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ABSTRACT

Whereasclassicalschedulingmethodslike priority schedulingcan efficiently support the
executionof varioustypeof applications,fair-shareschedulingmethodsdo not providegood
results for I/O bound and interactive processesexecution. This paper presentsa novel
implementationof thefair-shareschedulingmethodcalledstrideschedulingandits extension
using a more classicalpriority schedulerto supportboth computebound and interactive
applications.Evaluationresultsshowthatit improvesfair-shareallocationof CPUtimeamong
usersand processescomparedto strict fair-shareschedulingmethodsand that interactive
processesexecutionis not degraded.It is alsoshownthattheschedulingoverheadis bounded
anddoesnotdependon thenumberof runnableprocesses.
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1 INTRODUCTION

Workstationsarestill commonlyusedasdesktopmachinesallowingto sharecoarselyresources
distributedoveralocalareanetwork.Operatingsystemsusedin suchenvironment,in particular
UNIX like systems,are thusmainly concernedwith executingapplicationsof a singleuser
loggedat the console. Usersgenerallyexpectfrom suchsystemsto be responsiveto their
input. As aresult,classicalschedulingmethods,like priority schedulingarecommonlyusedto
favor interactiveandI/O boundprocesseswhile maximizingprocessorusefor computebound
applications.

However, developmentof low-latencycommunicationmechanismscombinedwith theuseof
moreefficientexecutionmodelshaveallowedto changethedefinitionof suchenvironmentto
moretightly coupledmachinesgettingcloserto massivelyparallelprocessors.In particular
clustersof workstationsareactivelydevelopedprovidingalow-costandincrementally-scalable
environmentsupportingfiner parallelismin applicationexecution.This evolutionpotentially
changesthe load executedon classicaldesktopworkstationsfrom sequentialprocessesof a
singleuserto avarietyof applicationsrunby a largenumberof users.

In suchenvironment,it is desirableto guaranteethateachusercanbeallocatedfairly resources
and in particular processingtime. Most schedulingpolicies permit a user running many
processesto receivemoreprocessortime at theexpenseof usersrunningonly few processes.
This problemcanbeexacerbatedin a distributedenvironmentto thepoint wherea singleuser
is ableto useall resourcesthroughoutthenetwork.

Toschedulefairly applicationsin acluster, oneshouldfirstbeabletocontrolpreciselyprocessor
time allocationwithin a singleprocessingelement.The local schedulershouldallocateCPU
time amongprocessesso that one user cannotdegradeanotheruser processexecutionby
runningmoreprocesses.InteractiveandI/O boundapplicationshouldalsobe guaranteeda
good responsetime so that usersare not disappointedby the evolution of their computing
environment.Applicationswhichcanbecomputebound,interactiveor I/O intensivethatmay
eachbe serial or parallel shouldbe all scheduledefficiently while being fair. Fairnessand
responsivenessarebothneeded.

Recentresearchworkshaveproducedseveralspecializedschedulingmethodimplementinga
fair-shareallocationof processingtime like stride-scheduling.In a multi-userenvironment,
all userscan receivethe sameshareof CPU time regardlessof the numberof processes
they execute. However, suchmethodsonly performswell for computeboundapplications,
degradingtheresponsetime of interactiveandI/O boundprocesses.

In this paper, weproposea fair-shareCPUschedulingmethodbasedonanewimplementation
of stride schedulingreducing the overheadof fair-share allocation of cpu time. This
implementationis enhancedwith a classicalpriority schedulerwhich canprovidethedesired
controloverprocessschedulingin orderto efficiently executesinteractiveprocessesandalso
to improvetheoverallfairness.

The rest of this paper is organizedas follows. Section 2 discussesbriefly priority and
stride scheduling. Section3 presentsin more detail the schedulingalgorithm usedand its
implementation. Section4 showssomeexperimentresults,finally section5 concludesthis
paper.



