PRIORITY ENHANCED STRIDE SCHEDULING

Damien Le Moalf, Mineyoshi Masuda, Masahiro Goshima,
Shin-ichiro Mori, Yasuhiko Nakashima,
Toshiaki Kitamura and Shinji Tomita

Graduate School of Informatics, Kyoto University
Yoshida-hon-machi, Sakyo-ku, Kyoto, 606-8501, JAPAN

(t:Current affiliation is Systems Development Lab., Hitachi Ltd., Japan)

ABSTRACT

Whereasclassicalschedulingmethodslike priority schedulingcan efficiently supportthe
executionof varioustype of applicationsfair-shareschedulingmethodsdo not providegood
resultsfor 1/0 bound and interactive processesxecution. This paper presentsa novel
implementatiorof the fair-shareschedulingmethodcalledstrideschedulingandits extension
using a more classicalpriority schedulerto supportboth computebound and interactive
applications Evaluationresultsshowthatit improvesfair-shareallocationof CPUtime among
usersand processesomparedto strict fair-shareschedulingmethodsand that interactive
processesxecutionis notdegradedIlt is alsoshownthatthe schedulingoverheads bounded
anddoesnotdependon thenumberof runnableprocesses.
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1 INTRODUCTION

Workstationsarestill commonlyusedasdesktopmachinesllowingto sharecoarselyesources
distributedoveralocalareanetwork. Operatingsystemsaisedn suchenvironmentin particular
UNIX like systemsare thus mainly concernedwith executingapplicationsof a single user
loggedat the console. Usersgenerallyexpectfrom suchsystemsto be responsiveo their
input. As aresult,classicakchedulingnethodsl|ike priority schedulingarecommonlyusedto
favor interactiveand!/O boundprocessewvhile maximizingprocessousefor computebound
applications.

However developmentf low-latencycommunicatiormechanismgsombinedwith the useof
moreefficientexecutionmodelshaveallowedto changethe definition of suchenvironmento
moretightly coupledmachineggetting closerto massivelyparallelprocessors.In particular
clustersof workstationsareactivelydevelopegrovidingalow-costandincrementally-scalable
environmentupportingfiner parallelismin applicationexecution. This evolutionpotentially
changeghe load executedon classicaldesktopworkstationsfrom sequentiaprocesse®f a
singleuserto avariety of applicationgun by alargenumberof users.

In suchenvironmentit is desirablego guaranteg¢hateachusercanbeallocatedfairly resources
and in particular processingtime. Most schedulingpolicies permit a user running many
processe$o receivemore processotime at the expenseof usersrunningonly few processes.
This problemcanbe exacerbateth a distributedenvironmento the point wherea singleuser
is ableto useall resourceshroughouthe network.

Toscheduldairly applicationsn acluster oneshouldfirstbeableto controlpreciselyprocessor
time allocationwithin a single processingelement. The local scheduleshouldallocateCPU
time amongprocesseso that one user cannotdegradeanotheruser processexecutionby
running more processes.Interactiveand I/O boundapplicationshouldalso be guaranteea
good responsdime so that usersare not disappointedoy the evolution of their computing
environment.Applicationswhich canbe computebound,interactiveor I/O intensivethatmay
eachbe serial or parallel shouldbe all schedulecefficiently while being fair. Fairnessand
responsivenesarebothneeded.

Recentresearctworks haveproducedseveralspecializedschedulingmethodimplementinga
fair-shareallocationof processingime like stride-scheduling.In a multi-userenvironment,
all userscan receivethe sameshareof CPU time regardlessof the numberof processes
they execute. However suchmethodsonly performswell for computeboundapplications,
degradingheresponséime of interactiveandl/O boundprocesses.

In this paperwe proposea fair-shareCPU schedulingnethodbasedn a newimplementation
of stride schedulingreducing the overheadof fair-share allocation of cpu time. This

implementationis enhancedvith a classicalpriority schedulemhich canprovidethe desired
controlover processschedulingn orderto efficiently executesnteractiveprocesseandalso

to improvethe overallfairness.

