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Abstract

This paper describesa scheduling abstraction, called
groupscheduling, that emphasizes�ne grain con�gurabil-
ity of systemschedulingsemantics.The group scheduling
approach describedand evaluatedin this paper provides
an extremely�exible framework within which a widerange
of schedulingsemanticscanbeexpressed,includingfamil-
iar priority and deadlinebasedalgorithms.Thepaperde-
scribesbothOSandmiddleware basedimplementationsof
theframework,andshowsthroughevaluationthat they can
producethe samebehaviorfor a non-trivial set of appli-
cationcomputations.We alsoshowthat theframeworkcan
supportapplication-speci�cschedulingconstraintssuch as
progress,to improve performanceof applicationswhose
scheduling semanticsdo not match those of traditional
schedulingalgorithms.

1. Intr oduction

Distributedreal-timeandembedded(DRE) systemsare
increasinglycommonacrossawiderangeof applicationdo-
mains.Constraintsonapplicationbehavior in DREsystems
arebecomingevermoredetailedanddiverseastheapplica-
tionsbecomemorecomplex. This trendis illustratedby the
rangeof constraintsassociatedwith severalapplicationdo-
mainswe have examinedrecently, including industrialau-
tomation,military commandandcontrol, and life science
laboratoryexperimentcontrol/management.

A key challengethesesystemsposefor applicationde-
signersis the increasingcomplexity of the applicationse-
manticsandthe resultingdif�culty of expressingthosese-
manticsin termsof commonlyavailableprogrammingmod-
els. The schedulingmodel in particularprovidesa promi-
nentexampleof this dif�culty . Thechallengeaddressedby
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this paper, which is facedby both applicationandsystem
designers,is that no single schedulingmodel is adequate
for expressingthefull rangeof schedulingsemanticsfor all
DREendsystems.We usetheterm“DRE endsystem”to re-
fer to an individual computationalnodewithin a (possibly
distributed)DREsystem.

Traditional DRE endsystemdesignsgenerallyassume
thattheunderlyingOSprovidesa singleschedulingmodel;
typically someform of priority scheduling.DREendsystem
designershavetendedto provideasingleschedulingmodel
for threemajor reasons.First, priority schedulingis rela-
tively simpleto understandandto implement.Second,the
executionsemanticsof many DRE applicationsareappro-
priatelyexpressedin termsof priorities.Third, therangeof
applicationsemanticsfor which priority schedulingcanbe
usedhasbeenextendedby thedevelopmentof theoriesfor
mappingapplicationsemanticsto priority assignments.Ex-
amplesof this approachinclude:ratemonotonic[12], ear-
liest deadline[12], maximumurgency [19], and leastlax-
ity [13, 19] schemes.

The �e xibility of priority schedulingmakes it suit-
able for the design of many DRE systems.However,
endsystemdesignershave continuedto provide this prior-
ity schedulingmodelevenwhenit placesanundueburden
on the application designersto map application seman-
tics directly into priority assignments.For example,Linux
by default providesa dynamicpriority schemefairly typ-
ical of generalpurposesystems.It also provides a �x ed
priority (SCHEDFIFO) scheme for use by computa-
tions that take precedenceover computationswithin the
default schedulingclass.While this endsystemschedul-
ing model is appropriatefor a fairly wide rangeof appli-
cations,priorities are not adequateto expressimportant
classesof DRE application semanticssuch as coordi-
nated progress of multiple independentlytime-varying
computations.

Endsystemschedulingframeworkshave historically in-
creasedtheir �e xibility by increasingthecon�gurability of
low level resourcecontrol mechanisms,ratherthanfocus-



ing ondirectsupportfor theapplicationlevel resourcecon-
trol requirements.However, thisplacesanundueburdenon
applicationdeveloperswho are thenmaderesponsiblefor
expressingthe application-level resourcerequirementsin
termsof low level mechanismswhosesemanticsmay dif-
fer considerablyfrom thoseof theapplication.

In this paper we focus on providing an endsys-
temschedulingframework within which we canmaximize
thecorrespondencebetweentheapplicationschedulingse-
mantics and the semanticsof the endsystemscheduling
model supporting the application. We call our frame-
work “Group Scheduling” (GS) becauseit emphasizes
representationof the groups of computation compo-
nents comprising an application.Furthermore,it recog-
nizesthe diversity of schedulingsemanticsby permitting
eachgroup to use the schedulingalgorithm most appro-
priate to the set of componentsit controls. The DRE
systemdesignerthen constructsa schedulerfor the sys-
temasawholethroughhierarchiccompositionof groups.

Group Schedulingthus provides an extremely �e xible
model that can be used to expressa wide rangeof ap-
plication andendsystemschedulingsemantics.The group
schedulingmodel emphasizesthe easeand clarity with
which developerscanexpressthe schedulingsemanticsof
the applicationin operationalterms.Also, as we demon-
stratein this paper, thegroupschedulingmodelcanbeim-
plementedat boththeOSandMiddlewarelevels.

Implementationof the groupschedulingmodelraisesa
numberof importantsystemsresearchissues,including:(1)
the �delity with which applicationresourcerequirements
can be expressedand enforced,(2) the portability of the
framework and its enforcementcapabilitiesacrossa range
of OS platforms,and (3) the degree of augmentationof
commonlyavailablesystemcapabilitiesrequiredto support
applicationsemanticsin particular contexts. We address
theseissuesin therestof thepaper. However, it is alsoim-
portantto notethatin a DRE system,eachendsystemmust
not only control accessto its local resources,it mustalso
participatein end-to-endresourceallocationsfor distributed
applicationcomputationscrossingendsystemboundaries.
In collaborationwith colleaguesat URI andOhio Univer-
sity, wehavedevelopedandevaluatedamulti-levelschedul-
ing andresourcemanagementarchitecturewithin whichour
groupschedulingframework will beintegrated[3].

