedulerdoesnot leadto starvationsinceit guaranteesthat
lowerpriority disk requestsin acertaincyclewill beserved
beforestartinga new cycle. However, a priority inversion
takesplacewherehigherpriority diskrequestsmaywait for
lowerpriority disk requeststo beserved.Thedrawbacksof
the two approachesraisethemotivation for having a com-
bineddisk schedulerthathasthemeritsof bothschedulers.
In the following section,we presenta novel disk schedul-
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ingalgorithmthatavoidsthedrawbacksof thesealgorithms,
i.e., respectsthedisk requestpriority andavoidsstarvation.

3.1. The Conditionally­Preemptive SFC Disk
SchedulerAlgorithm

As atrade-off betweenthefully-preemptiveandthenon-
preemptivediskschedulers,in theconditionally-preemptive
disk schedulingalgorithm, a newly arrived disk request

�
���	� preemptsthe processof walking througha full cy-

cle if and only if it hassigni�cantly higher priority than
the currently served 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 �
���	������
�������� . The window size � is
a compromisebetweenthe fully-preemptive and the non-
preemptive disk schedulers. Setting � =0 correspondsto
the fully-preemptive disk scheduler, while setting � to a
very large value correspondsto the non-preemptive disk
scheduler. When �����	� arriveswhile thescheduleris going
to serve �


���� , thenoneof the following threecasestakes
place:

1. ��
��������
���	� (Figure4a). This meansthat �����	� has
lower priority than ��
���� . Hence,�
���	� is insertedinto

� asinsertingit into � will notpreemptthecycle.

2. �

����

��� �!�
�����

�!�

���� (Figure4b). This means

that �
���	� liesinsidetheblockingwindow � . Although

�
���	� hasapriority higherthanthatof �


���� , but it isnot
high enoughto preemptthe space-�lling curve cycle.
So, �

���	� is insertedin thewaitingqueue��� .

3. �
���	�"�#��
����$�%� (Figure4c). This meansthat �����	�

hasa priority that is signi�cantly higher than that of
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��
�� � . So,it is worth to preemptthespace-�lling curve
cycleby inserting�����	� in � .

Therearetwo issuesthatneedto beaddressed;�rst, how
to dealwith theoccurrenceof priority inversionthat result
from disk requeststhat lie inside the blocking window �

(storedin ��� ) andhave higherpriority thansomerequests
in � . Second,with any valueof � lessthan � � (the last
point in acycle), thereis still achanceof starvation,wherea
continuousstreamof veryhighpriority requestsmayarrive.
The next two sectionsproposealternative approachesfor
dealingwith thesetwo problems.

3.2. Minimizing Priority Inversion

The disk requeststhat lie in window � arestoredin ��� .
This resultsin priority inversionas the blocked requests
have higher priority than ��
���� . In this section,we pro-
posethreealternativesto dealwith this situation.Figure5
givesan examplethat demonstratesthe differenceamong
thethreeproposedschedulingpolicies. Assumethatwhile

�

� is beingserved, all the otherdisk requests��� , ��� , ��� ,
��� , �	� , and �	
 have arrived. Noticethat ��� , �	� , and ��� are
insertedin ��� sincethey lie inside the window � . �

� and
�


 areinsertedin � sincethey have lower priority than �

� .
�

� is insertedin � sinceit hasasigni�cantly higherpriority
than �

� .
Serve and Resume(SR): The space-�lling curve cycle
is preemptedonly by insertingthe newly arriving request

�
���	� of signi�cant high priority into � . After preempting

thecycleandserving�
���	� , theprocessof servingthecycle

is resumed.
As in Figure5,afterserving�

� , following thecycleorder
wouldresultin serving�

� . However, thecycleis preempted
to serve �

� ( �
� hasa signi�cantly higherpriority than �

� ).
After serving �

� , thecycleis resumedto serve thedisk re-
questsin � ( �

� and �

 ). Finally, the next cycle (waiting)

queue��� is consideredandis served.Hence,the�nal order
is �

� , �	� , ��� , �	
 , ��� , �	� , ��� .

Disk Server

`q

T
3

T
4

T
1

T
6 72

T

T

T

T

T

T

T
5 2

5

T
1

T

1

3 47
T

Higher priority Lower priority

Blocking Window

6

Current position of

Current queue Next queueqCycleCycle

T

Figure 5. Example of Conditionall y­
Preemptive SFC Disk Scheduler .

