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Abstract

Real-timeschedulingalgorithmsfor multiprocessosystems
have beenthe subjectof consideable recentinterest. For
sud an algorithmto be truly usefulin practice supportfor
semaphae-basedlocking must be provided. However, for
manyglobal schedulingalgorithms,no sud medanismshave
beenproposed. Furthermog, in the partitioned case most
prior semaphae schemesre eitherinefcient or restrictcrit-
ical sectionsconsideably. In this paper a new exible mul-
tiprocessorlocking schemeis presentedhat can be applied
under both partitioning and global scheduling This scheme
allows unrestrictedcritical-sectionnesting but has beende-
signedto deal with the commoncaseof short non-nestedc-
cessegfciently.

1. Intr oduction

The adwent of multicoretechnologiess having a dramatic
impactonthecomputingandscapeMostmajorchipmanufc-
turescurrentlyoffer dual-corechips,andin the comingyears,
general-purposehipswith 32 or morecoresareexpected21].
The shift towards multicore platformsis a watershedevent:
the“standard”computingplatformwill now beamultiproces-
sorin mary settings,including settingswherereal-timecon-
straintsarise. As examplesof the latter, multicore platforms
have beenproposedisa basisfor implementinghomecomput-
ing applianceshatmustmultiplex best-efort andreal-timeap-
plications[5] andarecurrentlybeingusedin businessystems
thatmustprocesgransactionshathave timing constraintg3].

To supportsuchworkloads,ef cient multiprocesscebased
techniquedor schedulingand synchronizingreal-time tasks
areneededTheformertopic, schedulinghasrecevedsigni -
cantrecentattention(se€[5] for arecentsuney). However, the
issueof syndronizationhasreceived muchlessattentionand
adequatesynchronizatiormethodscurrently do not exist for
mary of the multiprocessoischedulingapproacheshat have
beenproposedn recentyears. In this paper we take a fresh
look at this issue. Our particularemphasiss lock-basedsyn-
chronizationasprovidedvia semaphores.
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Motivation. Our motivation for re-examining lock-based
synchronization is driven by several shortcomings of
previously-proposed real-time multiprocessor locking
schemes. First, in almost all such schemes,partitioned
schedulingis assumed.In contrast,in recentwork on multi-
processoischeduling,global approacheswhich permit tasks
to migrate across processors,have received considerable
attention. Clearly to be of practicaluse, global approaches
mustbe extendedto provide supportfor locking. Secondas
explainedin greaterdetail later, most prior locking schemes
imposerestrictve assumptionsFor example,nestedaccesses
of global critical sectionsare often forbidden. Third, most
prior schemesre quite inef cient whenimplementingnon-
nestedocks. As explainedin [12], non-nestedock accesses
areby farthecommoncasein practice.Our goalin this paper
is to devise locking schemeghat can be appliedunderboth
partitioningandglobal schedulingdo not restrictthe kinds of
critical sectionsthat can be supportedandare very ef cient
whenmostor all lock accessearenon-nested.

Multipr ocessoscheduling Weassumehattheworkloadto
bescheduleds speci edasasporadidasksystem.Threebasic
approache$o schedulingsucha systemhave beenconsidered
in prior work: partitioning, Pfair-basedglobal scheduling and
non-Pfairbasedglobal scheduling Dueto spaceconstraints,
we do not discussthe variousvirtuesandlimitations of these
basicapproachebere—sucla discussiorcanbefoundin [10]
(amongotherplaces). Under partitioning, tasksare statically
assignedo processorsandeachprocessois scheduledising
auniprocessoschedulingalgorithm.Underglobalscheduling,
a taskmay executeon ary processoandmay migrateacross
processorsPfair algorithmsschedulesachjob (i.e., instance)
of ataskonequantumat atime. In non-P#ir algorithms jobs
areconsideredo beschedulablentities.In thispaperwe con-
sideronly deadline-basedchedulingalgorithms.In the parti-
tioned case ,we considerpartitioned EDF (P-EDF), wherein
the earliest-deadline- st (EDF) algorithm is usedon each
processarlin theglobalcasewe considetthe non-Phir global
EDF (G-EDF) algorithmandthe Pfair PD? algorithm[1]. To
the bestof our knowledge,no generalsemaphoréocking pro-
tocol hasbeenproposedreviously for G-EDF or PD?2.

Prior work. In work on uniprocessosynchronizationthe
priority ceiling protocol (PCP) [8] and the stak-basedre-



souice allocation protocol (SRP) [4] have receved consid-
erableattention. Both protocolsprevent deadlockand limit

the durationsof priority inversions(which occurwhena job
is blocked by a job of lower priority) to be at mostthe length
of oneoutermostritical section.

In prior work on multiprocessosynchronizationRajkumar
etal. [20, 19] werethe rst to proposeprotocolsfor imple-
mentingsemaphoreslwo multiprocessowariantsof the PCP
werepresentedy themfor systemswvherepartitioned,static-
priority schedulings used.In laterwork, severalrelatedproto-
colswerepresentedor systemscheduledby P-EDF. The rst
suchprotocolwas presentedy Chenand Tripathi [9]. How-
ever, their protocolworksonly for periodic(not sporadic)ask
systems.In laterwork, Lopezetal. [17] presentedinimple-
mentationof the SRP for P-EDF. In this work, tasksthat
sharea commonresourcemustbe assignedo the samepro-
cessor More recently Gai et al [13] also presentedan im-
plementatiorof the SRP for P-EDF. In this implementation,
whena taskwaits for a resourceo be releasedhatis held by
ataskon anothemrocessarit busy-waits, which preventsary
usefulwork from beingdoneon its processarAlso, accesses
of global critical sectionsare requiredto be non-nested.In
work involving global schedulingapproache$or implement-
ing non-nestedocks have beenpresentedy HolmanandAn-
derson[16] for PD? andby Devi etal. [12] for G-EDF.