2 BACKGROUND

This section first discussespriority schedulingand presentsstride scheduling. A work
combining priority schedulingwith anotherfair-shareCPU time allocationmethodis also
discussed.

2.1 Priority Scheduling

Priority schedulingis widely used in conventionaloperating systemsbecauseit allows
to efficiently executesinteractive processesby emulating the short-job-first policy using
dynamicallycalculatedpriorities. However, usersrunningseveralprocessescanreceivemore
CPUtime at theexpenseof otherusersrunningonly few processes.

Fair-shareschedulerscan also be built on top of suchclassicalpriority schedulers(Essick,
1990)(Keyand Lauder, 1988). Suchschedulersregularly recomputeall processespriority
dependingonthepastCPUusageandontheshareof CPUtimeallocatedto usersor processes.
The work presentedin ’Key and Lauder(1988)’recomputesall processpriorities every 4
seconds,with fairnessrealizedover hoursor days. The work presentedin ’Essick(1990)’
providebetterresultsfor fairness,but it is not precisebecauseconsideringa lot of parameters
to penalizeor boostprocessesexecutiondependingon theirCPUusage.

2.2 Stride Scheduling

Stridescheduling(WaldspurgerandWeilhl, 1995)is adeterministicfair-shareCPUscheduling
method. It usesa currencycalled “ticket” to encapsulateCPU shareallocationrights. A
processwith � ticketsin a systemwith a total of � ticketsis allocated �� of theCPUtime. A
hierarchicalallocationof tickets to usersandprocessesallows to both definethe shareof a
userandof his processes.Moreover, by only consideringactivetickets,which areticketsof
runnableprocesses,the definedsharecalculationcangeneratessimply the maximalpossible
sharedependingon thecurrentloadof thesystem.

Strideschedulingallocatesa constanttime quantumto eachprocessat regularintervals. The
basicidea is to computethe time (i.e. stride)a processmustwait beforereceivingits next
time quantum. The strideof a processis thusinverselyproportionalto its definedshare. A
“pass” parameteris associatedto eachprocess:eachtime a processis scheduled,its passis
incrementedby its share.Thescheduleralwayschoosestheprocesswith thesmallestpassfor
execution.
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Figure1: Threeprocesseswith an initial passof 0 are executedusingstridescheduling.The
processwith theminimumpassis scheduledat eachinterval.



Figure1 showsan examplewherethreeprocesseswith a ticket allocationratio of 2:3:5 are
scheduledwith stridescheduling.Theinitial passis 0 for eachprocess,andarefirst scheduled
in theorderA, B andC. At theendof thesequencerepresented,all processespassareequal,
thesamepatternwill thenberepeatedagain.Strideschedulingthusallowsto achievefairness
over very short time intervals. However, like otherstrict fair-shareschedulingmethods,for
examplelotteryscheduling(WaldspurgerandWeihl, 1994),it suffersfrom severalproblems.

� A searchor sort of the readyqueueis necessaryso that processescan be selectedin
increasingpassorder, resulting in a cost of at least �	� log 
�� for queuemanipulation,
where
 is thenumberof runnableprocesses.� Therun time behaviorof processesis not considered,which resultsin thefollowing two
problems.

– The dispatchlatencyon wake up dependshighly on the shareof CPU a process
wasallocatedbecauseprocesseswakingup afterwaiting for I/O completiondo not
preemptthecurrentlyrunningprocess.

– A processsleepingwaiting for I/O completioncannotbe allocatedits fair shareas
thetime sleptis lost andcannotbesimply compensated.

Someimprovementof the basicalgorithm(Waldspurger and Weilhl, 1995)(Arpaci-Dusseau
andCuller, 1997)canprovidebetterresultsfor interactiveprocessexecutionby boostingor
penalizingprocessesdependingon their behavior. But this necessitatea complexdynamic
ticket allocationmechanismwhich increasesthetotal overhead.

