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Abstract

The problemof real-timeschedulingspansa broadspectrunof algorithmsfrom sim-
ple uniprocessoto highly sophisticatedmultiprocessorschedulingalgorithms. In this
paper we study the characteristiceand constraintsof real-time taskswhich shouldbe
scheduledo be executed.Analysismethodsandthe conceptof optimality criteria, which
leadsto designappropriateschedulingalgorithms will alsobeaddressedThen,we study
real-timeschedulingalgorithmsfor uniprocessosystemswhich canbe divided into two
major classes:off-line and on-line. On-line algorithmsare partitionedinto either static
or dynamic-prioritybasedalgorithms. We discussboth preemptve and non-preemptie
static-priority basedalgorithms. For dynamic-priority basedalgorithms,we study the
two subsetspamely planningbasedandbesteffort schedulingalgorithms. Someof the
uniprocessoschedulingalgorithmsareillustratedby examplesin the Appendix. Multi-
processoschedulingalgorithmsis anotherclassof real-timeschedulingalgorithmswhich
is discussedn the paperaswell. We alsodescribeechniquego dealwith aperiodicand
sporadicasks precedenceonstraintsandpriority inversion.

*Thiswork wassupportedy the NaturalScienceandEngineeringResearctCouncilof Canada.



1 Real-Time Systems

1.1 Intr oduction

In the physical world, the purposeof a real-timesystemis to have a physical effect within a
chosentime-frame. Typically, a real-timesystemconsistsof a controlling system(computer)
anda controlledsystem(ervironment). The controlling systeminteractswith its ervironment
basedninformationavailableabouttheenvironment.Onareal-timecomputerwhichcontrols
adevice or processsensorwill provide readingsat periodicintervals andthe computemust
respondby sendingsignalsto actuators. There may be unexpectedor irregular eventsand
thesemustalsoreceve aresponseln all casestherewill be atime boundwithin which the
responsshouldbedelivered.Theability of thecomputeto meetthesedemandsiepend®nits
capacityto performthe necessargomputationsn the giventime. If anumberof eventsoccur
closetogetheythe computerwill needto schedulehe computationso that eachresponsas
provided within the requiredtime bounds. It may be that, even so, the systemis unableto
meetall the possibleunexpecteddemandslin this casewe saythatthe systemlackssufficient
resourcesa systemwith unlimitedresourcesindcapableof processingtinfinite speedcould
satisfyarny suchtiming constraint.Failureto meetthetiming constrainfor aresponseanhave
differentconsequencetheremaybeno effectatall, or theeffectsmaybeminoror correctable,
or theresultsmay be catastrophicEachtaskoccurringin a real-timesystemhassometiming
properties.Thesetiming propertieshouldbe consideredvhenschedulingasksonareal-time
system.Thetiming propertiesof a giventaskreferto thefollowing items[30, 33, 59, 21]:

¢ Releasdime (or readytime): Time atwhich thetaskis readyfor processing.

e Deadline Time by which executionof the taskshouldbe completed after the taskis
released.

e Minimumdelay Minimum amountof time thatmustelapsebeforethe executionof the
taskis started afterthetaskis released.

¢ Maximumdelay Maximum permittedamountof time thatelapsedeforethe execution
of thetaskis started afterthetaskis released.

e \Wbrst caseexecutiontime Maximumtime takento completethe task, after the taskis
released.The worst caseexecutiontime is alsoreferredto asthe worst caseresponse
time

e Runtime Timetakenwithoutinterruptionto completethetask,afterthetaskis released.

e \\eight(or priority): Relatve urgeng of thetask.



Real-timesystemspanabroadspectrunof compleity from very simplemicro-controllers
to highly sophisticatedcomple< anddistributedsystems Someexamplesof real-timesystems
include processcontrol systemsflight control systemsflexible manugcturingapplications,
robotics,intelligenthighway systemsandhigh speedandmultimediacommunicatiorsystems
[30, 33,59, 26,12, 5, 21, 47].

Theobjective of acomputercontrollermightbeto commandherobotsto move partsfrom
machinego corveyorsin somerequiredfashionwithout colliding with otherobjects. If the
computercontrolling a robot doesnot commandit to stopor turn in time, the robot might
collide with anotherobjecton thefactoryfloor.

A real-timesystemwill usually have to meetmary demandswithin a limited time. The
importanceof the demandsnay vary with their nature(e.g. a safety-relatedlemandmay be
moreimportantthana simpledata-loggingdemand)or with the time availablefor aresponse.
Sotheallocationof thesystenresourceseedso beplannedsothatall demandsremetby the
time of their respectre deadlinesThis is usuallydoneusinga schedulewhich implementsa
schedulingoolicy thatdeterminefiow theresourcesf thesystemareallocatedo theprogram.
Schedulingyoliciescanbeanalyzednathematicallysothe precisionof theformal specification
andprogramdevelopmentstagescanbe complementedby a mathematicatiming analysisof
the programpropertied30, 59, 12).

With large andvariableprocessindoads,it may be necessaryo have morethanonepro-
cessoin thesystem.If taskshave dependenciegalculatingtaskcompletiontimeson a multi-
processosystemss inherentlymoredifficult thanon a single-processmsystem.

Thenatureof the applicationmay requiredistributedcomputing,with nodesconnectedy
communicatiorlines. The problemof finding completiontimesis theneven moredifficult, as
communicatiorbetweertaskscannow take varyingtimes[59].

1.2 Real-Time Systems

In this sectionwe presentaformal definitionof real-timesystemsAs we mentionedn Section
1.1, real-time systemsare definedas thosesystemsin which the correctnes®of the system
dependsotonly onthelogical resultof computationput alsoonthetime atwhich theresults
are produced. If the timing constraintsof the systemare not met, systemfailure is saidto
have occurred Hence|t is essentiathatthetiming constraintof the systemareguaranteeto
be met. Guaranteeingiming behaior requiresthatthe systembe predictable Predictability
meanghatwhenataskis activatedit shouldbe possibleto determinats completiontime with
certainty It is alsodesirablehatthe systemattaina high degreeof utilization while satisfying
thetiming constraintf the system[59, 33,30, 12,5].

It is imperatve thatthe stateof the environment,asreceved by the controlling system be
consistenwith the actualstateof the ervironment. Otherwise the effects of the controlling



systems’actvities may be disastrous.Therefore,periodic monitoring of the ervironmentas
well astimely processingf the sensednformationis necessarys9, 30].

A real-timeapplicationis normallycomposeaf multiple taskswith differentlevelsof crit-
icality. Although missingdeadliness not desirablein areal-timesystem softreal-timetasks
couldmisssomedeadlinesandthe systemcould still work correctly However, missingsome
deadlinedor soft real-timetaskswill leadto payingpenalties.On the otherhand,hard real-
timetaskscannotmissary deadline ptherwiseundesirabler fatalresultswill be producedn
the system.Thereexists anothergroupof real-timetasks,namelyfirm real-timetasks which
aresuchthatthe soonetthey finishtheir computationdeforetheir deadlinesthe morerewards
they gain[30, 59, 33].

We canformally defineareal-timesystemasfollows.

Considera systemconsistingof a setof tasks, T’ = {7, 7, ..., 7, }, wherethe worst case
executiontime of eachtaskr; € T is C;. The systemis saidto be real-timeif thereexists at
leastonetaskr; € T, whichfalls into oneof thefollowing cateyories:

(1) Taskr; isahard real-timetask.Thatis, theexecutionof thetaskr; shouldbecompleted
by agivendeadlineD;; i.e.,C; < D;.

(2) Taskr; is asoft real-timetask. Thatis, thelaterthetaskr; finishesits computatiorafter
agivendeadlineD;, themorepenaltyit pays.A penaltyfunction P(7;) is definedfor the
task.If C; < D;, thepenaltyfunction P(7;) is zero.OtherwiseP(r;) > 0. Thevalueof

P(7;) isanincreasingunctionof C; — D;.

(3) Taskr; is afirm real-time task. Thatis, the earlierthe task; finishesits computation
beforeagivendeadlineD;, themorerewardsit gains. A rewardfunction R(r;) is defined
for thetask. If C; > D;, therewardfunction R(r;) is zero. OtherwiseR(r;) > 0. The
valueof R(r;) is anincreasindgunctionof D; — C;.

Thesetof real-timetasksT” = {7, 7, ..., 7, } canbeacombinationof hard,firm, andsoft
real-timetasks.

Let T's bethesetof all softreal-timetasksin 7'; i.e., Ts = {7s1,7s.2, ..., Ts, } With 75; € T..
The penaltyfunction of the systemis denotedby P(T"), where

l

P(T)=>_ P(rs;)

i=1
Let T be the setof all firm real-timetasksin 7'; i.e., Tr = {7r1, Tr2,..., Trr} With
7r; € T. Therewardfunctionof thesystemis denotedoy R(7T"), where
k

R(T) =>_ R(7r;)

i=1
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1.3 ProblemsThat SeemReal-Time but Are Not

Sometimeshe concepiof real-timeis misunderstoodT hefollowing casesaregivento clarify
this[69, 70].

e Onewill occasionallyseereferenceso “real-time” systemsvhenwhatis meantis “on-
line”, or “an interactve systemwith betterresponsdime thanwhatwe usedto have”.
Thisis not alwayscorrect. For instancea systeminteractingwith a humanandwaiting
for apersons responses not real-time. This is becausehe systemis interactingwith a
humanwho cantoleratehundredsf millisecondsof delayswithout a problem.In other
words,sinceno deadlines givenfor ary task,it is notareal-timesystem.

A real-life exampleis standingin a line waiting for the checlout in a grocerystore. If

the line cangrow longerandlongerwithout bound, the checlout processs not real-
time. But, if thelengthof theline is bounded customershouldbe sened and output
asrapidly, on average asthey arrive into theline. Thegrocermustlosebusinesor pay
a penaltyif theline grows longerthanthe determinedound. In this casethe systemis
real-time. The deadlineof checlout processlependn the maximumlengthgivenfor

theline andthe averageservingtime for eachcostumer

¢ In digital signalprocessindDSP),if a procesgequires2.01secondgo analyzeor pro-
cess2.00secondf soundi,it is notreal-time. If it takes1.99secondsit is (or canbe
madeinto) areal-timeDSPprocess.

e Onewill alsoseereferencedo real-timesystemsvhenwhatis meantis just “fast”. It
might be worth pointing out that“real-time” is not necessarilysynorymouswith “f ast”.
For exampleconsidera robotthat hasto pick up somethingirom a corveyor belt. The
objectis moving, andtherobothasa smallwindow of time to pick it up. If therobotis
late,theobjectwon’t bethereanymore,andthusthejob will have beendoneincorrectly
eventhoughthe robotwentto theright place. If the robotis too early there,the object
won’t bethereyet, andtherobotmayblockit.

1.4 Real-Time Scheduling

For a given setof jobs, the generalschedulingproblemasksfor an orderaccordingto which
thejobsareto beexecutedsuchthatvariousconstraintaresatisfied.Typically, ajob is charac-
terizedby its executiontime, readytime, deadline andresourcaequirementsThe execution
of ajob mayor may not be interrupted(preemptve or non-preemptie scheduling).Over the
setof jobs, thereis a precedenceelationwhich constrainghe orderof execution. Specially
the executionof a job cannotbegin until the executionof all its predecessorg&ccordingto



the precedenceelation) is completed. The systemon which the jobs areto be executedis
characterizetby theamountf resourceswvailable[22, 59, 30, 32,27, 12].
Thefollowing goalsshouldbe consideredn schedulingareal-timesystem:[30, 32, 27].

¢ Meetingthetiming constraintf the system
¢ Preventingsimultaneousiccesso sharedesourcesnddevices

e Attaining a high degreeof utilization while satisfyingthe timing constraintf the sys-
tem; however thisis nota primarydriver.

¢ Reducinghe costof context switchescausedy preemption

¢ Reducingthe communicatiorncostin real-timedistributed systemswe shouldfind the
optimalwayto decomposéhereal-timeapplicationinto smallerportionsin orderto have
the minimum communicatiorcostbetweermmutualportions(eachportionis assignedo
acomputer).

