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Abstract

While it is widely believedthat preemptabilityis a necessaryequirementfor developingreal-time
softwake, there are additional costsinvolvedwith preemptivescheduling,as compaed to non-peemptive
scheduling Furthermoee, in the context of fixed-priority scheduling, feasibility of a task setwith non-
preemptiveschedulingdoesnotimply feasibility with preemptivescheduling(andvice-versa)ln this paper
we usethe notionof preemptiorthresholdto developa new schedulingmodel which unifiesthe conceptof
preemptiveand non-preemptivestheduling,andsubsumebothasspecialcases.

Thenotion of preemptiorthresholdwasintroducedoy ExpressLogic, Inc. in their ThreadXreal-time
operating systemlt allowsataskto disablepreemptiorfromtasksupto a specifiedhresholdoriority. Tasks
havingpriorities higherthanthethresholdare still allowedto preempt.In our nev model,ead taskhasa
regular priority and a preemptiorthreshold. We showhowthe newv schedulingmodelcan be analyzedor
responséimes.We alsodevelopalgorithmsfor optimalassignmenof priorities and preemptiorthreshold.

In this paperwealsoprovideevidencehatthis new schedulingmodelprovidessubstantiabuantitative
benefitsover both preemptiveand non-peemptiveschedulingmodels. We showthat the nev modelcan
resultin substantiaimprovemenbdf schedulability by taking advantageof aspectwf both preemptiveand
non-peemptivescheduling Furthermoe, we showthat the nev modelprovideslower run-time costsby

eliminatingunnecessarpreemptions.

*This work waspresentedn partat RTCSA99, Hongkong,Decemberl999anda brief versionof this work waspublishedin

theconferenceroceeding®f RTCSA99 by the [EEE ComputelSocietyPress.



1 Intr oduction

Sincethe pioneeringwork of Liu andLayland[14], muchwork hasbeendonein theareaof real-time
schedulingandin the analysistechniquego a priori predictschedulabilityof tasksetsundera particular
schedulingdiscipline. In particular significantprogresshasbeenmadein schedulabilityanalysisof task
setsunderfixed priority preemptve scheduling(e.g., [8, 9, 11, 12, 18]). The benefitsof fixed priority
preemptve schedulingncluderelatively low run-timeoverheadgascomparedo dynamicpriority schemes,
suchasearliestdeadlinefirst) andability to supporttighterdeadlinedor urgenttasks(ascomparedo non-
preemptve scheduling).

While preemptabilityis oftennecessarin real-timeschedulingit is fallaciousto assumehatit always
resultsin higherschedulability Indeed,it canbe shownn that, in the context of fixed priority scheduling,
preemptve schedulerslo notdominatenon-preemptieschedulers, e.,theschedulabilityof atasksetunder
non-preemptie schedulingdoesnot imply the schedulabilityof the task setunderpreemptve scheduling
(andvice-versa). Moreover, preemptve schedulerdave higherrun-time overheadsas comparedo non-
preemptve schedulers.

In this paperwe proposeageneralizednodelof fixedpriority schedulinghatintegratesandsubsumes
bothpreemptve andnon-preemptie schedulersThemodeluseghenotionof preemptiorthreshold which
wasintroducedby ExpressLogic, Inc. in their ThreadXreal-timeoperatingsystemto avoid unnecessary
preemptiong10]. In our new schedulingmodel, eachtaskhasa preemptionthreshold,in additionto its
priority. In essencethis resultsin a dual priority system. Eachtaskhasa regular priority, which is the
priority at which it is queuedwhenit is released.Oncea task getsthe CPU, its priority is raisedto its
preemptiorthreshold.It keepsthis priority, until the endof its execution. For recurringtasks,this process
repeateachtime thetaskis released.

Thepreemptiorthresholdschedulingnodelcanbe usedto getthe bestaspect®f bothpreemptve and
non-preemptie scheduling.By choosingthe preemptiorthresholdof a taskthatis higherthanits priority,
ataskavoids gettingpreemptedrom ary taskthathasa priority lower thanits preemptiorthreshold. By
varyingthe preemptiorthresholdof tasks,the desiredamountof non-preemptabilitynay be achieved. In
thisway, thepreemptiorthresholdnodelmaybeviewedasintroducingnon-preemptabilityn acontrollable
mannerA suitablesettingfor thepreemptiorthresholdganthusbeusedo get“just enoughpreemptability”
neededo meetthe real-timeresponsienessequirementstherebyeliminatingrun-time overheadsarising
from unnecessargreemptabilityin the schedulingnodel.

It is alsoeasyto seethatboth preemptve andnon-preemptie schedulingarespecialcasesf schedul-



Task | Comp. Time | Period | Deadline
C; T; D;
T1 20 70 50
T2 20 80 80
T3 35 200 100

Table 1. An Example Task Set.

ing with preemptionthreshold. If the preemptionthresholdof eachtaskis the sameasits priority, then
the modelreducedo purepreemptie scheduling.On the otherhand.,if the preemptiorthresholdof each
taskis setto the highestpriority in the system thenno preemptionsre possible leadingto fixed priority

non-preemptie scheduling.
1.1 A Motivating Example

Beforewe delve into a theoreticaltreatmeniof the new schedulingmodel, it is instructive to takea
look at a simpleexamplethatshons how schedulabilitycanbeimproved with this new schedulingnodel.
We consideratasksetwith 3 independenperiodictasks,asshovnin Tablel. Eachtaskis characterizedy
aperiod(T;), adeadling(D;) anda computatiortime (C;).

The schedulingattributesfor eachtaskincludeits priority (7;) andits preemptiorthreshold(y;). As-
sumingfixed-priorityschedulingthe optimalpriority orderingfor this tasksetis deadlinemonotonicorder
ing with both preemptve schedulind13] andnon-preemptie scheduling5]. Underthis priority orderind,
theworst-caseesponséimesfor thetasksareshavn in Table2. We canseethatr; missests deadlineun-
derpreemptve schedulingwhile 7 missests deadlineundemon-preemptie schedulingSincethe priority
orderingis optimal, this implies thatthe task setis not schedulableindereitherfixed-priority preemptve
schedulingpr fixed-prioritynon-preemptie scheduling’

Whenwe usepreemptiorthreshold we canmakethe tasksetschedulabldy settingthe preemption
thresholdor m, as3, andr; as2. By settingthe preemptiorthresholf 5 to 2, we allow it to be preempted
by 71, but notby r,. This effectively improvestheresponsdime of m; (ascomparedo the non-preemptie

case)sinceit canno longerbe blockedby 5. At the sametime, it improvesthe responsdime of 73 (as

Throughouthis paperwe usehighernumbergo denotehigherpriorities.
2\We alsonotethata slightmodificationto this examplewill show thatthefeasibility underpreemptve scheduledoesnotimply

feasibility undernon-preemptie schedulefby changingthe deadlineof 75 to 120),andvice versa(by changinghe deadlineof =,

to be 60).



Task | =; WCRT WCRT ~i WCRT
Preemptie | Non-Preemptie Preemption-Threshold
Yi = i =3
2l 3 20 55 3 40
Ty 2 40 75 3 75
T3 1 115 75 2 95

Table 2. Response Times for Tasks under Different Scheduler s.

comparedo the preemptie case)sinceit cannotbe preemptedoy r, oncer; hasstartedrunning. The
resultanresponséimesarealsoshavn in Table2.

Figurelillustratestherun-timebehaior of thesystemwith preemptiorthresholdandwhy it helpsin
increasingschedulability In the figure,the arrows indicatearrival of taskinstances.The figure shavs the
schedulingof tasksstartingfrom the critical instantof =5, which occurswheninstance®f all tasksarrive
simultaneouslytime 0). The scenarideadsto theworst-caseesponséime for 5. We canseethatattime
70, a new instanceof r; arrives. Sincethe priority of 7 is higherthanthe preemptiorthresholdof 73, 73
is preempted At time 80, a new instanceof , arrives. It cannot preemptthe executionof ;. However,
attime 90, whenr finishes,a purepreemptve schedulemould have run r,, delayingrs. In contrastby
settingthe preemptiornthresholdof r3 to 2, we have 3 scheduledat time 90 underour schedulingmodel.
This effectively improvesthe worst-case@esponséime of 75, makingit schedulableNote howeverthatthis
alsoaddsblockingtimeto r, (ascomparedo the preemptve case)whichincrease#s worst-caseesponse
time, but doesnot affect its schedulabilityin this example.