2.3 Hybrid lottery scheduling

The work presentedin ’Petrou, Mildford and Gibson(1999)’solvesthe problemsof strict
fair-shareschedulingby combiningthesystemlevel prioritiesof theFreeBSDschedulerwith
thefair-shareschedulingmethodcalledlotteryscheduling(WaldspurgerandWeihl, 1994).The
responsetime of interactiveprocessescanthusbe minimizedby schedulingthemdepending
on their priority onwakeup,whereasuserlevel processesareassignedthelowestpriority and
chosenwith lotteryscheduling.

The time slept doing I/O is compensatedwith a ticket allocationbooston wake up so that
processescanbescheduledmoreoftenwhenreturningto usermode. Lottery schedulingwas
alsomodifiedto supportprocesspreemption,but this modificationneedsalsoadynamicticket
adjustmentto preservetheoverallfairness.

While improving the responsivenessof interactiveapplicationscomparedto the basiclottery
scheduling,this method increasesthe amountof computationnecessaryat eachschedule
operation.Schedulingoverheadalsoincreasedandthe implementationis difficult becauseof
thecomplexityof thenecessaryadjustmentto notdegradethefair allocationof CPUtime.

3 ENHANCED STRIDE SCHEDULING

Extendingfair-shareschedulingusingpriority schedulingcanprovidethedesiredcontrolover
processesexecutionorderwhile allocatingfairly processortime amongusersandprocesses.



However, in its basicimplementation,strideschedulingdoesnot supportprocesspreemption
andhasa high overhead.This sectionfirst presentsour implementationof stridescheduling
whichsolvestheseproblems.TheoverallCPUtimeallocationpolicy to improvebothfairness
and responsivenessis then discussed. Finally, the schedulingalgorithm implementingthis
policy is presentedin moredetail.

3.1 Stride Scheduling Implementation

This sectionpresentsour implementationof stridescheduling.It avoidssortingprocessesin
passorder and is also modified to supportprocesspreemptionwithout degradingthe strict
fair-shareallocationof CPUtime providedby thebasicalgorithm.

Thedatastructureusedto chooseprocessesis acirculararrayof linked lists. Eachlist contains
processeswith equalpasses.A pointercalled“head” indicatesthe list of processeswith the
smallestpass.All dequeueoperationsarethusdonein theheadlist. Figure2 showshow the
exampleof figure1 is scheduledusingthis datastructure.Threestatesof thestridequeueare
represented:the initial state,the stateafter threescheduleoperationsandafternine schedule
operations.
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Figure2: Exampleof figure1 usingour implementationof stridescheduling.

Theheadpointeris forwardedto thenextnon-emptylist eachtimetheheadlist becomesempty.
A processconsumingall its time quantumwithout sleepingis put backat the endof the list
with an indexequalto thepreviouslist indexof this process(the indexof theheadlist where
it waschosen)plusthecurrentstrideof this process.Thus,thecirculararrayindexesareused
asa passparameter, movingaprocessinto ahigherindexlist virtually incrementsthis process
passby its stride. Thepassparameteris notneededanymoreandsortingprocessesis avoided
aslists arenaturallyorderedin increasingpassorderfrom thelist pointedto by thehead.

A differentenqueueoperationis usedfor preemptedprocesses.Suchprocessareinsertedat



the beginningof thecurrentheadlist, andtheir time quantumis setto the remainingtime of
thepreviousrun. Doingso,therelativeshareallocationof CPUtimebetweenprocessesin the
stridequeuecanbepreserved.

The stride calculationproposedby the authorsof stride schedulinggeneratesbig integers.
Whenthe strideis calculatedusingthe definedshare,the roundingerror becomesnegligible,
allowing a greatprecision.Suchstridevaluescannotbepracticallyusedto calculateanarray
index. Smallervaluesof processesstride,but yet precise,arenecessary.
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Figure3: Effectof the stride calculationmethodon processscheduling. Thecircled index
valuesare incrementedwith thestrideplusthecorrection.