Therestof this paper�rst discussesthemotivationsand
challengesof our work in Section2, andthe essentialas-
pectsof thegroupschedulingframework in Section3. We
thendescribedetailsof our middlewaregroupscheduling
implementationin Section4. Section5 presentsexperimen-
tal resultsdemonstratingthevalidity of theclaimswe have
madeaboutour approach.We thendiscussrelatedwork in
Section6, andSection7 presentsour conclusionsanddis-
cussesfuturework.

2. Moti vation and Challenges

Many DRE systemsinvolve a non-trivial number of
computationswhoseactivities must be coordinated.One
commonscenariois setsof computationsoperatingon one
or more streamsof data.Eachcomputationcan often be
viewedasapipelineof computationcomponents.Examples
of suchsystemsto whichtheworkdescribedhereis relevant
include:multi-channelsensorfusionfor DREsystemssuch
as sensornetsor laboratoryscience,multi-channelaudio
data mixing, or time-critical military applications.These
andsimilar classesof applicationshave a numberof com-
moncharacteristicsthatwehaveabstractedinto a represen-
tativeapplicationarchitecture,whichwe usedin thedesign
andevaluationof our OS andmiddlewaregroupschedul-
ing implementations.

In the rest of this paper we focus on an example,
drawn from a canonicalvideo processingchallengeprob-
lem, which exhibits characteristicsemphasizingthe need
for �e xible schedulingsupport for many DRE applica-
tion areas:

1. Each computationis implementedas a pipeline of
computationcomponentsoperatingonastreamof data
elements.Thesesetsof computationcomponentsmay
besupportedona singlecomputer, or by severalcom-
putersin a distributedsystem.For theresultsreported
herewe haveconcentratedoncomputationssupported
by asingleendsystem.

2. Data elements, called frames, move through the
pipelinesasthey areprocessed.

3. Processingof a frame by a computationcomponent
canrequirewidely varying CPU time. This is true of
many applications,but is particularlycharacteristicof
videoprocessingapplications.

4. Multiple pipeline computationsare supportedby the
DRE systemas a whole. This is an importantprop-
erty for ourexperimentalevaluationsbecauseit makes
the schedulingproblemboth realisticandsuf�ciently
complex to show that priority driven andotherpopu-
lar schedulingalgorithmshave importantlimitations.

5. Balancedprogressby multiple computationscan be
an important application requirement.This is true
of many applications which fuse data from sev-
eral sources,but is particularly relevant to support-
ing multiplevideostreamsthataremeantto beviewed
concurrently.

Threekindsof resourcecontentionmustberesolvedby
the schedulingpolicieson eachDRE endsystem:(1) con-
�ict betweencomputationcomponents,(2) con�ict between
computations,and (3) con�ict betweenDRE application
computationsand other computationson a given endsys-
tem.Thegroupschedulingframework allows DRE system



designersto addressthesetypesof con�icts usingseparate
group representations,and provide an individual schedul-
ing policy for eachgroup.
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Figure 1. Computation pipelines

Ourexampleapplicationconsistsof acollectionof com-
putationpipelinesas shown in Figure 1. The urgency of
computationsperformedby a pipelinedeterminesthecriti-
cality of thatpipeline.For example,eachpipelinecouldrep-
resenta seriesof imageprocessingcomputationsonanim-
agesentby anunmannedaerialvehicleto ashipboardcom-
puter. If a particularpipeline is identi�ed as containinga
sensitive imagelike an enemybattle-tank,that pipeline is
designatedascritical.

Thereareseveralinterestingperformancemetricsfor this
application.First,streamsaredividedinto critical andnon-
critical classes,with executionof critical classmembers
taking strict precedenceover that of non-critical streams.
Second,theprocessingof streamswithin eachclassmustbe
balancedin termsof their progresson a streamof frames.
This is importantfor a numberof sensorfusionsituations,
suchaswhenseveral streamsof video will be viewed to-
gether. Third,weareinterestedin theoverallframethrough-
putof theapplication.Finally, wearealsointerestedin how
well the schedulingframework can partition the CPU re-
sourceusedby thepipelinecomputationsfrom thatof other
computationson thesystem.

Each pipeline is implementedas a set of active ob-
jects [11] underthe ACE ORB (TAO)[4]. Eachactive ob-
ject provides a worker threadand a queueon which the
work itemsareplaced.Thesetof framesprocessedby each
pipelineis createdby a threadexecutedperiodicallyon an-
othermachine,which is not a memberof the setof com-
putationsundergroupschedulingcontrol.It is importantto
notethata threadwithin theTAO middlewarereceivesthe
streamof frames,andmust be includedin the group that
controls the executionof the pipeline to properly control
eachcomputation.We usetheRTCORBA featuresin TAO,
includingthread-pools[16], to achieveindividualcontrolof
eachpipeline.We de�ne a computationstreamasa combi-
nationof anRTCORBA threadanda pipelineof computa-
tion nodes.Thus,a computationstreamcontainsa message

receiverRTCORBA threadandasetof pipelinethreadsthat
processeachframe.Eachframeis receivedby thecompu-
tationstream's RTCORBA threadwhich waits on a socket
that is usedby the framegeneratingthreadfor thestream.
The natureof the TAO implementationdictatesthat the
sendingof a frame by the sourcethread,throughthe en-
queuingof the frameat the input of the �rst pipelinestage
andthereturnto thesourcethread,completestheTAO mes-
sageexchangeoperation.This then permitsTAO to start
theexecutionof theactive objectsthatwill passthe frame
throughthepipeline.

Notethat theexampleapplication'scombinationof bal-
anced progressconstraintsand variable execution time
is particularly dif�cult for traditionally popular schedul-
ing algorithmsto satisfy. For this exampleapplication,the
group schedulingframework allows us to explicitly rep-
resentmulti-level computationstructuresashierarchically
de�ned groupsandto associateappropriateschedulingde-
cision functions with each group. This in turn enables
us to createa representationof the application seman-
tics that is both easyto understandand effective during
execution.