The useof preemptionthresholdsalso reduceghe run-time overheadsassociatedvith preemptions
andthe associatedontet-switches. This is dueto the introductionof somenon-preemptabilitynto the
schedulingnodel. We simulatedhe executionof tasksin this examplefor oneLCM length(i.e.,2800time
units). Whenall taskswerereleasedimultaneoushattime 0, we find thatpreemptve schedulingesultsin
17 preemptionswhile with preemptiorthresholdsve get8 preemptions.If we staggerthe releasdimes,
suchthat 5 is releasedat time 0, m, attime 1, andr; attime 2, then the numberof preemptionswith

preemptve schedulings 30, while usingpreemptiorthresholdseducest to 10.
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Figure 1. Run-time Behavior with Preemption Threshold
1.2 Contributions

Themaincontribution of this paperis in developingthe proposedschedulingnodelusingpreemption
threshold,shaving how it improves over pure preemptve andnon-preemptie schedulingand systemat-
ically allocatingfeasibleschedulingattributes(priority and preemptionthreshold)to task sets. We begin
with developingtheresponse-timanalysisfor the nev modelbasedon well-know techniqueusingcritical
instantsandbusyperiods [8, 9, 11,12, 18]. We thendevelopanalgorithmfor assignmenof taskpriorities
andpreemptiorthresholds.Our solutioncomesin two steps. First, givenan assignmenof priorities, we
develop anefficient algorithmthat computesan optimal setof preemptionthresholdaisinga searchspace
of O(n?) (insteadof O (n!) for anexhaustie search) Thealgorithmis optimalin the usualsenseof finding
afeasibleassignment.e., onethatmakesthetasksetschedulableif oneexists. Usingthis algorithmasa
“sub-routine”we thenproposean optimalsearchalgorithmto find anoptimalassignmentf both priorities
andpreemptiorthresholddy extendingAudsley’s optimal priority assignmen&lgorithm[1, 18]. We also
presentinefficient (but non-optimal)greedyheuristicalgorithmthatis usedin our simulations.

The proposedschedulingmodel provides someinterestingfeaturessuchasimproved schedulability
(comparedo bothpreemptie andnon-preemptie schedulersandreducedgreemptioroverheadcompared
to preemptve schedulers)We quantify the benefitsof the proposedschedulingnodelthroughsimulations
overrandomlygeneratethsksets.To quantifytheimprovemenin schedulabilitywe usebreakdaevn utiliza-
tion[11] asameasur®f schedulability Our simulationsshav thatdependingnthetasksetcharacteristics,
using preemptiorthresholdcanincreasethe schedulabilitypy asmuchas15 — 20% of processoutiliza-
tion ascomparedo preemptve schedulingandeven moreascomparedo non-preemptie scheduling We

also presentsimulationresultsthat quantify the reductionin preemptions.For this purpose we develop



anothemlgorithmthatgivenafeasibleassignmenof prioritiesandpreemptiorthresholdgasgeneratedior
instance py our greedyalgorithm)attemptso assignlarger preemptiornthresholdawhile still keepingthe
tasksetschedulableUsingthis new assignmentwe thensimulatethe executionof a tasksetandmeasure
thenumberof preemptionsandcomparehatwith purepreemptve scheduling Ourresultsshov that,again
dependingn the task setcharacteristicsyve cangeta significantreduction(up to 30%) in the numberof

preemptiongaveragedover multiple tasksetswith the samecharacteristics).

1.3 PaperOrganization

The remainderof this paperis organizedas follows. Section2 describeghe proposedscheduling
model, andthe problemsthat are beingaddressedh this paper In Section3, we develop schedulability
analysisequatiorfor our newv model. Sectiord focuseson developinganoptimalalgorithmfor assignment
of priorities and preemptionthresholdsor a giventaskset. In Section5, we quantify the improvement
in schedulabilityusing the preemptionthresholdschedulingnodel. Then,in Section6, we shav how to

systematicallyeducethe numberof preemptionsFinally, we presensomeconcludingremarks.

2 Problem Description and Solution Overview

Theexamplepresentedn Sectionl.1shovedthatby usingpreemptiorthresholdsve canpotentially
increaseschedulabilityandat the sametime reducerun-timeoverheadsThis raisesthe questionof how to
makeeffective useof the new schedulingmodelto getthesebenefits.In this section,we first presenthe
taskandrun-timemodelassumedh this paper Then,we give a statemenof the problemsbeingaddressed

in this paper followedby an overview of our solutionapproach.
2.1 Taskand SchedulingModel

We considera setof » independenperiodicor sporadictasks7 = {r,73,...,7,}. Eachtaskr;
is characterizedby a 3-tuple (C;, T;, D;), whereC; is its computatiorntime, 7; is its period (or minimum
inter-arrival time), and D; is its relative deadline.We assumehat (a) the tasksareindependenfi.e., there
is no blockingdueto sharedesources)(b) tasksdo not suspendhemseles,otherthanat the endof their
computationand(c) the overheadslueto context switching,etc.,arenggligible (i.e.,assumedo be zero).

Eachtaskwill alsobegivenapriority =; € [1, n] andapreemptiorthresholdy; € [r;, n]. Thesevalues
areassigneaff-line andremainconstanatrun-time. We assumehatlargernumbersienotehigherpriority,

andthatno two taskshave thesamepriority. We assumehattherun-timedispatchings preemptve, priority



basedwheretasksaredispatchedrom anotionalreadyqueuesortedby priorities. Whenataskis released
it is insertedinto the notional readyqueueat its priority =;. Whenthe taskis dispatchedijts priority is
effectively raisedto its preemptiorthresholdy;, andit keepghis priority until it finishesexecution.In other
words,it canonly be preemptedy anothertaskr; if 7; > ;. Notethatsincetasksarerecurring,they will

gothroughthesedual prioritiesfor eachreleaseof atask.
2.2 Problem Statement

In therestof thepaperourobjectiveisto shav how to effectively usethepreemptiorthresholdschedul-

ing modelto realizeits potentialbenefits Accordingly, we addresshe following inter-relatedproblems.
2.2.1 Schedulability Analysis

First,we considerthe problemof assessingchedulabilityof atasksetunderthepreemptiorthreshold
schedulingmodel, assumingthat the schedulingattributesare alreadyknown. For this, we develop the
worst-caseesponsdime analysisfor a tasksetby extendingthe well-known critical instant/tusy-perial
analysisusedin fixed-priority schedulingLet IT bea priority assignmentandI’ be a preemptiorthreshold
assignmentLet R,;(II, I') denotethe worst-caseesponsdime of a taskr; underthe given assignments.

Then,the schedulabilityof atasksetis givenby thefollowing boolearpredicate:
sched(T,TL,T) % (Vi 1<i<n) R,(I,T) < D; 1)

2.2.2 Attrib ute Assignment

We thenconsiderthe problemof assigningschedulingattributes,i.e., priority andpreemptiorthresh-
olds, to tasks. The primary goal of finding the schedulingattributesis to determinef thereexists a setof
schedulingattributesthat will makethe tasksetschedulable.Thatis, we wish to determinewhetherthe

following predicatds true:

(3I)(3T) :: sched(T,IL,T) 2

If it is determinedhatatasksetis schedulablethenweadditionallywantto find asetof schedulingattributes

thatwill minimizerun-timeoverheaddy eliminatingary unnecessargreemptions.