Wesimply calculatethestrideof aprocessusingtheformula
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where��� 
!�"�)� is thefunctionroundingafloatingpoint to thenearestinteger. As shownin figure
3, theerrorgeneratedby theroundingoperationis recordedandincreasedby the initial error
eachtimeaprocessis putbackinto thestridequeue.If thetotalerrorbecomeshigherthanone,
thedisplacementinto thestridequeuedefinedby thestrideis increasedby one.

As the stridequeuesizeis fixed, a resolutionproblemcanappearfor processeswith a stride
biggerthanthestridequeuesize(i.e. with a smallshare): all theseprocesseswill geta stride
equalto thesizeof thestridequeue,thusthesameshare.This sizemustthenbebig enough
to supportverysmallsharesprecisely. Thesizeof thestridequeueis 1024sothatthepossible
minimal shareis equalto 1# 1024 * 0 + 001 � 0 + 1%.

This implementationreducesstrideschedulingoverheadbutstill only providesastrict fairness
anddo not considertherun-timebehaviorof processes.A moreflexible CPUtime allocation
policy is needed.This matteris discussedin thenextsection.

3.2 Scheduling policy

Processeswakingupafterwaitingfor I/O completionshouldbescheduledquickly andallowed
to receivetemporarilymore thantheir definedshare. Suchbehavioris desirableto emulate
theshort-job-firstpolicy by allowing a processto completea shortCPUburstaheadof other
processes.It canalso improvekernelcontentionaskernelsharedresourcescanbe released
quickly, andschedulingshouldbe preemptiveto minimize the wait time in readyqueueon
wakeup.



As the CPU time allocatedmay be higher than the definedshareof a processon a certain
intervalof time,dependingon thepastCPUusage,basicallytwo casescanbeconsidered.

� The processcompletesits CPU burstwithin the allocatedshareon wakeup andsleeps
beforeconsumingmorethanits definedshare.

� Theprocesshasa longerCPUburstandis still runnableafter receivingits definedshare
on wake up. In suchcase,the boostresultingby the over shareallocationshouldbe
compensatedwith a “unboost” to preservethe overall fairness,so that processeswhich
usedthecpucyclesunusedduringtheyweresleepingarenotpenalized.

To be reactiveto suchsituations,the schedulershouldnot only considerthe total CPU time
allocationover thelife time of a process,but alsoshouldmeasuretherecentlyallocatedshare
over shorterintervals. A accountingwindow recordingthe pastCPU allocationof a process
canbeused.Theallocatedshare&', �-�.� of a processat time � overa window of time length /
canbecalculatedsimply with thefollowing formula.

&', �0�.� �214365 � �879��&�:;:;����& � ���=<>����7 �-�@?A/B�C� � �/
Figure4 showstheallocatedshareof anhypotheticalI/O boundprocessmeasuredoversuch
accountingwindow. Thetwo casesdiscussedabovearerepresented.
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Figure4: I/O boundprocessesmustbeboostedonwakeup. Whenhavinga longerCPUburst,
theboostmustbecompensatedto preservetheoverall fairness.

Measuringthe allocatedshareover the accountingwindow canprovidea precisemechanism
to controlprocessboostsandcompensations.As a result,slepttime shorterthanthewindow
lengthcanbeeasilyoverlappedbyanotcompensatedboost,allowingprocessessleepingfor I/O
to receivetheir fair share.Figure5 showssuchbehavior. Theallocatedshareof therepresented
processdecreasesastheprocesssleeps,on wakeup it is boostedwithout compensation.The
resultingoverallshareallocationmatchesthedefinedshare.

However, suchmechanismshouldbe preciselycontrolledto avoid a processsleepinga long
time to beboostedinconsiderablyon wakeup. In fact asstatedabove,in suchcase,theboost
receivedon wake up shouldbe compensatedso that othersprocessesare not penalizedfor
havingusedtheshareof processortime unusedby sleepingprocesses.