The rest of this paperis organizedas follows. Section?2 discussedriefly priority and
stride scheduling. Section3 presentan more detail the schedulingalgorithm usedand its
implementation. Section4 showssomeexperimentresults,finally section5 concludeshis
paper



2 BACKGROUND

This sectionfirst discussespriority schedulingand presentsstride scheduling. A work
combining priority schedulingwith anotherfair-shareCPU time allocation methodis also
discussed.

2.1 Priority Scheduling

Priority schedulingis widely usedin conventionaloperating systemsbecauseit allows
to efficiently executesinteractive processedy emulating the short-job-first policy using
dynamicallycalculatedoriorities. However usersrunningseveralprocessesanreceivemore
CPUtime atthe expensef otherusersrunningonly few processes.

Fair-shareschedulerscan also be built on top of such classicalpriority schedulers(Essick,
1990)(Keyand Lauder 1988). Suchschedulergegularly recomputeall processegriority
dependingnthepastCPUusageandontheshareof CPUtime allocatedo usersor processes.
The work presentedn 'Key and Lauder(1988) recomputesall processpriorities every 4
secondswith fairnessrealizedover hoursor days. The work presentedn 'Essick(1990)
providebetterresultsfor fairnessbutit is not precisebecauseonsideringa lot of parameters
to penalizeor boostprocessesxecutiondependingon their CPUusage.

2.2 Stride Scheduling

Stridescheduling(VelldspugerandWeilhl, 1995)is a deterministidair-shareCPU scheduling
method. It usesa currencycalled “ticket” to encapsulat€CPU shareallocationrights. A
processwith ¢ ticketsin a systemwith atotal of 7' ticketsis allocated% of the CPUtime. A
hierarchicalallocationof ticketsto usersand processesllows to both definethe shareof a
userandof his processesMoreover by only consideringactivetickets,which aretickets of
runnableprocessesthe definedsharecalculationcan generatesimply the maximalpossible
sharedependingon the currentload of the system.

Strideschedulingallocatesa constantime quantumto eachprocessat regularintervals. The
basicideais to computethe time (i.e. stride)a processmustwait beforereceivingits next
time quantum. The stride of a processs thusinverselyproportionalto its definedshare. A
“pass” parameteis associatedo eachprocess:eachtime a processs scheduledits passis
incrementedy its share.The schedulealwayschooseshe processwith the smallestpassfor
execution.

Process C :

-G+ 500 tickets
Stride 6

Process A : Process B:
200 tickets 300 tickets
Stride 15 Stride 10

Pass parameter 15 10 6 12 20 18 30 24 30 30
Time >

Figurel: Threeprocessesvith aninitial passof O are executedisingstride scheduling.The
processwith the minimumpassis scheduledt eachinterval.



Figure 1 showsan examplewherethree processesvith a ticket allocationratio of 2:3:5 are
scheduledvith stridescheduling.Theinitial passs 0 for eachprocessandarefirst scheduled
in theorderA, B andC. At the endof the sequenceepresentedall processepassareequal,
the samepatternwill thenberepeatedgain. Strideschedulinghusallowsto achievefairness
over very shorttime intervals. However like other strict fair-shareschedulingmethods for

exampleottery scheduling(VelldspugerandWeihl, 1994),it suffersfrom severalproblems.

e A searchor sort of the readyqueueis necessaryso that processegan be selectedin
increasingpassorder resultingin a costof at leastO(logn) for queuemanipulation,
wheren is the numberof runnableprocesses.

e Theruntime behaviorof processess not consideredwhich resultsin the following two
problems.

— The dispatchlatency on wake up dependshighly on the shareof CPU a process
wasallocatedbecausgrocessesvaking up after waiting for 1/0 completiondo not
preempthe currentlyrunningprocess.