2.2.3 Quantitative Assessment

Sincethe preemptionthresholdschedulingmodel generalizesoth preemptve and non-preemptie
schedulingmodels,it will do no worsethaneitherof themin termsof schedulability However, we still
needto determinewhetherthereare ary significantgainsin schedulabilityif the preemptionthreshold
schedulingnodelis employed.To this end,we wish to makea quantitatve assessmermf theimprovement
in schedulabilitythroughthe useof preemptiorthresholds.

Likewise, we areinterestedn quantitative assessmerdf run-time overheaddor feasibletask sets.
Unlike schedulabilitya non-preemptie schedulewill resultin lower run-timeoverheadsMoreover, since
non-preemptie schedulings a specialcase our schedulingnodelwill incurthe sameoverheadasa non-
preemptve scheduleifor task setsthat are schedulablevith non-preemptie scheduling. Therefore,our
interestis in assessingun-timeoverheadslueto preemption@ndcompareghemwith a preemptve sched-

uler.
2.3 Solution Overview
Our solutionconsistf thefollowing parts:

(1) First, we shov how given both the priorities andthe preemptionthresholdswe canfind the worst-
caseaesponséimesfor thetasks andhencedetermindeasibility of aparticularpriority andthreshold

assignment.

(2) We thenconsiderthe problemof determininga feasiblepreemptiorthresholdassignmentith pre-
definedpriorities. We develop an optimal and efficient algorithmthat hasa searchspaceof O (n?)

(insteadof O (n!) for bruteforce search}o solve this problem.

(3) We usethe optimalpreemptiorthresholdassignmenalgorithmto developabranchandboundsearch
algorithmto find a feasiblesetof schedulingattributes. Sincethe searchalgorithmmay resultin an

exponentialsearchspacewe alsodevelopanefficient but non-optimalgreedyheuristicalgorithm.

(4) We usethegreedyalgorithmfor quantifyingtheimprovementin schedulability(ascomparedo both
preemptve andnon-preemptie schedulingnodels)usingrandomlygeneratedasksets.Thisensures
thattheoff-line costsof usingdifferentschedulingnodelsareapproximatelysimilar resultingin fair

comparisons.

(5) To eliminateary unnecessarpreemptionswe presentan algorithmthat takesa feasible priority

and preemptionthresholdassignmengs input and refinesit (by increasingpreemptionthresholds



of tasks)to eliminateunnecessargreemptionwvhile maintainingfeasibility. Again, we quantifythe

improvementaisingsimulationsover randomlygeneratedasksets.

3 Schedulability Analysis

We beggin with schedulabilityanalysisof task setswhen the priority and the preemptionthreshold
of eachtaskarealreadyknown. The schedulabilityanalysisis basedon computationof the worst-case
responsdime of eachtask. If the worst-caseesponsdime of a taskis no morethanits deadline,then
thetaskis schedulablelf all the tasksin a systemareschedulablethenthe systemis calledschedulable.
The responsdime analysisemployedin this paperis an extensionof the well-known level-i busy period
analysig8, 9,11,12,18], in whichtheresponsémeis calculatedy determininghelengthof busyperiod,
startingfrom a critical instant. The busy periodat level-i is definedasa continuousnterval of time during

whichtheprocessois continuouslyexecutingtasksof priority + or higher

3.1 Review of Level-i BusyPeriod Analysis

To calculatethe worst-caseesponseime of atask,the busy periodanalysisessentiallysimulateshe
effect of schedulingundera worst-casescenaricfor the task. The busy periodfor task r; is constructed
by startingfrom a critical instant(time 0). The critical instantoccurswhen (1) aninstanceof eachhigher
priority taskcomesat the sametime (time 0), and(2) thetaskthatcontributesthe maximumblockingtime
B(r;) hasjust startedexecutingprior to time 0. Furthermoreto getthe worst-caseesponsédime, all tasks

areassumedo arrive attheir maximumrate.
3.1.1 PreemptiveScheduling

For our taskmodeldescribedearlier with arbitrarytask deadlinesthe busy periodof taskr; in tra-
ditional fixed-priority, preemptve schedulingcan be iteratively computedby using the following equa-

tion [18]:

wi(g) =q-Ci+ Y [w;%q)-‘ - 3

Y mi>m;
In this equationw;(q) denoteghelengthof a busy periodfor taskr;, whereq instance®f r; areincluded
in the busyperiod. Thelengthof the busy periodfor taskr; is givenby:

W, = i w; nw; <q-T; 4
el v (q) = wi(q) < ¢ (4)



wherew;(q) is the smallestvalue of w;(q) that satisfiesEquation3. Essentiallythe equationstatesthat
duringthe busy periodfor ;, all instance®f r; andhigherpriority tasksthatarrive within the busy period
mustalsobe executedwithin thebusy period. The busyperiodlengthis computedy iteratively computing
w;(q) for ¢ = 1,2, 3, ... usingEquation3 until wereachagq, ¢ = m suchthatw;(m) < m - T;

The worst-caseesponsdime of r; will bethe longestresponsdime of all instanceghat arrive and
finishin the busy period. Let usdenoteF;(¢) (g-thfinishtime) asthe smallestvalueof w;(q) thatsatisfies
equation3. Sincetheg-thinstanceof ; arrivesat (¢ — 1) - T;, theworst-caseesponseime for ; is given
by:

Ri= max (Fi(q) - (¢—-1)-Ty) (5)

q€[17"'7m]

3.1.2 Non-PreemptiveScheduling

Eventhoughthe analysisdescribedabose wasdonefor preemptive schedulingthe sametechnique,
with minor modifications,canbe usedfor non-preemptie schedulingaswell [5]. However, therearetwo
importantdifferences.First, a taskmay be blockedby ary lower priority task, if the lower priority task
startedexecutingjust prior to thecritical instant. Secondpnceataskgetsthe CPU, it cannotbe preempted
by ary higherpriority taskuntil it finishesexecution.

Theblockingtime from lower priority tasksis easyto incorporate A taskmaybeblockedby only one
lower priority task.In theworstcasethis taskwould have startedexecutingjust prior to thecritical instant.

Thus,theworst-casdlockingtime for taskr;, denotedas B; is givenby:

B; = max C} (6)

Vi mi<m;
Equation3 is modifiedfor non-preemptie schedulingas:
wi(g) — Ci
w; = B,’ . C, 1 . C 7
w;(q) +q +4Z (*{ T, J) i (7)
Y mi>m;
Notethatthetermfor interferenceérom higherpriority tasksis modifiedto includetaskarrivalsupto (and

including)time w; (¢) — C;, i.e.,whentheqg-thinstanceaskr; startsexecuting.
3.2 Responselime Analysiswith PreemptionThresholds

Our responsdime analysiswith preemptionthresholdsfollows the sameprinciplesof the analysis
presentedn previoussection.As in the non-preemptie case we needto worry aboutblockingtime from
lower priority tasks. Also, asin preemptve schedulinghigherpriority tasksmay causeinterferencesven

afterataskstartsexecuting. However, the interferencas differentfrom pure preemptve schedulingsince



thetask’s effective priority changedgo its preemptiorthresholdonceit startsexecutingandonly taskswith
higherpriority thanthis effective priority may causdnterference Thereforewe explicitly defineandcom-
putebothg-th starttime for ataskr; (denotedoy S;(¢)) andthe g-th finish time (denotedby F;(q)). After
we getthe g-th finish time by the modifiedbusy periodanalysistheworst-caseesponse¢ime is calculated

asbefore following Equation5.
3.2.1 Computing Blocking Time

We begin with determiningthe blocking time for a task. The blocking is causeddueto preemption
thresholdswhena lower priority taskhasa preemptiorthresholdhigherthanthe priority of thetaskunder
consideration.Then, if the lower priority taskis alreadyrunning, it cannotbe preempteddueto higher

preemptiorthreshold)by thetaskunderconsiderationleadingto blockingtime.

Definition 3.1 (Blocking Range) Theblocking rangeof a taskr; is definedastherangeof priorities given

by [7;,7:]-

Definition 3.2 (Active Task) A task(instance)is called activeif it hasstartedrunning,but is not finished

yet.