Thenextsectionpresentsin moredetailtheschedulingalgorithmimplementingthis policy.
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Figure5: A processhavinga long CPU burstandsleepingonly veryshort intervalscanstill
beallocatedits definedshare.

3.3 Priority and Stride Scheduling Combination

The core idea is to combinea classicalpriority schedulerwith our implementationof stride
scheduling.Priority schedulingallowsto simply implementa preemptioncontrolmechanism
on wakeup. It alsoallows to implementthebooston wakeup by schedulinga processwith
a high priority until it is allocatedits definedshare.Strideschedulingcanimplementthe fair
allocationof CPU time without any difficult priority calculationmethod. Its deterministic
behavioralsoallowsto controlpreciselythe“unboost” of aprocess.

Thereadyqueuehasaclassicalmultilevel feedbackqueuestructure,asshownin figure6. The
strideschedulingqueuepresentedin figure2 is assignedthesecondlowestpriority (priority 1).
All otherpriority levelsusea RR policy with differenttime quantum.Processesarechosenin
decreasingpriority order. On wakeup,aprocessis alwaysassignedapriority higherthan1 so
thatit is scheduledaheadof all processesin thestridequeue.Strideschedulingis usedonly if
noprocesshasahigherpriority thanthestridequeue.
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Figure6: The readyqueueis a classicalmultilevel feedbackqueuestructure usingpriority
schedulingbetweenqueues.Thestridequeueis assigneda fixedpriority (priority 1).

Figure7 showsthe tableusedasa baseto calculatepriorities andtime quantums.For each
priority level,thistabledefinesthenextpriority Pexpwhenaprocessusesall its timequantum,
thepriority on wakeupPslp if a processsleepswaiting for aneventfrom this priority level
andfinally the time quantumTQ for this level. If a processis preemptedbeforeusingup its
time slice, its priority is decreaseddependingon the usedratio of its time quantumso that



int pritbl[] = {

        // PRIO     TQ      Pexp     Pslp        

        /*  0 */    100,     0,       0,      // Kernel threads
        
        /*  1 */    100,     1,       32,     // Stride queue   

        /*  2 */    100,     2,       33,     // normal priority queue
        /*  3 */    100,     2,       34,
        /*  4 */    100,     2,       35,

        /*  9 */    100,     2,       40,
        /* 10 */    100,     2,       41,
        /* 11 */    100,     2,       42,

        /* 12 */     80,     2,       42,
        /* 13 */     80,     3,       42,

        /* 19 */     80,     9,       42,
        /* 20 */     80,    10,       42,
        /* 21 */     80,    11,       42,
        /* 22 */     60,    12,       42,
        /* 23 */     60,    13,       42,
        /* 24 */     60,    14,       42,

        /* 30 */     60,    20,       42,
        /* 31 */     60,    21,       42,
        /* 32 */     40,    22,       42,
        /* 33 */     40,    23,       42,
        /* 34 */     40,    24,       42,

        /* 39 */     40,    29,       42,
        /* 40 */     40,    30,       42,
        /* 41 */     40,    31,       42,
        /* 42 */     20,    32,       42

Figure7: Priority table.

processestendto occupymorepriority levels.

High priority processesareassignedashorttimequantum(for example20ms)whenscheduled.
Thistimequantumis longerfor lowerpriority levelsandissetto100msfor thestridescheduling
queuelevel. By assigninga high priority to processeson wakeup, this methodallowsa good
emulationof theshort-job-firstpolicy which is provablyoptimalfor interactivesystems.