— A processsleepingwaiting for I/O completioncannotbe allocatedits fair shareas
thetime sleptis lostandcannotbe simply compensated.

Someimprovementof the basic algorithm(\Waldspuger and Weilhl, 1995)(Arpaci-Dusseau
and Culler, 1997) can provide betterresultsfor interactiveprocessexecutionby boostingor
penalizingprocesseslependingon their behavior But this necessitate complexdynamic
ticketallocationmechanisnwhich increaseshetotal overhead.

2.3 Hybrid lottery scheduling

The work presentedn 'Petrou, Mildford and Gibson(1999)’solvesthe problemsof strict
fair-shareschedulingoy combiningthe systemlevel priorities of the FreeBSDschedulemith
thefair-shareschedulingmethodcalledlottery scheduling(VeldspugerandWeihl, 1994). The
responsdime of interactiveprocessesanthusbe minimizedby schedulingthemdepending
ontheir priority on wakeup, whereasuserlevel processeareassignedhelowestpriority and
choserwith lottery scheduling.

The time sleptdoing I/O is compensatedvith a ticket allocationbooston wake up so that
processesanbe schedulednoreoftenwhenreturningto usermode. Lottery schedulingvas
alsomodifiedto supportprocesgpreemptionputthis modificationneedsalsoa dynamicticket
adjustmento preserveaheoverallfairness.

While improving the responsivenessf interactiveapplicationscomparedo the basiclottery
scheduling,this methodincreaseshe amountof computationnecessaryat each schedule
operation. Schedulingoverheadalsoincreasedandthe implementatioris difficult becausef
the complexityof the necessaradjustmento notdegradehefair allocationof CPUtime.

3 ENHANCED STRIDE SCHEDULING

Extendingfair-shareschedulingusingpriority schedulingcanprovidethe desiredcontrol over
processegxecutionorderwhile allocatingfairly processotime amongusersand processes.



However in its basicimplementationstride schedulingdoesnot supportprocesgreemption
andhasa high overhead.This sectionfirst presentoour implementatiorof stride scheduling
which solvestheseproblems.Theoverall CPUtime allocationpolicy to improvebothfairness
and responsiveness then discussed. Finally, the schedulingalgorithm implementingthis
policy is presentedn moredetail.

3.1 Stride Scheduling Implementation

This sectionpresentour implementatiorof stride scheduling. It avoidssortingprocessem
passorder andis also modifiedto supportprocesspreemptionwithout degradingthe strict
fair-shareallocationof CPUtime providedby the basicalgorithm.

Thedatastructureusedto chooseprocessess acirculararrayof linkedlists. Eachlist contains
processesvith equalpasses.A pointer called “head” indicatesthe list of processesvith the

smallestpass.All dequeuaperationsaarethusdonein the headlist. Figure2 showshow the

exampleof figure 1 is scheduledisingthis datastructure. Threestatesof the stridequeueare

representedtheinitial state,the stateafter threescheduleoperationsandafter nine schedule
operations.

Initial State of the Queue

Tickets 300 500

Pass 15 10 6

.
:

[0} ¢ |

Figure2: Exampleof figure 1 usingour implementatiorof stride scheduling.

Theheadpointeris forwardedo thenextnon-emptylist eachtimetheheadist become&mpty
A processconsumingall its time quantumwithout sleepingis put backat the end of the list
with anindex equalto the previouslist index of this procesgthe index of the headlist where
it waschosen)plusthe currentstrideof this process.Thus,thecirculararrayindexesareused
asapassparametemrmovingaprocessnto a higherindexlist virtually incrementshis process
passby its stride. The pasgparameters not needecany moreandsortingprocessess avoided
aslists arenaturallyorderedn increasingpassorderfrom thelist pointedto by the head.

A differentenqueueperationis usedfor preemptedrocesses.Suchprocessareinsertedat



the beginningof the currentheadlist, andtheir time quantumis setto the remainingtime of
the previousrun. Doing so, therelativeshareallocationof CPUtime betweerprocesses the
stridequeuecanbe preserved.