Serve, Resumeand Promote(SRP): SRPactsexactly as
SR.In addition,beforethediskstartsto servearequestfrom

� , it checks��� for any requestthat becomeswith a signi�-
cantlyhigherpriority. If sucha requestis found,SRPpro-
motesthis requestandinsertsit in � . So, the space-�lling
curve cyclecanbepreemptedeitherby a newly arrivedre-
questor by an old requestthat eventuallybecomesof sig-
ni�cant higherpriority.

In Figure5, after serving �

� , the cycle is preemptedto
serve �	� . Then,beforeserving��� , SRPdetectsthat �	� now
lies outsidethewindow of ��� . Hence,�	� is servedbefore

�	� . Continuingin this way, the �nal orderwill be �

� , �	� ,
�	� , �	� , ��� , �	
 , ��� .
Serve and Scan(SS):Whenthecycleis preempteddueto
thearrival of a new disk request������� , all therequestsin ���

arescannedandservedin their priority order.
In Figure5, whenthecycleis preemptedto serve ��� , all

thediskrequestsinsidethewindow (next cyclequeue��� ) are
servedbeforereturningto thecurrentcyclequeue.Hence,
the�nal orderwill be �

� , �
� , �

� , �
� , �

� , �
� , �


 .

3.3. Starvation Avoidance

If thewindow size � remains�x ed,anadversarywould
still selectdisk requestsin a mannerthatresultsin a starva-
tion of otherdisk requests.To avoid starvation,we propose
to expandthewindow size � duringthecourseof executing
theschedulingalgorithm.As � increases,it eventuallybe-
comeslargeenoughto preventpreemptionandhenceavoids
starvation. In this section,we proposetwo policiesfor ex-
pandingthewindow size � .
Always Expand (AE): In AE, the window size � is in-
creasedby a constantfactor, expansionfactor 
 , with any
preemptionof the space-�lling curve cycle. Eventually, �

will be large enoughto prevent any cyclepreemptionand
hence,thediskschedulerworksasthenon-preemptivedisk
schedulingalgorithmwhichavoidsstarvation.
Expand and Reset(ER): ER is thesameasAE wherewe
increasethewindow size� byaconstantfactor 
 . However,
whenadisk requestis servedandanotherdisk requestfrom



� is dispatched,ER resets� to its original value. The ob-
jective is to achieve a balancebetweenthenon-preemptive
andthe fully-preemptive schedulers.While in AE, oncea
schedulerbecomesa non-preemptive one (due to the in-
creaseof � ), it continuesto work as the non-preemptive
scheduler, in ER, the schedulermovesbackandforth be-
tweenworking asthenon-preemptiveschedulerandasthe
conditionally-preemptiveschedulerwith differentvaluesof

� .

4. The Quality of Space-FillingCurves

An optimalspace-�lling curve is onethatsortspointsin
spacein ascendingorderfor all dimensions.In reality, when
aspace-�llingcurveattemptsto sortthepointsin ascending
orderaccordingto onedimension,it fails to dothesamefor
the otherdimensions.A goodspace-�lling curve for one
dimensionis notnecessarilygoodfor theotherdimensions.
In thissection,we introducetheconceptof irregularity asa
measureof goodnessof space-�lling curves[20]. Then,we
show how the irregularity canbe usedasan indicator for
the practicalperformancemeasures,e.g., disk utilization,
priority inversion,anddeadlinelosses.

4.1. Irr egularity in Space­FillingCurves

In order to measurethe schedulingquality of a space-
�lling curve, we introducethe conceptof irregularity asa
measureof goodnessfor theschedulingorderimposedby a
space-�llingcurve. Irregularityismeasuredfor eachdimen-
sionseparately. It givesan indicatorof how a space-�lling
curveis far from theoptimal.Thelowertheirregularity, the
betterthespace-�lling curve is.
De�nition 4.1: For any two points,
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between

�
�

and
�

�

in dimension� iff
�

�
� 	��

�

�
�

� 	��

.
Figure6 demonstratesall possiblescenariosthatcanlead

to an irregularity in the two-dimensionalspace,wherethe
arrows in thecurvesindicatetheorderimposedby theun-
derlying space-�lling curve, i.e., point

�
�

is visited before
point

�
�

. Formally, for a given space-�lling curve in the
�

-dimensionalspacewith grid size � , thenumberof irreg-
ularitiesfor any dimension� is:
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An optimal schedulefor any dimension � would have
no irregularity. In contrast,theworst-caseschedulefor any
dimension� is to sortall therequestsin reverseorderwith
respectto � .
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Figure 6. Irregularity in 2D space .