Theschedulerrecomputesprioritiesoneventoccurrence,whenprocessesarepreemptedeither
at theendof their time quantumby the last clock tick or by a higherpriority processwaking
up. Unlike priority basedfair-sharescheduler, the calculationmethodusedis simple. The
accountingwindowusedto preciselymeasureCPUtimeallocationis separatedin two intervals
of equallength,dependingon theCPUallocationmeasuredover themostrecentinterval, the
following two casescanoccur.

� If the preemptedprocesswasallocatedlessthan its definedshareover the most recent
interval, its priority is decreasedusing the priority tabledependingonly on its current
priority, andon its time quantumusage.In this case,thepriority is neverdecreasedto 0.

� On thecontrary, if thepreemptedprocesswasallocatedits fair-shareor more,its priority
is setto 0 sothatit will beschedulednexttimeusingstridescheduling.

A processwill thusbescheduledaheadof processesin thestridequeueusingpriority scheduling
until it is allocatedits fair-share,resultingin thedesiredboost.As aprocesscanthenreceivein
a row theprocessingtime to matchhis definedshare,this canresultin a overshareallocation
over theentirewindow whentheprocessentersthestridequeue.If a processis still runnable
whenenteringthestridequeue,its timequantummaybedecreaseddependingonthepastCPU
allocationto implementthe “unboost”. This penaltywill be thusrecordedin themostrecent



Table1: Summaryof TheSchedulerAction.
Current
Priority(P)

Allocated
Share
(SD )

UsedTimeQuan-
tum (TQEGF-H-I ) Event Next Priority Next Time

Quantum
Rem.

P JK 1 SD6L SM — — 1 TQ1 N penalty O 1
(Priority SD6P SM TQEGF0H-I K TQQ — PHSRUT (P) TQQWVYX0Z.[\Q�]

Queue) TQEGF0H-I P TQQ Sleep PFS^ T (P) TQQW_Y` Z.[\Qa]
Preemption PT�b8H (P,TQEcF0H-I ) TQQ Z-dSV [\Q�e f�g�h�_iVYjk]

P= 1 SD L SM TQ1’ — 1 TQ1 N penalty O 2
(Stride SD P SM TQ1’ — 1 TQ1

Queue) — TQEGF0H-I P TQ1’ Sleep PFS^ T (1) TQQW_Y` Z.[ 1 ] O 3
Preemption 1 TQ1 - TQEGF0H-I O 4O 1 : Move to StrideQueuewith unboosting, O 2 : unboost, O 3 : Move to Priority Queue,O 4 : Positionin thestridequeueunchanged.

SM : definedshare

PT�b)H (P,TQ EGF-H-I ) = P- int[(P - PH0R�T (P)) N f�g h�_iVYjf�gml ]

penalty : Assumingthatthesweepingwindow is logically dividedinto n sections,currentlywe chooseN as4,
boostingeffect in onesectionis goingto becompensatedduringthesucceedingnpo 1 sectionsby means
of reducingthetime quantumduringthesesectionswith thefollowing penaltyfunction.
!� 
 &�: �Uq �r< �)sCtvuGsCw@u.xy� � 79&�zC{ 0 u�|~}'�W�����"�� |�� 1� }$� � � u � 0 � 
!� 
 &�: ��q�� 1 + 0�

TQ1’ K�� TQ1 (ordinarysection)
TQ1 N penalty (unboostingsection)

intervalof thewindow, theboostrecordedbeingshiftedto theendof thewindow. Doing so,
fairnesscanbepreciselycontrolledoverthetotalwindow.

However, with this scheme,I/O boundprocessesalwaysreleasingtheCPUbeforetheendof
their time quantummaybeableto usemorethantheir definedshare.As a solution,a control
point is addedonreturnfrom systemcall,whenaprocessis aboutto returnto userspace.If the
allocatedshareis higherthanthedefinedshare,theprocessis preemptedassoonasit returns
to userspace,andits priority is decreasedto 1. This alsopreventsfrom boostingseveraltimes
in a shortintervala processalwayssleepingjust at theendof its boostwhile beingscheduled
with its priority.

