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Abstract

Real-timeschedulingalgorithmsfor multiprocessorsystems
have beenthe subjectof considerable recent interest. For
such an algorithm to be truly usefulin practice, supportfor
semaphore-basedlocking must be provided. However, for
manyglobal schedulingalgorithms,nosuch mechanismshave
beenproposed. Furthermore, in the partitioned case, most
prior semaphore schemesare either inef�cient or restrictcrit-
ical sectionsconsiderably. In this paper, a new �exible mul-
tiprocessorlocking schemeis presentedthat can be applied
underboth partitioning and global scheduling. This scheme
allows unrestrictedcritical-sectionnesting, but hasbeende-
signedto deal with the commoncaseof short non-nestedac-
cessesef�ciently.

1. Intr oduction

The advent of multicoretechnologiesis having a dramatic
impactonthecomputinglandscape.Mostmajorchipmanufac-
turescurrentlyoffer dual-corechips,andin thecomingyears,
general-purposechipswith 32or morecoresareexpected[21].
The shift towardsmulticore platforms is a watershedevent:
the“standard”computingplatformwill now bea multiproces-
sor in many settings,including settingswherereal-timecon-
straintsarise. As examplesof the latter, multicoreplatforms
havebeenproposedasabasisfor implementinghomecomput-
ing appliancesthatmustmultiplex best-effort andreal-timeap-
plications[5] andarecurrentlybeingusedin businesssystems
thatmustprocesstransactionsthathave timing constraints[3].

To supportsuchworkloads,ef�cient multiprocessor-based
techniquesfor schedulingand synchronizingreal-timetasks
areneeded.Theformertopic,scheduling,hasreceivedsigni�-
cantrecentattention(see[5] for arecentsurvey). However, the
issueof synchronizationhasreceivedmuchlessattentionand
adequatesynchronizationmethodscurrently do not exist for
many of the multiprocessorschedulingapproachesthat have
beenproposedin recentyears. In this paper, we take a fresh
look at this issue.Our particularemphasisis lock-basedsyn-
chronizationasprovidedvia semaphores.
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Moti vation. 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-
processorscheduling,global approaches,which permit tasks
to migrate across processors,have received considerable
attention. Clearly, to be of practicaluse,global approaches
mustbe extendedto provide supportfor locking. Second,as
explainedin greaterdetail later, most prior locking schemes
imposerestrictive assumptions.For example,nestedaccesses
of global critical sectionsare often forbidden. Third, most
prior schemesare quite inef�cient when implementingnon-
nestedlocks. As explainedin [12], non-nestedlock accesses
areby far thecommoncasein practice.Our goal in this paper
is to devise locking schemesthat can be appliedunderboth
partitioningandglobalscheduling,do not restrictthekindsof
critical sectionsthat canbe supported,andarevery ef�cient
whenmostor all lock accessesarenon-nested.

Multipr ocessorscheduling. Weassumethattheworkloadto
bescheduledis speci�edasasporadictasksystem.Threebasic
approachesto schedulingsucha systemhave beenconsidered
in prior work: partitioning, Pfair-basedglobalscheduling, and
non-Pfair-basedglobal scheduling. Due to spaceconstraints,
we do not discussthe variousvirtuesandlimitations of these
basicapproacheshere—suchadiscussioncanbefoundin [10]
(amongotherplaces).Underpartitioning,tasksarestatically
assignedto processors,andeachprocessoris scheduledusing
auniprocessorschedulingalgorithm.Underglobalscheduling,
a taskmay executeon any processorandmay migrateacross
processors.Pfair algorithmsscheduleeachjob (i.e., instance)
of a taskonequantumat a time. In non-Pfair algorithms,jobs
areconsideredto beschedulableentities.In thispaper, wecon-
sideronly deadline-basedschedulingalgorithms.In theparti-
tionedcase,we considerpartitionedEDF (P-EDF), wherein
the earliest-deadline-�rst (EDF) algorithm is usedon each
processor. In theglobalcase,weconsiderthenon-Pfair global
EDF (G-EDF) algorithmandthePfair PD2 algorithm[1]. To
thebestof our knowledge,no generalsemaphorelocking pro-
tocolhasbeenproposedpreviously for G-EDF or PD2.

Prior work. In work on uniprocessorsynchronization,the
priority ceiling protocol (PCP) [8] and the stack-basedre-



source allocation protocol (SRP) [4] have received consid-
erableattention. Both protocolsprevent deadlockand limit
the durationsof priority inversions(which occurwhena job
is blockedby a job of lower priority) to beat mostthe length
of oneoutermostcritical section.

In prior work onmultiprocessorsynchronization,Rajkumar
et al. [20, 19] were the �rst to proposeprotocolsfor imple-
mentingsemaphores.Two multiprocessorvariantsof thePCP
werepresentedby themfor systemswherepartitioned,static-
priority schedulingis used.In laterwork, severalrelatedproto-
colswerepresentedfor systemsscheduledbyP-EDF. The�rst
suchprotocolwaspresentedby ChenandTripathi [9]. How-
ever, their protocolworksonly for periodic(not sporadic)task
systems.In later work, Lopezet al. [17] presentedan imple-
mentationof the SRP for P-EDF. In this work, tasksthat
sharea commonresourcemustbe assignedto the samepro-
cessor. More recently, Gai et al [13] also presentedan im-
plementationof theSRP for P-EDF. In this implementation,
whena taskwaits for a resourceto bereleasedthat is heldby
a taskon anotherprocessor, it busy-waits,which preventsany
usefulwork from beingdoneon its processor. Also, accesses
of global critical sectionsare requiredto be non-nested.In
work involving globalscheduling,approachesfor implement-
ing non-nestedlockshave beenpresentedby HolmanandAn-
derson[16] for PD2 andby Devi etal. [12] for G-EDF.