The stride calculationproposedby the authorsof stride schedulinggeneratesig integers.
Whenthe strideis calculatedusingthe definedshare the roundingerror becomesegligible,
allowing a greatprecision. Suchstridevaluescannotbe practicallyusedto calculatean array
index. Smallervaluesof processestride,butyet precise arenecessary

Process A: Process A:
400 tickets 100 tickets
stride = 1/0.8 = 1 + error 0.25 stride = 1/0.2 =5 + error 0

(theoretical stride = 20/4 =5 (theoretical stride = 20/1 = 20)

Without correction

indexi; 5 2 3 4 5i10 6 7 8 9 10i15

With correction

indexiy 5 o 3 @Elo 6 7 8 @i 1

Theoretical

Index 5 20 10 15 20 40 25 30 35 40 60 45

Figure 3: Effectof the stride calculation methodon processscheduling. The circled index
valuesare incrementedvith the stride plusthe correction.

We simply calculatethe strideof a procesausingthe formula
process stride = rint(1/process share)

whererint() is thefunctionroundingafloatingpointto the nearesinteger As shownin figure
3, the error generatedy the roundingoperationis recordedandincreasedy theinitial error
eachtime a processs putbackinto thestridequeue.If thetotal errorbecomesigherthanone,
thedisplacemeninto the stridequeuedefinedby the strideis increasedy one.

As the stridequeuesizeis fixed, a resolutionproblemcanappearfor processesvith a stride
biggerthanthe stridequeuesize(i.e. with asmallshare). all theseprocessewvill geta stride
equalto the size of the stridequeue thusthe sameshare. This sizemustthenbe big enough
to supportvery smallsharegprecisely Thesizeof the stridequeues 1024sothatthe possible
minimal shareis equalto 1/1024~ 0.001 = 0.1%.

Thisimplementatiomeducesstrideschedulingoverheadut still only providesa strictfairness
anddo not considerthe run-timebehaviorof processesA moreflexible CPUtime allocation
policy is needed.This matteris discussedn the nextsection.

3.2 Scheduling policy

Processewakingup afterwaiting for I/O completionshouldbe scheduledjuickly andallowed

to receivetemporarilymore thantheir definedshare. Suchbehavioris desirableto emulate
the short-job-firstpolicy by allowing a procesg2o completea short CPU burstaheadof other

processes.t canalsoimprove kernel contentionas kernel sharedresourcesanbe released
quickly, and schedulingshouldbe preemptiveto minimize the wait time in readyqueueon

wakeup.



As the CPU time allocatedmay be higher than the definedshareof a processon a certain
interval of time, dependingn the pastCPU usagepasicallytwo casesanbe considered.

e The processcompletedts CPU burstwithin the allocatedshareon wake up andsleeps
beforeconsumingmorethanits definedshare.

e TheprocesshasalongerCPU burstandis still runnableafterreceivingits definedshare
on wake up. In suchcase,the boostresultingby the over shareallocationshouldbe
compensatewvith a “unboost to preservethe overall fairness,so that processesvhich
usedthe cpucyclesunusedduringtheyweresleepingarenot penalized.

To bereactiveto suchsituations,the scheduleishouldnot only considerthe total CPU time
allocationoverthelife time of a processput alsoshouldmeasuregherecentlyallocatedshare
over shorterintervals. A accountingwindow recordingthe pastCPU allocationof a process
canbeused. Theallocatedsharea,,(t) of a processattime ¢ overawindow of time lengthw
canbe calculatedsimply with thefollowing formula.

__ CPU time allocated from (t —w) tot
w

@ (1)

Figure4 showsthe allocatedshareof an hypotheticall/O boundprocessneasureaver such
accountingvindow. Thetwo casesliscusse@bovearerepresented.