Theoverviewof our scheduleractionis summarizeda little bit in detail in table1. Thenext
sectionpresentssomeevaluationresultsexplainingin moredetail the effect of the window
time lengthon theschedulerbehavior.

4 EVALUATION RESULTS

Theresultspresentedin thissectionweremeasuredusinganemulatorof adistributedoperating
systemactuallydevelopedin our laboratory. This emulatorsimulatesprogramexecutionstate
changedependingon parametersdefiningthedistributionof CPUandI/O burstsof processes.
First schedulingoverheadmeasurementsareshown,someexperimentsresultsarediscussed
next.



4.1 Scheduling Overhead

We have comparedthe relative overheadof stride schedulingqueuemanipulationfor our
implementationand for the implementationproposedoriginally(Waldspurger and Weilhl,
1995). Figure8 showsthecostof put andgetoperationsfor bothimplementationsdepending
on the numberof runnableprocesses.Thosemeasurementsweredoneon a 300MHz Ultra-
SparcII machine.Our implementationprovidesabounded“put” operationcost,whereasin the
original implementationthe“put” costincreaseswith n becauseof queuesearch.However, the
getoperationis slightly slowerbecauseof theheadpointerupdatein thestridequeuestructure.
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Figure8: Stridequeuemanipulationcost(putandgetoperations).

Figure9 showsthecostfor theexecutionof theschedule() functionwhichchoosesthenext
process.This functionupdatesCPUusageinformationof thepreemptedprocess,recalculates
its priority andput it back into the readyqueueif still runnable. If the processis put back
into thestridequeueits strideis recomputed.schedule() thenchoosesthenextprocessto
executeandupdateits accountingwindowwith thewaitedtime.

Thegraphshowstheschedulingoverheadwhenonly priority schedulingis usedor only stride
scheduling.Theoverheadof bothpriority andstrideschedulingdo not dependon thenumber
of runnableprocesses.In theaverage,theschedulingoverheadwill thusbeboundedwith this
two limits asboth methodsareused. On heavily loadedsystems,it will tendto be closerto
strideschedulingoverheadasthestridequeuemaybemoreintensivelyused.

4.2 Experiments

In thissection,weshowthattheproposedschedulingmechanismallowsapreciseallocationof
CPUtime amongusersandprocesses.First somecharacteristiccasesareconsideredto show
thebasicbehaviorof thescheduler. This is followedby moregeneraltestsfor computebound
andI/O boundprocesses.
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4.2.1 Basic Behavior

This sectiondemonstrateshow the boost/unboostmechanismworks in our scheduler. Figure
10 showsthebasicbehaviorof thescheduler. In this example,a userA with a definedshare
of 50% runs a processwhich has threeCPU burstsof respectivelength 300 milliseconds,
700 millisecondsand 5 seconds. Another userB is running two computeboundjobs (not
representedin thefigure). The accountingwindow lengthis 2 seconds,andthegraphshows
resultsmeasuredoveronesecondintervals.
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Figure10: Basicschedulingbehaviorfor differentCPU burstslength.

As thetwo first CPUburstsof userA processareshort,theyareexecutedwithin theallocated
CPUtime with priority scheduling,aheadof userB processes.Becauseit sleepsquickly and
a long time, userA processis allowedto be boostedalsofor the next CPU burst. However,
asthis last CPU burst is longer, the boostincreases,andto preservefairnessuserA process
is penalized.WhentheCPUtime allocationover thewindow of two secondsis restored,the
processis scheduledwith thestrideschedulinguntil it completes.



4.2.2 Compute Bound Processes

This sectionillustrateshow fairnessis improvedby the compensationof the time slept by
processeswith theboostonwakeup.