In addition,thefollowing itemsaredesiredn adwancedeal-timesystems:

e Consideringa combinationof hard,firm, andsoft real-timeactvities, which impliesthe
possibility of applyingdynamicschedulingpoliciesthatrespecthe optimality criteria.

e Taskschedulingor a real-timesystemwhosebehaior is dynamicallyadaptve, recon-
figurable reflexive andintelligent.

e Coveringreliability, security andsafety

Basically the schedulingproblemis to determinea scheduldor the executionof the jobs
sothatthey areall completedbeforethe overall deadling22, 59, 30, 32,27, 12].

Given a real-timesystem,the appropriateschedulingapproactshouldbe designedased
on the propertiesof the systemandthe tasksoccurringin it. Thesepropertiesareasfollows
[22, 59, 30, 32]:

e Soft/Hard/Firm real-time tasks

Thereal-timetasksareclassifiedashard,softandfirm real-timetasks.This is described
in Sectionl.2.

e Periodic/Aperiodic/Sporadic tasks

Periodictasksarereal-timetaskswhich areactivated(releasedyegularly at fixed rates
(periods). Normally, periodic taskshave constraintswhich indicatesthat instancesof
themmustexecuteonceperperiod P.



Aperiodictasksarereal-timetaskswhich areactivatedirregularly at someunknavn and
possiblyunboundedate. Thetime constraints usuallya deadlineD.

Sporadictasksare real-time taskswhich are actvated irregularly with some known
boundedate. Theboundedateis characterizethy a minimuminter-arrival period,that
is, aminimuminterval of time betweenwo successie activations. Thetime constraints
is usuallyadeadlineD.

An aperiodictaskhasa deadlineby which it muststartor finish, or it may have a con-
strainton both startandfinish times. In the caseof a periodictask,a periodmeansonce
perperiod P or exactly P unitsapart.A majority of sensoryprocessings periodicin na-
ture. For example,aradarthattracksflights produceslataatafixedrate[32, 29,27, 12)].

Preemptive/Non-preemptive tasks

In somereal-time schedulingalgorithms, a task can be preemptedf anothertask of
higherpriority becomeseady In contrasttheexecutionof anon-preemptie taskshould
be completedwithoutinterruption,onceit is started 32, 30,27, 12].

Multiprocessor/Single processor systems

The numberof the available processorss one of the main factorsin decidinghow to
schedulea real-timesystem.In multiprocessoreal-timesystemsthe schedulingalgo-
rithmsshouldpreventsimultaneousccess$o sharedesourceanddevices. Additionally,
thebeststratgy to reducethe communicatiorcostshouldbe provided[32, 27].

Fixed/Dynamic priority tasks

In priority drivenschedulinga priority is assignedo eachtask. Assigningthe priorities
canbedonestaticallyor dynamicallywhile the systemis running[22, 59, 30, 32, 12].

Flexible/Static systems

For schedulingareal-timesystemwe needo have enoughinformation,suchasdeadline,
minimum delay maximumdelay run-time,andworstcaseexecutiontime of eachtask.
A majority of systemsassumehat much of this informationis available a priori and,
hence arebasedon staticdesign.However, someof thereal-timesystemsaredesigned
to bedynamicandflexible [22, 59, 30, 32, 12].

| ndependent/Dependent tasks

Given areal-timesystem,a taskthatis goingto startexecutionmay requireto receve
theinformationprovided by anothertaskof the system. Therefore executionof a task
shouldbe startedafterfinishingthe executionof theothertask. Thisis theconcepf de-
pendenyg. Thedependentasksusesharednemoryor communicatedatato transferthe



informationgeneratedby onetaskandrequiredby the otherone.While we decideabout
schedulingof a real-timesystemcontainingsomedependentasks,we shouldconsider
theorderof the startingandfinishingtime of thetasks[22, 59, 30, 32].

1.5 Overview

This paperis organizedasfollows.

Section2 containsa descriptionof the processof modelingreal-timeproblems,defining
their optimality criteria, and providing the appropriateschedulingalgorithms.\V¢ also study
thetwo mostpopularalgorithmsthatoptimally schedulauniprocessoreal-timesystems.

In Section3, the real-time schedulingalgorithmsare classified. We study off-line/on-
line schedulingalgorithmsfor uniprocessor/multiprocesspreemptve/non-preempie fixed-
priority/dynamic-prioritysystemsWe alsopresensomealgorithmsasexampledor theclasses
of thealgorithms.

In Section4, we discusssometechniquego dealwith precedenceonditions,priority in-
version,aperiodicandsporadidaskswhile schedulingeal-timesystems.

Finally, Section5 containsconclusionsandsomesuggestion®f openproblemsfor future
research.

In the Appendix,someof the real-timeschedulingalgorithmsareillustratedusing exam-
ples.

2 Methodsand Analysis

2.1 Motivation

Oneconcernin the analysisanddevelopmentof stratgiesfor taskschedulings the question
of predictabilityof the systems behaior. The concepbof predictabilitywasdefinedin Section
1.2.If thereis no sufficientknowledgeto predictthe systems behaior, especiallyif deadlines
have to be met, the only way to solve the problemis to assumeupperboundson the process-
ing times. If all deadlinesare metwith respectto theseupperbounds,no deadlineswill be
exceededor the realtask processingimes. This approachs often usedin a broadclassof
computercontrol systemsworking in real-timeenvironments,wherea certainsetof control
programsmustbe processedbeforetaking the next samplefrom the samesensingdevice. In
the following sectionswe study someof the methodsandtechniqueghat areusedto model
real-timeproblems definetheir optimality criteria,andprovide the appropriateschedulingal-
gorithms[30, 32].



2.2 SchedulingModels and Problem Complexity

The schedulingproblemsconsideredn this paperare characterizedy a setof tasksT =
{71, 72, ..., 7»} anda setof processos (madines)r = {m,m,..., 7, } on which the tasks
areto be processedBesidesprocessorstasksmay requirecertainadditionalresouces kR =
{R1, Rs, ..., Ry} duringtheirexecution.Schedulinggenerallyspeakingmeangheassignment
of processorfrom 7 andresource$rom R to tasksfrom 7" in orderto completeall tasksunder
certainimposedconstraints.In classicalschedulingheoryit is alsoassumedhateachtaskis
to beprocessethy at mostoneprocessoatatime andeachprocessors capableof processing
atmostonetaskatatime [27].

We begin with an analysisof processorsg = {m, m, ..., 7 }. Therearethreediffer-
enttypesof multiprocessosystems:identical processos, uniform processos and unrelated
processos. They arediscussedn Section3.2.

By an additional resouce we understand “f acility”, besidesprocessorsfor which the
taskscompete.

Let us now considerthe assumptionsssociatedvith the taskset7". In general,a task
7; € T'is characterizetby thefollowing data.

o Releasdime R;; if the readytimesarethe samefor all tasksfrom 7', thenR; = 0 is
assumedor all ;.

e Completiontime C;
¢ DeadlineD;; usually penaltyfunctionsaredefinedin accordancevith deadlines.
e Priority w,

e Precedenceconstaints amongtasks. 7, < 7; meansthat the processingof 7; must
be completedbeforer; canbe started. In otherwords, setT is partially orderedby a
precedenceelation<. Thetasksin set7’ arecalleddependenif the orderof execution
of at leasttwo tasksin 7 is restrictedby their relation. Otherwise the tasksare called
independent

Thefollowing parameterganbe calculatedor eachtaskr;, 7 = 1,2, ...,n processedh a
givenschedule:

e Flowtime F; = C; — R; beingthesumof waiting andprocessingimes
e Latenesd; = C; — D;

e Tardinessk; = maz{C; — D;,0}



Next, somedefinitionsconcerningschedulesandoptimality criteria arediscussed.
A schedulas anassignmenbf processorérom setr (andpossiblyresourcedrom setR)
to tasksfrom set7’ in time suchthatthefollowing conditionsaresatisfied:

e At every momenteachprocessois assignedo at mostonetaskandeachtaskis pro-
cessedy at mostoneprocessar

e Thetiming constraintof tasksin set7” areconsidered.

e If taskst; and;, 7,5 = 1,2,...,n arein relationt; < 7;, the processingf 7; is not
startedbeforer; hasbeencompleted.

e A schedulas calledpreemptivef eachtaskmaybe preemptedtary time andrestarted
laterat no cost,perhapson anothermprocessarlf preemptions not allowedwe will call
theschedulenon-peemptive

e Resourcesonstraintaresatisfied.

Dependingon thetype of applicationwe areconfrontedwith, differentperformancamea-
suresor optimalitycriteria areusedto evaluateschedulesAmongthe mostcommonmeasures
in schedulingheoryaresdedulelength(malespan)C,,,. = maz{C;}, andmeanflow time
F = Ly | F; or meanweightedflow time F,, = (37, Fyw;)/(¥}—, w;). Minimizing
schedulingengthis importantfrom the viewpoint of the owner of a setof processor®r ma-
chines,sinceit leadsto both, the maximizationof the processouwutilization within makespan
Cmaz, @ndthe minimizationof the maximumin-procesdime of the schedulesetof tasks.The
meanflow time criterionis importantfrom the users viewpoint sinceits minimizationyields
aminimizationof the meanresponseime andthe meanin-procesgime of the scheduledask
set.

In real-timeapplicationsperformanceneasureare usedthattake latenes®r tardinesof
tasksinto account. Examplesare the maximumlatenessL, .., = maxz{L;}, the numberof
tardytasksY = >°7_, Y;, whereY; = 1, if C; > D;, and0 otherwise or theweightednumber
of tardy tasksY,, = >%_, w;Y}, the meantardinessK = % i1 K; or the meanweighted
tardinessk,, = (X7, w; K;)/(3X—, w;). Thesecriteriainvolving deadlinesareof greatim-
portancein mary applications. Thesecriteria are also of significancein computercontrol
systemswvorking in areal-timeenvironmentsincetheir minimizationleadsto the construction
of schedulesvith nolatetaskwheneersuchschedulegxist or if ataskis notfinishedontime,
theyetunprocessegartof it contritutesto the schedulevaluethathasto be minimized.

A schedulefor which the value of a particularperformancemeasurey is at its minimum
will becalledoptimal andthe correspondingalueof ~ will bedenotedoy ~*.

Now we definea schedulingproblemasa setof parameterasdescribedabore, together
with anoptimally criterion.
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The criteriamentionedabove are basicin the sensethat they requirespecificapproaches
to the constructionof schedules A schedulingalgorithmis an algorithmwhich constructsa
scheduldor agivenproblem.

Schedulingproblemsbelongto the broadclassof combinatorialseach problems Com-
binatorialsearchs amongthe hardesibf commoncomputationaproblems:the solutiontime
cangrov exponentiallywith the size of the problem[67, 32, 27]. We aregiven a setof n
variableseachof which canbe assigned possiblevalues. The problemis to find an assign-
mentfor eachvariablethat togethersatisfy somespecifiedconstraints. Fundamentallythe
combinatoriakearchproblemconsistsf finding thosecombinationf a discretesetof items
that satisfy specifiedrequirements.The numberof possiblecombinationgo considergrows
veryrapidly (e.g.,exponentiallyor factorially) with thenumberof items,leadingto potentially
lengthy solutiontimesand severely limiting the feasiblesize of suchproblems. Becauseof
the exponentiallylarge numberof possibilitiesit appeargthoughno oneknows for sure)that
the time requiredto solve suchproblemsmustgron exponentially in the worst case. These
problemsform thewell-studiedclassof NP-hardproblemg27].

In generalwe areinterestedn optimizationalgorithms,but becausef the inherentcom-
plexity of mary problemsof thattype,alsoapproximatioror heuristicalgorithmsareapplied.
It is ratherobviousthatvery oftenthetime availablefor solvingparticularschedulingporoblems
is seriouslylimited sothatonly low orderpolynomial-timealgorithmscanbe applied[27].

2.3 A Simple Model

Let us considera simple real-time systemcontaininga periodic hard real-time task which
shouldbe processe@n oneprocessof30]. Thetaskdoesnotrequireary extraresourceThe
priority of thetaskis fixed.

We definea simple real-time programas follows: ProgramH recevesan eventfrom a
sensoevery P unitsof time (i.e. theinter-arrival timeis P). A taskis definedastheprocessing
of anevent. In the worst casethe taskrequiresC' units of computationtime. The execution
of thetaskshouldbe completedby D time units afterthe taskstarts.If D < ', thedeadline
cannotoemet.If P < D, theprogrammuststill processacheventin atime > P if noevents
areto belost. Thusthedeadlines effectively boundedy P andwe needto handleonly those
casewwhereC' < D < P [59, 30, 32].