Cpu usage
A
1.0

wake up

sleep : short sleep :

CPU burst

long CPU burst

Figure4: 1/0 boundprocessemustbeboostecbnwakeup. Whenhavinga longer CPU burst,
theboostmustbe compensatetb preserveheoverall fairness.

Measuringthe allocatedshareover the accountingwindow canprovide a precisemechanism
to control processoostsandcompensationsAs a result, slepttime shorterthanthe window
lengthcanbeeasilyoverlappedy anotcompensatedoostallowing processesleepingor 1/0
to receivetheirfair share.Figure5 showssuchbehavior Theallocatedshareof therepresented
procesdecreaseasthe processsleepsonwakeup it is boostedwithout compensationThe
resultingoverallshareallocationmatcheghe definedshare.

However suchmechanisnshouldbe preciselycontrolledto avoid a processsleepinga long
time to be boostednconsiderablyon wakeup. In fact asstatedabove,in suchcasethe boost
receivedon wake up shouldbe compensatedo that othersprocessesre not penalizedfor
havingusedthe shareof processotime unusedy sleepingorocesses.

Thenextsectionpresentsn moredetailthe schedulingalgorithmimplementingthis policy.



Cpu usage
A
D kL L ELEEERD
sleep wake up

boost

0.0 : »

' Fair-share received'

Figure5: A processhavinga long CPU burstand sleepingonly very shortintervalscan still
beallocatedits definedshae.

3.3 Priority and Stride Scheduling Combination

The coreideais to combinea classicalpriority schedulemwith our implementationof stride
scheduling.Priority schedulingallows to simply implementa preemptioncontrolmechanism
on wakeup. It alsoallowsto implementthe booston wake up by schedulinga processwith
a high priority until it is allocatedits definedshare. Stride schedulingcanimplementthe fair
allocationof CPU time without any difficult priority calculationmethod. Its deterministic
behavioralsoallowsto control preciselythe“unboost of a process.

Thereadyqueuehasa classicaimultilevel feedbaclkgueuestructure asshownin figure6. The
strideschedulingqueuepresentedh figure 2 is assignedhe secondowestpriority (priority 1).
All otherpriority levelsusea RR policy with differenttime quantum.Processearechosenn
decreasingpriority order Onwakeup, a processs alwaysassigned priority higherthanl so
thatit is scheduledhheadof all processes the stridequeue.Strideschedulings usedonly if
no processhasa higherpriority thanthe stridequeue.

A |42 —>| process control bl o4k
High priority| |41
o -]
]
'
3
Low priority | [5] : n
[ HC
T L}
'

'
Priority queues : Stride queue

Figure6: Thereadyqueueis a classicalmultilevel feedbackqueuestructure using priority
schedulingbetweergqueues.Thestride queueis assigned fixedpriority (priority 1).

Figure 7 showsthe table usedas a baseto calculatepriorities and time quantums. For each
priority level, thistabledefineghenextpriority Pexp whenaprocessisesall itstime quantum,
the priority onwakeup Psl p if a processsleepswaiting for aneventfrom this priority level
andfinally the time quantumTQ for this level. If a processs preemptedeforeusingup its
time slice, its priority is decreasedlependingon the usedratio of its time quantumso that



int pritbl[] = {
/1 PRI O TQ Pexp Psl p
100, 0, 0, /'l Kernel threads

/* /

/* 1% 100, 1, 32, /1 Stride queue
[* 2% 100, 2, 33, /1 normal priority
[* 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.

processegendto occupymorepriority levels.

High priority processeareassigned shorttime quantum(for example20ms)whenscheduled.
Thistimequantumislongerfor lower priority levelsandis setto 100msfor thestridescheduling
gueuelevel. By assigninga high priority to processesn wakeup, this methodallowsa good

emulationof the short-job-firstpolicy whichis provablyoptimalfor interactivesystems.