In the exampleof figure 11, userA is runningonecomputeboundprocessstartingafter 20
seconds,this processneeds20 secondsof CPU time to completeits execution. It performs
someI/O andsleeps1.89secondsover its life time. UserB executestwo long run processes
with a ticket ratio of 3 to 2. The lengthof the accountingwindow attachedto eachprocess
for CPU usageaccountingis two seconds,but this graphshowsthe allocatedsharefor each
processmeasuredoveronesecondintervals.
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Figure11: TwousersA andB with thesamedefinedsharerun computeboundprocesses.User
A processstartsafter 20seconds.

When process1 startsexecutionafter 20 seconds,active tickets are modified so that user
B processes’definedsharesbecome30 and20% respectively. Sinceprocess1 suspendsits
executionby itself, it is boostedonwakeupandthenpenalizedif necessary. In suchamanner,
fairnessis improvedcomparedto astrict fair-sharescheduling.

Windowlength Executiontime Error
1 40.09 -0.2%
2 39.46 1.35%
4 39.209 1.98%
10 38.68 3.3%

Table2: Total executiontimeof process1 of theexampleof figure11with variouswindowsize.

If theslepttime of process1 waiting for I/O completionis exactlycompensatedwith theboost
on wakeup, process1 cancompleteits executionin 40 seconds.This executiontime may
varieswith theaccuracyof thecompensation,however. The table2 showsexecutiontime of
process1 with variouswindow length. CPU time allocationerror slightly increaseswith the
window length.This is dueto a lessstabledistributionof CPUtimeamongprocesses.Indeed,
asthe window getslonger, it takesmoretime for a processto be allocatedits definedshare
overthetime intervalof thewindow. Theresultingboostsarethusof higheramplitude.



4.2.3 I/O Bound Processes

In this experiment,userA runsa singlecomputeboundjob, userB andC bothexecutesfive
I/O boundprocesseswhich in theaveragerunfor 20msandsleepfor 80ms.Thedefinedshares
arerespectively20%,30% and50% for userA, B andC. Figure12 showsthe measurement
over 4 secondsintervalsof the allocatedshareto eachusers. The accountingwindow time
lengthis 2 seconds.
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Figure12: UserA executesa singlecomputeboundprocess,usersB andC run thesameload
of I/O boundprocesses.

Over the lengthof this simulation,userA wasallocated50.338s of the CPU time, userB
30.223secanduserC 19.439sec,resultingin respectiveerrorsof 0.6%,0.7%and-2.8%.Even
in the caseof a high interactiveload, the schedulerallows to preciselyallocateCPU time to
eachuser.

5 CONCLUSION

In this paper, we presenteda fair-shareschedulingmethodwhichcombinesaclassicalpriority
schedulerwith stridescheduling. Using priority schedulingimprovesboth fairnessand the
responsetime of interactive and I/O intensive applicationsby boosting the executionof
processesonwakeup.

As processesarescheduledusingpriority schedulingon wakeup until theyareallocatedtheir
fair share,all processesnot usingall their allocatedCPUtime will alwaysbescheduledahead
of computeboundapplications.In particular, in lightly loadedsystems,all usersrequestscan
besatisfiablewithout fair-shareallocationof processingtime usingthe implementedclassical
scheduler. Onthecontrary, if theloadincreases,ourimplementationof strideschedulingallows
to allocatefairly processingtime amongusersandprocesses.The precisecontrol over CPU
time allocationis obtainedusinga shorttime sweepingwindow recordingrecentCPUusage
of processes,allowing to keeptheschedulingalgorithmsimple. Experimentshaveshownthat
fairnessis obtainedwith asmallerror, evenin thecaseof ahigh interactiveload.

Theeventbasedupdateof prioritiesandticketsallocationalsoallowsto reducethescheduling



overheadandcombinedwith animprovedimplementationof stridescheduling,measurements
presentedhave shown that the total overheaddo not dependon the numberof runnable
processes.However, an implementationon an exploitationsystemis desiredto validatethe
implementationchoicesmorepreciselyusingamorerealisticload.
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