Summary of contributions. We present nen multiproces-
sor synchronizatiorprotocol, called the exible multiproces-
sor locking protocol (FMLP), thatbreaksnewv groundin three
ways. First, it is the rst suchprotocolthatis optimizedto ex-

ecutenon-nestedesourceaccessegthe commoncase)more
efciently. Secondi,it is the rst such protocol that can be

appliedin G-EDF (actually a variantof G-EDF that allows

jobsto suspencaindbecomenon-preemptablegndPD? in ad-

dition to P-EDF. Third, the FMLP supportsnestedresource
accessewvithout constraininglimitations. The FMLP allows

shortcritical sectionsto be implementedusing busy-waiting

mechanisma&ndlong critical sectionsto be implementedby

suspendindplockedtasks.In therestof the paperwe present
neededbackgroundSec.2), describethe FMLP for G-EDF

(Sec.3), describethe FMLP for P-EDF andPD? (Sec.4), ex-

perimentallycomparghe FMLP to prior scheme¢Sec.5), and
conclude(Sec.6). In our experimentalevaluation,the FMLP

(particularlythe FMLP for G-EDF) provedto be substantially
betterthanprior scheme#n termsof schedulability

2. Background

Wedenotetheit" taskof atasksystenil asT; (wheretasks
areorderedarbitrarily) andthej ™ job of T; asT} (wherejobs
areorderedby theirreleasdimes,asde ned belav). Through-
outthepaperwe areonly concernedvith sporadictasks.Such
ataskT; is speci ed by its worst-caseexecutioncost e(T;),
andits period, p(T;), which de nes boththerelative deadline

of eachof its jobs andthe minimum separatiorbetweensuch
jobs. A job T! becomesavailablefor executionat its release
time r(T/ ), andshouldcompletesxecutionbeforeits absolute
deadline d(T/}) = r(T!) + p(Ti). T/ is pendingattimet iff
t r(T/) andT} hasnot completedexecutionby t. Pend-
ing jobscanbein oneof threestates:suspendedreemptable
andnon-peemptable If ajob is suspendedhenit cannotbe
scheduledon ary processor If a job is preemptablethenit
canbe scheduledn a processaqrbut canbe preemptedy an-
otherjob with a higherschedulingpriority. Finally, if a job
is non-preemptablahenit will executeuntil it becomegre-
emptableor is nolongerpending.A job canonly becomenon-
preemptabl®r suspendvhenit is schedulednaprocessaorlf
ajob is eitherpreemptabler non-preemptablghenit is said
to berunnable Whenajob's stateis changedrom suspended
to preemptableif is saidto resume

2.1. Scheduling Algorithms

Due to spaceconstraintswe mainly focus on G-EDF in
this paper; P-EDF and PD? are dealtwith brie y in Sec.4.
Hereafter we let m denotethe numberof processorsn the
system. Under P-EDF and G-EDF, pendingjobs are priori-
tized by non-decreasingeadlines.Sincethe FMLP requires
priorities to be unique,we useY(T}) = (d(T}), i) to denote
the schedulingpriority of T/, andde ne Y(T/)) > Y(T9) to
holdiff d(T/) < d(Td) ord(T)) = d(TH) i < c

UnderP-EDF, eachtaskis permanentlyassignedo a spe-
ci c processar Eachprocessolindependentlyschedulests
assignedasksusing EDF. Under G-EDF, tasksare EDF-
scheduledusing a single priority queueand can freely mi-
grateamongprocessorsVariousschedulabilityconditionsfor
P-EDF and G-EDF have beengivenin the literature. (Rele-
vant citationscanbe foundin [10].) All of theseconditions
requirethat overall utilization be capped.Without suchcaps,
Devi andAndersor{11] have shawvn that,underG-EDF, dead-
linescanbemissedonly by boundedamounts PD? is optimal,
and thus doesnot require utilization capsto avoid deadline
misses.PD? dividestasksinto quantum-lengttsubtaskghat
areassignedndividual deadlinesandthenscheduleshemon
anEDF basis.Deadlinetiesarebrokenusingtwo tie-breaking
rules(asdiscussedn [1]).

2.2. Resources

Jobsissuerequestgor exclusive accesgo resourcesA re-
quesR for aresourcé byajob T/ isconsideredo besatis ed
assoonasTij holdsthe resource.Associatedvith sucha re-
sourcerequestR is the (worst-caseurationof time thatTij
requires , denotedRj . OnceTij hasexecutedfor theamount
of timeit requires’, R is saidto be completeandtheresource
" is saidto bereleased If arequesR by Tij for aresource



cannotbeimmediatelysatis ed, thenT/ is saidto be blocked
on’. After R hasbeensatis ed, T} is saidto be unbloked
A resourcaequesR ; is containedwithin anotheresource

requestR ; iff R is issuedafter R, is issuedbut beforeR
completes.We assumeequestsare “properly” contained:if
R is containedwithin R, thenR ;1 completedeforeR,. A
resource is non-nestabléf all requestdgor ~ by ary tasknei-
thercontainnor arecontainedwithin ary otherrequestandis
nestableotherwise. A requestis an outermostrequestf it is
containedwithin no otherrequest. Similarly, a requestis an
innerrequestf it is containedwithin anotherequestFor sim-
plicity, we assumen this paperthatthe mannerin which re-
sourcerequestarenesteds known a priori. This simplifying
assumptiorcanbe eliminatedat the expenseof morecumber
somenotation.