Theschedulerecomputegrioritieson eventoccurrencewhenprocessearepreemptectither
at the endof their time quantumby the last clock tick or by a higherpriority processvaking
up. Unlike priority basedfair-shareschedulerthe calculationmethodusedis simple. The
accountingvindow usedto preciselymeasuréCPUtime allocationis separateth two intervals
of equallength,dependingon the CPU allocationmeasureaver the mostrecentinterval, the
following two casesanoccut

¢ If the preemptedprocesswvasallocatedlessthanits definedshareover the mostrecent
interval, its priority is decreasedising the priority table dependingonly on its current
priority, andon its time quantumusage.In this case the priority is neverdecreasetb 0.

e Onthecontraryif the preemptegrocessasallocatedits fair-shareor more, its priority
is setto O sothatit will bescheduledexttime usingstridescheduling.

A proceswvill thusbeschedule@headf processem thestridequeueusingpriority scheduling
until it is allocatedts fair-shareyesultingin thedesiredooost. As aprocessanthenreceivein

arow the processingime to matchhis definedshare this canresultin a overshareallocation
overthe entirewindow whenthe processentersthe stridequeue.If a processs still runnable
whenenteringthe stridequeuejts time guantummaybedecreasedependingnthe pastCPU
allocationto implementthe “unboost. This penaltywill bethusrecordedn the mostrecent



Tablel: Summaryof The ScheduleAction.

Current Allocated | UsedTimeQuan-| Event Next Priority Next Time | Rem
Priority(P) | Share tum (TQyuseq) Quantum
(Sa)
P#£1 Sa>Sp | — — 1 TQ; x penalty 71
(Priority S4<Sp | TQusea =TQp — Peep(P) TQp,,,(P)
Queue) TQused < TQP Sleep Pslp(P) TQPslp(P)
Preemption Pp're(PvTQused) TQPPTE(P,TQHSM)
P=1 Sa>Sp | TQ — 1 TQ. x penalty 12
(Stride S4<Sp TQl’ —_ 1 TQl
QUEUE) —_ TQused < TQ]_' Sleep Pslp(l) TQPslp(l) 'l'3
Preemption|| 1 TQ1 - TQused T4

11: Moveto StrideQueuewith unboosting, 12: unboost, {3: Moveto Priority Queue,
14 : Positionin the stridequeueunchanged.

Sp : definedshare

Ppre(P,TQuscd) = P-int[(P - Peyp(P)) x Lect]

penalty : Assumingthatthe sweepingvindow is logically dividedinto V sectionscurrentlywe chooseN as4,

boostingeffectin onesectionis goingto be compensateduringthe succeedingV — 1 sectionsy means
of reducingthetime quantumduringthesesectionswith the following penaltyfunction.

penalty = f(Sp,Sa, N) = max{0, % , (0 < penalty < 1.0)

T (ordinarysection)
TQ1x penalty (unboostingsection)

TQ: = {

interval of the window, the boostrecordedbeingshiftedto the endof the window. Doing so,
fairnesscanbe preciselycontrolledoverthetotal window.

However with this scheme)/O boundprocessesalwaysreleasinghe CPU beforethe end of
their time quantummay be ableto usemorethantheir definedshare.As a solution,a control
pointis addedonreturnfrom systenmcall, whena processs aboutto returnto userspace.lf the
allocatedshareis higherthanthe definedshare the processs preemptedissoonasit returns
to userspaceandits priority is decreasetb 1. Thisalsopreventdrom boostingseverakimes
in ashortinterval a processalwayssleepingjust at the endof its boostwhile beingscheduled
with its priority.

The overviewof our schedulemactionis summarized little bit in detailin tablel. The next
sectionpresentssomeevaluationresultsexplainingin more detail the effect of the window
time lengthon the schedulebehavior

4 EVALUATION RESULTS

Theresultspresentedh this sectiorweremeasuredisinganemulatorof adistributedoperating
systemactuallydevelopedn ourlaboratory This emulatorsimulategprogramexecutionstate
changedependingon parameterslefiningthe distributionof CPUandI/O burstsof processes.
First schedulingoverheadmeasurementare shown,someexperimentgesultsare discussed
next.