3. Group SchedulingModel

The group scheduling model used to describe the
schedulingsemanticsin this paper is a simple, but im-
portant,variation on hierarchicaldescriptionsof schedul-
ing that have been developed by several other re-
searchers[18, 17, 9]. What distinguishes the group
scheduling framework is (1) an emphasison group-
ing of computationcomponentsto representapplication
computations,(2) the associationof an arbitrary schedul-
ing decisionfunction with eachgroup to producean ex-
tremely �e xible schedulingframework capableof clearly
and easily expressinga wide rangeof schedulingseman-
tics, and(3) ef�cient OSandmiddlewareimplementations
of the framework in the popularopensourceLinux plat-
form.

3.1. Group SchedulingImplementation Core

A groupis de�ned asa collectionof computationcom-
ponentswith an associatedschedulingdecision function
(SDF) that selectsfrom amongthe group memberswhen
invoked.Eachmemberof a groupcanhave informationas-
sociatedwith it, as requiredby the SDF. Groupscanalso
be membersof other groups,thus supportinghierarchical
compositionof morecomplex SDFs,culminatingin thecre-
ationof anSDFfor thesystemasa whole,thesystemSDF
(SSDF).A subsetof the computationson a systemcanbe
placedexplicitly underSSDFcontrolbecauseboth theOS
andmiddlewaregroupschedulingimplementationspermit



the default OS schedulerto make a decisionif the SSDF
doesnot make a choice.Computationscanbe placedun-
derexclusive controlof theSSDFor underjoint controlof
theSSDFandthedefaultOSscheduler.

The groupschedulingframework emphasizesmodular-
ity of the SDF implementationsand thus makes it rela-
tively easyfor usersto implementtheir own SDFsif a li-
braryof availablefunctionsdoesnot includeonematching
the schedulingsemanticsthey desire.The groupschedul-
ing frameworkcansubsumemany of thepopularscheduling
modelsby providing matchingSDFs(e.g.RMS or EDF).
However, it canalsosupportapplicationspeci�c schedul-
ing semanticswith equalease,asillustratedby the frame-
progressschedulerused to control frame processingby
pipelinesin Scenario3 describedin Section5.

The semanticsof the OS andmiddleware implementa-
tions of the groupschedulingmodelarethe samein most
ways,but differ in someimportantaspectsthataredescribed
in the remainderof this section.For example,the applica-
tion basedspecializationof the frame-progressscheduler
dependsoninformationfrom theapplicationaboutprogress
suppliedto the SSDFin a variety of ways.The OS level
groupschedulingimplementationhasdirectaccessto much
of the progressinformationdirectly, while themiddleware
level groupschedulingimplementationrequiresadditional
mechanismsto transmitprogressinformationfrom theap-
plicationto thescheduler.

3.2. OSLevel Group Scheduling

The OS level implementationof group schedulingen-
joys severaladvantagesover themiddlewareversion.First,
it offersdirectintegratedcontroloverall computationcom-
ponentsin the Linux system,including hardwareinterrupt
handlers,soft interrupt (Soft-IRQ) handlers,taskletsand
bottomhalves[7]. In contrast,themiddlewareimplementa-
tion canonly control threads.Second,theoverheadof per-
forming context switchesis lower in the OS implementa-
tion becausetheschedulingdecisionmadeby theSSDFand
theactualcontext switchbothoccurin theOScontext. The
middlewareversionmustuseanindirectmechanismbased
onpriority manipulationandsignalsto accomplishthesame
objective.Third, theSDFshaveamuchwiderrangeof com-
putationandsystemstateinformationavailableat minimal
cost,againbecausetheSSDFexecutesin OScontext.

Theseadvantagesenjoyedby theOSimplementationare
realbut notde�niti vefor theframeprocessingexampleim-
plementationdiscussedin this paper. However, otherappli-
cationsinvolving, for example,integratedgroup schedul-
ing controlof interrupthandlersandnetwork protocolpro-
cessing,have semanticsthat canonly be implementedun-
der the OS group schedulingimplementation.One disad-
vantageof theOSgroupschedulingimplementationis that

it requiresaccessto thesourceof theOS,andinvolvessub-
tle modi�cationsto how theOSmanagescomputationcom-
ponentsto producea uni�ed schedulingframework. To ad-
dresstheseissues,we have also implementedour group
schedulingframework at the middleware level, as we de-
scribenext.

3.3. MiddlewareLevel Group Scheduling

The group schedulingAPI is consistentacrossmid-
dleware and OS implementations,but the mechanisms
differ becausethemiddlewareversionrequiresseveralutil-
ity threads,of which the most importantare the schedul-
ing thread which evaluates the SSDF, and the block
catcher threadwhich helpsdetectstatechangesof thecon-
trolled threads.In contrast,thesemechanismsare implicit
parts of the OS level group scheduling implementa-
tion. The API which application code can use to pro-
vide scheduler-speci�c parameters and to construct
the SSDF are basedon shared-memoryin the middle-
ware implementation,as opposedto ioctl based calls
in the OS implementation.The most signi�cant limita-
tion of the middlewareversionis that it lacksthe easyac-
cessto computationstate(RUNNABLE, BLOCKED, etc.)
enjoyed by the OS version. Insteadthe middleware ver-
sion must go to some lengths, describedin Section 4,
to track computationstate changes.As shown in Sec-
tion 5, the behavior of the applicationcontrolled by the
middlewareschedulercloselymatchesthat of the applica-
tion underOS schedulercontrol. The middlewareversion
paysa price in context switch overheadbut enjoys thead-
vantageof greaterportability since it only dependson
commonlyavailableOScapabilities.