2.3. The GSN-EDF Algorithm

The standardG-EDF schedulingalgorithm assumeghat
jobsarepreemptablet all times. However, aswe will shortly
discuss,n the FMLP, jobs canbecomenon-preemptabléor
short durationsof time. In this section,we presenta vari-
ant of G-EDF that guaranteeshat a job T/ is only blocked
by anothernon-preemptablgob when T/ is either released
or resumed,andthat suchblocking durationsare reasonably
constrained. For globally-scheduledsystems,we say that a
T! is non-peemptivelyblodked attime t iff T) is oneof the
m highest-priorityrunnablejobs andit is not schedulecdat t
because lower-priority non-preemptablg@b is scheduledn-
stead.

Before continuing,considerthe following nave modi ca-
tion to the G-EDF algorithm that allows jobs to have non-
preemptablsectionsAt timet, if thereareq non-preemptable
pendingjobs, thenthesejobs arescheduledat t. If thereare
k additional preemptablgobs at t, thenthe min(k;m )
highest-prioritysuchjobsarealsoscheduledatt.

The problemwith the abore algorithmis thatit is possible
for ajob T/ to be non-preemptiely blocked whenever other
jobsarereleasear resumedFor example,considethesched-
ule depictedin Fig. 1. EventhoughT{ is alwaysamongthe
two highest-priorityrunnablejobs (while it is pending),it be-
comesnon-preemptiely blocked wheneer a higherpriority
job arrives,becaus¢helowest-priorityschedulegobs, TS and
T}, arenon-preemptableAs aresult, T is non-preemptiely
blockedfor threetime units,eventhoughthemaximumamount
of time thatary job is non-preemptables 2:5 time units.

In order to avoid this behaior, we introduce the
G-EDF algorithmfor suspendabland non-preemptablgobs
(GSN-EDF), givenin Fig. 2. Under GSN-EDF, a runnable
job is eitherlinked to a processoror unlinked A job T/ is
linked attime t iff G-EDF would schedul€T! on a processor
att (undertheassumptionthatall jobsarefully preemptable).
Thus,atary timet, atwhichthereareatleastm runnablgobs,
the m highest-priorityrunnablejobs arelinked to processors.
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Figure 1. An example of repeated preemptions
under G-EDF for a two-processor system.

Intuitively, if ajob T} is linkedto but not scheduledn a pro-
cessorthenT] is non-preemptiely blocked. Additionally, if
ajob TP is scheduledn a processobut is unlinked, then T2
is not oneof the m-highestpriority runnabletasksandis only
scheduleattimet becausdt is non-preemptable.

As anexample considethetwo-processosystenin Fig. 3,
which depictsthe samesystemasin Fig. 1 exceptthatit is
scheduledy GSN-EDF. WhenT} isreleasedttime 1, it be-
comedinkedto Processo? sinceits previously linkedjob, TS,
hadthe lowestpriority of ary linked job. However, sinceT}
is non-preemptablattime 1, T# is notscheduledintil T be-
comespreemptableat time 2:5. Thus,over therange[1, 2:5),
T4 isnon-preemptiely blocked. Noticethat,in Fig. 3, theonly
time ajob is non-preemptiely blockedis whenit is released,
andthatthe amountof time a job is non-preemptiely blocked
is upperboundedy themaximumdurationof timeary job can
benon-preemptableComparatiely, ajob in thenave modi -
cationof G-EDF, considerecrarlier canbe non-preemptiely
blocked wheneer other jobs arereleasede.g., T{, in Fig. 1,
is non-preemptiely blocked over thetime rangeqd1, 2:5) and
[4, 5:5)) anda job canincur non-preemptie blocking larger
thanthe maximumdurationof time a job is non-preemptable.
Althoughit is not depicted,underGSN-EDF, a job may be
non-preemptiely blocked whenit is resumedfor a duration
of time that is upperboundedby the longesttime ary job is
non-preemptable.

We now statetwo theoremgoncerningsSN-EDF thatcan
be usedto boundnon-preemptie blockingtimes. The proofs
of thesetheoremsare straightforvard, and have beenomitted
dueto spaceconstraints.

Theorem 1. Under GSN-EDF, if a pendingjob T/ is linked
but not scheduledat time t, thenit has beenlinked but not
stheduledcontinuouslyover theinterval [tg; t), whee tgr de-
notesthelasttimewhenT! wasresumear released.



Tij isreleasedr resumedat time t:

1: TP := lowest-prioritylinkedjob (if it exists);
2: if fewerthanm jobsarelinkedthen

3: k := index of ary unlinkedprocessor;

4 T} islinkedto andscheduledn Proc.k
5:  elseif Y(T/) > Y(T2) then

6: k := processoff ? is linkedto;

7 T becomesinlinked;

8: T! becomedinkedto Proc.k;

9: if T;,? is schedule@ndpreemptableéhen
10: T§ stopsbeingscheduled;

11: T} is scheduledn Proc.k

12:

13:

TiJ changesfr om non-preemptableto preemptableat time t:

14: k:= processoﬁ'ij is scheduledn;
15: TP := joblinkedto Proc.k;

16: if T2 exists" T2 6 T/ then

17: T/ stopsbeingscheduled;