4.1 Scheduling Overhead

We have comparedthe relative overheadof stride schedulinggueuemanipulationfor our
implementationand for the implementationproposedoriginally(Waldspuger and Weilhl,
1995). Figure8 showsthe costof putandgetoperationdor bothimplementationslepending
on the numberof runnableprocesses.Thosemeasurementaere doneon a 300MHz Ultra-
Spardl machine.Ourimplementatiorprovidesaboundedput” operatiorcost,whereasn the
originalimplementatiorthe“put” costincreasesvith n becaus®f queuesearch.However the
getoperations slightly slowerbecaus®f the headpointerupdaten the stridequeuestructure.

1000

T T T T T

Our implementation put <—
Our implementation get —+-
900 Original implementation put -5---
Original implementation get -x
800
700
600 |

500

300

Processar cycles

200 f.

100

0

L L L L L L
8 9 00 11 12 13 14 15 16 17
Runnable threads

Figure8: Stridequeuemanipulationcost(putandgetoperations).

Figure9 showsthecostfor theexecutiorof theschedul e() functionwhichchooseshenext

process.This functionupdates<CPU usaganformationof the preemptegrocessrecalculates
its priority and put it backinto the readyqueueif still runnable. If the processs put back

into the stridequeueits strideis recomputedschedul e() thenchooseshe nextprocesgo

executeandupdateits accountingvindow with the waitedtime.

The graphshowsthe schedulingoverheadvhenonly priority schedulings usedor only stride
scheduling.The overheadf both priority andstrideschedulingdo not dependon the number
of runnableprocesseslin theaveragethe schedulingoverheadwill thusbe boundedwith this

two limits asboth methodsare used. On heavily loadedsystemsijt will tendto be closerto

strideschedulingoverheadasthe stridequeuemay be moreintensivelyused.

4.2 Experiments

In this section we showthatthe proposedschedulingnechanisnallowsa preciseallocationof
CPUtime amongusersandprocessesFirst somecharacteristicasesare consideredo show
the basicbehaviorof the scheduler Thisis followed by moregenerakestsfor computebound
andl/O boundprocesses.
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Figure9: Schedulingpvetheadwheneither priority schedulingor stride schedulings used.

4.2.1 Basic Behavior

This sectiondemonstratebhow the boost/unboosiechanisnworksin our scheduler Figure
10 showsthe basicbehaviorof the scheduler In this example,a userA with a definedshare
of 50% runs a processwhich hasthree CPU burstsof respectivelength 300 milliseconds,
700 millisecondsand 5 seconds. AnotheruserB is runningtwo computeboundjobs (not
representedh the figure). The accountingwindow lengthis 2 secondsandthe graphshows
resultsmeasureaveronesecondntervals.

1

User A process ——

09 |

0.8 |

0.7 -

0.6 -

05

04

CPU share used per process

03

0.2 -

0.1

0
0 10 20 30 40
Time (s)

Figure10: Basicschedulingoehaviorfor different CPU burstslength.

As thetwo first CPU burstsof userA processareshort,theyareexecutedvithin theallocated
CPUtime with priority schedulingaheadof userB processesBecausat sleepsquickly and

alongtime, userA processs allowedto be boostedalsofor the next CPU burst. However

asthis last CPU burstis longer, the boostincreasesandto preservefairnessuserA process
is penalized.Whenthe CPUtime allocationover the window of two secondss restoredthe

processs scheduledvith the strideschedulinguntil it completes.



4.2.2 Compute Bound Processes

This sectionillustrateshow fairnessis improvedby the compensatiorof the time slept by
processewith the booston wakeup.

In the exampleof figure 11, userA is running one computeboundprocessstartingafter 20
secondsthis processneeds20 secondf CPU time to completeits execution. It performs
somel/O andsleepsl.89 secondsverits life time. UserB executedwo long run processes
with aticket ratio of 3 to 2. The length of the accountingwindow attachedo eachprocess
for CPU usageaccountingis two secondshut this graphshowsthe allocatedsharefor each
processneasureaveronesecondntervals.