Summary of contributions. We presenta new multiproces-
sor synchronizationprotocol, called the �exible multiproces-
sor locking protocol(FMLP), thatbreaksnew groundin three
ways.First, it is the�rst suchprotocolthatis optimizedto ex-
ecutenon-nestedresourceaccesses(the commoncase)more
ef�ciently . Second,it is the �rst suchprotocol that can be
appliedin G-EDF (actually, a variantof G-EDF that allows
jobsto suspendandbecomenon-preemptable)andPD2 in ad-
dition to P-EDF. Third, the FMLP supportsnestedresource
accesseswithout constraininglimitations. The FMLP allows
short critical sectionsto be implementedusing busy-waiting
mechanismsand long critical sectionsto be implementedby
suspendingblockedtasks.In therestof thepaper, we present
neededbackground(Sec.2), describethe FMLP for G-EDF
(Sec.3), describetheFMLP for P-EDF andPD2 (Sec.4), ex-
perimentallycomparetheFMLP to prior schemes(Sec.5),and
conclude(Sec.6). In our experimentalevaluation,theFMLP
(particularlytheFMLP for G-EDF) provedto besubstantially
betterthanprior schemesin termsof schedulability.

2. Background

Wedenotethei th taskof atasksystemT asTi (wheretasks
areorderedarbitrarily)andthej th job of Ti asT j

i (wherejobs
areorderedby their releasetimes,asde�nedbelow). Through-
outthepaper, weareonly concernedwith sporadictasks.Such
a taskTi is speci�ed by its worst-caseexecutioncost, e(Ti ),
andits period, p(Ti ), which de�nesboththerelative deadline

of eachof its jobsandtheminimumseparationbetweensuch
jobs. A job T j

i becomesavailablefor executionat its release
time, r(T j

i ), andshouldcompleteexecutionbeforeits absolute
deadline, d(T j

i ) = r(T j
i ) + p(Ti ). T j

i is pendingat time t iff
t � r(T j

i ) andT j
i hasnot completedexecutionby t. Pend-

ing jobscanbein oneof threestates:suspended, preemptable,
andnon-preemptable. If a job is suspended,thenit cannotbe
scheduledon any processor. If a job is preemptable,then it
canbescheduledon a processor, but canbepreemptedby an-
other job with a higherschedulingpriority. Finally, if a job
is non-preemptable,thenit will executeuntil it becomespre-
emptableor is no longerpending.A job canonly becomenon-
preemptableor suspendwhenit is scheduledonaprocessor. If
a job is eitherpreemptableor non-preemptable,thenit is said
to berunnable. Whena job's stateis changedfrom suspended
to preemptable,it is saidto resume.

2.1. Scheduling Algorithms

Due to spaceconstraints,we mainly focus on G-EDF in
this paper;P-EDF andPD2 aredealtwith brie�y in Sec.4.
Hereafter, we let m denotethe numberof processorsin the
system. UnderP-EDF andG-EDF, pendingjobs arepriori-
tized by non-decreasingdeadlines.Sincethe FMLP requires
priorities to beunique,we useY(T j

i ) = (d(T j
i ), i ) to denote

the schedulingpriority of T j
i , andde�ne Y(T j

i ) > Y(Td
c ) to

hold iff d(T j
i ) < d(Td

c ) or d(T j
i ) = d(Td

c ) ^ i < c.
UnderP-EDF, eachtaskis permanentlyassignedto a spe-

ci�c processor. Eachprocessorindependentlyschedulesits
assignedtasksusing EDF. Under G-EDF, tasksare EDF-
scheduledusing a single priority queueand can freely mi-
grateamongprocessors.Variousschedulabilityconditionsfor
P-EDF andG-EDF have beengiven in the literature. (Rele-
vant citationscanbe found in [10].) All of theseconditions
requirethat overall utilization be capped.Without suchcaps,
Devi andAnderson[11] haveshown that,underG-EDF, dead-
linescanbemissedonly by boundedamounts.PD2 is optimal,
and thus doesnot requireutilization capsto avoid deadline
misses.PD2 dividestasksinto quantum-lengthsubtasksthat
areassignedindividual deadlinesandthenschedulesthemon
anEDF basis.Deadlinetiesarebrokenusingtwo tie-breaking
rules(asdiscussedin [1]).

2.2. Resources

Jobsissuerequestsfor exclusive accessto resources.A re-
questR for aresourcè byajobT j

i is consideredtobesatis�ed
assoonasT j

i holdsthe resource.Associatedwith sucha re-
sourcerequestR is the (worst-case)durationof time that T j

i

requires̀ , denotedjRj . OnceT j
i hasexecutedfor theamount

of time it requires̀ , R is saidto becompleteandtheresource
` is saidto bereleased. If a requestR by T j

i for a resourcè



cannotbe immediatelysatis�ed, thenT j
i is saidto beblocked

on `. After R hasbeensatis�ed,T j
i is saidto beunblocked.

A resourcerequestR 1 is containedwithin anotherresource
requestR 2 if f R 1 is issuedafter R 2 is issuedbut beforeR 2

completes.We assumerequestsare“properly” contained:if
R 1 is containedwithin R 2, thenR 1 completesbeforeR 2. A
resourcè is non-nestableiff all requestsfor ` by any tasknei-
thercontainnor arecontainedwithin any otherrequest,andis
nestableotherwise.A requestis an outermostrequestif it is
containedwithin no other request.Similarly, a requestis an
inner requestif it is containedwithin anotherrequest.For sim-
plicity, we assumein this paperthat the mannerin which re-
sourcerequestsarenestedis known a priori . This simplifying
assumptioncanbeeliminatedat theexpenseof morecumber-
somenotation.