18:  TQisscheduledn Proc.k

19:

T/ becomessuspendedor completesat time t:

20: k= processoﬁ'iJ is scheduledn;

21: TiJ stopsbeingscheduled;

22: TP := joblinkedto Proc.k;

23 if TP existsA T2 6 T/ then

24:  TPisscheduledn Proc.k

25: else

26: T>_¥ := highest-priorityrunnableunlinkedjob;
27: T/} becomesnlinked;

28:  if TY exists” T{ is notscheduledhen
29: Ty islinkedto andscheduledn Proc.k
30:  elseif T) existsthen

31L: q:= processofly is scheduledn;
32: TF := joblinkedto Proc.q;

33: if T existsthen

34: T#'slink changegrom Proc.q to k;
35: TF is scheduledn Proc.k

36: ;

37: T¢ becomedinkedto Proc.q

38:

39:

Figure 2. Pseudo-code de ning GSN-EDF.

Theorem2. LetT! bethejob linkedto Processok at timet
andassume‘l’iJ is not scheduledat timet. Lettp bethe max-
imal amountof time a job T2, whee Y(T?) < Y(T/), thatis
stheduledat timet on Processok executesion-peemptively
Under GSN-EDF, TiJ is either scheduledby timet + tp or
becomesinlinkedbytimet + tp .

3.The FMLP

In this sectionwe describehe e xible multiprocessotock-
ing protocol (FMLP). We call it “ e xible” becausét canbe
adaptedor useunderboth partitioningandglobalscheduling.
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Figure 3. An example of GSN-EDF for a two-
processor system. The processor(s) that each
task is either linked to or scheduled on are de-
noted in each block.

Onedesignchoicethatmustbeaddresse@henimplement-
ing a multiprocessotocking protocolis how to respondo re-
sourcerequestghat cannotbe satis ed immediately If jobs
aresuspendewhenaresourceequestannotesatis ed,then
worst-caseblocking timesareimpactednegatively. If instead
jobsnon-preemptiely busy-wait, thennomorethanm 1jobs
may be blocked on the sameresourceat ary time (which im-
provesblockingtimes),but theamountof usefulwork doneby
the systemcan be reducedsigni cantly. On multiprocessors,
the methodfor ensuringdeadlockfreedomalso hasa major
impacton systemutilization, asan overly pessimistionecha-
nismmayunnecessariljdle a processor

We seekto ensurea high degreeof parallelismandto strike
abalancebetweerbusy-waitingandsuspensionis threeways.
First, we differentiatebetweerresourceshatcanbe heldfor a
shortor long durationandemploy busy-waiting only for short
resources.Whethera resourceshouldbe consideredong or
shortis speci ed by the user The only constraintis that re-
questdor long resourcesnaynotbe containedwithin requests
for shortresources Secondpy executingshortrequestsion-
preemptvely, we minimize the time jobs spendbusy-waiting.
Third, resourcesare groupedin sucha way thatthe common
caseof short,non-nestableesourcess dealtwith ef ciently.
This also helpsto reducethe overheadof avoiding deadlock.
In the descriptionof the FMLP, we focuson its implementa-
tionunderGSN-EDF. We consideP-EDF andPD? in Sec4.



3.1. Request Rules

Resouce groups are the fundamentalunit of locking in
the FMLP. Each group containseither only long or only
shortresourcesand is protectedby a group lock, which is
either a non-preemptie queuelock (short) or a semaphore
(long). (Queuedocks[18, 2] have beenusedpreviously to sup-
port non-nestableesourceaccesse real-timemultiproces-
sorsystemg12, 13].) Two resources; and , arein thesame
groupiff thereexists a job thatissuesa requestfor ", thatis
containedwithin arequesfor “, and™; and”, areeitherboth
shortor bothlong. For example,in Fig. 4 (discussedhortly),
A andB arein thesamegroupbecaus@requesfor A is con-
tainedwithin arequesfor B ; however, C isin agroupby itself
becausét is non-nestable.

The FMLP handlesthe common caseof non-nestede-
sourceaccessesf ciently because&on-nestableesourcesre
groupedindividually, which improves parallelism. Note that,
in theFMLP, thetermsoutermostequestndnon-nestablee-
souicearede ned with respecto thetype of therequestede-
sourcej.e., requestgor non-nestabléong resourcesnaycon-
tain requestdor shortresourcesandshortrequestonly con-
tainedwithin long requestsareconsideredo be outermost.To
avoid confusionwe hencefortireferto long (short)outermost
andinnerrequestssl-outermost(s-outermogtandl-inner (s-
inner), respectrely.

Short resource requests. When a job T/ issuesan s-
outermostequesR for ashortresource, it mustacquire™s
grouplock. In a queuelock, blocked processedusy-wait in

FIFO order Beforeattemptingto acquiresucha lock, a job

must rst becomenon-preemptableand mustremainin that
stateuntil it relinquisheghe lock. Any requestR ° contained
within R is satis edimmediatelyasthe requestedesources

by de nition in “'sgroup.(Recall,thatlong requestgannotbe
containedwithin shortrequests.)rhequeudock for *'s group
is only relinquishedvhenR completes.