4.2. Irr egularity asa Measureof Performance

In this section,weshow thattheirregularitycanbeused
asa practicalmeasureof performance.Threeexperiments
havebeenconductedto show theeffectof lowerirregularity
on disk utilization, priority inversion,anddeadlinelosses.
In the experiments,we assumeeight priority levels with
onedisk requestfor eachlevel. This resultsin 8! possi-
ble differentschedules.The optimal schedulewould have
noirregularitywhile theworst-caseschedulewouldhave28
irregularities[20].

4.2.1 Disk Utilization

In thissection,we investigatethecorrelationbetweenirreg-
ularity asa measureof goodnessanddisk utilization. We
conductthe following experiment.Assumethatwe have a
disk with eight consecutive disk cylinder zones,say )

� to
)+* . We maptheseconsecutive cylinder zonesto eight lev-
els of priority in the irregularity frame of work. Assume
thateachcylinder zonecontainsonedisk request.Theob-
jective is to serve all disk requestswhile minimizing seek
time overhead(i.e., increasingthe disk utilization). The
disk headis initially locatedat the �rst cylinder )

� . The
seektime betweenany two consecutive cylindersis ��, . Ir-
regularity is computedbasedon the shortestpossibleseek
timefrom thecurrentlocation.For example,thebestsched-
ule is )

�

)
�

)
�

)
�

)
�

)
�

)



)
* which resultsin a seektime

of - ��, and has zero irregularity. The worst-casesched-
ule is )+*.)

�

) 
.) �/) �/) �.) �/) � whereeachtime the sched-
uler choosesthe furthestcylinder to serve, this resultsin
28 irregularitiesanda seektime of 021 �

, . Figure7a gives
therelationbetweenirregularityanddiskutilization,where
for eachpossiblenumberof irregularities

�

(variesfrom 0,
theoptimal,to 28,theworst),wecomputetheaverageseek
time over all schedulesthat result in

�

irregularity. From
Figure7a,we noticethat theaverageseektime andthe ir-
regularity in asequenceof disk requestschedulearealmost
linearly correlated,i.e., the lower the irregularity the bet-
ter thedisk utilization is andviseversa.Therefore,we can
deducethat irregularity canbeusedasa measureof good-
nessfor disk performance.The advantageof usingirregu-
larity asa measureof goodnessis that we cancomputeit
analytically, andhencebe ableto analyticallyquantizethe
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Figure 7. Irregularity as a practical measures.

schedulingquality for a givenschedulingpolicy.

4.2.2 Priority Inversion

Priority inversiontakes placewhen a higher priority disk
requestis waiting for a lower priority disk requestto be
served.In this experiment,weassumethatall disk requests
lie in thesamecylinder, so thereis no seektime overhead.
Thereareeight levels of priorities

�

� to
�

* , andonedisk
requestperpriority level. Whenadisk requestwith priority

���

is served,we computethepriority inversionasthenum-
berof disk requestswith priority

�
�

(
�

�

thatarewaiting
for

�
�

to beserved.Figure7bgivestheeffectof irregularity
on priority inversion. As canbe seenfrom the �gure, ir-
regularityandpriority inversionarelinearlycorrelated.The
lower the irregularity, the lower the occurrenceof priority
inversionis andviseversa.Hence,irregularitymaybeused
asa goodperformancemeasurethat re�ects thequality of
a schedulegeneratedby a givenschedulerw.r.t. priority in-
version.

4.2.3 DeadlineLoss

In this experiment,we assumethat we have eight priority
levelsfrom

�

�

� %

to
�

*

�

�

, andthereis onedisk request
perpriority level. Assumethateachdiskrequestneedscon-
stantservicetime, say � msec.Assumefurther thathigher
priority requestshavemoretight deadlines,so,thedeadline
for eachrequestis �

�
�

where �

(

� . Notice that �����

meansrelaxed deadlines,andhenceno deadlineviolation
would take place. We conductthis experimentin the fol-
lowing way: For eachpossiblenumberof irregularities

�

(variesfrom 0, theoptimal, to 28, theworst),we compute
theaveragedeadlinelossesover all schedulesthatresultin