Now considera programwhich receves eventsfrom two sensors.Inputsfrom Sensorl
comeevery P; time unitsandeachneeds(; time unitsfor computation;eventsfrom Sensor
2 comeevery P, time unitsandeachneeds’; time units. Assumethe deadlinesarethe same
asthe periods,i.e. P; time unitsfor Sensorl and P, time units for Sensor2. Underwhat
conditionswill thesedeadlinedbe met?

More generallyif aprogramreceveseventsfrom n suchdevices,how canit bedetermined
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if thedeadlinefor eachdevice will besatisfied?

Beforewe begin to analyzethis problem,we first expressour assumptionsisfollows. We
assumehatthereal-timeprogramconsistsof a numberof independentasksthatdo not share
dataor communicatevith eachother Also, we assumehateachtaskis periodicallyinvoked
by the occurrenceof a particularevent[30, 32]. The systemhasone processorthe system
periodicallyreceves eventsfrom the external ervironmentandtheseare not buffered. Each
eventis aninvocationfor a particulartask. Note that eventsmay be periodically produced
by the ernvironmentor the systemmay have a timer that periodically createghe events. The
processors idle whenit is notexecutingatask.

Let the tasksof programH be 1, 5, 73, ..., 73,. Let the inter-arrival timer, or period, for
invocationto taskr; be P, andthe computatiortime for suchinvocationbe C;.

2.3.1 Schedulingfor the Simple Model

Oneway to schedulehe programis to analyzeits tasksstatically anddeterminetheir timing
properties. Thesetimes can be usedto createa fixed schedulingtable accordingto which
taskswill bedispatchedor executionat run-time[22, 59, 30, 32,27,12]. Thus,the orderof
executionof tasksis fixedandit is assumedhattheir executiontimesarealsofixed.

Typically, if tasksry, 7, ..., 7, have periodsP;, P, Ps, ..., P,, thetablemustcover schedul-
ing for lengthof time equalto theleastcommormultipleof theperiodsj.e. lem{ P, P, ..., P, },
asthatis thetime in which eachtaskwill have anintegral numberof invocations.If ary of the
P; areco-primes this lengthof time canbe extremelylarge sowherepossibleit is advisable
to choosevaluesof P; thataresmallmultiplesof a commonvalue. We definea hypekrperiod
asthe periodequalto the leastcommonmultiple of the periodspP;, P, ..., P, of then periodic
tasks.

Staticschedulinghasthe significantadvantagethatthe orderof executionof tasksis deter
minedoff-line (beforethe executionof the program) sotherun-timeschedulingoverheadsan
bevery small. But it hassomemajordisadwantagesThisis discussedn Section3.1.

In schedulingterms, a priority is usually a positive integer representinghe urgengy or
importanceassignedo an actvity. By convention,the urgeng is in inverseorderto the nu-
mericvalueof the priority, andpriority 1 is the highestievel of priority. We shallassumeénere
thata taskhasa single, fixed priority. We canconsiderthe following two simple scheduling
disciplines:

Non-preemptivepriority basedexecution: Whenthe processois idle, the readytaskwith
the highestpriority is choserfor execution;oncechosenataskis runto completion.

Preemptivepriority basedexecution: Whenthe processoirs idle, the readytaskwith the
highestpriority is choserfor execution;at ary time, executionof ataskcanbe preemptedf a
taskof higherpriority becomeseady Thus,atall timestheprocessois eitheridle or executing
thereadytaskwith the highestpriority.
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Figurel: Prioritieswithout preemption

Priority Period Computatiortime

1 1 7 2
To 2 16 4
T3 3 31 7

Tablel: The priorities, repetitionperiodsandcomputatiortimesof thetasksr;, 7, ands for
Example2.1

Example 2.1 ([32]): Considera programwith 3 tasksr;, 7, andrs, thathave the priorities,
repetitionperiodsandcomputatiortimesdefinedin Tablel. Let thedeadlineD, for eachtask
7; be P;. Assumethatthe tasksarescheduledaccordingto priorities, with no pre-emptionas
shawvn in Figurel. Thearrovsin thefigurerepresentheinvocationtimesof thetasks.

If all threetaskshave invocationsat time = 0, task, will be chosenfor executionasit
hasthe highestpriority. Whenit hascompletedt execution,taskr, will be executeduntil its
completionattime = 6.

At thattime, only task 3 is readyfor executionandit will executefrom time = 6 to
time = 13, eventhoughaninvocationcomesfor taskr; attime = 7. Sothereis justoneunit
of timefor taskr; to completats computatiorrequirementf two unitsandits new invocation
will arrive beforeprocessingf the previousinvocationis complete.

In somecasesthe priorities allotted to taskscanbe usedto solve suchproblems;in this
case,thereis no allocationof priorities to tasksunderwhich task; will meetits deadline.
If we keepdrawing the timing diagramrepresentedh Figurel, we canobsenre thatbetween
time = 15 andtime = 31 (atwhichthenext invocationfor taskr; will arrive)theprocessors
not alwaysbusy andtask; doesnot needto completeits executionuntil tzme = 31. If there
were someway of makingthe processomvailableto tasks; and » whenneededandthen
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returningit to taskrs, they couldall meettheir deadlines.
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Figure2: Prioritieswith preemption

This canbe doneusingpriorities with preemption:executionof taskr; will thenbe pre-
emptedattime = 7, allowing taskr; to completats executionattime = 9 (Figure2). Process
T3 IS preemptedncemoreby taskr, attime = 14 andthisis followed by the next execution
of taskm, from time = 16 to time = 20 beforetask; completeghe restof its executionat
time = 21.

2.4 Methods of Analysis

Timing diagramsprovide a goodway to visualizeandevento calculatethe timing properties
of simpleprograms.But they have obvious limits, not leastof which is thata very long time
might be requiredto reachthe point that a deadlineis missed. Checkingthe feasibility of a
uniprocessoperiodicreal-timeschedulingalgorithm, we needto keepdraving sometiming
diagramdor a durationthatis equalto theleastcommonmultiple of the periods[30, 27].

A bettermethodof analysiswould be to derive conditionsto be satisfiedby the timing
propertieof aprograntor it to meetits deadlinesLet animplementatiorconsistof ahardware
platformandthe scheduleunderwhich the programis executed.An implementations called
feasibleif every executionof the programwill meetall its deadlines.We shouldlook for the
conditionsthat arenecessaryo ensurethatanimplementations feasible. Theaim s to find
necessargonditionsthatarealsosuficient sothatif they aresatisfied,animplementations
guaranteedio befeasible[22, 59, 30,32, 27].

It is shovn in [30, 32] how we canexaminethe conditionsthat are necessargo that we
malke surethatthe schedulings feasible.We shouldfind the conditionto ensurethatthe total
computationtime neededor thetask,andfor all thoseof higherpriority, is smallerthanthe
periodof eachtask. If we assumehat P,/ P;, 1 < j < i — 1, representsn integer division,

14



thenwe cansaythatthereare P,/ P; invocationsfor task P; in thetime P, andeachinvocation
will needa computatiortime of C;. However, if P; is not exactly divisible by P;, theneither
[P,/ P;] is anoverestimateof the numberof invocationsor | P,/ P;| is anunderestimate\We
avoid theapproximatiorresultingfrom integerdivision by consideringaninterval M; whichis
theleastcommommultiple of all periodsupto P;:

Mi = lcm({Pla PQ: ceey PZ})

Thereforeasshavnin [30, 32], we canconcludethatthenecessargonditionto make sure
thatthe schedulings feasibleis:

- M;/ P
i X
PN 1)
Since M; is exactly divisible by all P;, j < i, the numberof invocationsat ary level j
within A/; is exactly M; /M;.
Equation(1) is the Load Relationand mustbe satisfiedby ary feasibleimplementation.
However, this conditionaveragesthe computationatequirement®ver eachicm period.
Example 2.2 ([32]): Considera programwith two tasksr; andr, thathave the priorities,
repetitionperiodsandcomputatiortimesdefinedasfollows. Let thedeadlineD; for eachtask
7; beequalto P;.

) <1 )

Priority Period Computatiortime
T1 1 12 5
T 2 4 2

Sincethe computatiortime of taskr, exceedshe periodof taskr,, theimplementatioris
infeasible thoughit doessatisfycondition(1).

Actually, condition (1) fails to take accountof animportantrequiremenibf ary feasible
implementationNot only theaverage loadmustbesmallerthanl overtheinterval M;, butthe
loadmustatall timesbesuficiently smallfor thedeadlineso bemet. More preciselyif atary
time ¢ therearewu time unitsleft for the next deadlineat priority level i, the total computation
requiremenattime ¢ for level i andall higherlevels mustbe smallerthanu. But while onthe
onehandit is necessaryhatat every instantthereis sufficient computatiortime remainingfor
all deadlinego bemet, it is importantto remembethatonceadeadlineatlevel i hasbeenmet
thereis no further needto make provision for computationat that level up to the endof the
currentperiod.

Basedon the propertiesof the real-timesystem the parametersf the system,andthe al-
gorithmappliedfor schedulingwe candeterminghe suficient conditionof thefeasibility test
of the schedulingalgorithm. The sufficient conditionis obtainedby calculatingthe utiliza-
tion boundsassociateavith schedulingalgorithm. For the systemscontainingmorethanone
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processqgrwe not only shoulddecideaboutthe appropriateschedulingalgorithm,but we also
haveto specifytheallocationalgorithmwhich assignghetasksto theavailableprocessorskor
multiprocessoreal-timesystemsgalculatingthe utilization boundsassociatedvith (schedul-
ing algorithm, allocationalgorithm) pairsleadsusto achieving the sufficient conditionsof the
feasibility test,analogougo thoseknown for uniprocessorsThis approachhassereralinter-
estingfeaturesit allows usto carry out fastschedulabilitytestsandto qualify the influenceof
certainparameterssuchasthenumberof processorson scheduling For somealgorithms this
boundconsidershot only the numberof processorshut alsothe numberof the tasksandtheir
sizes[22, 6, 23,30, 32].

Letusstudytheabove concept®ntheRate-Monotoni@lgorithm(RM) andEarliestDead-
line Firstalgorithm(EDF)[32, 22,59, 30]. BoththeRM andEDF algorithmsareoptimalreal-
time schedulingalgorithms.An optimalreal-timeschedulingalgorithmis onewhich mayfail
to meeta deadlineonly if no otherschedulingalgorithmcanmeetthe deadline.Thefollowing
assumptionsremadefor boththe RM andEDF algorithms.

(&) No taskhasany nonpreemptablsectionandthe costof preemptions negligible.

(b) Only processingequirementgresignificant;memory 1/0O, andotherresourceequire-
mentsarenggligible.

(c) All tasksareindependentthereareno precedenceonstraints.

2.5 RM Scheduling

The RM schedulingalgorithmis oneof the mostwidely studiedandusedin practice[22, 59,
30, 32, 27]. It is a uniprocessostatic-priority preemptve scheme. For the RM scheduling
algorithm,in additionto assumptionga) to (c), we assumehatall tasksare periodicandthe
priority of task7; is higherthanthe priority of task7;, where: < j. The RM scheduling
algorithmis an exampleof priority driven algorithmswith static priority assignmentn the
sensdhatthe priorities of all instancesareknown evenbeforetheir arrival. The priorities of
all instancef eachtaskarethe same. They aredeterminedonly by the period of the task.
A periodictaskconsistsof aninfinite sequencef instanceswith periodicreadytimes,where
the deadlineof a requestcould be lessthan, greaterthan, or equalto the readytime of the
succeedingnstance. Furthermore the executiontimes of all the instancesf a taskarethe
same. A periodictask; is characterizedy threeparameters’;, the period of the instance,
C;, the executiontime, and D;, the deadlineof the tasks. The utilization factorof a setof n
periodictasksis definedby >, C;/ P;, whereP,, P, ..., P, aretheperiodsandC', Cs, ..., C,,
arethe executiontimesof then tasks.If =7, C;/P; < n(2Y/™ — 1), wheren is the numberof
tasksto bescheduledithentheRM algorithmwill schedulall thetasksto meettheirrespectre
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deadlines.Note thatthis is a sufficient, but not a necessarycondition. Thatis, theremay be
tasksetswith a utilization greatetthann(2'/» — 1) thatareschedulabléy the RM algorithm.