Long resource requests. When a job T/ issuesan I-
outermostequestR for along resource, it mustacquire™'s
grouplock. Underasemaphoréock, blockedjobsareaddedo
aFIFO queueandsuspendedwWhile T) holds™'s grouplock,
it will inheritthe maximumpriority of ary higherpriority job
blocked on aresourcen *'s groupandwill be schedulegre-
emptiely. If arequesR ° containedwithin R is long, thenit
is satis ed immediately asthe requestedesources by de -
nition in *'s group. If R%is a shortrequestthenit is either
an s-outermostequestor is containedwithin sucha request
andthereforeT! mustperformthe shortresourcaequespro-
tocol. WhenR completes]T! relinquishes's grouplock, at
which pointits priority is restoredandthe rst job (if ary) in
thegrouplock's FIFO queues dequeuedndresumed.
Thereis onesubtleissuethatariseswith priority inheritance
underGSN-EDF. If attimet, ajob T} thatis schedulecbn
Processok inheritsthe priority of T2, thenT? musthave been

scheduledbn someProcessor only to becomesuspendedct
time t. Furthermorejf thereexists somejob Ty 6 T/ that
is linkedto Processok, thenthe FMLP causesl) to become
linked and schedulecbn Processor, andT! continuesto be
scheduledn Processok andbecomedinkedto Processok.

This preventsT! from needlesshswitchingprocessors.

Theorem 3. TheFMLP is deadlo&-free

Proof. By contradiction. Deadlockcan occuronly if there
exists a circular chain of jobs whereeachjob in the chainis
blocked on a resourcein a groupheld by the next job in the
chain. To derive a contradictionassumehatan arbitraryjob,
T!, whichis partof a circular chainof blocked jobs, became
blocked by issuingarequestR. R cannotbe ans- or l-inner
requestsinces- andl-inner requestTannever causea job to
block. In orderfor T! to be partof the circularchain,it must
alreadyhold someresourceThus,R mustbecontainedvithin
anoutermostrequest.Moreover, sincelong resourcaequests
cannotbecontainedvithin shortresourceequestaindwe have
alreadyestablishedhatR is ans-orl-outermostequestit fol-
lows thatR mustbe an s-outermostequest. Thus, T/ holds
no shortresourcegotherwiseR would be an s-innerrequest)
andis blocked on a shortresource.As we have madeno as-
sumptionconcerningheidentity of T/ , we canconcludewith-
outlossof generalitythatunderthe FMLP, in a circularchain
of blockedjobs, no job holdsshortresourcesndthatall jobs
block on shortresourcesywhichis a contradiction. O

Example. An example schedule for the FMLP under
GSN-EDF is depictedin Fig. 4. In this example,resource#\
andB, arein Group1l, resourceZ andX arein Group2, and
resource€ andY arein Groups3 and4, respectiely. There
areseveralimportantthingsto noticeaboutthis example:

When T} issuesa requestfor the short resourceB at
time 1, it busywaits until time 2:5, whenT{ releaseshe
grouplock for Group1.

WhenT3 is releasedittime 1:5, it becomedinkedto but
not scheduledn Processolf. (It cannotbe scheduledat
time 1.5 becausdl{ is non-preemptable.WhenT{ be-
comespreemptablet time 2:5, T3 is schedulecbn Pro-
cessorl. Thus,T$ is non-preemptiely blocked over the
range[1:5, 2:5).

When T} issuesa requestfor the long resourceZ at
time 5, it becomessuspendedecauseTy holdsZ. As
aresult, T} inheritsT}'s priority and T3 is scheduledin-
til T} release€ attime6.

When T3 issuesa requestfor the long resourceZ at
time 7:5, it becomesuspendetiecausd } holdsZ . This
allows T2 to be scheduledat time 7:5, at which time it
issuesarequesthatis immediatelysatis ed for the short
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Figure 4. A schedule for a two-processor
GSN-EDF-scheduled system that uses the
FMLP. A, B, and C are short resources. X,
Y, and Z are long resources. The schedule
is depicted from a per-task viewpoint in inset
(@) and from a per-processor viewpoint in in-
set (b). Inset (c) shows which task is linked to
each processor at each instant. For example,
over the range [7:5, 9:5), in inset (a), T, is non-
preemptivel y scheduled, and in inset (b), it is
shown that T, is scheduled on Processor 2. In
inset (c), it is shown that T, is linked to Proces-
sor 2 over the range [7:5, 85), and T3 is linked to
Processor 2 over the range [8:5, 10).

resourceC. SinceT; holdsC, it is non-preemptablen-
til it release<C. Thus,whenT] is resumedat time 8:5,
it becomedinked to but not scheduledon Processop,
sincethe job that was previously linked to ProcessoP
(T4) hadthe lowestpriority of ary linkedjob. Thus, T3
is non-preemptiely blocked from time 8:5 until T} be-
comespreemptablattime 9:5.

3.2. Blo cking under GSN-EDF

Thetermblodcking refersto delaysexperiencedy ajob T/
dueto busy-waiting andalsoto suspensionthatarenotthere-
sult of preemptionccausedoy higherpriority jobs. Because,
underGSN-EDF, up to the m highest-priorityrunnablejobs
arelinkedatary giveninstantin time,ajob T/ is consideredo
beblockedattimet if T/ is bothoneof them highest-priority
pendingiobsandeitherit cannotbescheduledr it busy-waits.
Notethatajob maybeblockedby jobsof loweror higherprior-
ities. (In contrastjn uniprocessoschemespnly lower-priority
jobs causeblocking.) Therearethreesourceof blockingun-
derGSN-EDF, aslistedbelow. Upperbounddor thesevalues
arederived in an appendixto an online versionof this paper
availableat http://www.cs.unc.edu/ anderson .