�

irregularity. Figure7c givesthe relationshipbetweenir-
regularity andthe numberof deadlinelosseswherewe set

� =20msecand � =25msec.Thesame�gure is obtainedfor
any valuesfor �




� where�

(

� . Fromthe�gure, noticethat

thelower theirregularity, thelower thedeadlinelosses,and
vise versa. Also, the �gure demonstratesa linear correla-
tion betweenirregularityandthenumberof deadlinelosses.
Hence,irregularity canbe usedasa measureof goodness
for deadlinelossperformanceaswell. Therefore,lowering
theirregularity is favorablein thecaseof realtime applica-
tions.

5. PerformanceEvaluation

The SFC-baseddisk schedulerhas three major com-
ponents;the irregularity policy, the starvation policy, and
theunderlyingspace-�lling curve,andtwo parameters;the
window size � and the expansionfactor 
 . In this sec-
tion, we performcomprehensive experimentsto construct
anSFC-baseddisk schedulerby appropriatelychoosingits
componentsand parameters.In Section5.1, we perform
experimentsto evaluateall theproposedpoliciesfor mini-
mizing irregularity andavoiding starvation In Section5.2,
westudytheeffectof eachspace-�llingcurveonthesched-
uler In Section5.3, we studythe effect of the initial win-
dow size � For all experimentswe settheexpansionfactor


 to be 5% of � . All experimentsin this sectionareper-
formedwith the disk simulationmodeldevelopedat Dart-
mouthCollege[17]. It simulatestheHewlettPackard97560
disk drive [23] that is describedin detail in [27]. This disk
simulationmodelhasbeenwidely usedin many projects,
e.g., in the SimOSprojectat StanfordUniversity [10, 26]
andin the Galley projectat DartmouthCollege [21]. The
HP 97560disk drive contains1962cylinder with 19 tracks
percylinder. Eachtrackcontains72 sectorswith 512bytes
each.Therevolution speedis 4002rpm andthedisk hasa
SCSI-II controllerinterface.

To re�ect theirregularityof theSFCscheduler, we mea-
surethe meanirregularity over all the spacedimensions.
The standarddeviation of requestwaiting time is consid-
eredasa measureof starvation,thehigherthestandardde-
viation thehigherthechancethatstarvationmayoccur. For
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Figure 8. Comparison among diff erent policies.

comparisonpurposes,we usethe FCFSscheduleras our
basepoint. The irregularity and the standarddeviation of
thewaiting time arepresentedasa ratio to the irregularity
and the standarddeviation of the waiting time causedby
FCFS,respectively. Recallthat traditionaldisk schedulers,
e.g.,EDF andSATF canbemodeledasspecialcasesof an
SFC-baseddisk scheduler. Hence,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-
questswith four QoSparametersthat arrive exponentially
with meaninterarrival time 25 msec. The initial window
size � is expressedas a percentageof the total points in
the space.The expansionfactor 
 is set to 5% of � . The
notation”+” is usedto indicatea combinationof two disk
schedulingpolicies. For example SR+AE indicatesthat
the disk schedulerusesPoliciesSR (Serve and Resume)
to handleirregularity andAE (AlwaysExpand)to handle
starvation. Figures8a,8b, and8c give themeanirregular-
ity for the Sweep,Diagonal,andGray SFCs,respectively
at differentvaluesfor � . To simplify the graph,we only
plot SR+AEasa representative of disk schedulersthatuse
policy AE. Otherdisk schedulersthat usethe samepolicy
(AE) give the sameperformanceas SR+AE. At � =0, all
theschedulersdegenerateto theFully-PreemptiveSFCdisk
scheduler. Similarly, at � =100,all theschedulersdegener-
ateto theNon-Preemptive SFCdisk scheduler. Exceptfor
the casewhere � =0, the AE (AlwaysExpand)Policy re-
sultsin veryhigh irregularityevenwith smallwindow size.
Thereasonis that � is alwaysincreasingandeventuallyit
becomeslarge enoughto block all incomingdisk requests
asin thenon-preemptivescheduler.