A givensetof tasksis saidto be RM-schedulabléf the RM algorithmproducesa schedule
that meetsall the deadlines. The sufficient and necessaryonditionsfor feasibility of RM
schedulings studiedin [32] asfollows.

Givenasetof n periodictasksry, 7, ..., 7,,, Whoseperiodsandexecutiontimesare Py, P,
..., B, andCy, Cs, ..., C,, respectrely, we supposdaskr; completesxecutingat¢. We con-
siderthefollowing notation:

)

Wi(t) = Z C; [%1 =t — idle time

j=1 J
i (T
Lty = i)
t
L= min L;(t)
0<t<P;

Taskr; canbefeasiblyscheduledisingRM if andonlyif L;(¢) < 1. Inthiscaser, 7o, ..., ;1
arealsofeasiblyscheduled.

Thusfar, we have only consideregeriodictasks.As definedin Sectionl.4,sporadidasks
arereleasedrregularly, oftenin responsé¢o someeventin the operatingervironment. While
sporadidasksdo not have periodsassociatedavith them,theremustbe somemaximumrateat
which they canbereleased.Thatis, we musthave someminimum interarrval time between
the releasdime of successie iterationsof sporadictasks. Otherwise thereis no limit to the
amountof workload that sporadictaskscan addto the systemandit will be impossibleto
guarantee¢hatdeadlinesaaremet. Thedifferentapproacheto dealwith aperiodicandsporadic
tasksareoutlinedin Section4.1andSectior4.2.

One dravback of the RM algorithm s that task priorities are definedby their periods.
Sometimeswe mustchangethe taskprioritiesto ensurethatall critical tasksget completed.
Supposédhat we aregiven a setof taskscontainingtwo tasksr; andr;, where P, < P;, but
7; is acritical taskandr; is a noncriticaltask. We checkthe feasibility of the RM scheduling
algorithmfor thetasksr, 7, ..., 7,,. Supposehatif we take the worst-casesxecutiontimesof
the tasks,we cannotguaranteehe schedulabilityof the tasks. However, in the averagecase,
they areall RM-schedulableTheproblemis how to arrangematterssothatall thecritical tasks
meettheirdeadlinesindertheRM algorithmevenin theworstcasewhile thenoncriticaltasks,
suchasr;, meettheirdeadlinesn mary othercasesThesolutionis eitherof thefollowing two
methods.

¢ We lengthenthe period of the noncriticaltask,i.e. 7;, by a factorof k. The original
task shouldalso be replacedby £ tasks,eachphasedby the appropriateamount. The
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parametek shouldbe chosersuchthatwe obtain P/ > P; (see[32, Example3.10]for
anexample).

o Wereducetheperiodof thecritical task,i.e. 7;, by afactorof k. Thenwe shouldreplace
theoriginal taskby onewhose(bothworstcaseandaveragecase)executiontime is also
reduceddy afactorof k. Theparametef: shouldbe chosersuchthatwe obtainP; > P;
(see[32, Example3.10]for anexample).

So far, we have assumedhat the relative deadlineof a taskis equalto its period. If we
relax this assumptionthe RM algorithmis no longeran optimum static-priority scheduling
algorithm. When D; < P;, at mostoneinitiation of the sametask canbe alive at ary one
time. However, when D; > P,, it is possiblefor multiple initiations of the sametaskto be
alive simultaneouslyfFor thelattercase we have to checka numberof initiationsto obtainthe
worst-case@esponseime. Therefore checkingfor RM-schedulabilityfor thecaseD; > P, is
muchharderthanfor the caseD; < P,. Supposeve have atasksetfor which thereexists a
~ suchthat D; = vP;, for eachtaskr;. In [32], the necessarandsufficient conditionfor the
tasksof the setto be RM-schedulablés given.

TheRM algorithmtakesO((N + «)?) timein theworstcasewhereN is thetotal number
of the requestsn eachhyperperiodof n periodictasksin the systemanda is the numberof
aperiodictasks.

Two examplesscheduledy RM algorithmarepresentedn the Appendix.

2.6 EDF Scheduling

The EDF schedulingalgorithmis a priority driven algorithmin which higher priority is as-
signedto therequesthathasearlierdeadline anda higherpriority requestalwayspreemptsa
lower priority one[60, 22,59, 30,32, 27]. This schedulingalgorithmis anexampleof priority
drivenalgorithmswith dynamicpriority assignmenin the sensehatthe priority of arequest
is assignedastherequestarrives. EDF is alsocalledthe deadline-monotonischedulingalgo-
rithm. Supposesachtime a new readytaskarrives, it is insertedinto a queueof readytasks,
sortedoy their deadlines|f sortedistsareused the EDF algorithmtakesO((N + a)?) timein
theworstcasewhereN is thetotal numberof therequestsn eachhyperperiodof n periodic
tasksin the systemanda is the numberof aperiodictasks.

For theEDF algorithm,we make all theassumptionsve madefor theRM algorithm,except
thatthe tasksdo not have to be periodic.

EDF is an optimal uniprocessoschedulingalgorithm. That s, if EDF cannotfeasibly
scheduleataskseton auniprocessqtthereis no otherschedulingalgorithmthatcan. This can
be proved by usinga time slice swappingtechniquesUsing this techniquewe canshaw that
ary valid scheduldor ary tasksetcanbetransformednto avalid EDF schedule.
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If all tasksare periodic and have relatve deadlinesequalto their periods,they canbe
feasiblyscheduledby EDF if andonlyif Y7, C;/P; < 1. Thereis no simpleschedulability
testcorrespondingo the casewheretherelative deadlinesio notall equalthe periods;in such
acasewe actuallyhave to develop a schedulausingthe EDF algorithmto seeif all deadlines
aremetover a giveninternval of time. Thefollowing is the schedulabilitytestfor EDF under
this case.

DefineU = Y7, C;/Pi, Dypaw = maxi<i<p,{D;} and P = lem(Py, ..., P,), wherelem
standsfor leastcommonmultiple. Considerh(t) to be the sumof the executiontimesof alll
taskswhoseabsolutedeadlinesaresmallerthant. A tasksetof n tasksis not EDF-feasiblef
andonly if

e U< 1lor

e thereexistst < min{P + Dy, 705 max{P; — D;}} suchthath(t) > t

1<i<n

Verylittle is known aboutalgorithmsthatproduceanoptimalsolution. Thisis dueto either
of thefollowing reasons.

e Somereal-timeschedulingoroblemsareNP-complete Thereforewe cannotsaywhether
thereis ary polynomial time algorithm for the problems. For this group, we should
searchfor heuristicalgorithms. Given a heuristicalgorithm, we shouldinvesticate for
the sufficient conditionsfor feasiblescheduling. The sufficient conditionsare usedto
determinewhethera giventasksetcanbe scheduledeasiblyby the algorithmuponthe
available processorsMarny researcheblave alsofocusedon searchingor heuristical-
gorithmswhoseresultsarecomparedo the optimalresults.In fact,for problemsn this
classthe optimal solutioncannotbe obtainedin polynomialtime. Approximationalgo-
rithms are polynomialtime heuristicalgorithmswhoseperformancds comparedwith
the optimal performance.

e As for the secondgroup of real-timeschedulingproblems,thereexists polynomialal-
gorithmswhich provide feasiblescheduleof any task setwhich satisfy somespecific
conditions.For exampleary setof periodictaskswhich satisfy>" , C;/P; < 1 is guar
anteedo befeasiblyscheduledisingeDF. Recallthatanoptimal schedulingalgorithm
is onewhich mayfail to meeta deadlineonly if no otherschedulingalgorithmcanmeet
the deadline. Therefore a feasibleschedulingalgorithmis optimalif thereis no other
feasiblealgorithmwith looserconditions.In orderto prove optimality of aschedulingal-
gorithm, thefeasibility conditionsof thealgorithmmustbe known. For examplethereis
nodynamic-priorityschedulingalgorithmthatcansuccessfullyschedule setof periodic
taskswhere}""" , C;/P; > 1. Therefore EDFis anoptimalalgorithm.
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Theoptimalalgorithmfor areal-timeschedulingproblemis not unique.For instancejn
additionto EDF algorithm,thereis anotheroptimal dynamic-priorityschedulingalgo-
rithm, which is the leastlaxity first (LLF) algorithm. Thelaxity of a processs defined
asthedeadlineminusremainingcomputatiortime. In otherwords,thelaxity of ajob is
the maximalamountof time thatthe job canwait andstill meetits deadline.The algo-
rithm givesthe highestpriority to the active job with the smallestlaxity. Thenthe job
with the highestpriority is executed.While a processs executing,it canbe preempted
by anothewhoselaxity hasdecreasetb belown thatof therunningprocessA problem
ariseswith this schemewvhentwo processefave similar laxities. Oneprocesswill run
for a shortwhile andthenget preemptedy the otherandvice versa. Thus,mary con-
text switchesoccurin the lifetime of the processes.The leastlaxity first algorithmis
an optimal schedulingalgorithmfor systemswith periodicreal-timetasks[26, 68, 43)].
If eachtime a new readytaskarrives, it is insertedinto a queueof readytasks,sorted
by their laxities. In this case,the worst casetime compleity of the LLF algorithmis
O((N + a)?), where N is the total numberof the requestsn eachhyperperiod of n
periodictasksin the systemanda is the numberof aperiodictasks.

TheEDF andLLF algorithmsareillustratedusingexamplesin the Appendix.

Although mary peoplehave worked on feasibility analysisof polynomialalgorithms,still
furtherinvestigationis required.Verificationof optimality of schedulingalgorithmsis another
subjectthatshouldbe studiedfurther.

3 SchedulingAlgorithms of Real-Time Systems

The goalsfor real-timeschedulingare completingtaskswithin specifictime constraintsand
preventingfrom simultaneousiccesso sharedesourcesnddevices[22, 30,32,27]. Although
systemresourceutilization is of interest,it is not a primary driver. In fact, predictabilityand
temporalcorrectnessrethe principal concerns.The algorithmsused,or proposedor use,in
real-timeschedulingvary from relatively simpleto extremelycomplex.

Thetopic of real-timeschedulingalgorithmscanbe studiedfor eitheruniprocessoor mul-
tiprocessosystemsWe first studyuniprocessoreal-timeschedulingalgorithms.

3.1 UniprocessorSchedulingAlgorithms

The set of uniprocessoreal-time schedulingalgorithmsis divided into two major subsets,
namelyoff-line schedulingalgorithmsandon-line schedulingalgorithms.

Off-line algorithms (Pre-run-time scheduling) generateschedulingnformationprior to
systemexecution[22, 59, 30, 32, 27, 60]. The schedulingnformationis thenutilized by the
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systemduring runtime. The EDF algorithmandthe off-line algorithm provided in [20] are
examplesof off-line schedulingalgorithms.

In systemausingoff-line schedulingthereis generallyif notalways,arequiredorderingof
the executionof processesThis canbe accommodatebtly usingprecedenceelationsthatare
enforcedduring off-line scheduling.Preventingsimultaneousccesgo sharedresourcesand
devicesis anotherfunction that a priority basedpreemptve off-line algorithm mustenforce.
This can be accomplishedy defining which portion of a processcannotbe preemptedoy
anothertask and then defining exclusion constraintsand enforcingthem during the off-line
algorithm.In Section4.4,we studythe methodghataddresghis problem.

Another goal that may be desiredfor off-line scheduless reducingthe costof context
switchescausedy preemption.This canbe doneby choosingalgorithmsthatdo not resultin
alarge numberof preemptionssuchasthe EDF algorithm. It is alsodesirableio increasehe
chancegshat a feasibleschedulecanbe found. If theinput to the chosenoff-line scheduling
algorithmis exactly theinput to thereal-timesystemandnot anapproximationthenthe math-
ematicaloff-line algorithmsaremorelikely to find a feasibleschedule.In a predictableenvi-
ronmentthesealgorithmscanguarantesystermperformanceOff-line algorithmsaregoodfor
applicationsvhereall characteristicareknown a priori andchangevery infrequently A fairly
completecharacterizatiorof all processe#volved, suchas executiontimes, deadlinesand
readytimesarerequiredfor off-line scheduling.The off-line algorithmsneedlarge amountof
off-line processindime to producethefinal scheduleanddueto this they arequiteinflexible.
Any changeto the systemprocessesequiresstartingthe schedulingproblemover from the
beginning. In addition,thesealgorithmscannothandlean ervironmentthatis not completely
predictable Althougha strict off-line schedulehasno provision for handlingaperiodictasks,
it is possibleto translateanaperiodicprocessnto a periodicone,thusallowing aperiodicpro-
cesseso be scheduledisingoff-line scheduling.A major adwantageof off-line schedulings
significantreductionin run-timeresourcesincluding processingime, for scheduling.How-
ever, sinceit isinflexible, any changeequirese-computingheentireschedulg22, 30, 32,27).