Busy-waitblocking occurswhena job mustbusy-wait in
orderto acquirea shortresource For example,in Fig. 4,
T} busy-waitsovertherange(1, 2:5). Wedenotehemax-
imum total amountof time for which ary job of ataskT;
canbusy-wait asBW(T;).

Non-peemptiveblodking (as discussedearlier) occurs
when a preemptablependingjob T/ is one of the m

highest-priority pendingjobs, but is not scheduledbe-
causea lower-priority non-preemptabl@b is scheduled
instead(i.e., T/ is linked but not scheduled).For exam-
ple, in Fig. 4, T is non-preemptiely blocked over the
rangeq1:5, 2:5) and[7:5, 8:5). We denotethe maximum
totalamountof non-preemptie blockingary job of atask
T; canincurasNPB(T;).

Direct blocking occurswhen a preemptablgoendingjob

T! is oneof the m highest-priorityjobs and it issuesa

requestfor an outermostiong resource from Groupg,

but is suspendetiecausesomeotherjob holdsaresource
from Group g. For example, in Fig.4, T} is direct-

blocked over the range[5, 6). We denotethe maximum
total length of time ary job of task T; can be directly

blockedasDB(T;).

Themaximalblockingtime for ary job of taskT;, B(T;), isthe
simply the sumof theseterms:

B(Ti) = BW(Ti) + NPB(T;) + DB(Ti): )



4. FMLP Extensions

In this section,we brie y describehow the FMLP canbe
usedin conjunctionwith P-EDF andPD?. Blocking termsfor
both of thesevariantscanbe derived in a similar way asfor
GSN-EDF. Due to spaceconstraintsthesecalculationsare
omitted.

41. The FMLP under P-EDF

As wasthe casewith G-EDF, we mustconsidera modi ed
versionof P-EDF thatallows jobsto becomenon-preemptable
and suspendat arbitrary points in time. The resulting al-
gorithm, which we call PSN-EDF, is a simple extensionof
P-EDF, andis de ned asfollows.

(PSN-EDF) At timet, if thereis a non-preemptablpending
job TP assignedo Processok, thenT? is scheduledatt
on Processok; otherwise thejob scheduledttimet on
Processok is the highest-priorityrunnablejob (if ary)
assignedo Processok attimet.

We saythatthetask T, is local to T; if T, andT; areas-
signedto thesameprocessorptherwise T, is saidto beremote
to Ti. We saythataresource in Groupg is local if all jobs
thatissuerequestgor ary resourcan Groupg areassignedo
the sameprocessorptherwise,” is global. The classi cation
of resourceasshortor longandthenotionof groupsis applied
only to globalresourcesUnderthe FMLP, it is possiblefor all
local resourceso be governedby the uniprocessoSRP.

ThebiggestifferencebetweertheFMLP underPSN-EDF
andGSN-EDF is the distinctionbetweeriocal andglobalre-
sources.One complicationwith allowing global resourcess
that it is possiblefor a job to hold a resourceeven though
it is not the highest-priorityjob on its assignedprocessar
For example,considerthe three-processmystemdepictedin
Fig.5. In thisexample, T2 holdstheresourceB overtherange
[2:5, 7). However, T2 is notthe highest-priorityjob on Proces-
sor3. As aresult, T$ is directly blocked by T2 overtherange
[2:5, 7).

Thereis no clearway to resole this issue,becausecom-
paringthe priority of two jobs on two differentprocessorss
meaningless.(For example,if Processoll is lightly loaded
andProcesso? is heavily loaded thenajob with averylarge
deadlinemay have the highestpriority on Processod, but a
very low priority on ProcessoR.) In addition,we found that
the usageof priority inheritancein suchsituationsdid not re-
sult in lower blocking-time estimates. In orderto minimize
theseeffects,resourcaequestsn the PSN-EDF variantof the
FMLP arehandledasfollows. Wheneer a job is scheduled
while it holdsaresourceit becomesion-preemptablantil the
resourcds released.This holdsregardlessof whetherthe re-
sourceis long or short. Moreover, similar to the GSN-EDF

[ ] scheduled|Jjjj Direct Blocking

T1 % } Proc. 1
B B
Ty A A Proc. 2
T " 1 Proc. 2
3 CEEEE P
T
4 i Proc. 2
B B
Tg [ 4 Proc.3
T D_D_f Proc. 3
T7 LD_D Proc. 3

01234567 8 91011 Proc

Figure 5. Remote jobs affect blocking times.

variant,all resourcerequestsreprocessedh FIFO order Fi-
nally, if aT! is directly blockedby alocal job T2, thenT? can
inheritthe priority of T) if Y(T!) > Y(TY).

4.2. FMLP under PD?

As mentionedearlie; underPD?, jobs are scheduledcone
guantumat atime. In orderto adaptthe FMLP for useunder
PD?, two changego the GSN-EDF variantof the FMLP are
required. First, if a shortresourcerequestR cannotbe com-
pleteby the endof the schedulingguantumthenR cannotbe
issueduntil the next schedulingquantum;this is a technique
rst suggestedy Holmanand Andersonin [16]. Second,if
T! is directly blocked by T2, then T/ doesnot suspendhput
rathey whenever T/ is scheduledT 2 canexecuteinstead(thus
allowing T2 to “inherit” T! 's schedulingallocations).A more
thoroughdiscussiorof thesetwo techniquegin systemswith-
outnesting)canbefoundin [15].