In Figures8aand8b,Policy SSgivesthe lowestirregu-
larity when �

(��

1�� . As � increases,moredisk requests
areblocked andstoredin the disk queue��� . The blocked
diskrequestsareservedaccordingto theirSFCorder. Thus,

respectingthe SFC-orderlowers the irregularity. SR+ER
andSRP+ERgive reasonableincreasein irregularity as �

increases.The Spiral andPeanoSFCsexhibit similar be-
havior astheSweepandDiagonalSFCs.TheDiagonalSFC
givesthe lowestirregularity for any window size � . How-
ever, thechoiceof theappropriatespace-�lling curve does
not rely only on irregularity. Otheraspectsthatcontrol the
choiceof a space-�lling curve areinvestigatedin the next
section.Figure8c representstheperformanceof theGray,
C-Scan,andHilbert SFCs.Unlike theSweepandDiagonal
SFCs,in SR+ERandSRP+ERpolicies,increasing� from
0 to 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 possibilityof starva-
tion. In Policy SS,disk requeststhat areblocked by win-
dow � areaccumulatedandstoredin thequeue��� . Soserv-
ing themin onescanmay result in starvinglower priority
requests.SR+AE works asthe non-preemptive scheduler.
SRP+ERandSR+ERgive lowerstarvationas � increases.

As can be seen from the experiments,SR+ER and
SRP+ERgive thebestschedulingperformancewherethey
resultin a moderateschedulethatbalancesbetweenirregu-
larity andstarvation. However, Policy SRhasa vital draw-
back,that it penalizesdisk requestsfor their early arrival.
Assumethatadiskrequest� arriveswithin window � , then
it is storedin ��� . Theserviceof � is postponedtill all disk
requestsin � areserved. If � wassmartenoughto delay
itself so that it arriveswhentheblockingwindow � slides
aheadso that � becomesoutside� andstoredin � , thenit
will beeligible for beingservedimmediately. Thisscenario
highlightsthe fact that � maybe servedbetterif it arrives
late. This problemis dealt with in Policy SRP, that after
servingeachrequest,SRPchecksthequeue��� for thosere-
queststhatbecomeeligible to serviceandmove (promote)
themto � . For therestof experimentsin thefollowing sec-
tions, we usethe PoliciesSRP+ERin the Conditionally-
PreemptiveSFCdiskscheduler.
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Figure 9. Scalability of SFC Scheduler .

5.2. Selectingthe Space­FillingCurve

In this section,we performcomprehensive comparison
betweenthesevenspace-�lling curvesin Figure1. Theob-
jective is to determinewhich space-�lling curve will best
�t in theSFC-baseddisk scheduler. All experimentsin this
sectionareperformedwith SRP+ERpolicies.

5.2.1 Scalability of SFC-basedSchedulers

In this section,we addressthe issueof scalabilityof SFC-
basedschedulers,e.g., when the numberof dimensions
(scheduleparameters)increasesor when the number of
priority levels per dimensionincreases.The experiments
in this sectionare performedwith SRP+ERpolicies with

�

�

1�� � , andthe meaninterarrival time of disk requests
is 25 msec. In Figure 9a, we measurethe irregularity of
the SFC-baseddisk schedulerusingdifferentspace-�lling
curvefor upto 12QoSparameters(schedulingdimensions)
whereeachdimensionhas16 priority levels. TheDiagonal
SFCgivesthe bestperformanceespeciallywith higherdi-
mensions.TheSweep,Peano,andSpiralSFCshavealmost
thesameperformance.

Figure9b comparesthe 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 constantbehavior. TheDiago-
nal SFCgivesthebestperformance.TheHilbert andGray
SFCshave theworstperformancewith respectto irregular-
ity. The Sweep,Peano,andSpiral SFCshave similar per-
formancethat tendsto be equalto the performanceof the
C-ScanSFCin high priority levels. The C-ScanSFChas
constantperformanceregardlessof the numberof priority
levels.

Fromtheexperiments,it canbeseenthattheSFC-based
disk schedulerscaleseasilyandwithout additionalcoding

dif�culty to higherQoSparameters.Also whenusingthe
appropriateSFC,theSFC-basedschedulercanexhibit low
irregularityevenathigherdimensions.Thetimecomplexity
for convertinga point in the

�

-dimensionalspaceinto the
one-dimensionalspaceis �

�

�

�

[20].