Therealadvantageof off-line schedulings thatin a predictableervironmentit canguar
anteesystemperformance.

On-line algorithms generateschedulingnformationwhile the systemis running[22, 30,
32,27]. Theon-lineschedulerslo notassumery knowvledgeof processharacteristicgvhich
have not arrived yet. Thesealgorithmsrequirea large amountof run-time processingime.
However, if differentmodesor someform of errorhandlingis desiredmultiple off-line sched-
ulescanbe computedpnefor eachalternatesituation. At run-time,a smallon-line scheduler
canchooseheproperone.

Oneof thesevereproblemghatcanoccurwith priority basegreemptve on-linealgorithms
is priority inversion[22, 32, 65]. This occurswhena lower priority taskis usinga resource
whichis requiredby a higherpriority taskandthis causedlockingthe higherpriority taskby
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thelower priority one.Methodsof copingwith this problemarediscussedn Section4.4.

The major advantageof on-line schedulingis thatthereis no requiremento know tasks
characteristicsn advanceandthey tendto be flexible and easily adaptableto ervironment
changesHowever, the basicassumptiorthatthe systemhasno knowledgeof processcharac-
teristicsfor tasksthathave notyetarrived,severelyrestrictsthe potentialfor the systemo meet
timing andresourcesharingrequirementslf thescheduledoesnot have suchknowledge,it is
impossibleto guarante¢hatsystemtiming constraintwill be met. Despitethe disadwantages
of on-lineschedulingthis methodis usedfor schedulingof mary real-timesystemdecauset
doeswork reasonablyvell undermostcircumstanceandit is flexible.

On-line schedulingalgorithmscan be divided into Static-priority basedalgorithmsand
Dynamic-prioritybasedalgorithms which arediscusse@sfollows.

e Static-priority basedalgorithms

Static-priority basedalgorithmsare relatively simpleto implementbut lack flexibility .
They arearguablythe mostcommonin practiceandhave afairly completetheory They
work well with fixed periodictasksbut do not handleaperiodictasksparticularlywell,
althoughtherearesomemethodgo adaptthealgorithmssothatthey canalsoeffectively
handleaperiodictasks. Static priority-basedschedulingalgorithmshave two disadwan-
tageswhich have recevedasignificantamountof study Theirlow processoutilization
and poor handlingof aperiodicand soft-deadlinetaskshave promptedresearcherso
searchor waysto combatthesedeficiencieg22].

On-line Static-priority basedalgorithmsmay be either preemptiveor non-peemptive
[35, 22, 32,65, 3, 11, 10]. For example,the Rate-monotoni@lgorithmandthe Rate-
monotonicdefered server (DS) schedulingalgorithm are in the classof Preemptie
Static-priority basedalgorithms[22, 32]. The DS algorithmhasa time compleity in
O((N + «)*), wherea is the numberof active aperiodicrequestsand N is the total
numberof therequestsn eachhyperperiodof n periodictasksin the system.

Many real-timesystemshave the characteristian which the orderof task executionis
known apriori andeachtaskmustcompletebeforeanotheitaskcanstart. Thesesystems
can be schedulechon-preemptiely. This schedulingtechnique,which is called non-
preemptve static-prioritybasedalgorithms avoidsthe overheadassociatedvith multiple
context switchespertask. This propertyimproves processouwtilization. Additionally,
tasksareguaranteedf meetingexecutiondeadlineg§22, 30, 32, 27].

Thetwo following non-preemptie algorithmsattemptto provide high processoutiliza-
tion while preservingaskdeadlineguaranteeandsystemschedulability

— Parametric dispatding algorithm ([25, 22]): This algorithm usesa calendarof
functions,which maintainsfor eachtask r; two functions, Min; and M ax;, de-
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scribingthe upperandlower boundson allowable starttimesfor the task. During
an off-line componentthe timing constraintdbetweentasksare analyzedto gen-
eratethe calendarof functions. Then, during systemexecution,theseboundsare
passedo dispatchemhich thendeterminesvhenwithin the window to startex-
ecutionof the task. This decisioncanbe basedon whetherthereare other non-
real-timetaskswaiting to execute. The worst casetime compl«ities of the off-
line andon-linecomponent®f the ParametriadispatchingalgorithmareO(n) and
O((N + k)’ log(N + r)), respectiely, wheren is the numberof periodictasks,
N is the total numberof the requestof real-timetaskin eachhyperperiodof »
periodictasksin the system,andx is the numberof the request®f non-real-time
tasks.

Predictivealgorithm ([52, 22]): This algorithmdependsiponknown a priori task
executionandarrival times. Whenit is time to schedulea taskfor execution,the
schedulemnot only looks at the first taskin the readyqueue but alsolooks at the
deadlinedor tasksthat are predictedto arrive prior to the first task's completion.
If alatertaskis expectedto arrive with an earlierdeadlinethanthe currenttask,
theschedulemayinsertCPUidle time andwait for the pendingarrival if this will
producea betterschedule.In particular the insertionof idle time may keepthe
pendingtaskfrom missingits deadline. The Predictie algorithmtakesO(n?) time
in theworstcasewheren is the numberof tasks.

Thesealgorithmsboth have dravbackswhenappliedto real-world systems Both algo-
rithms requiresignificanta priori knowledgeof the systemtasks,both executiontimes
andordering.Thereforethey arequiterigid andinflexible.

Dynamic-priority basedalgorithms

Dynamic-priority basedalgorithmsrequirea large amountof on-line resources.How-
ever, thisallows themto beextremelyflexible. Many dynamic-prioritybasedalgorithms
also containan off-line component. This reduceshe amountof on-line resourcese-
guiredwhile still retainingtheflexibility of adynamicalgorithm. Therearetwo subsets
of dynamicalgorithms:planningbasedandbesteffort. They attemptto provide better
responséo aperiodictasksor soft taskswhile still meetingthe timing constraintof the
hardperiodictasks.Thisis oftenaccomplishedby utilization of sparegprocessocapacity
to servicesoftandaperiodictasks[22, 32, 27, 26].

Planning BasedAlgorithms guaranteehatif ataskis acceptedor execution,the task
andall previoustasksacceptedby thealgorithmwill meettheirtime constraintg§22, 32).

The planningbasedalgorithmsattemptto improve the responseand performanceof a
systemto aperiodicand soft real-timetaskswhile continuingto guaranteaneetingthe
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deadlinesof the hard real-timetasks. The traditional way of handlingaperiodicand
soft real-timetasksin a systemthat containedperiodictaskswith harddeadliness to
allow the aperiodicor soft real-timetasksto runin the backgroundBy this method the
aperiodicor soft real-timetasksget sened only whenthe processohasnothingelseto
do. Theresultof this methodis unpredictablendnormallyratherpoorresponséeo these
tasks. The otherapproachusedwasto model aperiodictasksas periodictaskswith a
periodequalto the minimum time betweertheir arrivals andthenschedulehemusing
thesamealgorithmasfor therealperiodictasks.Thistendedo beextremelywastefulof
CPUcyclesbecaus¢heminimumperiodbetweerarrivalsis usuallysignificantlysmaller
thanthe average.Many researcherbave tried to countertheseproblemsby proposing
avariety of approacheshatutilize spareprocessotime in a morestructuredorm than
simplebackgroungrocessing51, 55. Someof thesealgorithmsattemptto identify and
capturespareprocessocapacityanduseit to executeaperiodicandsoft real-timetasks.
Otherutilize a moredynamicschedulingmethodin which aperiodictasksare executed
insteadof ahigherpriority periodictask,whenthe systemcanconfirmthatdoingsowill
notjeopardizehetimely completionof the periodictasks[41, 57,61].

Thegeneramodelfor thesetypesof algorithmsis asystemwhereall periodictaskshave
harddeadlinessqualto the endof their period,their periodis constantandtheir worsts
caseexecutiontimesareconstant All aperiodictasksareassumedo have no deadlines
andtheir arrival or readytimesareunknawn.

Planningbasedalgorithmstendto bequiteflexible in servicingaperiodicaskswhile still
maintainingthe completionguarantee$or hard-deadlingasks. Most of the algorithms
alsoprovide a form of guarantedor aperiodictasks. They rejecta taskfor execution
if they cannotguaranteets on-timecompletion.Most of the planningbasedalgorithms
canprovide higherprocessoutilization than static priority-basedalgorithmwhile still
guaranteeingn-timecompletionof acceptedasks.

The EarliestDeadlineFirst scheduling[37, 60, 32] is one of the first planningbased
algorithmsproposed.It providesthe basisfor mary of the algorithmscurrently being
studiedandused.TheLLF algorithmis anothemplanningbasedalgorithm.

The Dynamic Priority ExchangeSener, Dynamic SporadicSener, Total Bandwidth
Sener, EarliestDeadlineLate Sener, and Improved Priority ExchangeSener are ex-
amplesof planningbasedalgorithms,which work under EDF scheduling. They are
discussedn Sectiord.2.

BestEffort Algorithms seekto provide the bestbenefitto the applicationtasksin over
load conditions. The BestEffort schedulingalgorithmsseekto provide the bestbenefit
to the applicationtasks. The bestbenefitthat canbe accruedby an applicationtaskis
basedon application-specifiethenefitfunctionssuchasthe enegy consumptiorfunc-
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tion [62, 48]. More preciselythe objective of thealgorithmsis to maximizetheaccrued
benefitratio, which is definedastheratio of total accruedoenefitto the sumof all task
benefitd36, 22, 32].

Thereexist mary besteffort real-timeschedulingalgorithms.Two of themostprominent
of themarethe DependenActivity SchedulingAlgorithm (DASA) [16] andthe Lockes
BestEffort SchedulingAlgorithm (LBESA) [38]. DASA andLBESA areequvalentto
the EarliestDeadlineFirst (EDF) algorithmduring underloadedonditions[16], where
EDF is optimalandguaranteethatall deadlinesarealwayssatisfied.In the eventof an
overloadsituation, DASA andLBESA seekio maximizethe aggregjatetaskbenefit.

The DASA algorithmmalesschedulinglecisionsusingthe concepiof benefitdensities.
The benefitdensityof a taskis the benefitaccruedper unit time by the executionof the
task. Theobjective of DASA is to computea schedulghatwill maximizethe aggreate
taskbenefit. The aggreyatetaskbenefitis the cumulatve sumof the benefitaccruedoy
theexecutionof thetasks.Thus,sincetaskbenefitfunctionsarestep-benefitunctions,a
schedulehatsatisfiesall deadline®f all taskswill yield the maximumaggreyatebenefit.

LBESA [38] is anothemesteffort real-timeschedulingalgorithm. It is similarto DASA
in thatbothalgorithmsscheduldasksusingthe notionof benefitdensitiesandareequiv-
alentto EDF during underloadsituations. However, the algorithmsdiffer in the way
they rejecttasksduring overloadsituations.In [16], it is shovn thatDASA is generally
betterthanLBESA in termsof aggreate accruedtask benefit. While DASA examines
tasksin thereadyqueuean decreasin@rderof their benefitdensitiedor determiningea-
sibility, LBESA examinestasksin the increasingorderof taskdeadlines.Like DASA,
LBESA alsoinsertseachtaskinto atentatve scheduletits deadline-positiomndchecks
thefeasibility of the schedule. Tasksaremaintainedn increasingdeadline-ordem the
tentatve schedulelf theinsertionof ataskinto thetentatve scheduleesultsin aninfea-
sible schedulethen,unlike DASA, LBESA removesthe leastbenefitdensitytaskfrom
thetentatve schedule LBESA continuouslyremovesthe leastbenefitdensitytaskfrom
thetentatve scheduleuntil thetentatve scheduldbecomedeasible.Onceall tasksin the
readyqueuehave beenexaminedanda feasibletentatve schedules thus constructed,
LBESA selectghe earliestdeadlinetaskfrom thetentatve schedule.