5. Experiments

In this section,we presenta simulation-basedwvaluation
of the FMLP. In our experimentswe comparedthe perfor
manceof the FMLP underboth PSN-EDF and GSN-EDF
with the performancenf the multiprocessoSRP (MSRP) by
Gai et al. [13] underP-EDF in termsof schedulability (In
theglobal case thereis no prior schemehatallows nestingto
compareagainst.) We chosethe MSRP becauset usesnon-
preemptve FIFO queuelocksto protectglobal resourcesand
in thatregard,it is similarto theFMLP. Furthermoresincethe
MSRP allows sporadidasksto shareglobalresourcegthough
non-nested)it improves upon prior multiprocessoiSRP ap-
proacheswhich requirethat all tasksthat accessa common



resourcebe assignedo the sameprocessof17]. For con-
cisenessye henceforthuseFMLP-P (FMLP-G) to denotethe
FMLP underPSN-EDF (GSN-EDF).

TheMSRP usegheSRP to handlelocalresourcesndem-
ploys busy-waiting to block on global resources.Under the
MSRP, if ary requesfor theresource ever containsanother
request,thenall tasksthat access mustbe assignedo the
sameprocessar The FMLP-P, on the other hand, doesnot
requirethatary taskbe assignedo a particularprocessaral-
thoughdoing so mayimprove its performancewith respecto
schedulability

In our experimentswe computedhe percentagef schedu-
labletasksetsfor the assessedlgorithmsanddeterminechow
they areaffectedby differentnestinglevels. Throughoutthis
section,we usethetermsheavyandlight to referto taskswith
“high” and“low” utilizations, respectiely. When assessing
schedulabilitywe assumedchedulingoverheaddo be negli-
gible. In practice,suchoverheadsanbe accountedor using
standardnethodq10]. Sincethe MSRP andthe FMLP pre-
emptjobs to a similar extent, taking overheadsnto account
shouldnotsigni cantly changethe obseredresults.

Experimental setup. In our experimentswe emplo/ed the
sametask-setgeneratiorprocedureand parametershat were
previously usedin [12]. Simulationswereconductedor m =
4 andm = 8 processorsTo reasonablyconstrainthe experi-
ments,task parametersvererestrictedasfollows. The maxi-
mumnumberof tasks,N , in eachtasksetwasrestrictedto 20
whenm = 4, andto 40 whenm = 8. The maximumutiliza-
tion of ary task,umax , waschoserfromthesetf 0:1; 0:3g. The
utilization of eachtaskwasuniformly distributedin therange
(0:0; umax ]- Taskswereaddedto eachtasksetuntil eitherthe
limit on the numberof taskswasreachedor the total system
utilization exceededn=2.

The executioncostof eachtask, including that dueto op-
erationson sharedresourceswasuniformly distributedin the
range[50:0; 5000] s. Thereis notmuchguidanceon how to
assignexecutioncosts. Our choiceis basedon costsreported
in[12].

Resourcerequestsfor taskswere determinedas follows.
First, we createdshort resourcerequestdor all tasks. Sec-
ond, we generatedong resourcaequestsFinally, we created
nestedesourceequests.

For eachtask set, the numberof shortresourcesvas set
to % Eachtaskwasrandomlyassignedneto threeshort
resourcaequestsThe durationof eachshortresourceequest
in theabsencef contentionwvaschoseruniformly from 1:3 s
to 6:5 s. On average eachshortresourcenvassharedamong
m=2 tasks.

After theshortresourceequestsverecreatedasmallnum-
berof longresourceequestsvasgeneratedeEachtasksethad
exactly two long resourcesFor eachlong resourcewe chose
the numberof distincttasksaccessinghis resourceandomly
from two to four. Eachof thesetasksissuesone requestfor

the long resource. The durationof a long resourcerequest
was chosenrandomlyto lie within 20 sto 30 s. Thus,in

our experimentsaccesse long resourcesvereuncommon,
re ecting our belief thataccesse# shortresourcesremore
commonin realsystems.

Nestedresourcerequestsvere generatedas follows. For
eachtaskandeachresourceequestR, we generatect most
two nestedrequestsR, of durationjR,j = jRj=3, if R is
a shortrequestandjR ,j = 3, otherwise. Any given (long
or short) outermostrequestcontainsone nestedrequestwith
probability2 f(1 f) andtwo nestedrequestswith proba-
bility f2. Thevalueof f 2 [0;0:1) is further referredto as
the nestingfactor. In our experimentswe exploredthe case
whereinnestingis lesscommon.

Recallthat, underthe MSRP, tasksmustbe partitionedso
thatif two tasksT; andT,; requestaresource andsomere-
questfor ° hasanotherresourcerequestcontainedwithin it,
thenT; andT; mustbeassignedo thesameprocessarFor the
FMLP-P, it is desirable(but not required)to have taskswith
longrequestd$or resource thesamegroupbeassignedo the
sameprocessoin orderto minimize inter-processoblocking
onlongresources.

Takinginto accountthe obsenationsmadeabove, we par
titioned task setsfor experimentsunderPSN-EDF usingthe
worst- t descendinglgorithmwith theaddedconstraintghat,
underthe MSRP, tasksaccessing nestableresource were
assignedo the sameprocessqgrand,underthe FMLP-P, tasks
requestinghe samelong resourcewere assignedo the same
processar If the partitioning procedureviolated the MSRP
constraints the generatedask set was consideredo be not
schedulable.If the FMLP-P constraintwas violated, we re-
partitioned the task systemwithout the constraint. If the
FMLP-P could not be partitioned after remaving the con-
straint,thenthe systemwasnot consideredo be schedulable.