2.3. The GSN-EDF Algorithm

The standardG-EDF schedulingalgorithm assumesthat
jobsarepreemptableat all times.However, aswe will shortly
discuss,in the FMLP, jobs canbecomenon-preemptablefor
short durationsof time. In this section,we presenta vari-
ant of G-EDF that guaranteesthat a job T j

i is only blocked
by anothernon-preemptablejob when T j

i is either released
or resumed,and that suchblocking durationsare reasonably
constrained. For globally-scheduledsystems,we say that a
T j

i is non-preemptivelyblocked at time t iff T j
i is oneof the

m highest-priorityrunnablejobs and it is not scheduledat t
becausea lower-priority non-preemptablejob is scheduledin-
stead.

Beforecontinuing,considerthe following nä�ve modi�ca-
tion to the G-EDF algorithm that allows jobs to have non-
preemptablesections:At timet, if thereareq non-preemptable
pendingjobs, thenthesejobs arescheduledat t. If thereare
k additionalpreemptablejobs at t, then the min(k; m � q)
highest-prioritysuchjobsarealsoscheduledat t.

Theproblemwith theabove algorithmis that it is possible
for a job T j

i to be non-preemptively blocked whenever other
jobsarereleasedor resumed.For example,considerthesched-
ule depictedin Fig. 1. Even thoughT 1

1 is alwaysamongthe
two highest-priorityrunnablejobs(while it is pending),it be-
comesnon-preemptively blocked whenever a higher-priority
job arrives,becausethelowest-priorityscheduledjobs,T 1

2 and
T1

4 , arenon-preemptable.As a result,T 1
1 is non-preemptively

blockedfor threetimeunits,eventhoughthemaximumamount
of time thatany job is non-preemptableis 2:5 timeunits.

In order to avoid this behavior, we introduce the
G-EDF algorithmfor suspendableandnon-preemptablejobs
(GSN-EDF), given in Fig. 2. UnderGSN-EDF, a runnable
job is either linked to a processoror unlinked. A job T j

i is
linkedat time t iff G-EDF would scheduleT j

i on a processor
at t (undertheassumptionthatall jobsarefully preemptable).
Thus,atany timet, atwhichthereareat leastm runnablejobs,
the m highest-priorityrunnablejobs arelinked to processors.
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Figure 1. An example of repeated preemptions
under G-EDF for a two-pr ocessor system.

Intuitively, if a job T j
i is linkedto but not scheduledon a pro-

cessor, thenT j
i is non-preemptively blocked. Additionally, if

a job Tb
a is scheduledon a processorbut is unlinked, thenT b

a
is not oneof them-highestpriority runnabletasksandis only
scheduledat time t becauseit is non-preemptable.

As anexample,considerthetwo-processorsystemin Fig. 3,
which depictsthe samesystemas in Fig. 1 except that it is
scheduledby GSN-EDF. WhenT 1

3 is releasedat time1, it be-
comeslinkedto Processor2 sinceits previouslylinkedjob,T 1

2 ,
hadthe lowestpriority of any linked job. However, sinceT 1

2
is non-preemptableat time 1, T 1

3 is not scheduleduntil T 1
2 be-

comespreemptable,at time 2:5. Thus,over therange[1, 2:5),
T1

2 isnon-preemptivelyblocked.Noticethat,in Fig. 3, theonly
time a job is non-preemptively blocked is whenit is released,
andthattheamountof time a job is non-preemptively blocked
isupper-boundedby themaximumdurationof timeany jobcan
benon-preemptable.Comparatively, a job in thenä�vemodi�-
cationof G-EDF, consideredearlier, canbenon-preemptively
blocked whenever other jobs arereleased(e.g., T 1

1 , in Fig. 1,
is non-preemptively blockedover thetime ranges[1, 2:5) and
[4, 5:5)) and a job can incur non-preemptive blocking larger
thanthemaximumdurationof time a job is non-preemptable.
Although it is not depicted,underGSN-EDF, a job may be
non-preemptively blocked when it is resumedfor a duration
of time that is upper-boundedby the longesttime any job is
non-preemptable.

Wenow statetwo theoremsconcerningGSN-EDF thatcan
beusedto boundnon-preemptive blocking times. Theproofs
of thesetheoremsarestraightforward,andhave beenomitted
dueto spaceconstraints.

Theorem 1. UnderGSN-EDF, if a pendingjob T j
i is linked

but not scheduledat time t, then it has beenlinked but not
scheduledcontinuouslyover the interval [tR ; t), where tR de-
notesthelast timewhenT j

i wasresumedor released.