Proposition 3.1 Thekis nooverlappingof blocking rangesetweerthe setof activetasksat anyinstantof

time

Proof: By contradiction.Supposer; andr; areactive at sometime, andtheir blocking rangesoverlap.
Without loss of generalityassumehat 7; startedexecutionfirst. Then,for 7; to startrunning beforer;
finishes,it mustbethe casethaty; < 7;. Thatis r; < v; < 7; < «;. Thus,the blockingrangesdo not

overlap. O

Proposition3.2 Ataskr; canbeblockedby at mostonelower priority taskr;. Furthermoe, it mustbethe

casethaty; > ;.

Proof: A new arriving taskinstanceof 7; cannot preemptalower priority actvetaskr; only if 7; fallsin
theblockingrangeof 7;, i.e.,7; < m; < ;. FromProposition3.1, we know thatblockingrangeof active
taskswill notoverlap. Therefore;; will only fall into at mostoneof theseblockingrangesij.e.,beblocked
by theownerof thatblockingrange.Furthermoreit is easyto seethatary lower priority tasksthathave not

startedexecutionbeforethearrival of 7; will notblock ;. |



Proposition3.2 shavs thatin computingthe blockingtime for ataskr;, we needto considerblocking
from only onelower priority taskr; suchthat~; > =,. Furthermorethisis true for the entirebusy period
of ataskr; sinceduringthe busy perioda lower priority task cannotstartexecution(dueto the pending
instance®f ;). Thereforethe maximumblockingtime of ataskr;, denotedvy B(;), is givenby:

B(r;) = max ()} 8
() Vimiemi>m; (®)

3.2.2 Computing g-th Start Time:

Beforeatask r; startsexecution,thereis blocking from lower priority tasksand interferencefrom
higherpriority tasks.Amongall lower priority tasks,only onelower priority taskcancauseblockingaswe
shavedin Proposition3.2. This taskmusthave arrived andbegun executingbeforethe busy periodstarts.
In theworstcasejt just startsexecutingbeforetime 0. All higherpriority tasksthatcomebeforethe start
time S;(¢) andary earlierinstance®f taskr; beforeinstance; shouldbefinishedbeforetheqg-th starttime.

ThereforeS;(¢) canbecomputedteratively usingthefollowing equation.

Sile)=B(ri) +(¢—1)-Ci+ sz;m (1 + F%?)J) -G ©)

3.2.3 Computing g-th Finish Time:

Oncethe g-th instanceof task startsexecution,we have to considerthe interferenceo computeits
finishtime. Fromthe definitionof preemptiorthresholdwe know thatonly taskswith higherpriority than
the preemptiorthresholdof ; canpreemptandgetthe CPUbeforer; finishes.Furthermorewe only need

to considemew arrivalsof thesetasks,.e.,arrivalsafterS;(¢). Basedonthis, we getthefollowing equation

for computingF;(q):

su-sovar ¥ (] (o[S9) e w

Y, mi>;

4 FeasibleAssignmentof Priority and PreemptionThreshold

In the previous section,we shaved how to computethe worst-casaesponsdimeswhen priorities
andpreemptionthresholdsf tasksareknown. In this section,we develop an algorithmto systematically
assigrprioritiesandpreemptiorthresholdgo tasks suchthattheassignmenensureschedulability Wefirst

presensometheoreticaresultsaboutour model. Then,we presentainalgorithmmotivatedby theseresults



for optimal preemptiorthresholdassignmento tasksetswith predefinedriority. After that,we proposea
systemati@pproactto find the optimal priority and preemptiorthresholdassignmentisingthis algorithm
asasub-routine Finally, we modify the optimalalgorithmandpresenanefficient, but approximategreedy
algorithm.Thegreedyalgorithmis usedin our simulationgo enableafair comparisorwith preemptve and

non-preemptie schedulingstratgjies.
4.1 Propertiesof the Model

With the responsdime analysiswe have doneabore, we notice that this generalizedixed-priority
schedulingmodel hassomeinterestingproperties. Assumingthat the priorities of tasksare fixed, these
propertieshelp usreasoraboutthe effect of changingpreemptionthresholdsf tasks. Furthermorethese
propertieswill helpusto reducethe searctspacefor finding the optimal preemptiorthresholdassignment.
Thereforewewill usethesepropertiesasguidelineswhile designinganalgorithmfor preemptiorthreshold

assignment.

Lemma4.1 Changingthe preemptionthresholdof a taskr; from~; to v, mayonly affectthe worst-case

responséime of taskr; andthosetaskswhosepriority is betweeny; and~;.

This canbe seenby examiningthe equationgdevelopedfor calculationof responsdimes. The pre-
emptionthresholdof ataskr; determinesvhich (higherpriority) tasksmaybe blockedby 7;. Thesetasks
arethosewhoseprioritiesfall in therange{r;, ;]. Thereforetheresponséime of all thesetasksmaybe af-
fectedwhenT;’s preemptiorthresholds modified. It alsomayaffectits own responséime sinceit changes
the setof tasksthat canpreemptit onceit hasstartedrunning. Note that, the preemptionthresholdof r;
doesnt affect theinterferencefrom ; on ary lower priority taskr; (which dependsn 7;’s thresholdand
;' s priority). Thereforechanginghe preemptiorthresholddoesnt affect ary lower priority task.A useful

propositiondirectly follows from thislemma,andis presentedbelow.

Proposition4.1 Theworst-casaesponsdime of taskr; will not be affectedby the preemptiorthreshold

assignmenof anytaskr; with r; > ;.

Propositiord.1is usefulin developinga strat@y for optimalassignmenbdf preemptiorthresholdslt
shaws thatthe schedulabilityof a taskis independentf the preemptiorthresholdsettingof ary taskwith
higherpriority. Thereforethis suggestshatthe thresholdassignmenshouldstartfrom the lowestpriority

taskto highestpriority task.



FurthermoreTheorem4.1, presentedbelon, helpsusdeterminehe optimal preemptiorthresholdas-
signmenfor aspecifictask. Thepreemptiorthresholf ataskcanrangefrom its own priority tothehighest
priority in thetaskset. Fromtheequationgor worst-case@esponséime analysiswe canseethatataskmay
reducdts worst-caseesponséime by increasingts preemptiorthresholdwhich restrictsthe setof (higher
priority) tasksthatcanpreemptit. However, thisis doneat the costof a possibleincreasen the blocking
time of higherpriority taskswhich may leadto increasedvorst-caseesponsdime of the higher priority
task. Thereforejf thereis a setof preemptiorthresholdvaluesthatcanmakea taskschedulable¢choosing

theminimumof themwill maximizethe chance®f finding afeasiblepreemptiorthresholdassignment.

Theorem4.1 Considera setof n tasks7T = {7, 7,..., 7.}, and a setof schedulingattributesII =
(71, ..., 7y andl’ = (y1,...,7,), Sut thatthetasksetis schedulablewith IT andT" (i.e., sched(T,II,T')
is true). Then,if changingonly the preemptiorthresholdof 7; from+; to v} (v; < =), canstill maker;
schedulablethenthewholesystems alsosmedulablebysettingfy; asthepreemptiorthresholdof ;. That
is,

R;(ILT(v;/7;) < Dj = sched(T,ILT(v;/7;))

Proof:  Whenthe preemptiorthresholdof 7; changedrom ~; to 7; (v; > 7;), the worst-cas@esponse
time of ary taskr;, with 7, < m; or 7 > ~; will notchangeTheworst-cas@éesponséime of ataskry such
thaty; > m > 7; will alsostaythesame.Furthermoreary taskr with priority 7 < m; < v; will have
no worseworst-caseesponséime with 7} thanwith ;. Moreover, we alreadyknow thatr; is schedulable
with v}. Thereforejf thewhole systemis schedulablevith v;, it is alsoschedulablavith . O
A giventask setmay be unschedulablavith ary preemptionthresholdassignment.The following

theorengivesa sufficient conditionto claim atasksetto beunschedulable.