For eachpairof m andun,x andsystematicallychosenval-
uesof thenestingfactorf in therange0 to 0.09,500tasksets
were generated. For thesetask sets,we computedblocking
termsfor the MSRP, the FMLP-P, andthe FMLP-G andthen
usedtheseblockingtermsto checkschedulabilityconditions.

We usedthe uniprocessolEDF schedulabilitytest given
in [13] to checktheschedulabilityof thesystenfor the FMLP-
P and the MSRP after computingthe applicableblocking

be the set of assignedtaskssortedby non-decreasingeri-
ods. The task setis schedulablef, for eachProcessok,

B(Tei) BW(Tii) | X e(Tyj)+ BW(Ty;)
1 holds
P(Tksi) =1 P(Tk;)
for eachi  ng. For the FMLP-G, we in ated the execution

costsof tasksby their respectie blocking termsandusedthe
G-EDF schedulabilitytestgivenin [14, 22]. Thetasksetwas
acceptedafter consideratiorof the computedblocking terms

X (T + B(T) &(T) + B(T)

p(Ti) mom p(Ti)

1)max
i=1
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Figure 6. Schedulability under the MSRP, the FMLP-P, and the FMLP-G for (a) m = 4;umax = 0:1, and (b)

M = 4;Umax = 0:3.

holds,whereN is thenumberof tasksin thetaskset.

Performance analysis. Insets(a) and (b) of Fig. 6 depict
schedulabilitywersusmestingfactorform = 4andupmsx = 0:1
andunmax = 0:3, respectrely. In thesegraphs,we seethat
for tasksystemawith light tasks(inset(a)), the percentagef
schedulablaask setsfor all three protocolsis approximately
100%until the nestingfactorbecomesigh, atwhich pointthe
percentag®f schedulableéasksetsfor the MSRP slightly de-
cays. Additionally, for systemswith heavier tasks(inset(b)),
the percentagef schedulabldask setsdecaysasthe nesting
factorincreasedor all three protocols; howvever, the MSRP
decaysat a muchfasterratethaneitherof the FMLP variants.
The reasonfor this behaior is becauseasthe nestingfactor
increasesmoretasksmustbe assignedo the sameprocessor
underthe MSRP, which increaseghe probability that a pro-
cessomwill beoverutilized.

Insets(a) and(b) of Fig. 7 depictschedulabilityversusest-
ing factorfor m = 8 andumax = 0:1 andumax = 0:3,
respectiely. In thesegraphs,we seethat even for task sys-
temswith light tasks(inset(a)), the percentag®ef schedulable
task setsdecaysquickly for the MSRP. On the otherhand,
for both of the FMLP variants,schedulabilityis always ap-
proximately100%even for a high nestingfactor The reason
why theMSRP's performancelegradedasterin Fig. 7(a)than
in Fig. 6(a) is becausdahereare more tasksin Fig. 7(a) that
accesghe sameset of resources.Hence,in Fig. 7(a), more
tasksmust be assignedo the sameprocessounder MSRP
thanin Fig. 6(a),which increaseshe probabilitythata single-
processors over-utilized. In inset(b), we seethat,for heavier
tasks,the percentagef schedulabldaasksdecaysquickly for
the FMLP-P asthe nestingfactorincreases.The reasonfor
this behaior is that, asthe nestingfactorincreasesblocking
termsincrease.This increaseshe probability that at leastone
processors assigned setof tasksthatis not schedulable.

It is worth noting that the inability to handlelarge num-
bersof interactingtaskscastsdoubtson the applicability of
the MSRP on multicore platformsthatareexpectecdto exceed
eightcomputingcoresperchip within thecomingyears[21].

The FMLP-P's ability to handleglobalresourcesn a gen-

eral way without imposing restrictionson how the task set
is partitionedclearly setsit apartfrom the MSRP. Gener

ally speakingsincethe FMLP allows for arbitrarily nestede-

sourcerequeststask setswith somenestingare much more
likely to be schedulableunder the FMLP than under the

MSRP. The performanceof the FMLP-G is especiallycom-

pelling, asthe percentagef schedulableasksis not substan-
tially impactedoy the nestingfactor

6. Conclusionand Futur e Work

In this paperwe presentedhe e xible multiprocessotock-
ing protocol (FMLP), which is capableof beingimplemented
onsystemscheduledy P-EDF, G-EDF, or PD?. TheFMLP
is the rst multiprocessotocking schemehatcanbe adapted
for use under both partitioning and global schedulingalgo-
rithms. It is alsothe rst suchschemeo be optimizedfor the
commoncaseof shortnon-nestableesourcerequestswhile
still allowing for othertypesof resourceaccessi.e., long and
nestableresourcerequests). While further experimentalre-
searchis certainlywarrantedthe experimentsreportedherein
suggesthatthe FMLP, particularlythe G-EDF variantof the
FMLP, hassuperiomperformancevith respecto schedulability
thanprior multiprocessolocking schemesAs a sidecontritu-
tion, we proposedhe GSN-EDF schedulingalgorithm,which
canbe usedto boundthe impactof non-preemptie blocking
in globally-scheduledystemswith tasksthatcanbecomenon-
preemptableand suspencat arbitrary pointsin time, even if
that systemdoesnot requiresynchronization.In future work,
we hopeto implementthe FMLP on anactualtestbedspecif-
ically, UNC's LITMUSRT testbed#6]), thencomparethe per
formancedifferencebetweenclassifying a resourceas short
or long, andcomparethe FMLP's performancedo othernon-
semaphorédasedsynchronizatiormechanismssuchaslock-
freeandwait-freeapproaches.
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