T j
i is releasedor resumedat time t :

1: T b
a := lowest-prioritylinkedjob (if it exists);

2: if fewer thanm jobsarelinkedthen
3: k := index of any unlinkedprocessor;
4: T j

i is linkedto andscheduledonProc.k
5: elseif Y(T j

i ) > Y(T b
a ) then

6: k := processorT b
a is linkedto;

7: T b
a becomesunlinked;

8: T j
i becomeslinkedto Proc.k;

9: if T b
a is scheduledandpreemptablethen

10: T b
a stopsbeingscheduled;

11: T j
i is scheduledonProc.k

12: �
13: �

T j
i changesfr om non-preemptableto preemptableat time t :

14: k := processorT j
i is scheduledon;

15: T b
a := job linkedto Proc.k;

16: if T b
a exists^ T b

a 6= T j
i then

17: T j
i stopsbeingscheduled;

18: T b
a is scheduledonProc.k

19: �

T j
i becomessuspendedor completesat time t :

20: k := processorT j
i is scheduledon;

21: T j
i stopsbeingscheduled;

22: T b
a := job linkedto Proc.k;

23: if T b
a exists^ T b

a 6= T j
i then

24: T b
a is scheduledonProc.k

25: else
26: T y

x := highest-priorityrunnableunlinkedjob;
27: T j

i becomesunlinked;
28: if T y

x exists^ T y
x is not scheduledthen

29: T y
x is linkedto andscheduledonProc.k

30: elseif T y
x existsthen

31: q := processorT y
x is scheduledon;

32: T e
r := job linkedto Proc.q;

33: if T e
r existsthen

34: T e
r 's link changesfrom Proc.q to k;

35: T e
r is scheduledonProc.k

36: � ;
37: T y

x becomeslinkedto Proc.q
38: �
39: �

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

Theorem 2. Let T j
i bethejob linkedto Processork at timet

andassumeT j
i is not scheduledat timet. Let tD bethemax-

imal amountof timea job T b
a , where Y(Tb

a ) < Y(T j
i ), that is

scheduledat timet onProcessork executesnon-preemptively.
Under GSN-EDF, T j

i is either scheduledby time t + tD or
becomesunlinkedby timet + tD .

3. The FMLP

In thissection,wedescribethe�exiblemultiprocessorlock-
ing protocol (FMLP). We call it “�e xible” becauseit canbe
adaptedfor useunderbothpartitioningandglobalscheduling.
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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 bloc k.

Onedesignchoicethatmustbeaddressedwhenimplement-
ing a multiprocessorlocking protocolis how to respondto re-
sourcerequeststhat cannotbe satis�ed immediately. If jobs
aresuspendedwhenaresourcerequestcannotbesatis�ed,then
worst-caseblocking timesareimpactednegatively. If instead
jobsnon-preemptively busy-wait, thennomorethanm� 1 jobs
maybeblockedon thesameresourceat any time (which im-
provesblockingtimes),but theamountof usefulwork doneby
the systemcanbe reducedsigni�cantly. On multiprocessors,
the methodfor ensuringdeadlockfreedomalso hasa major
impacton systemutilization, asanoverly pessimisticmecha-
nismmayunnecessarilyidle aprocessor.

Weseekto ensureahighdegreeof parallelismandto strike
abalancebetweenbusy-waitingandsuspensionsin threeways.
First,we differentiatebetweenresourcesthatcanbeheldfor a
shortor long durationandemploy busy-waiting only for short
resources.Whethera resourceshouldbe consideredlong or
short is speci�ed by the user. The only constraintis that re-
questsfor longresourcesmaynotbecontainedwithin requests
for shortresources.Second,by executingshortrequestsnon-
preemptively, we minimize the time jobsspendbusy-waiting.
Third, resourcesaregroupedin sucha way that the common
caseof short,non-nestableresourcesis dealtwith ef�ciently .
This alsohelpsto reducethe overheadof avoiding deadlock.
In the descriptionof the FMLP, we focuson its implementa-
tion underGSN-EDF. WeconsiderP-EDF andPD2 in Sec.4.



3.1. Request Rules

Resource groups are the fundamentalunit of locking in
the FMLP. Each group containseither only long or only
short resources,and is protectedby a group lock, which is
either a non-preemptive queuelock (short) or a semaphore
(long). (Queuelocks[18, 2] havebeenusedpreviously to sup-
port non-nestableresourceaccessesin real-timemultiproces-
sorsystems[12, 13].) Two resources̀1 and`2 arein thesame
groupiff thereexists a job that issuesa requestfor `1 that is
containedwithin a requestfor `2 and`1 and`2 areeitherboth
shortor both long. For example,in Fig. 4 (discussedshortly),
A andB arein thesamegroupbecausea requestfor A is con-
tainedwithin arequestfor B ; however, C is in agroupby itself
becauseit is non-nestable.

The FMLP handlesthe commoncaseof non-nestedre-
sourceaccessesef�ciently becausenon-nestableresourcesare
groupedindividually, which improvesparallelism. Note that,
in theFMLP, thetermsoutermostrequestandnon-nestablere-
sourcearede�ned with respectto thetypeof therequestedre-
source,i.e., requestsfor non-nestablelong resourcesmaycon-
tain requestsfor shortresources,andshortrequestsonly con-
tainedwithin long requestsareconsideredto beoutermost.To
avoid confusion,wehenceforthreferto long (short)outermost
andinnerrequestsasl-outermost(s-outermost) andl-inner (s-
inner), respectively.

Short resource requests. When a job T j
i issues an s-

outermostrequestR for a shortresourcè , it mustacquire`'s
grouplock. In a queuelock, blocked processesbusy-wait in
FIFO order. Beforeattemptingto acquiresucha lock, a job
must �rst becomenon-preemptable,andmust remainin that
stateuntil it relinquishesthe lock. Any requestR 0 contained
within R is satis�ed immediatelyastherequestedresourceis
by de�nition in `'sgroup.(Recall,thatlongrequestscannotbe
containedwithin shortrequests.)Thequeuelock for `'s group
is only relinquishedwhenR completes.