Boththe DASA andLBESA algorithmstake O((N + a)?) timein theworstcasewhere
N is the total numberof the requestdn eachhyperperiod of n periodictasksin the
systemanda is the numberof aperiodictasks.
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3.2 Multipr ocessorSchedulingAlgorithms

The schedulingof real-timesystemshasbeenmuch studied,particularly upon uniprocessor
platforms,thatis, uponmachinesn which thereis exactly onesharedorocessorvailable,and
all the jobsin the systemare requiredto executeon this single sharedprocessar In multi-
processoplatformsthereareseveral processorsvailableuponwhich thesgobs may execute.
The Pfari schedulings oneof thefew known optimalmethodgfor schedulingaskson multi-
processosystemg7]. However, the optimalassignmenof tasksto processorss, in almostall
practicalcasesanNP-hardproblem[24, 44, 35]. Therefore we mustmake do with heuristics.
The heuristicscannotguarantedhat an allocationwill be found that permitsall tasksto be
feasiblyscheduledAll thatwe canhopeis to allocatethe tasks,checktheir feasibility, and,if
theallocationis notfeasible modify theallocationto try to renderits scheduldeasible.Sofar,
mary heuristicmultiprocessoischedulingalgorithmshave beenprovided (see,for example,
[7,46,42, 2,4,23, 6,63 34,28, 19,1, 32)).

Whencheckinganallocationfor feasibility, we mustaccountor communicatiorcosts.For
example,supposédhattaskr, cannotstartbeforereceving the outputof taskr;. If bothtasks
areallocatedto the sameprocessqrthenthe communicatiorcostis zero. If they areallocated
to separat@rocessorghecommunicatiorcostis positive andmustbetakeninto accountwhile
checkingfor feasibility.

Thefollowing assumptionsnay be madeto designa multiprocessoschedulingalgorithm:

e Job preemptioris permitted

Thatis, a job executingon a processomay be preemptedorior to completingexecu-
tion, andits executionmay be resumedater We may assumehatthereis no penalty
associateavith suchpreemption.

e Jobmigrationis permitted

Thatis, a job thathasbeenpreemptedn a particularprocessomay resumeexecution
on adifferentprocessarOnceagnin, we may assumehatthereis no penaltyassociated
with suchmigration.

e Job parallelismis forbidden
Thatis, eachjob mayexecuteon at mostoneprocessoatary giveninstantin time.
Real-timeschedulingtheoristshave extensvely studieduniprocessorreal-time schedul-
ing algorithms. Recently stepshave beentaken towardsobtaininga betterunderstandingf

multiprocessorseal-timescheduling.Schedulingtheoristsdistinguishbetweenat leastthree
differentkinds of multiprocessomachines:
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Identical parallel madines

Thesearemultiprocessors which all the processorareidentical,in thesensehatthey
have the samecomputingpower.

Uniform parallel madines

By contrast,eachprocessoin a uniform parallelmachineis characterizedy its own
computingcapacity with the interpretationthat a job that executeson a processoiof
computingcapacity s for ¢ time units completess x ¢ units of execution. Actually,
identicalparallelmachinesarea specialcaseof uniform parallelmachinesin which the
computingcapacitieof all processorareequal.

Unrelatedparallel madines

In unrelatedparallelmachinesthereis an executionrater; ; associateavith eachjob-
processoworderedpair (J;, 7;), with the interpretationthat job .J; completes(r; ; x t)
unitsof executionby executingon processotr; for ¢ time units.

Multiprocessoischedulingechniquegall into two generakateayory:

e Global SchedulingAlgorithms

Global schedulingalgorithmsstorethe tasksthat have arrived but not finishedtheir ex-
ecutionin onequeuewhich is sharedamongall processorsSupposehereexist m pro-
cessors. At every momentthe m highestpriority tasksof the queueare selectedfor
executiononthem processorsisingpreemptiorandmigrationif necessary23, 32).

Thefocusedaddressingandbiddingalgorithmis anexampleof globalschedulingalgo-
rithms[32]. The mainideaof the algorithmis asfollows. Eachprocessomaintainsa
statustablethatindicateswhich tasksit hasalreadycommittedto run. In addition,each
processomaintainsa tableof the surpluscomputationatapacityat every otherproces-
sorin the system. The time axisis divided into windows, which areintervals of fixed

duration,and eachprocessoregularly sendsto its colleagueghe fraction of the next

window thatis currentlyfree.

Ontheotherhand,an overloadedorocessochecksits surplusinformationandselectsa
processothatseemso be mostlikely to be ableto successfullyexecutethattaskby its
deadline.lt shipsthetasksoutto thatprocessqmwhichis calledselectedask. However,
thesurplusinformationmayhave beenout of dateandit is possiblethatthe selectegro-
cessomwill nothave thefreetimeto executethetask.In orderto avoid this problem,and
in parallelwith sendingout the taskto the selectedorocessaqrthe originatingprocessor
asksotherlightly loadedprocessorfiow quickly they cansuccessfullyprocesghetask.
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The repliesare sentto the selectedprocessar If the selectedprocessoiis unableto
processhe task successfullyit canreview the repliesto seewhich otherprocessois
mostlikely to beableto do so,andtransferghetaskto thatprocessar

e Partitioning SchedulingAlgorithms

Partitioning schedulingalgorithmspartitionthe setof taskssuchthatall tasksin a parti-
tion areassignedo thesameprocessarTasksarenotallowedto migrate,hencethe mul-
tiprocessorschedulingproblemis transformedo mary uniprocessoschedulingprob-
lems[23, 32].

The next fit algorithmfor RM schedulingis a multiprocessoschedulingalgorithmthat
worksbasednthepartitioningstrategy [32]. In thisalgorithm,we defineasetof classes
of thetasks. The tasks,which arein the sameclass,areguaranteedo satisfythe RM-
schedulabilityon oneprocessarWe allocatetasksoneby oneto the appropriateroces-
sor classuntil all the taskshave beenassigned.Then,with this assignmentywe run the
RM schedulingalgorithmon eachprocessar

Global stratgjies have several disadantagesversuspartitioning stratgies. Partitioning
usuallyhasa low schedulingoverheadcomparedo global scheduling becausdasksdo not
needto migrate acrossprocessors. Furthermore partitioning strategjies reducea multipro-
cessorschedulingproblemto a setof uniprocessoonesand thenwell-known uniprocessor
schedulingalgorithmscanbe appliedto eachprocessarHowever, partitioninghastwo nega-
tive consequencesirst, finding anoptimalassignmenof tasksto processorss a bin-packing
problem,which is an NP-completeproblem. Thus, tasksare usually partitionedusing non-
optimal heuristics. Second,asshavn in [13], task systemsexist that are schedulablef and
only if tasksarenot partitioned. Still, partitioningapproachesrewidely usedby systemde-
signers.In additionto theabove approachesye canapplyhybrid partitioning/globaktrateyies.
For instancegachjob canbeassignedo a singleprocessqmwhile ataskis allowedto migrate.

4 Constraints of Real-Time Systems

Many industrialapplicationswith real-timedemandsare composedf tasksof varioustypes
and constraints. Arrival patternsandimportance for example,determinewhethertasksare
periodic,aperiodic,or sporadicandsoft, firm, or hard. The controlling real-timesystemhas
to provide for acombinedsetof suchtasktypes.The sameholdsfor thevariousconstrainton
tasks.In additionto basictemporalconstraintssuchasperiods start-timesdeadlinesandsyn-
chronizatiordemandsuchasprecedencegr mutualexclusion,a systemhasto fulfill comple
applicationdemandsvhich cannotbeexpressedlirectly with basicconstraintsAn examplefor
complex demandss a controlapplicationthatmayrequireconstraint®on individual instances,
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ratherthanperiods. The setof typesandconstraintof tasksdetermineghe schedulingalgo-
rithm during systemdesign. Adding constraints however, increaseschedulingoverheador
requiresthe developmentof new appropriateschedulingalgorithms.Consequentlya designer
givenanapplicationcomposeaf mixedtasksandconstraintdasto choosewhich constraints
to focusonin theselectionof aschedulingalgorithm;othershave to beaccommodatedswell
aspossible.

4.1 Schedulingof Sporadic Tasks

SporadicTasksarereleasedrregularly, oftenin responseo someeventin the operatingenvi-

ronment.While sporadictasksdo not have periodsassociateavith them,theremustbe some
maximumrate at which they canbereleased.Thatis, we musthave someminimum interval

time betweenthe releaseof successie iterationsof sporadictasks. Someapproacheso deal
with sporadicdasksareoutlinedasfollows [32].

e Thefirstmethods to simply considersporadidasksasperiodictaskswith aperiodequal
to theirminimuminterarrival time.

e Theotherapproacthis to defineafictitious periodictaskof highestpriority andof some
choserfictitious executionperiod. During the time thatthis taskis scheduledo run on
the processqrthe processois availableto run ary sporadictasksthat may be awaiting
service.Outsidethistime, theprocessoattenddo the periodictasks.This methodis the
simplestapproactor the problem.

e TheDeferred Serveris anotherapproachwhich wastedessbandwidth.Here,wheneer
theprocessors scheduledo run sporadidasksandfindsno suchtasksawaiting service,
it startsexecutingthe periodictasksin order of priority. However, if a sporadictask
arrives, it preemptghe periodictaskandcanoccuyy atotal time up to thetime allotted
for sporadidasks.

4.2 Schedulingof Aperiodic Tasks

Real-timeschedulingalgorithmsthat dealwith a combinationof mixed setsof periodicreal-
time tasksandaperiodictaskshave beenstudiedextensvely [55, 66,60,53,54]. Theobjectve
is to reducethe averageresponseime of aperiodicrequestsvithout compromisingthe dead-
lines of the periodictasks. Several approachesor servicingaperiodicrequestsarediscussed
asfollows.

A Badground Serverexecutesat low priority, and makes useof ary extra CPU cycles,
withoutary guaranteghatit ever executesBackgroundSener for aperiodicrequestgxecutes
wheneer the processoirs idle (i.e. not executingary periodictasksandno periodictasksare
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pending).If theloadof the periodictasksetis high, thenutilization left for backgroundervice
is low, andbackgroundserviceopportunitiesarerelatively infrequent.

The Polling Serverexecutesasa high-priority periodictask,andevery cycle checksif an
eventneedso beprocessedlf not,it goesto sleepuntil its next cycle andits resenedexecution
timefor thatcycleis lost, evenif anaperiodiceventarrivesonly ashorttime after. This results
in poor aperiodicresponsdime. Polling consistsof creatinga periodic task for servicing
aperiodicrequests.At regular intervals, the polling taskis startedand servicesary pending
aperiodicrequests.However, if no aperiodicrequestsare pending,the polling task suspends
itself until its next periodandthetime originally allocatedor aperiodicserviceis notpresered
for aperiodicexecutionbut is insteadusedby periodictasks.Notethatif anaperiodicrequest
occursjust afterthe polling taskhassuspendedhenthe aperiodicrequesimustwait until the
beginningof the next polling taskperiodor until backgroungrocessingesumeseforebeing
serviced Eventhoughpolling tasksandbackgroungprocessinganprovide time for servicing
aperiodicrequeststhey have the dravbackthatthe averagewait andresponsdimesfor these
algorithmscanbelong, especiallyfor backgroundorocessing.

The purposeof the Priority Exdhange and Deferrable Serves is to improve the aperiodic
responseime by preservingexecutiontime until required. Taking adwantageof the factthat,
typically, thereis no benefitin early completionof the periodictasks,the DeferrableSener
algorithmassigndhigherpriority to aperiodictasksup until the point wherethe periodictasks
would startto misstheir deadlines. Guaranteedlert-classaperiodicserviceand greatly re-
ducedresponse¢imesfor soft deadlineaperiodictasksareimportantfeaturesof the Deferrable
Seneralgorithm,andbothareobtainedwith the harddeadlinef the periodictasksstill being
guaranteed.

ThePriority Exchangesener allows for betterCPU utilization, but is muchmorecomple
to implementthanthe DeferrableSener.

The Priority Exchangeechniqueaddsto the tasksetan aperiodicsener thatserviceshe
aperiodicrequestsasthey arrive. The aperiodicsener hasthe highestpriority and executes
whenan aperiodictaskarrives. Whenthereare no aperiodictasksto service,the sener ex-
changests priority with thetaskof next highestpriority to allow it to execute.