4. Middleware Implementation

This sectiondescribesdetails of the middleware level
group schedulingimplementation,which are relevant for
understandingour experimentalresultsfor theexampleap-
plication describedin Section5. In the following discus-
sion,wereferto threadsunderthecontrolof themiddleware
groupschedulerascontrolled threads.We usedthe native
OSpriority modelasanenforcementmechanismfor thede-
cisionsmadeby theSSDF. To achievethis,weused� vedif-
ferentpriority levelsasshown in Table1. MAXPRIO is the
maximumpriority in theSCHEDFIFO schedulingclass.

Other than the controlledthreads,the group scheduler
uses4 internalthreads,listed in Table1, for its own func-
tioning.TheReaperthreadhelpsin shuttingdown andgain-
ing controlof thesystemin caseof a faulty groupschedul-
ing hierarchy. Schedulingis donein thecontext of theSys-
temSchedulerDecisionThread(SSDT).TheBlock Catcher
threadhelpsdetectblockingof acontrolledtaskby running



immediatelyaftera controlledtaskblocks.Requeststo the
groupschedulerarehandledby anAPI threadto decouple
schedulingdataupdateandschedulingdecisionexecution.

Reaperthread MAXPRIO
BlockedControlledthreads MAXPRIO-1
GSthreads(SSDTandAPI) MAXPRIO-2
CurrentlyScheduledthread MAXPRIO-3
Block Catcherthread MAXPRIO-4
OtherControlledthreads MAXPRIO-5

Table 1. Middleware GS priority levels

Figure 2. A contr olled task bloc ks

Figures2 and 3 illustratethesequenceof eventsthattake
placeduring blocking andunblockingof a thread.A con-
trolled threadis aboutto makeasystemcall thatmaycause
thethreadto block (1). Sincewe areusingtheACE toolkit
that provides a wrapper layer for all systemcalls, these
changeswere localizedandhencethis approachis highly
scalable.All systemcalls that may block are wrappedas
follows.

wrapped_system_call(){
before_system_call_hook()
system_call()
after_system_call_hook()

}

The before systemcall hook setsthe statusof the call-
ing threadto MAYBLOCK(2). This is to explicitly assist
theschedulerwith informationaboutpossibleblocking. If
the threadreally blocks, the block catcherthreadwakes
up, changesthe statusof the blocked threadto BLOCKED
(3). and increasesthe priority of the blocked threadto
MAXPRIO-1 as shown in Table 1. The block catcher
thread then wakes up the schedulerthread (4), and the
schedulerthreadcalls the SSDFwhich picks up the most
eligible threadto run.

After a (possiblyblocking)systemcall returns,its con-
trolled threadcalls theafter systemcall hookfunction(5).

Figure 3. A contr olled task unb loc ks

This functionascertainswhetheror not the threadactually
blockedon thesystemcall. If thethreadhadnotblockedon
the systemcall it simply changesits statusto RUNNABLE
and continuesto run. If it did block, it changesits status
from BLOCKEDto UNBLOCKED, and awakensthesched-
uler thread(6) to make a new schedulingdecision.The
schedulerthen changesthe statusof the (possiblymulti-
ple) UNBLOCKEDthreadsto RUNNABLE, so that they are
all consideredfor scheduling. The schedulerthen again
choosesthemosteligible threadto run (7).

aware of unblocking
scheduler becomes

did not block
on system call

aware of blocking
MAY_BLOCK

RUNNABLE

BLOCKED

UNBLOCKED

thread unblockssystem call

thread really blocks
scheduler becomes

Figure 4. State transitions for threads

Figure4 summarizesthedifferentstatesof a controlled
thread.A threadis in theRUNNABLEstateif it is readyto
run andis thusan eligible candidatethat could be picked
to run by theSSDF. Theexecutionof thesethreadsis con-
trolledby sendingSIGSTOPandSIGCONTsignals.A con-
trolled taskthat is aboutto make a systemcall that could
block, makesa statetransitionto theMAYBLOCKstate.If
a controlledtaskreally blockedaftermakinga systemcall,
thenits stateis markedasBLOCKED. Oncethesystemcall
unblocksthe controlledthreadstartsrunningagainchang-
ing its stateto UNBLOCKED. Thescheduleris informedim-
mediatelyabouttheunblockingandchangesthecontrolled
thread'sstateto RUNNABLE again.

5. Evaluation

We now proceedto evaluate our implementationde-
scribedin Section4 in the context of the challengespro-



videdby themotivatingapplicationdescribedin Section2.
Thegoalof ourevaluationis to demonstratethefollowing:

� the necessityandsuf�ciency of the groupscheduling
paradigm;

� that applicationsmay require simple policies which
arenonethelessdif�cult to expressin termsof exist-
ing lower level schedulingpolicies;

� thatgroupschedulingraisesthelevel of abstractionfor
specifyingapplicationpoliciessothatapplicationscan
directly expresstheir policiesin termsof the compu-
tation hierarchyofferedby the groupschedulingpro-
grammingmodel;and

� thatef�cient implementationof groupschedulingmid-
dlewareis possible,makingoursolutiondirectlyappli-
cableto awidevarietyof platformsandoperatingsys-
tems.

For this evaluation,we useda randompayloadto repre-
sentan imageframethat is beingsentby an imagesource.
Westateasimplebut realisticsetof applicationpolicy goals
(APG) for our exampleapplication:

1. preference of critical streams over non-critical
streams;

2. acomputationpipelineis drainedasfastaspossible;

3. receiving an input frame has preferenceover frame
processingin apipeline;and

4. balancedprogressis desired,in termsof the number
of framesprocessed,amongthenon-criticalstreamsin
thefaceof variablecomputationtimesfor framespass-
ing throughthepipeline.