Long resource requests. When a job T j
i issues an l-

outermostrequestR for a long resourcè , it mustacquire`'s
grouplock. Underasemaphorelock,blockedjobsareaddedto
a FIFO queueandsuspended.While T j

i holds`'s grouplock,
it will inherit themaximumpriority of any higher-priority job
blockedon a resourcein `'s groupandwill bescheduledpre-
emptively. If a requestR 0 containedwithin R is long, thenit
is satis�ed immediately, asthe requestedresourceis by de�-
nition in `'s group. If R 0 is a short request,then it is either
an s-outermostrequestor is containedwithin sucha request
andthereforeT j

i mustperformtheshortresourcerequestpro-
tocol. WhenR completes,T j

i relinquishes̀ 's grouplock, at
which point its priority is restoredandthe �rst job (if any) in
thegrouplock's FIFOqueueis dequeuedandresumed.

Thereis onesubtleissuethatariseswith priority inheritance
underGSN-EDF. If at time t, a job T j

i that is scheduledon
Processork inheritsthepriority of T b

a , thenTb
a musthavebeen

scheduledon someProcessorq only to becomesuspendedat
time t. Furthermore,if thereexists somejob T y

x 6= T j
i that

is linkedto Processork, thentheFMLP causesT y
x to become

linked andscheduledon Processorq, andT j
i continuesto be

scheduledon Processork andbecomeslinkedto Processork.
ThispreventsT j

i from needlesslyswitchingprocessors.

Theorem3. TheFMLP is deadlock-free.

Proof. By contradiction. Deadlockcanoccuronly if there
exists a circular chainof jobs whereeachjob in the chain is
blocked on a resourcein a groupheld by the next job in the
chain. To derive a contradiction,assumethatanarbitraryjob,
T j

i , which is part of a circular chainof blocked jobs,became
blocked by issuinga requestR. R cannotbe an s- or l-inner
request,sinces- andl-inner requestscannever causea job to
block. In orderfor T j

i to bepartof thecircularchain,it must
alreadyholdsomeresource.Thus,R mustbecontainedwithin
anoutermostrequest.Moreover, sincelong resourcerequests
cannotbecontainedwithin shortresourcerequestsandwehave
alreadyestablishedthatR is ans-or l-outermostrequest,it fol-
lows that R mustbe an s-outermostrequest.Thus,T j

i holds
no shortresources(otherwiseR would beans-innerrequest)
andis blocked on a shortresource.As we have madeno as-
sumptionconcerningtheidentityof T j

i , wecanconcludewith-
out lossof generalitythatundertheFMLP, in a circularchain
of blocked jobs,no job holdsshortresourcesandthatall jobs
blockonshortresources,which is acontradiction.

Example. An example schedule for the FMLP under
GSN-EDF is depictedin Fig. 4. In this example,resourcesA
andB , arein Group1, resourcesZ andX arein Group2, and
resourcesC andY arein Groups3 and4, respectively. There
areseveralimportantthingsto noticeaboutthisexample:

� When T1
2 issuesa requestfor the short resourceB at

time 1, it busywaitsuntil time 2:5, whenT 1
1 releasesthe

grouplock for Group1.

� WhenT1
3 is releasedat time 1:5, it becomeslinkedto but

not scheduledon Processor1. (It cannotbescheduledat
time 1:5 becauseT 1

1 is non-preemptable.)WhenT 1
1 be-

comespreemptableat time 2:5, T 1
3 is scheduledon Pro-

cessor1. Thus,T 1
3 is non-preemptively blockedover the

range[1:5, 2:5).

� When T1
4 issuesa requestfor the long resourceZ at

time 5, it becomessuspendedbecauseT 1
2 holdsZ . As

aresult,T1
2 inheritsT1

4 'spriority andT 1
2 is scheduledun-

til T1
2 releasesZ at time6.

� When T1
3 issuesa requestfor the long resourceZ at

time7:5, it becomessuspendedbecauseT 1
4 holdsZ . This

allows T1
2 to be scheduledat time 7:5, at which time it

issuesa requestthat is immediatelysatis�ed for theshort
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Figure 4. A schedule for a two-pr ocessor
GSN-EDF-scheduled system that uses the
FMLP. A, B , and C are shor t resour ces. X ,
Y , and Z are long resour ces. The schedule
is depicted from a per-task viewpoint in inset
(a) and from a per-processor viewpoint in in-
set (b). Inset (c) sho ws whic h task is linked to
each processor at each instant. For example ,
over the rang e [7:5, 9:5), in inset (a), T2 is non-
preemptivel y scheduled, and in inset (b), it is
sho wn that T2 is scheduled on Processor 2. In
inset (c), it is sho wn that T2 is linked to Proces-
sor 2 over the rang e [7:5, 8:5), and T3 is linked to
Processor 2 over the rang e [8:5, 10).

resourceC. SinceT 1
2 holdsC, it is non-preemptableun-

til it releasesC. Thus,whenT 1
3 is resumedat time 8:5,

it becomeslinked to but not scheduledon Processor2,
sincethe job that was previously linked to Processor2
(T1

2 ) hadthe lowestpriority of any linked job. Thus,T 1
3

is non-preemptively blocked from time 8:5 until T 1
2 be-

comespreemptableat time9:5.

3.2. Blo cking under GSN-EDF

Thetermblocking refersto delaysexperiencedby a job T j
i

dueto busy-waitingandalsoto suspensionsthatarenot there-
sult of preemptionscausedby higher-priority jobs. Because,
underGSN-EDF, up to the m highest-priorityrunnablejobs
arelinkedatany giveninstantin time,ajob T j

i is consideredto
beblockedat time t if T j

i is bothoneof them highest-priority
pendingjobsandeitherit cannotbescheduledor it busy-waits.
Notethatajobmaybeblockedby jobsof loweror higherprior-
ities. (In contrast,in uniprocessorschemes,only lower-priority
jobscauseblocking.) Therearethreesourcesof blockingun-
derGSN-EDF, aslistedbelow. Upperboundsfor thesevalues
arederived in an appendixto an online versionof this paper
availableathttp://www.cs.unc.edu/ � anderson .