Theorem 4.2 For any givenpriority assignmenif there existsa taskr;, sud that settingthe preemption
thresholdof a taskr; equalto the highestpriority in the systentannot makea specifictaskr; schedulable,

thenthetasksetis unshedulable

Proof: ComparingequationlOwith Equation3, we canseethatpreemptiorthresholdreducesheworst-

caseresponsdime of ataskr; by preventingtheinterferencdrom somehigherpriority tasksafterr; starts
execution.By settingthe preemptiorthresholdf 7; to thehighestpriority in the systemgivesthe maximum
reductionto theworst-caseesponseime of ;. If 7; is still notschedulablesincethe priority is predefined,

thereis nowayto makeit schedulableFurthermorethetasksetwill alsobeunschedulable. O



Algorithm: AssignThresholds
/I Assumeshattaskpriorities are alreadyknown
(1) for(i:=1ton)
(2) ~; = m; I startfromlowestvalue
/I Find worst-caseesponsdimebasedon thetentativeassignment
(3) R; =WCRT(7;,v) ;
(4) while (R; > D;) do // while notsdhedulable

(5) ~;++ ; Il increasepreemptiorthreshold

(6) if v; > n then

(7 return FAIL; // systermotsdedulable
(8) endif

) Ri = WCRT(r;,7:) ;

(10) end

(11) end

(12) return SUCCESS

Figure 2. Algorithm for Preemption Threshold Assignment
4.2 Optimal PreemptionThresholdAssignmentwith Given Priorities

Basedon theresultsdevelopedin the previous section,we have developedan algorithmthatfindsan
optimal preemptiorthresholdassignmenassuminghatthe priorities areknown andfixed. The algorithm
is optimalin thesensehatif thereexistsafeasiblepreemptiorthresholdassignmenthenthealgorithmwill
alsofind afeasibleassignment.

Figure 2 givesthe pseudocode of the preemptionthresholdassignmenglgorithm. The algorithm
assumeshatthetasksarenumbered, 2, . . ., n, andthat =, = ¢. Thealgorithmconsiderghe preemption
thresholdassignmenof onetaskat a time startingfrom the lowestpriority task. For eachtaskconsidered,
it finds the lowestpreemptionthresholdassignmenthatwill makethe taskschedulable.This is doneby
computingtheresponsdime of thetaskusingthefunctionWCRT (task, thr eshold) andcomparingt with
its deadline. Note that, the responsdime calculationis possibleeven with a partial assignmensincewe
considettasksfrom low priority to high priority.

It is easyto seethe worst-casesearchspacefor this algorithmis O(n?). The algorithmis optimalin

the sensdhatif thereexistsa preemptionthresholdassignmenthatcanmakethe systemschedulablegur



algorithmwill alwaysfind anassignmenthatensureshe schedulability The optimality of thealgorithmis

givenin thefollowing Theorenyd.3.

Theorem 4.3 Givena fixedpriority assignmentthe algorithm AssignThresholdswill find a feasiblepre-

emptionthresholdassignmentf there existsone

Proof:  Assumeasetof n tasks7T = {r; | 1 < ¢ < n}, with a priority assignmenil = (x;,..., 7).
Without lossof generality assumehatthe taskshave beenlabeledsuchthatz; = . Furthermorelet the
tasksetbe schedulablevith a setof preemptiorthresholdvaluesl’ = {v; | (1 <i < n)}.

The algorithmassigngreemptiorthresholdgo thetasksstartingfrom , andgoinguptor,,. Letthe
preemptionthresholdsound by the algorithmbe labeledy;, 74, etc. Assumethattaskr; is the first task
suchthatthe preemptionthresholdfound by the algorithmis differentfrom the given feasibleassignment,
thatis, v/ # v;. Then,it mustbethecasethaty! < -;, otherwise pur algorithmwill find -; ratherthan-~,".
Basedon Theoremd.1, we know thatthetasksetwill still be schedulabléf we use~! to replacey; in the
above feasiblepreemptiorthresholdassignment.

By repeatedlyusingthe abore agument,we canseethat the algorithmwill alsofind a feasiblepre-

emptionthresholdassignmenfy; | v/ < v;,1 < ¢ < n}. O
4.3 Optimal Assignmentof Priorities and Preemption Thresholds

In thissectionwe addresshegeneraproblemof determininganoptimal(i.e.,onethatensureschedu-
lability) priority and preemptionthresholdassignmentor a given taskset. We give a branch-and-bound
searchalgorithmthatsearchesor the optimalassignmentWhethermoreefficient algorithmscanbe found
for this problem,remainsan openquestionat this time. Our algorithmborraws the basicideasfrom the
optimal priority assignmenalgorithmpresentedn [1, 18] for preemptve priority schedulingof a taskset.
Unfortunately the introductionof preemptionthresholdsnot only addsanotherdimensionto the search
spacebut alsobringsmorebranchesnto the searchmakingthe searchspacesxponentialin size.

Our searchalgorithm, presentedn Figure 3, proceedsy performinga heuristicguidedsearchon
“good” priority orderingsandthenwhena priority orderingis completejt usesthealgorithmpresentedn
theprevioussectionto find afeasiblethresholdassignmentlf afeasiblethresholdassignmenis foundthen
we aredone.If not,thealgorithmbacktrackgo find anotherpriority ordering.

The algorithmworks by dividing the task setinto two parts: a sortedpart, consistingof the lower
priority tasks,and an unsortedpart, containingthe remaininghigher priority tasks. The priorities for the

tasksin thesortedlist areall assignedThe prioritiesfor thetasksin theunsortedist areunassignedjut are



Algorithm: AssignSchedAttributes(7, )

/* TerminatingCondition;assignpreemptiorthresholds/
(1) if (7 =={}) then

/* Usealgorithmin Figure2 for preemptiorthresholdassignment/
(2) return AssignThresholds()
(3) endif

/* Heuristicallygeneatea priority assignment/

/* AssignHeuristicValueto Ead Task*/
(4) L:={};
(5) foreachr; € 7 do
(6) mi=m yk:=n; Ri:=WCRT(r);
(") if R > Dy then Continue ; /* prune*/
(8) vg =7k, Ri = WCRT(g);
(9) if R < Dg then

(20) Hy, := GetBlockingLimit(r); /* positivevalue*/
(11) else

(12) Hy := D, — Rg; [I* ngativevalue*/

(13) endif

(14) L:=L+7g;
(15) m=n;  [*resett/
(16) end

/* Recursivelyperformdepthfirst seach */
(17) while (L !'={}) do
/* Selecthetaskwith thelargestheuristicvaluenext */

(18) 7 := GetNetCandidate(L)

19) mg =,

(20) if AssignSchedAttritutes(/ — 7, 7+1) == SUCCESShen
(22) return SUCCESS

(22) endif

(23) L:=L-7g;

(24) end

(25) return FAIL

Figure 3. Search Algorithm for Optimal Assignment of Priority and Preemption Threshold



all assumedo behigherthanthehighestpriority in the sortedlist. Initially, thesortedpartis emptyandall
tasksarein theunsortedpart. Thealgorithmrecursiely movesonetaskfrom the unsortedist to thesorted
list, by choosinga candidatdaskbasedon heuristics asdescribedelon. Whenall tasksarein the sorted
list, acompletepriority orderinghasbeengeneratedandthethresholdassignmenalgorithmis called.

When consideringthe next candidateto move into the sortedlist, all tasksin the unsortedlist are
examinedin turn. To makethe searchmoreefficient, we selectthe “most promising” candidatefirst, using
a heuristicfunction, describedelow. If the algorithmfails to find a solutionwith that partial assignment,
it will backtrackandthenselectthe next task. Additionally, we pruneinfeasiblepathsby not considering
tasksthatcannotbe madeschedulablat the currentpriority level.

Figure 3 givesthe pseudocodeof the searchalgorithm,which is presentedsa recursie algorithm.
It takestwo parameters7, whichis the unsortedpart(containingall the taskswaiting for priority assign-
ment), andr, which is the next priority to assign. The tasksthat have beenassignecriorities are kept
separatelyandnot explicitly shovn in the pseudo-codepr preemptiorthresholdassignmenat the endof
thealgorithm.Thelist of candidateso searchs createdn L. Thecomputatiorof worst-caseesponsémes
assumethatall taskswith unassignegrioritieshave thehighestpriority, andthatall unassignegreemption

thresholdsreequalto thetaskpriority.