5.1. Qualitati ve Evaluation

Expressingtheabove high-level applicationpoliciesus-
ing existing low-level schedulingpoliciesandpriority as-
signmentscanbetediousanderror-prone.Moreover, static
policies are inadequateto expressthe notion of balanced
progressdueto lack of a priori knowledgeof varyingexe-
cutiontimeson thecomputationnodes.

Group schedulingis a generalizationof conventional
schedulingparadigmsandis hencesuf�cient to expressex-
isting low-level schedulingpolicies like FIFO and round-
robin. Moreover, it enablesus to let application-speci�c
policiesbedirectlyexpressedasSDFs,thusclosingthegap
betweenhigher level applicationpolicies and lower level
schedulingpolicies for computationelements.Not only
doesthis raisethe level of abstractionfor the application
developer, but it is alsonecessaryfor severalclassesof ap-
plicationswhosedesiredschedulingsemanticsdo not map
reliablyontoconventionalschedulingsemantics.

We now demonstratethesuf�ciency of groupscheduling
to expressour application-speci�cpoliciesusingthe com-
putationalmodeldescribedin Section3. In thecourseof do-
ing this,weshow theinadequacy of existing low-level poli-
ciesto captureAPG-4which thendemonstratestheneces-
sityof groupschedulingfor many applications.

Figure 5. Group hierar chy for scenario 1

5.1.1. Scenario 1 – Non-critical Streams Outside GS
Control: In this scenario,we try to mapthe four desired
applicationpoliciesto existing lower-level schedulingpoli-
ciesexpressedwithin the groupschedulingcomputational
model.The group schedulingmodel allows us to specify
eachof thepoliciesintuitively. To expressAPG-1we want
theschedulerto give preferenceto thecritical streamover
all otherthreadsin thesystemincludingthreadsin thenon-
critical stream.The SSDF, shown in Figure 5 is usedto
specify this policy. A Critical Streamgroup is createdto
representa critical stream.The SSDFis consultedbefore
thedefaultLinux schedulerwheneveraschedulingdecision
is required.Thedefault Linux scheduleris invokedonly if
no threadscontrolledby theSSDFarein theRUNNABLE
state.Thisis indicatedin Figure5 by thearrow marked“Im-
plicit choice”.

To specify APG-3, we intuitively divide the process-
ing of a frame in two computationalparts:(1) input pro-
cessingof a frame(by an RTCORBA thread)and(2) the
pipelinecomputation.Thecomputationthreadsin thecriti-
cal pipelinearerepresentedby thePipelineThreadsgroup.
Betweenthesetwo computations,the input processingand
hencetheRTCORBA threadhasto begivenpreference,as
per APG-3. Hencea sequentialschedulingpolicy is cho-
senfor the Critical Streamgroup which checksto seeif
theRTCORBA threadcanrun beforeit checksthePipeline
Threadsgroup.

To specifyAPG-2,wechoosea staticpriority scheduler,
with prioritiesincreasingacrossthepipelinestageswith the
last stagehaving the highestpriority. This ensuresthat a
message�o ws acrossthe pipeline beforea new message



will be processed. For APG-4, in this scenario,we rely
on the default policy of the default OS schedulersinceall
thenon-criticalstreamthreadsareunderits control.

5.1.2. Scenario2 – Non-critical StreamsUnder RR SDF
Control: This scenarioattemptsto addressAPG-4,which
weleft to thecontrolof thedefaultOSschedulerin Scenario
1. To this end,thenon-criticalstreamsarealsobroughtun-
der the control of the groupscheduler. Intuitively, we di-
vide thedifferentnon-criticalstreamsinto groupsasshown
in Figure 6, with each streamsupportedby a Pipeline
Threads group similar to that in Scenario1. The criti-
cal streamis again given preferenceover this collection
of non-critical streams.To expressthis policy, the non-
critical streamgroupsare all groupedtogetherunder the
Non-critical Streamsgroupandthis groupgetslower pref-
erencethantheCritical Streamsgroup.

To addressbalancedframeprogress(APG-4),we try to
mapthispolicy in termsof a round-robinschedulingpolicy
for theNon-criticalstreamsgroup.Thiswouldachievebal-
ancedprogressif thecomputationtimeswereequalfor each
frameandeachstream,but they arenot.NotethatFigure6
shows thegrouphierarchyfor bothScenarios2 and3. Sce-
nario2 usestheRound-Robin(RR)SDFfor theNon-critical
streamsgroup,while Scenario3 usesthe FrameProgress
SDF.

Figure 6. Group hierar chy for scenarios 2 and
3

5.1.3. Scenario3 – Non-critical StreamsUnder Frame
ProgressControl: The requirementof balancedprogress
is veryoftenafeatureof thekindsof applicationsdiscussed
in Section2. Henceit is necessaryfor thoseapplications
to beableto specifyschedulingpoliciesin termsof higher
level programmingmodelswithin which alternative SDFs
canbeexpressed.

If the computationtimes on a pipeline nodecan vary
basedon the type of frame that it is processing,then the
RR approachusedin Scenario2 canleadto an imbalance
in thenumberof framesthatcanbeprocessedby different

pipelineswithin the sametime duration.Scenario3 there-
foreusesaFrameProgressSDFfor theNon-criticalstreams
group. The group schedulinghierarchyfor Scenario3 is
alsoshown in Figure6, andis similar to the hierarchyfor
Scenario2, exceptfor theschedulingpolicy that is associ-
atedwith theNon-criticalStreamsgroup.

The aim of our application-speci�c Frame Progress
SDF is to maintain a balanceof progressacrossmul-
tiple pipelines. In the Frame ProgressSDF, a speci-
�ed quantum of time is allotted for each non-critical
stream, to balance the progress among the different
streams.The Frame ProgressSDF also ensuresthat no
non-criticalstreamgetsmore thanN framesaheadof the
other non-critical streams,whereN is an applicationde-
�ned constant(or in somecasescouldevenbea function).
This effect can be shown visually as describedin Sec-
tion 5.2.