5.2.2 Fairnessof SFC-basedSchedulers

A very critical point for SFC-baseddisk schedulersis how
to assignthe QoSdisk requestparameters(i.e., the dead-
line, priority, etc.) to the dimensionsof the space-�lling
curve. For example,the EDF disk schedulercanbe mod-
eledby theSweepSFCwhenassigningtheverticaldimen-
sion(Figure1a)to thedeadlineparameter. Also SATF can
bemodeledusingtheSweepor theC-ScanSFCby assign-
ing the vertical dimensionto the accesstime. We saythat
a space-�lling curve is biasedto dimension� if it resultsin
low irregularity in � relative to theotherdimensions.Also,
wesaythataspace-�llingcurveis fair if it resultsin similar
irregularity for all dimensions.In this section,we usethe
standarddeviationof irregularityoverall thedimensionsas
ameasureof thefairnessof space-�llingcurves.Theexper-
iment in this sectionis performedon four QoSparameters
usingSRP+ERpolicieswith �

�

1�� � , andtheinterarrival
timeof diskrequestsis 25msec.In Figure10a,wemeasure
the standarddeviation of irregularity over all dimensions.
A low standarddeviation indicatesmorefairness.TheDi-
agonalSFCis the most fair space-�lling curve amongthe
space-�lling curveswe considerin this study(thestandard
deviationis lessthan10%).For amediumwindow size,the
SpiralSFChasa very low standarddeviation. TheC-Scan
andSweepSFCsgive the worst performance.This is be-
causethey have no irregularity in the lastdimensionwhile
having high irregularity in theotherdimensions.

Someapplicationsmayhave only oneimportantdimen-
sion,while theotherdimensionsarenot with thesamesig-
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Figure 10. Fairness of SFC Scheduler .

ni�cant importance. One example is optimizing the me-
chanicalmovementsof the disk headover the cylinders.
Anotherexampleis the real time requests,wherein some
applicationsthe most important factor would be to meet
the requestdeadline,andthentheotherparameterscanbe
scheduled. EDF favors the deadline,while ignoring all
otherdimensions.CSCAN favors the cylinder dimension.
SATF favorstheaccesstime dimension.For theseapplica-
tions,we develop theexperimentgiven in Figure10b. Al-
though,we run the experimentin a four-dimensionalQoS
space,we plot only the most favored dimensionfor each
space-�lling curve. Figure10bshows that theC-Scanand
the SweepSFCsare always the best for a small window
size.They haveno irregularity in smallwindow sizes.This
is alsoaninterpretationof why they haveveryhighstandard
deviation(Figure10a).

5.3. Selectingthe Initial Window Size

In this setof experiments,we investigatehow thevalue
of thewindow � canbedetermined.We developa design
curve for eachspace-�lling curve thatdemonstratestheef-
fect of changing� on the irregularity andstarvationin the
three-,four-, and� ve-dimensionalspaces.We usethesame
experimentasin Section5.1 while varying the numberof
dimensionsfrom threeto � ve. Figure11 givesthe design
curvesfor thePeano,Hilbert, andDiagonalSFCs,respec-
tively. TheC-ScanandtheGraySFCshave similar shapes
asthatof theHilbert SFC.All otherSFCshave similar de-
sign curvesas that of the PeanoandDiagonalSFCswith
differentirregularityvalues.

Determiningthevalueof thewindow size � dependson
thespace-�lling curve. For thePeanoSFC,setting � =35%
resultsin thebesttrade-off betweentheirregularityandthe
standarddeviation of waiting time. For theHilbert andDi-

agonalSFCs,setting � =35%,40%,respectively would re-
sult in thebesttrade-off.

6. Conclusion

In this paper, we have proposeda new scalabledisk
schedulingalgorithmfor servingrequeststhat requireQoS
parameters(i.e., deadline,priority, etc.). The idea is to
mapthemultiple QoSparametersinto theone-dimensional
space.Then,we usetheorderingimposedby space-�lling
curvesto serve the disk requests.We introducethe irreg-
ularity as a measureof quality of the space-�lling curve
order. We show how irregularity is linearly correlatedwith
othermeasuresof goodnessfor schedulerperformance,e.g.,
diskutilization,deadlinelosses,andpriority inversion.The
window sizetuning parameter� is introducedto tunethe
irregularity andstarvationof anSFC-baseddisk scheduler.
Ourcomprehensivesimulationexperimentsshow thatusing
the disk-schedulingalgorithm SRP+ERachieves the best
performancefor any space-�llingcurve. Fromthesetof the
discussedspace-�lling curves,we show thedifferentprop-
ertiesthatmotivatestheuseof eachspace-�lling curve.
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