The Spordic Serveris basedon the DeferrableSener; but provideswith lesscompleity
the sameschedulablautilization asthe Priority Exchangesener. Similarly to otherseners,
this methodis characterizetby a period Ps anda capacityC's, whichis preseredfor possible
aperiodicrequestslnlike othersener algorithms however, the capacityis not replenishedat
its full valueatthebeginningof eachsener period,but only whenit hasbeenconsumedThe
timesat which the replenishmentsccurarechosenaccordingto a replenishmentule, which
allowsthesystento achieve full processouitilization. The SporadicSener hasafixedpriority
chosenaccordingto the RateMonotonicalgorithm, thatis, accordingto its period Ps. The
SporadicSener algorithmimprovesresponsdimesfor soft-deadlineaperiodictasksandcan
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guarantedarddeadlinedor bothperiodicandaperiodictasks.

The above aperiodicsenersaredesignedo operatein conjunctionwith the RateMono-
tonic algorithm[66, 60]. We discusssomeothersenersthatcanoperatein conjunctionwith
deadline-basedchedulingalgorithms,suchasEarliestDeadlineFirst, asfollows.

The DynamicPriority Exdhange sener is an aperiodicservicetechnique,which canbe
viewed asan extensionto the Priority Exchangesener, adaptedo work with deadline-based
schedulingalgorithms. The main ideaof the algorithmis to let the sener tradeits run-time
with therun-timeof lower priority tasksin casethereareno aperiodicrequestgending.In this
way, the sener run-timeis only exchangedwith periodictasks,but never wastedunlessthere
areidle times. It is simply presered, evenif atalower priority, andit canbe later reclaimed
whenaperiodicrequest®nterthe system[60, 55, 56).

TheDynamicSpordic Serveris anotheraperiodicservicestratgy, which extendsthe Spo-
radic Senerto work underdynamicEDF schedulerThemaindifferencebetweertheclassical
SporadicSener andits dynamicversionconsistsin the way the priority is assignedo the
sener. DynamicSporadicSener hasa dynamicpriority assignedhrougha suitabledeadline.
Themethodsof deadlineassignmenandcapacityreplenishmenaredescribedn [60, 55, 56].

Looking at the characteristicef SporadicSener, we canrealizethatwhenthe sener has
along period, the executionof the aperiodicrequestsanbe delayedsignificantly andthis is
regardlessof the aperiodicexecutiontimes. Therearetwo possibleapproacheso reducethe
aperiodicresponsdimes. The first is to usea SporadicSener with a shorterperiod. This
solution,however, increasesherun-timeoverheadf thealgorithmbecauseto keepthesener
utilization constantthe capacityhasto be reducedproportionally but this causegnore fre-
guentreplenishmenandincreaseshe numberof context switcheswith periodictasks[60]. A
secondapproachs to assigna possibleearlierdeadlineto eachaperiodicrequest.The assign-
mentmustbe donein sucha way that the overall processouutilization of the aperiodicload
never exceedsa specifiedmaximumvalueUg. Thisis the mainideabehindanotheraperiodic
servicemechanismyhichis the Total BandwidthServer{55, 56]. The Total BandwidthSener
is ableto provide good aperiodicresponsienesswith extremesimplicity. However, a better
performanceanstill beachievedthroughmorecomplex algorithms.Thisis possiblebecause,
whentherequestarrive, theactive periodicinstancesnayhave enoughslacktime to besafely
preemptedUsingtheavailableslackof periodictasksfor advancingthe executionof aperiodic
requestss the basicprinciple adoptedby the Earliest DeadlineLate Server[55, 56, 60]. The
basicideabehindthe EarliestDeadlineLate Sener is to postponethe executionof periodic
tasksaslong aspossibleandusethe idle timesof periodicscheduleto executeaperiodicre-
guestssooner It is provedthatthe EarliestDeadlineLate Seneris optimal,thatis, theresponse
timesof aperiodicrequestainderthis algorithmarethe bestachievable[60].

Although optimal, the EarliestDeadlineLate Sener hastoo much overheadto be con-
sideredpractical. However, its mainideacanbe usefully adoptedio develop a lesscomple
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algorithmwhich still maintainsa nearlyoptimal behaior. The expensve computationof the
idle timescanbe avoidedby usingthe mechanisnof priority exchange With this mechanism
the systemcaneasily keeptrack of the time advancedto periodictasksandpossiblyreclaim
it attheright priority level. Theidle time of the EarliestDeadlineLate algorithmcanbe pre-
computedoff-line andthe sener canusethemto scheduleaperiodicrequestswhenthereare
ary, or to adwvancethe executionof periodictasks.In thelattercasethepre-computeddle time
canbe saredasaperiodiccapacity Whenanaperiodicrequestarrives,the schedulegivesthe
highestpriority to the aperiodicrequesif all of the periodictaskscanwait while still meeting
their deadlines.The ideadescribedaborve is usedby the algorithm called Improved Priority
Exdhange [55, 56, 60]. Therearetwo mainadwantagedo this approachFirst, afar moreeffi-
cientreplenishmenpolicy is achievedfor the sener. Secondtheresultingseneris nolonger
periodicandit canalwaysrun atthe highestpriority in the system.

In this sectionwe introduceda setof mostpopularalgorithmsthatprovide goodresponse
time to aperiodictasksin real-timesystems.The algorithmsdiffer in their performanceand
implementatiorcompleity.

4.3 Precedencend Exclusion Conditions

Supposeve have asetof tasksr = {7, 7», ..., 7, } . For eachtaskr; we aregiventheworst-case
executiontime C;, thedeadlineD;, andthereleaseime R,. We say7; precedes; if 7; isin
the precedencsetof 7;, thatis, 7; needghe outputof 7; andwe cannotstartexecutingr; until
7, hasfinishedexecuting. Taskr; excludesr; if 7; is notallowedto preemptr;. Thesentence
“1, preempts;” is trueif whenever 7; is readyto run andr; is currentlyrunning,7; is always
preempteddy 7;. Somerelationsbetweena given pair of distinct tasksareinconsistenwith
someotherrelations.For example ,we cannothave both“7; precedes;” and“r; precedes;”.
Also, 7; cannotpreceder; whenr; preempts;. Thereareafew moreexamplesof inconsistent
relations.

Having a setof real-timetaskswith someprecedencandexclusionconditions we should
provide aschedulingalgorithmsuchthatnotonly all deadlinesanbemet,but alsoprecedence
and exclusion conditionscan be handledsuccessfully This schedulingproblemis an NP-
completeproblem[32]. Someheuristicalgorithmshave beenprovided for the problemin
[32, 49,39, 31,17, 58].

Generallytheinputof any schedulingoroblemwith precedenceonstraintonsistof aset
of real-timetasksanda precedencgraph,wherea deadline a releaséime andan execution
time is specifiedfor eachtask. Sometimeghe releasetime of a job may be later thanthat
of its successorsyr its deadlinemay be earlierthanthat specifiedfor its predecessorsThis
conditionmakesno sense.Therefore we shouldderive an effective releaseime or effective
deadlineconsistentvith all precedenceonstraintsandschedulaisingthat[45]. We applythe
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following methodin orderto achieve aneffective releasdime:

¢ If ajob hasno predecessords effective releasdimeis its releasdime.

e If it haspredecessorsts effective releasdime is the maximumof its releasdime and
the effective releasdimesof its predecessors.

An effective deadlinecanbefoundasfollows.

¢ If ajob hasnosuccessorsis effective deadlinds its deadline.

e It if hassuccessorsts effective deadlings theminimumof its deadlineandthe effective
deadlineof its successors.

Ontheotherhand,anexclusionrelationbetweena given pair of taskscanbereducedo a
combinationof preemptiorandprecedenceelation[32].

4.4 Priority Inversion

In apreemptve priority basedeal-timesystemsometimesasksmayneedto accessesources
thatcannotbe shared.For example,a taskmay bewriting to a block in memory Until thisis
completedno othertaskcanaccesghatblock, eitherfor readingor for writing. The method
of ensuringexclusive accesss to guardthe critical sectionswith binary semaphoreswhena
taskseekgo enteracritical section it checksf thecorrespondingemaphores locked. If it is,
thetaskis stoppedcandcannotproceedurtheruntil thatsemaphorés unlocked. If it is not, the
tasklocksthe semaphor@andentersthe critical section.Whena taskexits the critical section,
it unlocksthe correspondingemaphor¢32, 50, 22].

The following examplerepresentsan undesiredoehaior of the above method. Consider
tasksr, 7, andrs, listedin descendingrderof priority, which sharea processarThereexists
a critical sectionS thatis usedby both ; and7s. It is possiblefor 7 to issuea requestfor
thecritical sectionS whenit is lockedby 73. Meanwhiler, may preemptr;. This meanghat
7o Which is of lower priority than, is ableto delayr; indirectly. Whena lower priority task
locksa critical sectionsharedwith the higherpriority task,the priority inheritanceprotocolis
usedto preventa mediumpriority taskfrom preemptinghe lower priority task. Considertwo
tasksr; andr;, wherer; > 7;, which needa critical sectionS. Taskr; inheritsthe priority of
7; aslong asit blocks7;. Whenr; exits the critical sectionthatcausedhe block, it revertsto
thepriority it hadwhenit enteredhatsection.

AlthoughthePriority InheritanceProtocolpreventsunboundedblockingof ahigherpriority
taskby alower priority task,it doesnot guarante¢hatmutualdeadlockswill notoccur It also
suffersfrom the possibility of chainedblodking, which happendecause high priority taskis
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likely to beblockedwhenever it wantsto entera critical section.If thetaskhasseveralcritical
sectionsjt canbeblockedfor a considerabl@mountof time [22].

The Priority Ceiling Protocol is anotherprotocolthat can be usedto preventa medium
priority taskfrom preemptinghelower priority task[32, 60, 15, 14, 37,50]. Also, underthis
protocol,deadlockscannotoccuranda taskcanbe blocked at mostonceby a lower priority
task. In this protocol, when a task tries to hold a resource the resourceis madeavailable
only if theresources free,andonly if the priority of the taskis greaterthanor equalto the
currenthighestpriority ceiling in the system. Sucha rule can causeearly blockingsin the
sensehat a task canbe blocked evenif the resourcet wantsto accesss free. This access
rule guaranteethatary possiblefuturetaskis blocked at mostonceby thelower priority task,
which is currentlyholding a resourceandfor a durationof at most B, where B is definedas
the greatesexecutiontime of ary critical sectionusedby thelower priority task[32, 60].

The Priority Ceiling Emulation which is a combinationof the two previous methodshas
beenintroducedto avoid chainedblocking and mutualdeadlocks.With this method,the pri-
ority of alow priority taskis raisedhigh enoughto preventit beingpreemptedy a medium
priority task. To accomplishthis, the highestpriority of ary taskthatwill lock a resourcas
keptasan attribute of thatresource.Wheneer a taskis grantedaccesdo thatresourcejts
priority is temporarilyraisedto the maximumpriority associatedvith theresource Whenthe
taskhasfinishedwith theresourcethetaskis returnedo its original priority.

5 Conclusionsand Open Problems

5.1 Summary and Conclusions

A realtime systemis a systemthat mustsatisfy explicit boundedresponse-timeonstraints,
otherwiserisk severe consequencescluding failure. Failure happensvhena systemcannot
satisfyoneor moreof therequirementsaid outin theformal systemspecification.

For agivensetof tasksthegenerakchedulingoroblemasksfor anorderaccordingo which
the tasksareto be executedsuchthat variousconstraintsaresatisfied.For a given setof real-
timetaskswe areasledto deviseafeasibleallocation/schedulelhereleasdime, thedeadline
andthe executiontime of the tasksare someof the parametershat shouldbe consideredor
scheduling.The deadlinemay be hard, soft or firm. Otherissuego be consideredareasfol-
lows. Sometimesa resourcemustbe exclusively held by a task. Tasksmay have precedence
constraints A taskmay be periodic,aperiodic,or sporadic.The schedulemay be preemptve
or non-preemptie. Lesscritical tasksmustbe allowedto be preemptedy highercritical ones
whenit is necessaryo meetdeadlines For the real-timesystemsn which tasksarrive exten-
sively we have to usemorethanoneprocessoto guaranteghattasksarefeasiblyscheduled.
Therefore the numberof availableprocessorss anothermparameteto consider The available
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processorsnay beidentical,uniform or unrelated.