5.2. Instrumentation, Logging and Visualization

Having demonstratedanintuitivestylefor specifyingap-
plication policies in the groupschedulingmodel,we now
demonstratethat our groupschedulingimplementationin-
deedcanenforcethe applicationpolicies.We usea com-
binationof visualizationtoolsandquantitative analysisfor
thispurpose.

We usedthe DataStreamKernel Interface(DSKI) and
DatastreamUserInterface(DSUI) logging framework and
post-processingtools to instrumentour exampleapplica-
tion, the group scheduler, and the Linux kernel [15]. We
usedthe visualizertool to generateexecutioninterval di-
agrams,like the oneshown in Figure7, to examinequal-
itatively how well our group schedulingimplementations
enforcedtheapplicationspeci�edpoliciesdiscussedprevi-
ously. For example,Figure7 shows thevisualizertool dis-
playing informationminedvia post-processingtools from
theDSUI andDSKI event logs for an experimentalrun of
Scenario3 using the middleware group schedulerimple-
mentation.

Theexecutiontime-linedepictedin Figure7 clearlyver-
i�es the desiredbehavior. The visualizerhasbeencon�g-
uredto show theexecutiontime-linesfor all thepipelines.
In our experiment,asseenin Figure7, we chosemessages
with lower processingtimesto bepassedthroughpipelines
3 and5, althoughthis is con�gurable in our experimental
setup.

A non-criticalpipeline,whenchosento run, runsuntil it
processesa framecompletely, i.e. theframepassesthrough
all stagesof the pipeline,beforeany other pipeline starts
processingits own frames.This is also con�rmed by the
visualizer, as noneof the non-critical pipeline executions
overlap.Arrival of a framefor thecritical streamcausesthe
threadsrelatedto thecritical streamto run. As seenin the



Figure 7. Scenario 3 execution (MW GS)

visualizer, Pipeline1 wasprocessinga framewhena frame
for thecritical streamarrived,asindicatedby aneventin the
START-END cycle row of thevisualizer. This eventcaused
controlto shift to thetasksin thecritical stream.

The group scheduling thread and the block catcher
thread seen in the last two rows of the visualizer in-
cur context switch overheadin the middlewareimplemen-
tation as opposedto the kernel-basedimplementationof
the groupscheduler, which doesnot have this extra over-
head. The execution of the group schedulingthread is
very frequent, as shown by the visualizer. This is be-
causethe groupschedulingtaskis run at leastonceevery
time quantum,which is set to 10 msecin our implemen-
tation, equal to the Linux systemheartbeatfrequency in
the 2.4 kernel series.This is a tunable systemparame-
ter affectingcontext switchingoverheadin themiddleware
implementation.

5.3. Quantitati ve Evaluation

We also evaluatedour kernel and middleware group
schedulingimplementationsin thefaceof backgroundload
competingwith the application,in the faceof non-critical
computationscompetingwith critical computations,and
the interferenceof thenon-criticalcomputationswith each
other. We ran Scenario3 under two experimentalcondi-
tions: without any competingload, and with a competing
load of two kernel compilations- one on the local parti-
tion, while theotherwason a NFSmountedpartition- and
a CPU-intensive backgroundtask.Tables2 and3 summa-
rize theresultsof our evaluation.

5.3.1. Effect of BackgroundLoad: Theresultsin Table2
show theCPUutilization of thedifferentthreadsin theap-
plication.Eachentrypre�xedwith “Pipe” in thetableshow
the total utilization of all threadsin that pipeline.The re-
sultsof our experimentsshow that the competingload did

Kernel Middleware
valuesin % L NL L NL
App 78.5 78.4 79.1 79.1
Total 99.0 78.5 98.9 79.1
RTCORBA 0.2 0.2 0.2 0.2
Pipe1 7.8 7.8 7.9 7.9
Pipe2 15.3 15.3 15.3 15.3
Pipe3 8.3 8.3 8.2 8.3
Pipe4 3.2 3.2 3.2 3.2
Pipe5 15.8 15.8 15.8 15.8
Pipe6 15.6 15.6 15.7 15.7
Pipe7 12.0 12.0 12.0 12.0
Scheduler NA NA 0.427 0.424
Block Catcher NA NA 0.063 0.065
CPUboundtask 14.5 NA 14.7 NA
Framesource 0.3 0.3 0.3 0.3
Idle task 0.0 21.4 0.0 20.8

Table 2. CPU utilization with load (L) and with
no load (NL)

not affect the applicationpipelines,which ran exactly as
thoughtherewasnootherloadon themachine,with a con-
sistentutilization of around79%(entry“App”). With back-
ground load (L), the total utilization (entry “Total”) was
around99% whereaswith no load (NL) the total utiliza-
tion was very close to the CPU utilization of the appli-
cation. In spite of backgroundload that causesa signi�-
cantnumberof disk interrupts,network interruptsandin-
tensive demandfor CPU, the CPU utilization of the indi-
vidualpipelinesdid notvarymeaningfullybetweenthetwo
experimentsor betweenthe middlewareandkernelimple-
mentations.Thisshowsthatboththekernelandmiddleware
schedulersprovide robust resourcepartitioningin the face
of CPU,diskI/O, andnetwork I/O boundbackgroundloads.

Theseresultsalsodemonstratethatourgroupscheduling
implementationdoesnotprecludetheschedulingof compu-
tationsthatarenot underthepurview of groupscheduling.
For example,in Table 2, theCPU boundbackgroundtask
getsaround14%of theCPU,sincetheapplicationutilizes
only around79%. Thereis also someminimal utilization
(0.3%)by the client tasks(entry “FrameSource”)that are
responsiblefor periodicallysupplyingframesto thecompu-
tation streams.The remainingutilization canbe attributed
to the 2 backgroundkernel compilations,which we have
not shown here.