� Busy-waitblocking occurswhena job mustbusy-wait in
orderto acquirea shortresource.For example,in Fig. 4,
T1

2 busy-waitsovertherange[1, 2:5). Wedenotethemax-
imum total amountof time for which any job of a taskTi

canbusy-wait asBW(Ti ).

� Non-preemptiveblocking (as discussedearlier) occurs
when a preemptablepending job T j

i is one of the m
highest-prioritypendingjobs, but is not scheduledbe-
causea lower-priority non-preemptablejob is scheduled
instead(i.e., T j

i is linked but not scheduled).For exam-
ple, in Fig. 4, T 1

3 is non-preemptively blocked over the
ranges[1:5, 2:5) and[7:5, 8:5). We denotethemaximum
totalamountof non-preemptiveblockingany job of atask
Ti canincurasNPB(Ti ).

� Direct blocking occurswhena preemptablependingjob
T j

i is one of the m highest-priorityjobs and it issuesa
requestfor an outermostlong resourcè from Groupg,
but is suspendedbecausesomeotherjob holdsa resource
from Group g. For example, in Fig. 4, T 1

4 is direct-
blocked over the range[5, 6). We denotethe maximum
total length of time any job of task Ti can be directly
blockedasDB(Ti ).

Themaximalblockingtimefor any job of taskTi , B(Ti ), is the
simply thesumof theseterms:

B(Ti ) = BW(Ti ) + NPB(Ti ) + DB(Ti ): (1)



4. FMLP Extensions

In this section,we brie�y describehow the FMLP canbe
usedin conjunctionwith P-EDF andPD2. Blocking termsfor
both of thesevariantscanbe derived in a similar way as for
GSN-EDF. Due to spaceconstraints,thesecalculationsare
omitted.

4.1. The FMLP under P-EDF

As wasthecasewith G-EDF, wemustconsideramodi�ed
versionof P-EDF thatallowsjobsto 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 time t, if thereis a non-preemptablepending
job Tb

a assignedto Processork, thenT b
a is scheduledat t

on Processork; otherwise,thejob scheduledat time t on
Processork is the highest-priorityrunnablejob (if any)
assignedto Processork at time t.

We saythat the taskTa is local to Ti if Ta andTi areas-
signedto thesameprocessor;otherwise,Ta is saidto beremote
to Ti . We saythata resourcè in Groupg is local if all jobs
that issuerequestsfor any resourcein Groupg areassignedto
the sameprocessor;otherwise,̀ is global. The classi�cation
of resourcesasshortor longandthenotionof groupsis applied
only to globalresources.UndertheFMLP, it is possiblefor all
local resourcesto begovernedby theuniprocessorSRP.

ThebiggestdifferencebetweentheFMLP underPSN-EDF
andGSN-EDF is thedistinctionbetweenlocal andglobal re-
sources.Onecomplicationwith allowing global resourcesis
that it is possiblefor a job to hold a resourceeven though
it is not the highest-priority job on its assignedprocessor.
For example,considerthe three-processorsystemdepictedin
Fig.5. In thisexample,T 1

5 holdstheresourceB over therange
[2:5, 7). However, T 1

5 is not thehighest-priorityjob onProces-
sor3. As a result,T 1

3 is directly blockedby T 1
5 over therange

[2:5, 7).
Thereis no clearway to resolve this issue,becausecom-

paringthe priority of two jobs on two differentprocessorsis
meaningless.(For example, if Processor1 is lightly loaded
andProcessor2 is heavily loaded,thena job with a very large
deadlinemay have the highestpriority on Processor1, but a
very low priority on Processor2.) In addition,we found that
theusageof priority inheritancein suchsituationsdid not re-
sult in lower blocking-timeestimates. In order to minimize
theseeffects,resourcerequestsin thePSN-EDF variantof the
FMLP arehandledas follows. Whenever a job is scheduled
while it holdsaresource,it becomesnon-preemptableuntil the
resourceis released.This holdsregardlessof whetherthe re-
sourceis long or short. Moreover, similar to the GSN-EDF
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variant,all resourcerequestsareprocessedin FIFO order. Fi-
nally, if aT j

i is directlyblockedby a local job T b
a , thenTb

a can
inherit thepriority of T j

i if Y(T j
i ) > Y(Tb

a ).

4.2. FMLP under PD2

As mentionedearlier, underPD2, jobs arescheduledone
quantumat a time. In orderto adapttheFMLP for useunder
PD2, two changesto theGSN-EDF variantof theFMLP are
required. First, if a shortresourcerequestR cannotbe com-
pleteby theendof theschedulingquantum,thenR cannotbe
issueduntil the next schedulingquantum;this is a technique
�rst suggestedby HolmanandAndersonin [16]. Second,if
T j

i is directly blocked by T b
a , thenT j

i doesnot suspend,but
rather, wheneverT j

i is scheduled,T b
a canexecuteinstead(thus

allowing Tb
a to “inherit” T j

i 's schedulingallocations).A more
thoroughdiscussionof thesetwo techniques(in systemswith-
outnesting)canbefoundin [15].