1

T T
User A process 1 ——
User B process 2 --—-
0.9 User B process 3 ----- b

o8|,
o7 ’
0.6 — “

0.4 i

CPU share used per process

03 ftii
02 ¢

0.1

0

! ! !
50 60 70

0 1‘0 2‘0 C;O 40
Time (s)
Figurell: TwousersA andB with the samedefinedshale run computeboundprocessesUser
A processstartsafter 20 seconds.

When processl startsexecutionafter 20 secondsactive tickets are modified so that user
B processestefinedshareshbecome30 and 20% respectively Sinceprocessl suspendsts
executiorby itself, it is boostedon wakeup andthenpenalizedf necessaryin suchamanney
fairnesds improvedcomparedo 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 executiortimeof processl of theexampleof figure 11 with variouswindowsize.

If theslepttime of processl waiting for I/O completionis exactlycompensatewith theboost
on wake up, processl cancompleteits executionin 40 seconds. This executiontime may
varieswith the accuracyof the compensationhowever Thetable2 showsexecutiontime of

processl with variouswindow length. CPU time allocationerror slightly increasesith the
window length. Thisis dueto alessstabledistributionof CPUtime amongprocessesindeed,
asthe window getslonger, it takesmoretime for a procesgo be allocatedits definedshare
overthetime interval of thewindow. Theresultingboostsarethusof higheramplitude.



4.2.3 1/0 Bound Processes

In this experimentuserA runsa single computeboundjob, userB andC both executedive
I/O boundprocessewhichin theaverageunfor 20msandsleepfor 80ms. Thedefinedshares
arerespectively20%, 30% and50% for userA, B andC. Figure 12 showsthe measurement
over 4 seconddntervalsof the allocatedshareto eachusers. The accountingwindow time
lengthis 2 seconds.

1

User A compute bound process ——
User B I/O bound processes ----
09 | User C I/0 bound processes ----- b

0.8 [
0.7 |
0.6 [
05 |

04|

CPU share used per process group

02 1
/

01 f

0

0 1‘0 2‘0 3‘0 4‘0 5‘0 E‘:O 7‘0 8‘0 9‘0 100
Time (s)

Figurel2: UserA executes singlecomputeboundprocessusersB and C run the sameoad

of I/0 boundprocesses.

Over the length of this simulation,userA was allocated50.338s 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 presented fair-shareschedulingnethodwhich combinesa classicalpriority
schedulemwith stride scheduling. Using priority schedulingimprovesboth fairnessandthe
responsetime of interactive and I/O intensive applicationsby boostingthe execution of
processesnwakeup.

As processearescheduledisingpriority schedulingon wakeup until they areallocatedtheir

fair shareall processesot usingall their allocatedCPUtime will alwaysbe scheduledahead
of computeboundapplications.In particular in lightly loadedsystemsall usersrequestcan

be satisfiablewithout fair-shareallocationof processingime usingtheimplementectlassical
schedulerOnthecontraryif theloadincreasespurimplementatiorof strideschedulingllows

to allocatefairly processingime amongusersand processes.The precisecontrol over CPU

time allocationis obtainedusinga shorttime sweepingwindow recordingrecentCPU usage
of processesllowing to keepthe schedulingalgorithmsimple. Experimentdhaveshownthat

fairnesss obtainedwith asmallerror, evenin the caseof a highinteractiveload.

Theeventbasedupdateof prioritiesandticketsallocationalsoallowsto reducethe scheduling



overheacandcombinedwith animprovedimplementatiorof strideschedulingmeasurements
presentedhave shown that the total overheaddo not dependon the numberof runnable
processes.However animplementationon an exploitationsystemis desiredto validatethe
implementatiorchoicesmorepreciselyusinga morerealisticload.
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