5.3.2. Middlewar e Scheduler Overhead: The middle-
wareschedulerincursoverheadfor maintainingtwo threads
to control scheduling- the schedulerand block catcher
threads.The overheadin termsof context switchesis no-
table in the case of the middleware implementation.



Kernel Middleware
valuesin % L NL L NL
Scheduler NA NA 6.6 27.2
Block Catcher NA NA 2.2 9.1

Table 3. Conte xt switc h overhead

Table 3 shows the percentageof the total numberof con-
text switchesduring the experimentthat are attributed to
the schedulerand block catcherthreads.This occursbe-
causeof the extra context switchesinvolved in switch-
ing to the schedulerand block catcherthreads,when a
threadotherthanthecurrentlyrunningcontrolledthreadbe-
comespotentially eligible to run. Though the numberof
context switchesis higher in the middleware implemen-
tation, the CPU time taken by theseadditional threads
is insigni�cant, as shown by the utilization valuesin Ta-
ble 2. For the kernel implementation,there are no addi-
tional context switchesinvolved sincethe schedulingde-
cision is madein the kernel itself. Moreover there is no
needfor theschedulerandblock catcherthreadsin theker-
nel implementationand henceno data are shown in the
tablesfor theseentries.

5.3.3. Balanced Progressof Non-critical Streams: We
now proceedto analyzethe interferenceamongthe non-
critical pipelines.To do this, we modi�ed our experimen-
tal parameterssothatthepipelinesarekeptbusyby adjust-
ing thesendrateof theframeandthecomputationtimesof
themessages.Pipelines3 and5 werechosento have rela-
tively lower messagecomputationtimeswhencomparedto
otherpipelines.

When the frame processingtime varies for different
frame typesas shown in Figure 7, it becomesdif�cult to
expresspolicy goal APG-4 in termsof existing low-level
schedulingpolicies,thoughwe do attemptto do suchmap-
pings in Scenario1 andScenario2. We now demonstrate
that this approachfails, and hencewe needto be able to
specifytheapplicationpolicy directlyasin Scenario3.

We desirebalancedprogressfor eachof thenon-critical
streamsin termsof the numberof framesprocessedover
a period of time. We plotted the numberof framespro-
cessedby eachnon-criticalpipelineagainstthetotalnumber
of framesprocessedby all thenon-criticalpipelines.Plots
for thethreescenariosareshown in Figures8a-8f.

Figures8aand8bshow theframeprogressfor eachnon-
critical pipelineunderScenario1 with kernelandmiddle-
waregroupschedulingimplementationsrespectively. Here
only the critical streamis undergroupschedulingcontrol
andall thenon-criticalstreamsareunderthecontrolof the
Linux scheduler. Even thoughnoneof the pipelinesexpe-
riencesstarvation, thereis a lot of jitter anddivergencein
thestreams'relativeframeprogress,whichviolatesapplica-

tion policy goalAPG-4.The middlewareandkernelbased
groupschedulingimplementationsshow similar behavior,
althoughit shouldbe notedthat Scenario1 is not affected
by the groupschedulerimplementationas far as the non-
critical streamsasconcerned,sincethey areunderthecon-
trol of theLinux schedulerratherthanthegroupscheduler
andhencehave no in�uence over theschedulingdecisions
of theLinux scheduler.

Figures8c and8d show the respective kernelandmid-
dleware scheduledframe progressfor each non-critical
pipeline under Scenario 2. Here all the non-critical
streamsare under the control of the group scheduler. A
round-robinpolicy with a �x ed time quantumwas cho-
sen for schedulingthe non-critical pipelines.As seenin
Figure7, we setupour experimentsothattheframespass-
ing through pipelines1 and 3 causelessercomputation
times, when comparedto the other pipelines. The re-
sult is that thesetwo pipelinesget to processmoreframes
in a speci�ed period of time due to the round-robinpol-
icy andthe lower computationtimes.Clearly this is alsoa
violationof applicationpolicy goalAPG-4.

Figures 8e and 8f show the Scenario3 non-critical
pipeline frameprogress.All non-criticalpipelinesareun-
der control of an application-speci�c group schedul-
ing SDF. Feedbackdata,the numberof framesprocessed
by a pipeline,is madeavailableto the application-speci�c
SDFaseachpipelinecompletesprocessingof a frame.The
application-speci�cSDF considersthe numberof frames
processedby eachpipelinewhenmakinga schedulingde-
cision. The graphs show that the application policy of
balancedprogressis satis�edverywell.

Thevariableexecutiontimesfor amessagein thediffer-
ent stagesof thepipelinemake it dif�cult to choosea pri-
ori a staticschedulingpolicy thatwill let us maintainbal-
ancedprogress.Our frameprogressbasedschedulermain-
tainedbalanceby ensuringthat no non-criticalpipeline is
morethanoneframeaheadof theothernon-criticalstreams.

Thecumulative distributionsin Figures8g and8h sum-
marizethebalancedframeprogressfor Scenario3 andthe
imbalancein frameprogressfor theotherscenarios.Wecal-
culatedthe maximumframe progressimbalance,i.e., the
differencebetweenthenumberof framesprocessedby the
pipeline that has processedthe most frames,and by the
pipelinethat hasprocessedthe leastframes.Moreover, in
Scenario3 thisbalanceis maintainedovertime,whereasfor
theotherscenariosthe imbalanceincreasesover time. The
maximumimbalancefor Scenario3 is 1. Thereis onein-
stanceof animbalanceof 2 for Scenario3 at thetop of the
curve. We veri�ed this to be an artifact of experimentter-
minationwhereonethreadprocessedonemoreframewhen
all theotherpipelinethreadswereshuttingdown.