Pruning Infeasible Paths. First, we tentatively assigna taskthe currentpriority and computeits
responsémewith its preemptiorthresholdsetto thehighestpriority in thesystem If its computedesponse
time exceedsts deadlinethenthetaskcannothemadeschedulablatthis priority level (Theorem4.2). This
is becausewe assumat this stagethatall othertaskshave preemptiorthresholdsequalto their priorities.

Thereforewe prunesuchabranchto makethe searchmoreefficient.

Heuristic Function. To computethe heuristicfunction,we computethe responsdime for the task
by tentatively assigningt thecurrentpriority andassuminghatthe preemptiorthresholdequalsts priority.

Let Ry, bethecomputedesponsdor ataskry in thismanner Then,the heuristicfunctionis givenby:

H — BLy if Ry < Dy, (11)
Ri — Dy, else
where BL;, denoteshe blocking limit for 7. The blocking limit representshe maximumblocking that
the taskcangetwhile still meetingits responsgime. Note that at this stagesincewe have assumedhat
prioritiesequalpreemptiorthresholdsthereis no blocking. However, oncethe prioritiesarefully assigned,

it is possiblethatin the preemptionthresholdassignmenstagea lower priority task may be assigneda



thresholdthatis higherthanthis task,and cancauseblocking. The blockinglimit capturegshe maximum
blocking that a task cantoleratewhile still meetingits deadline. This can be computedby assigninga
blockingtermto thetask,repeatingheworst-caseesponsé¢ime computationandcheckingif it still meets
thedeadline.

Theblockinglimit is meaningfulif R < D. Otherwise,it is still possiblethat 7, maybe schedu-
lable at this priority with anappropriatgpreemptiorthreshold.Thustasksthatneeda smallerreductionin
interferencdrom higherpriority tasksarebettercandidate$or selection Accordingly, we assigraheuristic
valueof Dy — Ry, for eachtask.Notethatthesevaluesarenegative, while B Ly, is positive. Thus,suchtasks

have alower heuristicvalue,whichis asdesired.
4.4 A GreedyAlgorithm

Theefficiengy of the optimalalgorithmshovn above dependieaily onthe characteristicsf thetask
set.In theworstcasejt hasexponentialsearchspacen termof thenumberof tasks.Clearly, thisalgorithm
becomesnfeasibleto use,even with a modestnumberof tasks. Therefore we have developeda greedy-
heuristicalgorithm,which we usein our simulationsfor schedulabilitycomparison.The basicideaof this
greedyalgorithmis the sameasthe optimal algorithm. The only differencdiesin the branchingpart. The
optimalalgorithmwill try all possiblebranchedeforeit find a solution. However, the heuristicalgorithm
will only try theonethatis mostpromising,or in anothemword,the oneat theheadof the candidatdist.

This heuristicalgorithmdominateghe preemptve schedulingalgorithm,i.e., if atasksetis schedu-
lable with preemptve schedulingthenthe algorithmwill be able to find a feasibleassignmentaswell.
Thisis not surprisingsincethe algorithmextendsAudsley’s optimal algorithmfor priority assignmentOn
the otherhand,thereare casesvhenthe algorithmis not ableto find a feasibleassignmentwhena non-
preemptve priority assignmenalgorithmis ableto find a feasibleassignment.Sincea non-preemptie
priority assignmenis alsoa feasiblesolutionfor our model,the algorithmcanbetrivially extendedto use
the non-preemptie priority assignmenéalgorithmfirst, andthenusethis algorithm. Without actuallydoing
so,we assumehatthis is the case andthis extendedalgorithmis usedin our simulations.In this way, our

extendedalgorithmdominatedoth preemptve andnon-preemptie schedulingalgorithms.

5 Schedulability Impr ovement

Sinceour schedulingmodel subsume®oth preemptve and non-preemptie schedulingary taskset
thatis schedulablevith eithera purepreemptie or a non-preemptie scheduleiis alsoschedulablén our

model.In sectionl.1,we gave a simpleexampletaskset,whichis not schedulableindereitherpreemptve



or non-preemptie schedulingput canbe scheduledvith our model. Nonethelessit may be the casethat
ary suchschedulabilitimprovementcomesonly in exceptionalcasesandary suchimprovementmayonly
be maginal. Accordingly, in this sectionwe wantto quantify the schedulabilityimprovementthat may be
achieved by usingthis new model. Our strat@y is to userandomlygeneratedasksetsandtestfor their
schedulabilityunderthe differentschedulingnodels.

To compargheschedulabilityof atasksetunderdifferentschedulingpolicies,we needa quantitatve
measuremenOnepossibilityis to usethebinary measuref schedulabilityi.e., eithera tasksetis schedu-
lableor not. A bettermeasureandonethatis commonlyusedis the notion of breakdowrutilization [11].
Thebreakdovn utilization of atasksetis definedasthe associateditilization of atasksetat which adead-
line is first missedwhenthe computatiortime of eachtaskin thetasksetis scaledby afactor. In this paper

we usebreakdaevn utilizationsto measureschedulability
5.1 Simulation Design

We userandomlygenerategeriodictask setsfor our simulations. Eachtaskis characterizedby its
computatiortime C; andits periodT;. To keepthe numberof variablessmall,we assumehat D, = T; for
all tasks. We vary two parameterén our simulations:(1) numberof tasksnT asks, from 5 to 50; and(2)
maximumperiodfor tasksmazx Period, from 10to 1000. For ary givenpair of nTasks andmax Period,
werandomlygeneratd O0tasksets.

A tasksetis generatedby randomlyselectinga periodandcomputatiortime for eachof the nT asks.
First, aperiodT; is assignedandomlyin therange[1, maz Period] with a uniform probability distribution
function. Then,weassigrautilizationU; in therange[0.05, 0.5], againwith uniformprobabilitydistribution
function. Thecomputatiortime of thetaskis thenassignedsC; = T; * U;.

For eachrandomlygeneratedaskset,we measurehe breakdevn utilization for eachof (1) purepre-
emptie scheduling(2) non-preemptie schedulingand(3) schedulingwith preemptiorthreshold.We do
this by scalingthe computatiortimesto getdifferenttasksetutilization, andthentestingfor schedulability
Sincetherandomlygeneratedasksetsmay have utilization greaterthanl to begin with, we initially scale
the utilization to 100%. We thenusebinary searcho find the maximumutilization at which the tasksetis

schedulableindera particularschedulingalgorithm.
5.2 Attrib ute Assignment

Beforewe cando the responsdime analysiswith a particularschedulingalgorithm,we mustderive

the schedulingattributes. In the caseof preemptve and non-preemptie schedulingalgorithms,the only



schedulingattributeis task priority, while for the preemptiorthresholdscheduling both task priority and
preemptionthresholdmustbe derived. We derive optimal priority assignment$or both preemptve and
non-preemptie schedulingalgorithms. For the preemptve case,the optimal priority assignments sim-
ply the rate-monotoni@ssignmenfl4]. For the generalcase with arbitrarydeadlinesAudsley’s optimal
priority assignmenalgorithm[1] canbe used.For non-preemptie schedulingwe useoptimal priority as-
signmentalgorithmpresentedn [5] which is basicallythe sameasAudsley’s algorithm,but adaptedor
non-preemptie scheduling.For schedulingwith preemptiorthresholdswe usethe greedy-heuristialgo-
rithm presentedn lastsectionasan efficient approximatiorto assignprioritiesandpreemptiorthresholds.
Thetime compleity of this algorithmis the sameasAudsley’s algorithm. This providesa fair groundfor

comparisorbetweerthealgorithms.
5.3 Simulation Results

In this section,we describethe resultsfor schedulabilityimprovement(as measuredy breakdevn
utilization) using preemptionthresholds. As mentionedearlier we controlledtwo parameters(1) num-
ber of tasks(nTasks), and (2) maximumperiod (max Period). We did the simulationsfor nTasks €
{5, 10, 15, 20, 25, 30, 35,40, 50} and maz Period € {10,20,50,100,500,1000}. For eachtaskset,we
measuredhebreakdavn utilizationfor eachof thethreecasespurepreemptve schedulingnon-preemptie
schedulingandpreemptve schedulingvith preemptiorthreshold.