Real-time scheduling

| Uniprocessor | | Multiprocessor |

| Partitioning | | Global |

| Off-line | | On-line |
|
| |

Static-priority | Dynamic-priority |

E—— —

| Preemptive | | Non-preemptive | | Planning based | | Best effort |

Figure3: Real-timeschedulingalgorithms

In this paper the conceptof real-time systemsand the characteristicof real-timetasks
aredescribed.Also, the conceptof utilization boundand optimality criteria, which leadsto
designappropriateschedulingalgorithms,areaddressedThe techniquedo handleaperiodic
and periodictasks,precedenceonstraintsand priority inversionare explained. Scheduling
of real-timesystemds cateyorizedanda descriptionfor eachclassof algorithmsis provided.
Also, somealgorithmsare presentedo clarify the differentclassesf algorithms. For real-
time multiprocessosystemswe discussthe main stratgies, namelypartitioningand global
stratgies, to allocate/scheduléhe real-timetasksuponthe processorsThe differentclasses
of the real-timeschedulingalgorithmsstudiedin this paperaresummarizedn Figure3. The
techniquesstudiedin Chapter4 canbe adoptedo mary algorithmsin variousclasse®f real-
time schedulingalgorithms. Someof the uniprocessoreal-time schedulingalgorithmsare
illustratedusingexamplesin the Appendix.
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Schedulingalgorithmsfor real-time systemshave beenstudiedextensvely. This paper
doesnot cover all theexisting real-timeschedulingalgorithms.We have not discussedubjects
suchasfault-toleranteal-timeschedulingalgorithmsandschedulingof rewardfunctions[32].
Also, we have not mentionedtime complity issuesand mary major theoremsaboutthe
feasibility andoptimality conditionsof thereal-timeschedulingalgorithms.Thereexist mary
approximationalgorithmsfor real-timesystemgsee,for example,[64, 8, 9, 18, 40]) thatwe
did not have an opportunityto discussin this paper We tried to presentthe mainideasand
classeof real-timescheduling.This paperis organizedsuchthata computerscientistwho is
notfamiliar with real-timeschedulingcanobtainenoughknowledgeaboutthis areato be able
to analyzeandcateyorizeary real-timeschedulingproblem.

5.2 OpenProblems

As we mentionedearlier therearetwo main stratgiesto dealwith multiprocessoschedul-
ing problems:partitioning strategy andglobal stratey, eachof which hasits advantagesand
disadwantages.Real-timeschedulingproblemsfor multiprocessosystemshave mostly been
studiedfor simplesystenmodels.Little work hasbeendoneon morecomplex systemsin this
section,we provide alist of multiprocessoreal-timeschedulingoroblemsthatrequirefurther
researchFor eachproblem,schedulingalgorithmsareto bedevelopedthatmayfall into either
of theabove stratgjies. In addition,designinga suitablehybrid partitioning/globalscheduling
algorithm,onecantake adwvantageof bothmethods Providing suitablehybrid schedulingalgo-
rithmsthatyield the bestsolutionsfor eachof thefollowing problemss oneof theinteresting
areaf research.

A list of openproblemsfor multiprocessoreal-timeschedulings asfollows.

Considera setof hard,soft, andfirm real-timetasks, T’ = {7y, 73, ..., 7, }, wherethe worst
caseexecutiontime of eachtaskr; € T'is C;.

(1) If thereal-timetasksarehard, periodic, preemptve and have fixed priorities, thenfind
the minimum numberof the processorsequiredto guaranteg¢hatall deadlinesaremet.
Someheuristicalgorithmshave alreadybeenproposedhowever we believe betteralgo-
rithmswith improved performanceanbe developed.

(2) Supposen asystemconsistingof m identicalprocessorgeal-timetasksarepreemptve
and have fixed priorities. Hard real-timetasksare periodic. Communicationcostis
negligible. Find a scheduldghat minimizesmeanresponseime while guaranteeinghat
all deadlinesaremet.

(3) Supposehereexist m identicalprocessorgeal-timetasksarepreemptve andhave fixed
priorities, a penaltyfunction P(r;) is assignedo eachsoft real-timetask,anda reward
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function R(7;) is determinedor eachfirm real-timetask. Communicatiorcostis negli-

gible. Find a schedulehatguaranteeall deadlinesaremetand % is minimized.

(4) Considerthe conditionsof problem(3), exceptthat communicationcostis non-trivial.

Give a schedulghat minimize the communicatiorcost. Minimizing the numberof mi-
grationsis oneway to reducethe communicatiorcost.

(5) Supposehereexist m identical processorsteal-timetasksare aperiodic,preemptve,

and have fixed priorities. Communicationcostis negligible. Find a schedulethat not
only guaranteeghatall deadlinesaaremet, but alsominimizesmeanresponseime. Find
theutilization boundof thealgorithm.

(6) Considerthe conditionsof problem(5), exceptthat tasksare non-preemptie. Find a

schedulehat not only guaranteeshat all deadlinesare met, but also minimizesmean
response¢ime. Find the utilization boundof the algorithm.

(7) Solwe all of the previous problems,i.e, problems(1)-(6), whenthe tasksare dynamic

priority tasks.

(8) Solwe all of the previous problems,i.e, problems(1)-(7), whenthe processorsre uni-

form.
We may apply eitherof thefollowing approacheso solve eachof the above problems:

e Thevastmajority of the optimizationallocating/schedulingroblemson real-timesys-
temswith morethantwo processorsre NP-hard. In thosecaseswherethe problems
listedabove areNP-hard,oneof the following approachesould be used.

(a) Sincetheproblemis NP-hardpneshouldstriveto obtainapolynomial-timeguaranteed-
approximatioralgorithm. Indeed for someschedulingproblems a heuristicalgo-
rithm may be found that runsin polynomialtime in the size of the problemand
deliversanapproximatesolutionwhoseratio to the optimal solutionis guaranteed
to benolargerthanagivenconstanor a certainfunctionof thesizeof the problem.
However, for mostNP-hardproblemsguaranteeinguchan approximatesolution
Is itself an NP-completeproblem. In this case the amountof improvementof the
heuristicalgorithmwith respecto the existing algorithmsshouldbe measuredia
simulation.

A challengingproblemin real-time systemstheory is calculatingthe utilization
boundsassociateavith eachallocation/schedulalgorithm. The obtainedutiliza-
tion boundallows not only to testthe schedulabilityof any giventasksetfor the
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schedulingalgorithm, but alsoit allows to quantify the effect of certainparame-
terssuchasthe numberof the processorsthe sizeof the tasks,andthe numberof
preemption®n schedulability Calculationof utilization boundsof multiprocessor
schedulingor real-timesystemss oneof the majorresearctirectionsthatshould
befurtherinvesticated.

(b) If wereducetheschedulingprobleminto aknowvn NP-completgroblemA, suchas
bin-packingor discreteknapsackoroblem,the existing approximationalgorithms
for problemA canbeappliedto the schedulingoroblem.

¢ Considereachof the aforementionegbroblems.The secondpossibility is developinga
polynomialtime algorithmthat provides an optimal feasibleschedulefor the problem.
The optimality of the algorithm shouldbe proved. We must prove that the algorithm
mayfail to meetadeadlineonly if no otherschedulingalgorithmcanmeetthedeadline.
In orderto prove optimality, we needto have the utilization boundsassociatedvith
the algorithm. The utilization boundsenablean admissioncontrollerto decidewhether
an incoming task can meetits deadlinebasedon utilization-relatedmetrics. In fact,
the utilization boundsexpressthe sufficient conditionsrequiredfor feasibility of the
algorithm.
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Appendix: Examples

In this chapterwe presentthe timing diagramsof the schedulegrovided by somereal-time
schedulingalgorithms namelythe earliestdeadlinefirst (EDF), therate-monotoni¢RM), and
theleastlaxity first (LLF) algorithms,ontwo givensetsof tasks.

Period | Computatiortime | Firstinvocationtime | Deadline
Ty 2 0.5 0 2
Ty 6 2 1 6
T3 10 1.8 3 10

Table2: Therepetitionperiods,computatiortimes,anddeadlinesof thetasksr;, 7, andr; for
ExampleA.1

Figure4: Thetiming diagramof taskr; definedin Table2, beforescheduling

0 1 2 3 4 5 6 7 8 9 100 11 12 13 14 15 16

Figure5: Thetiming diagramof taskr, definedin Table2, beforescheduling

Example A.1: Considera systemconsistingof threetasksr, » and 3, that have the
repetitionperiods,computatiortimes,thefirst invocationtimesanddeadlineslefinedin Table
2. ThedeadlineD; of eachtaskr; is P, andtasksarepreemptve. Figures4, 5 and6 present
thetiming diagramof eachtaskr;, 7 andrs, respectiely, beforescheduling.

e Earliestdeadlinefirstalgorithm
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Figure6: Thetiming diagramof taskrs; definedin Table2, beforescheduling
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Figure7: Thetiming diagramof the schedulgrovidedby ary of theearliestdeadlindfirst, rate
monotonic |eastlaxity first algorithmson thetaskssetdefinedin Table2

Figure7 presents portion of the timing diagramof the scheduleprovided by the EDF
algorithmonthetaskssetdefinedin Table2. Betweentimeintenal 0 and17 we obsene
thatno deadlinels missed.

e Ratemonotonicalgorithm
As shawn in Figure7, if we scheduleghetaskssetby the RM algorithm,no deadlineis
missedbetweertime internval 0 and17.

¢ Leastlaxity firstalgorithm

Similar to the previous two schedulingalgorithms,the leastlaxity first algorithm pro-
vides a schedulesuchthat all deadlinesare met betweentime interval 0 and 17 (see
Figure7).

For ExampleA.1, thetiming diagramsof the schedulegrovided by the earliestdeadline
first, rate monotonic,andleastlaxity first algorithmshappento be the same,asindicatedin
Figure7.
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Period | Computatiortime | Firstinvocationtime | Deadline
T 2 0.5 0 2
To 6 4 1 6
T3 3 1.8 3 10

Table3: Therepetitionperiods,computatiortimesanddeadlinesf thetasksr,, » andrs for
ExampleA.2

SR

l 1 i T 1 1 1
' 1 ' ' 1 '
I ' I ' I '

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Figure8: Thetiming diagramof taskr; definedin Table3, beforescheduling
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Figure9: Thetiming diagramof taskr, definedin Table3, beforescheduling

0 1 2 3 4 5 6 7 8 9 100 11 12 13 14 15 16 17

Figure10: Thetiming diagramof taskr; definedin Table3, beforescheduling

Example A.2: Considera systemconsistingof threetaskst;, » and 73, that have the
repetition periods,computationtimes, first invocationtimes and deadlinesdefinedin Table
3. Thetasksarepreemptve. Thetiming diagramsin Figures8, 9 and 10 presenthe timing
diagramof eachtaskr, m andrs, respectrely, beforescheduling.
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e Earliestdeadlinefirstalgorithm

As presentedn Figure 11, the uniprocessoreal-time systemconsistingof the tasks
setdefinedin Table 3 is not EDF-schedulablehecauseavhile the executionof the first
invocationof the task 7, is not finishedyet, the new invocationof the taskarrives. In
otherwords,anoverrunconditionhappens.

'

T
-4 O
<
<
-1 e
=

Figurell: Thetiming diagramof the schedulgrovided by the earliestdeadlinealgorithmon
thetaskssetdefinedin Table3

e Ratemonotonicalgorithm

As shawn in Figure 12, the uniprocessoreal-time systemconsistingof the tasksset
definedin Table 3 is not RM-schedulable.The reasonis that the deadlineof the first
invocationof thetaskr; is missed.The executionof thefirst invocationis requiredto be
finishedby time 6, but theschedulecould not malke it.

¢ Leastlaxity firstalgorithm

Figure13 presents portionof thetiming diagramof the schedulerovided by theleast
laxity first algorithm on the taskssetdefinedin Table 3. As shown in the figure, the
deadlineof the third invocationof the task -, cannot be met. we concludethat the
uniprocessoreal-timesystemconsistingof the taskssetdefinedin Table 3 is not LLF-

schedulable.
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Figure13: Thetiming diagramof the schedulgrovided by the leastlaxity first algorithmon

thetaskssetdefinedin Table3