5. Experiments

In this section,we presenta simulation-basedevaluation
of the FMLP. In our experiments,we comparedthe perfor-
manceof the FMLP underboth PSN-EDF and GSN-EDF
with theperformanceof themultiprocessorSRP (MSRP) by
Gai et al. [13] underP-EDF in termsof schedulability. (In
theglobalcase,thereis no prior schemethatallows nestingto
compareagainst.) We chosethe MSRP becauseit usesnon-
preemptive FIFO queuelocksto protectglobal resources,and
in thatregard,it is similarto theFMLP. Furthermore,sincethe
MSRP allowssporadictasksto shareglobalresources(though
non-nested),it improvesuponprior multiprocessorSRP ap-
proaches,which requirethat all tasksthat accessa common



resourcebe assignedto the sameprocessor[17]. For con-
ciseness,wehenceforthuseFMLP-P (FMLP-G) to denotethe
FMLP underPSN-EDF (GSN-EDF).

TheMSRP usestheSRP to handlelocalresourcesandem-
ploys busy-waiting to block on global resources.Under the
MSRP, if any requestfor theresourcè ever containsanother
request,then all tasksthat access̀ must be assignedto the
sameprocessor. The FMLP-P, on the other hand,doesnot
requirethatany taskbeassignedto a particularprocessor, al-
thoughdoingsomay improve its performancewith respectto
schedulability.

In ourexperiments,wecomputedthepercentageof schedu-
labletasksetsfor theassessedalgorithmsanddeterminedhow
they areaffectedby differentnestinglevels. Throughoutthis
section,we usethetermsheavyandlight to referto taskswith
“high” and “low” utilizations, respectively. When assessing
schedulability, we assumedschedulingoverheadsto benegli-
gible. In practice,suchoverheadscanbeaccountedfor using
standardmethods[10]. Sincethe MSRP andthe FMLP pre-
empt jobs to a similar extent, taking overheadsinto account
shouldnot signi�cantly changetheobservedresults.

Experimental setup. In our experiments,we employed the
sametask-setgenerationprocedureandparametersthat were
previously usedin [12]. Simulationswereconductedfor m =
4 andm = 8 processors.To reasonablyconstraintheexperi-
ments,taskparameterswererestrictedasfollows. The maxi-
mumnumberof tasks,N , in eachtasksetwasrestrictedto 20
whenm = 4, andto 40 whenm = 8. Themaximumutiliza-
tion of any task,umax , waschosenfrom thesetf 0:1; 0:3g. The
utilization of eachtaskwasuniformly distributedin therange
(0:0; umax ]. Taskswereaddedto eachtasksetuntil eitherthe
limit on the numberof taskswasreachedor the total system
utilizationexceededm=2.

The executioncostof eachtask, including that dueto op-
erationson sharedresources,wasuniformly distributedin the
range[50:0; 500:0] � s. Thereis not muchguidanceon how to
assignexecutioncosts.Our choiceis basedon costsreported
in [12].

Resourcerequestsfor taskswere determinedas follows.
First, we createdshort resourcerequestsfor all tasks. Sec-
ond,we generatedlong resourcerequests.Finally, we created
nestedresourcerequests.

For eachtask set, the numberof short resourceswas set
to 6�N

m . Eachtaskwasrandomlyassignedoneto threeshort
resourcerequests.Thedurationof eachshortresourcerequest
in theabsenceof contentionwaschosenuniformly from 1:3� s
to 6:5� s. On average,eachshortresourcewassharedamong
m=2 tasks.

After theshortresourcerequestswerecreated,asmallnum-
berof long resourcerequestswasgenerated.Eachtasksethad
exactly two long resources.For eachlong resource,we chose
thenumberof distinct tasksaccessingthis resourcerandomly
from two to four. Eachof thesetasksissuesonerequestfor

the long resource. The durationof a long resourcerequest
was chosenrandomly to lie within 20� s to 30� s. Thus, in
our experiments,accessesto long resourceswereuncommon,
re�ecting our belief that accessesto shortresourcesaremore
commonin realsystems.

Nestedresourcerequestswere generatedas follows. For
eachtaskandeachresourcerequestR, we generatedat most
two nestedrequestsR n of durationjR n j = jRj =3, if R is
a short request,and jR n j = 3, otherwise. Any given (long
or short)outermostrequestcontainsonenestedrequestwith
probability 2 � f (1 � f ) andtwo nestedrequestswith proba-
bility f 2. The valueof f 2 [0; 0:1) is further referredto as
the nestingfactor. In our experiments,we exploredthe case
whereinnestingis lesscommon.

Recallthat,undertheMSRP, tasksmustbepartitionedso
that if two tasksTi andTj requesta resourcè andsomere-
questfor ` hasanotherresourcerequestcontainedwithin it,
thenTi andTj mustbeassignedto thesameprocessor. For the
FMLP-P, it is desirable(but not required)to have taskswith
longrequestsfor resourcesin thesamegroupbeassignedto the
sameprocessorin orderto minimize inter-processorblocking
on long resources.

Taking into accountthe observationsmadeabove, we par-
titioned tasksetsfor experimentsunderPSN-EDF usingthe
worst-�t descendingalgorithmwith theaddedconstraintsthat,
underthe MSRP, tasksaccessinga nestableresourcè were
assignedto thesameprocessor, and,undertheFMLP-P, tasks
requestingthe samelong resourcewereassignedto the same
processor. If the partitioning procedureviolated the MSRP
constraints,the generatedtask set was consideredto be not
schedulable.If the FMLP-P constraintwasviolated,we re-
partitioned the task systemwithout the constraint. If the
FMLP-P could not be partitioned after removing the con-
straint,thenthesystemwasnotconsideredto beschedulable.