In Figures4 and5 we show theschedulabilitymprovementasthenumbetrof taskss varied. Theresults
areshavn for maz Period = 10 and100;theresultsaresimilar for othervalues.In eachcase we plot the
averageandmaximumincreasen breakdaevn utilizationwhenusingpreemptiorthresholdsFigure4 showvs
schedulabilityimprovementascomparedo pure preemptie priority scheduling.As the plot showns, when
looking at averageimprovement,thereis a modestimprovementin schedulability(3%-6%), depending
on the numberof tasks. As the numberof tasksincreasesthe improvementtendsto decrease Perhaps,
moreinterestingis the plot for maximumincreasewhich shows that the schedulabilityimprovementcan
be ashigh as 18% improvementin breakdaevn utilization for selectedask sets,althoughonceagainthe
improvementdecreaseasthe numberof tasksis increased.

Theresultsshaving theschedulabilityimprovementwith non-preemptie schedulingaremorevaried.
First, for mostrangesof the parameterghe schedulabilityimprovementis muchmorethanthe preemptve
case(whichalsomeanghatpreemptve schedulinggiveshigherbreakdevn utilization,ascomparedo non-
preemptve scheduling) Theresultshouldnot besurprisingsincenon-preemptie schedulingperformsvery

badlyevenif onetaskhasatight deadlineandary othertaskhasalarge computatiortime. In suchcases,



thebreakdavn utilization canbe arbitrarily low, ascanbeseenin Figure5(b).

While non-preemptieschedulingperformspoorlyin generalthereareselecteadasesvhenit performs
betterthanpreemptve schedulingandbetterthanour heuristicalgorithmfor preemptiorthreshold.Note,
however, thatwe assumehatour heuristicalgorithmis augmentedvith the schedulabilitycheckusingnon-
preemptve scheduleaswell, andsoin the plotsthosecasesimply shav up aszeropercenimprovement.
Theseresultscanbe seenin Figure5(a), wherenon-preemptie schedulingperformsthe bestof all three
whennTasks > 20; similarresultsareobtainedor othersmallervaluesof maxz Period, butthiseffectgoes
away whenmaz Period = 100 or more. Thereasorfor thisis thatwith large numberof tasks,anda small
valueof maz Period, the computationtimesfor all tasksaresmall. This meanghatary blocking caused

by non-preemptiomaslittle effect on schedulabilitywhich givesriseto higherbreakdaevn utilization.

6 PreemptionOverheads

The applicationof our fixed priority schedulingmodelwith preemptionthresholdnot only provides
better schedulability but also may reducethe numberof preemptionsas comparedio pure preemptve
schedulingIndeed this wasoneof the primary motivationsbehindthe developmentof preemptiorthresh-
old in the ThreadXoperatingsystem[10]. Certainly in the extremecaseif atasksetis schedulableising
non-preemptie schedulingthenthereare no preemptions Even otherwise we expectthatthe useof pre-
emptionthresholdshouldpreventsomeunnecessargreemptions.

Onepossiblebenefitbroughtby reducedoreemptionss furtherimprovementin schedulabilitywhen
theschedulingverheactausedy preemptionss takeninto account.Typically, suchanalysisassociatetwo
contet switchespertask,andthatoverheads addedo the computatiortime of atask[18]. Unfortunately
it doesnot seemthatthis canbereducedin theworst-caseyvith the useof preemptiorthresholdsOnthe
otherhand,if we canshaow thattherearereducednumberof preemptiongon an average) thenary such
time savingsimpliesthatthe processors availablefor otherbackground/soft-real-timebs,which canonly
bebeneficial.

In this section,we first shav how the numberof preemptionsn a given(schedulablejasksetcanbe
reducedn a systematiananneywhile maintainingschedulability We thenusesimulationresultsto seeif

thereis ary substantiafeductionin the numberof preemptions.
6.1 PreemptionThresholdAssignmentto ReducePreemptions

Clearly ary feasibleassignmenof priorities and preemptiorthresholdswill be no worsethanpure

preemptve scheduling.However, for a giventask set(and assuminghat priorities are given), theremay
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Figure 4. Schedulability Improvement with Preemption Threshold as compared to Preemptive

Scheduling.

be severalfeasiblethresholdassignmentsandsomewill reducepreemptionsnorethanothers. Earlierin
this paper we presentecn optimal algorithmto assignpreemptiorthresholdgFigure 2). Thealgorithm
attemptgo assignthe smallestfeasiblepreemptiorthresholdvalueswhich wasnecessaryo ensuréts op-
timality. However, it is possiblethatthereare otherfeasibleassignmentwith largerpreemptiorthresholds
thatwill incurfewer preemptions.

Our approachto reducepreemptionds to usethe assignmengeneratedy our optimal threshold
assignmen&sa startingpoint. Then,we iterateover the solutionandattemptto assignthe largestfeasible

preemptiorthresholdvaluesto taskssuchthatthe tasksetremainsschedulableClearly, larger preemption



100

T T
Average —~—
Maximum -+--

80
60 -

40 -

Increase in Breakdown Utilization

20

L L b Y e 4 e e
5 10 15 20 25 30 35 40 45 50
Number of Tasks

(a) MaximumPeriod= 10

100

T T
Average —~—
Maximum -+--

80
60

20

Increase in Breakdown Utilization

. . . . . . . . . .
5 10 15 20 25 30 35 40 45 50
Number of Tasks

(a) MaximumPeriod= 100

Figure 5. Schedulability Improvement with Preemption Threshold as compared to Non-

Preemptive Scheduling.

thresholdvaluesreducethe chance®of preemptionsandtherefore shouldresultin lesspreemptions.
Figure6 givesthe algorithmthat attemptdo assignlarger preemptiornthresholdvaluesto tasks. The
algorithmconsider®netaskatatime, startingfrom thehighestpriority task,andtriesto assignit thelargest
thresholdvaluethat will maintainthe feasibility of the system. We do this one stepat a time, and check
the responsdime of the affectedtaskto ensurethatthe systemstaysschedulable By going from highest
priority taskto the lowestpriority task,we ensurethatary changen the preemptiorthresholdassignment
in latter (lower priority) taskscannotincreasehe assignmenof aformer (higherpriority) task,andthuswe

only needto go throughthelist of tasksonce.



Algorithm: AssignMaximum Preemption Thresholds

/* Assumethattaskpriorities are fixed,anda */

* setof feasiblepreemptiorthresholdsare assigned/
(1) for(i:=ndowntol)
(2) while (schedulable= TRUE) && (vy; < n)
3 vi +=1; [* try alargervalue*/
4) Let 7; bethetasksuchthatr; = ;.

[* Calculatetheworst-caseesponséime of taskj

andcompaeit with deadline*/

(5) R; = WCRT(7;);

(6) if (R; > D;) then// Taskj is notschedulable
@) schedulable= FALSE

(8) vi =1,

(9) endif

(20) end

(11) schedulable= TRUE

(12) end

(13) return

Figure 6. Algorithm for Finding Maximum Preemption Threshold

6.2 Simulation Designand Results

We usethe samerandomlygeneratedasksetsthatwe usedin the previous section. We simulatethe
executionof atasksetfor 100000time units, andtrack the numberof preemptions With maz Period =
1000, this givesat least1000instancef eachtaskin a simulationrun. We wantto seethe savingsin
preemptionsvhenusingpreemptiorthresholdsascomparedo pure preemptve scheduling.Accordingly,

we usepercentageeductionin the numberof preemptionssthe metric,whichis definedas:

NumPreemptions, — NumPreemptions,;

- *x 100
NumPreemptionsy;
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where NumPreemptions, and NumPreemptions, arethe numberof preemptionsencounteredn a
particularsimulationrun with preemptve schedulingandpreemptiorthresholdschedulingespectiely.

We did onesimulationrunfor eachtasksetgeneratedh thesimulationsof Section3. Thecomputation
timesfor the taskswerechoserby scalingthemto the largestvalueat which the tasksetwasschedulable
underpreemptve schedulindi.e. thebreakdaevn utilization). We assignegbrioritiesto thesetasksetsusing
therate-monotonigoptimal) algorithm. We usethe samepriorities for the preemptiornthresholdcase but
additionallyassignegreemptionthresholdgo the tasksasdescribedabore. Thatis, we first generated
feasibleassignmenof preemptiorthresholds.Then,we usedthe algorithmin Figure6 to assigna new set
of preemptiorthresholds During the simulation,we randomlyassignedheinitial arrival time of eachtask
; in therange(0, T;].

We plot the averagepercentageeductionin the numberof preemptiondor preemptionthreshold
schedulingascomparedo preemptve scheduling Theresultsareshavn in Figure7. As canbeseenin the
figure, thereis a significantreductionin preemptiongor small numberof tasks,but it tapersdown to less
than5% asthe numberof tasksis increasedAlso, for ary givennumberof tasks the numberof reductions

is largerfor largervaluesof max Period, i.e.,whenthe periodrangeis larger.



7 RelatedWork

Like mary papersn real-timeliterature,our work hasrootsin real-timeschedulingln thelasttwenty
years,schedulingheoryhasbeenwidely studiedto provide guidelinesfor developinghardreal-timesys-
tems. Mary resultshave beenproducedfor non-idling schedulingover a single processar Theseresults
fall into two cateyories: fixed-priority scheduler@nd dynamicpriority schedulers Alternatively, onecan
catgorizethescheduleraspreemptve or non-preemptie. While dynamicpriority schedulerganachieve
higher schedulabilityfor task sets,fixed priority schedulersaare commonly preferreddueto lower over-
headdn implementationMoreover, mostcontemporaryeal-timeoperatingsystemgrovide directsupport
for fixed priority preemptve schedulingandalmostnoneprovide supportfor dynamicpriority scheduling
algorithmssuchasearliestdeadlinefirst (although the priority canbe changedrom the application).

Schedulabilityanalysidn fixed priority preemptve schedulings oftenbasedn computingtheworst-
casaesponséimesandby comparinghemwith deadlinesThenotionof level-i busyperiodwasintroduced
by Lehoczly [12] andcomputatiorof the worst-caseesponsdime for generakasksetsis shovnin [9, 8,
12, 18].

With fixed-priority preemptve scheduling,the deadlinemonotonicorderinghasbeenshavn to be
optimal[13] for tasksetswith relative deadlinedessthanor equalto periods.A specialcaseof thedeadline
monotonicorderingis the rate monotonicorderingwhen deadlinesequal periods[14]. However, for a
generaltaskset, wheredeadlinesare not relatedto the periods,Lehoczly [12] pointedout that deadline
monotonicorderingis not optimal. Audsley [1, 18 givesan optimal priority assignmenprocedurewith
complity of O(n?).

Deadlinemonotonicpriority orderingis no longeroptimal in the contet of non-preemptie fixed-
priority schedulingof generaltask set. However, it is optimal for a task setwith deadlinedessthanor
equalto periodsif smallerdeadlinempliessmalleror equalcomputatiortime [5]. Furthermoretheoptimal
priority assignmenalgorithmproposedy Audsley [1] is shavn to be still valid [5]. Thefeasibility is still
closelyrelatedwith computatiorof worst-caseesponsdime. Moreover, the level-i busy periodanalysisis
alsovalid in the contect of non-preemptie scheduling5].

The schedulingwork that comesclosestto oursis the schedulingof taskswith varying execution
priorities[8, 4]. In [8], schedulabilityanalysisfor taskswith varying executionprioritiesis given, andin
fact it is recognizedhat the schedulabilityof a task setcanbe improved by increasinga task’s priority
sometimeduring its execution. The samegeneralideais usedin [4] with dual priority schedulingexcept

thatthe taskpriority is raisedafter a fixed amountof (real) time. The notion of preemptiorthresholdcan



beviewedasa specialcaseof schedulingwith varyingexecutionpriorities. However, our work differsfrom
thesen thatwe go beyondresponséime analysisandfocuson schedulingattributeassignment.

Ourwork on priority andpreemptiorthresholdassignmentor tasksis relatedto the generalproblem
of assigningfeasibletaskattributes. Besideshe priority assignmenalgorithmsmentionedabove, several
researcherBave addressethis problemin differentcontets. In [6] feasibletaskattributessuchasperiods,
deadlinesand offsetswere derived from end-to-endiming requirementspecifiedon systeminputs and
outputs.Thework hasbeenfollowedup by anumberof otherresearchergddressinglifferentvariationsof
feasibletaskattributeassignmenproblem[3, 15, 16, 7].

Thenotionof preemptiorthresholds usedin variousothercontexts. Mostnotably it is usedto avoid
unboundegpriority inversiondn priority ceiling protocols[17, 2] by raisingthe priority of ataskwhile in a

critical section.

8 Concluding Remarks

We presenta generalizedixed-priority schedulingmodel with the notion of preemptionthreshold.
This modelbridgesthe gapbetweerpreemptve andnon-preemptie schedulingandincludesboth of them
as specialcases. It capturesthe bestof both models,and as a resultit canfeasibly scheduletask sets
which arenot feasiblewith eitherpurepreemptve schedulingpr non-preemptie schedulingln this paper
we presentsimulationresultsover randomlygeneratedask setsshoving our model achieves substantial
improvementof the schedulablautilization of task setsover both preemptve and non-preemptie cases.
Furthermoreusingthe concepf level-i busy period,we derive the equationfor computingtheworst-case
responséime of periodicor sporadidasksin this generaimodel.

Usingthis analysiswe addressethe problemof finding anoptimal priority orderingandpreemption
thresholdassignmenthat ensureschedulability Basedon the theoreticalresultswe developedunderthe
model,we proposedan efficient algorithmfor finding optimal preemptionthresholdassignmentor a task
setwith predefinedpriority. Finally using this thresholdassignmengalgorithm, we develop an optimal
searchalgorithmto find the optimal prioritiesandpreemptiorthresholdsA heuristicalgorithm,which will
dominateboth preemptve andnon-preemptie schedulings alsoproposedo achieve betterefficiency.

Oneinterestingaspectof this new schedulingmodelis thatit achievesbetterschedulabilitywithout
increasingthe overheads.This is in sharpcontrastto dynamicpriority schemessuchasearliestdeadline
first, which achieve higherschedulableitilization at the costof significantlyhigheroverheadsascompared
to fixed priority scheduling.The only additionalcostof this new schedulingnodelis an extra field to be

associatewvith tasks(for keepingtheir preemptiorthresholdvalues).With a minor modification thekernel



canswitch betweenthe normalpriority andthe preemptionthresholdof a task,asdictatedby the model.
Contrastthis with the dual-priority schemeof Burns [4], wherethe implementatiorcostsare non-trivial.
We alsonotethatthe modelcanbe easilyemulatedat userlevel, whenit is not supportedoy a real-time
kernel.Of coursethereis anadditionalcostin this caseto changepriorities.

Not only doesthis new schedulingnodelnotaddary additionaloverheadsit canreduceoverheaddy
incorporatingthe bestaspectof non-preemptie schedulingnto the preemptve schedulingnodel. Thus,
themodelcanbe usedto introduceonly enoughpreemptabilityasis necessaryo achieve feasibility. In this
way, it canbe usedto reduceschedulingoverheaddy reducingthe numberof preemptionsOur simulation
resultssupporthis conjectureandshaw thatin mary casesherecanbeamarkedreductionn preemptions,

makingthe CPUbandwidthavailablefor backgroundandsoftreal-timepriority tasks.
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