For eachpairof m andumax andsystematicallychosenval-
uesof thenestingfactorf in therange0 to 0.09,500tasksets
were generated.For thesetask sets,we computedblocking
termsfor theMSRP, theFMLP-P, andtheFMLP-G andthen
usedtheseblockingtermsto checkschedulabilityconditions.

We usedthe uniprocessorEDF schedulabilitytest given
in [13] to checktheschedulabilityof thesystemfor theFMLP-
P and the MSRP after computing the applicableblocking
terms. For eachProcessork, let � k = f Tk ;1; : : : ; Tk ;n k g
be the set of assignedtaskssortedby non-decreasingperi-
ods. The task set is schedulableif, for eachProcessork,
B(Tk ;i ) � BW(Tk ;i )

p(Tk ;i )
+

iX

j =1

e(Tk ;j ) + BW(Tk ;j )
p(Tk ;j )

� 1 holds

for eachi � nk . For theFMLP-G, we in�ated theexecution
costsof tasksby their respective blocking termsandusedthe
G-EDF schedulabilitytestgivenin [14, 22]. Thetasksetwas
acceptedafter considerationof the computedblocking terms

if
NX

i =1

e(Ti ) + B(Ti )
p(Ti )

� m � (m � 1)max
�

e(Ti ) + B(Ti )
p(Ti )

�
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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
schedulabilityversusnestingfactorfor m = 4 andumax = 0:1
andumax = 0:3, respectively. In thesegraphs,we seethat
for tasksystemswith light tasks(inset(a)), thepercentageof
schedulabletasksetsfor all threeprotocolsis approximately
100%until thenestingfactorbecomeshigh,atwhichpoint the
percentageof schedulabletasksetsfor theMSRP slightly de-
cays. Additionally, for systemswith heavier tasks(inset(b)),
the percentageof schedulabletasksetsdecaysasthe nesting
factor increasesfor all threeprotocols;however, the MSRP
decaysat a muchfasterratethaneitherof theFMLP variants.
The reasonfor this behavior is because,asthe nestingfactor
increases,moretasksmustbeassignedto thesameprocessor
underthe MSRP, which increasesthe probability that a pro-
cessorwill beover-utilized.

Insets(a)and(b) of Fig.7 depictschedulabilityversusnest-
ing factor for m = 8 and umax = 0:1 and umax = 0:3,
respectively. In thesegraphs,we seethat even for task sys-
temswith light tasks(inset(a)), thepercentageof schedulable
tasksetsdecaysquickly 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'sperformancedegradesfasterin Fig.7(a)than
in Fig. 6(a) is becausethereare more tasksin Fig. 7(a) that
accessthe sameset of resources.Hence,in Fig. 7(a), more
tasksmust be assignedto the sameprocessorunderMSRP
thanin Fig. 6(a),which increasestheprobabilitythata single-
processoris over-utilized. In inset(b), we seethat,for heavier
tasks,the percentageof schedulabletasksdecaysquickly for
the FMLP-P as the nestingfactor increases.The reasonfor
this behavior is that, asthe nestingfactorincreases,blocking
termsincrease.This increasestheprobability thatat leastone
processoris assignedasetof tasksthatis not schedulable.

It is worth noting that the inability to handlelarge num-
bersof interactingtaskscastsdoubtson the applicability of
theMSRP on multicoreplatformsthatareexpectedto exceed
eightcomputingcoresperchipwithin thecomingyears[21].

TheFMLP-P's ability to handleglobal resourcesin a gen-

eral way without imposing restrictionson how the task set
is partitionedclearly sets it apart from the MSRP. Gener-
ally speaking,sincetheFMLP allows for arbitrarilynestedre-
sourcerequests,task setswith somenestingare much more
likely to be schedulableunder the FMLP than under the
MSRP. The performanceof the FMLP-G is especiallycom-
pelling, asthepercentageof schedulabletasksis not substan-
tially impactedby thenestingfactor.

6. Conclusionand Futur eWork

In thispaper, wepresentedthe�exiblemultiprocessorlock-
ing protocol (FMLP), which is capableof beingimplemented
onsystemsscheduledby P-EDF, G-EDF, or PD2. TheFMLP
is the �rst multiprocessorlocking schemethatcanbeadapted
for use under both partitioning and global schedulingalgo-
rithms. It is alsothe�rst suchschemeto beoptimizedfor the
commoncaseof short non-nestableresourcerequests,while
still allowing for othertypesof resourceaccess(i.e., long and
nestableresourcerequests). While further experimentalre-
searchis certainlywarranted,theexperimentsreportedherein
suggestthat theFMLP, particularlytheG-EDF variantof the
FMLP, hassuperiorperformancewith respecttoschedulability
thanprior multiprocessorlockingschemes.As asidecontribu-
tion, weproposedtheGSN-EDF schedulingalgorithm,which
canbe usedto boundthe impactof non-preemptive blocking
in globally-scheduledsystemswith tasksthatcanbecomenon-
preemptableand suspendat arbitrary points in time, even if
thatsystemdoesnot requiresynchronization.In futurework,
we hopeto implementtheFMLP on anactualtestbed(specif-
ically, UNC's LITMUSRT testbed[6]), thencomparetheper-
formancedifferencebetweenclassifyinga resourceas short
or long, andcomparethe FMLP's performanceto othernon-
semaphorebasedsynchronizationmechanisms,suchaslock-
freeandwait-freeapproaches.
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Figure 7. Schedulability under the MSRP, the FMLP-P, and the FMLP-G for (a) m = 8; umax = 0:1, and (b)
m = 8; umax = 0:3.
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