5.3.4. End-to-End ResponseTimes: We also measured
the end-to-endresponsetime for processingeachframe.
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Figure 8. Frame progress of non-critical streams



The end-to-endresponsetime is the elapsedtime between
theframesourcegeneratingaframeto besentto apipeline,
andthetimewhentheframehasbeencompletelyprocessed
by thelaststageof thepipeline.

(in msec) Kernel Middleware
Scenario Min Max Min Max

1 354 363 356 365
2 357 368 359 368
3 359 368 361 370

Table 4. End-to-end response times

Table4 givestheminimumandmaximumend-to-endre-
sponsetimesfor thecritical streamfor thedifferentscenar-
ios. The end-to-endresponsetimesfor the critical compu-
tation is consistentacrossall scenariosand also between
the kernelandmiddlewareimplementations.The process-
ing times for eachframe varies betweenthe non-critical
streamsandhencetheminimumandmaximumend-to-end
responsetimesof non-criticalstreamsis nota relevantmet-
ric andis notshown.

6. RelatedWork

Examplesof relatedwork can be organizedinto sev-
eral categoriesby consideringtheir dominantdecomposi-
tion [20] asaclassi�cationcriterion.The�rst categorycon-
sistsof approachesthatadaptandwrapthecommonprior-
ity basedschedulingscheme,withoutfundamentallychang-
ing that scheme.Their dominantdecompositionconcen-
trateson the semanticsof the schedulingalgorithm,layer-
ing additionalsemanticson topof thebasicpriority scheme
in variousways.For example,ratemonotonicanalysisand
scheduling[12] assumesstraightforward priority schedul-
ing, but providesananalysismethodwhich mapsreal-time
constraintsonto computationpriorities. Similarly, earliest
deadline�rst [12] takesthebasicreal-timeschedulingcrite-
rion of deadlineandusesit asthebasisfor a priority driven
choice.Maximum urgency �rst [13] and least laxity [13]
schemesusea similar technique,but vary the methodby
which thenumericbasisof thepriority evaluationis calcu-
lated.

In Kokyu [8], thedominantdecompositionis slightlydif-
ferent,concentratingonthemechanismsfor re-orderingthe
queuesof schedulableentities.Thatcreatesaslightly richer
approachto describingsomeaspectsof systemscheduling
semantics,particularlywith respectto middlewareenforce-
mentmechanisms,but the fundamentalassumptionof pri-
ority schedulingsemanticsremainedunchanged.A slightly
higherlevelabstractionusingessentiallythesamedominant
decompositionis the CORBA-basedresourcebroker ser-

vice[5]. Thehigherlevel abstractionsgivenby theresource
brokerincludetheability to considerarangeof systemstate
informationandto useeitherpriority or sharebasedunder-
lying schedulingsemantics,but theapproachstill assumes
a staticanduniform underlyingschedulingsemanticsfrom
theendsystem.

Other approachesadopt a different decompositionfor
the schedulingsemantics.For example,the Scoutoperat-
ing system[14] concentratesonexecutionpathsasthebasis
for schedulingcomputations.Thisclearlychangestheview
of a schedulablecomputationusedby the scheduler, but it
continuestheunderlyingassumptionthat all computations
arescheduledusingthesameview. Similarly, in TAO's im-
plementationof DynamicSchedulingReal-Time CORBA
1.2 (previously designatedReal-Time CORBA 2.0) [10],
the view of a computationbecomesthat of a distributable
thread,but a singleview is still assumedto beadequatefor
all computations,andthefamiliarpriority schedulingmodel
is usuallyassumedfor theendsystemOSscheduler.

In contrast, familiar hierarchical scheduling frame-
works [18, 17, 9] use the decisionfunctions themselves
as the dominant decomposition,but make no modi�-
cations to their view of the computationsbeing sched-
uled as individual threadsof execution on the endsys-
tem.TheBERT [2] schedulingalgorithmslightly exceeded
this characterizationby applyinga slackstealingschedul-
ing algorithm to the path-orientedcomputationview of
Scout.

Ourpreviouswork onthegroupschedulingapproach[6,
7] emphasizesclarity of expressionin an effort to pro-
vide the best possiblesupport for applicationsemantics.
The groupabstractionis suf�ciently generalthat it canbe
usedto implementthe semanticsof any of the previously
citedschedulingapproaches,aswell ascompositeschedul-
ing functionsusingmorethanoneapproachin differentsec-
tionsof theSSDF.

In the researchdescribedin this paper, we have further
shown the ability of the basicgroupschedulingapproach
to integratebothhierarchicalandpath-orientedscheduling
semanticswithin a singleschedulingmodel.For example,
the group schedulingmodel usedin Scenario3 was able
describea computationpathby groupingcomponentsof a
pipeline together. The samegroup schedulingmodel also
providedhierarchicalseparationof critical andnon-critical
streamscheduling,and integratedthe semanticsof multi-
plepipelinesundertheframeprogressSDF.

7. Conclusionsand Future Work

The group schedulingapproachdescribedand evalu-
atedin thispaperis anextremely�e xible framework within
which a wide rangeof schedulingsemanticscan be ex-
pressed.This expressive range includes many existing



schedulingapproachesthat are normally considereddis-
joint, and permits the useof different approacheswithin
different portions of compositesystemschedulingdeci-
sion functions. Moreover, we have shown that both OS
basedandmiddlewarebasedimplementationsof theframe-
work cansupportthesamesemantics,with few limitations.
The middleware implementationdoes incur an unavoid-
able increasein context switching overhead,but this is
also essentially the minimum overheadpossible given
the need for a user-level scheduling thread. Further-
more,themiddlewareimplementationis notableto include
interrupthandleror otherOScomputationcomponentsun-
der its control as the OS implementationdoes,but this is
also to be expected.The greatestlimitation of the mid-
dleware implementationis the needfor a mechanismby
which the schedulingthreadcan be noti�ed when a con-
trolled thread becomesunblocked. We demonstrateda
mechanismrequiringa wrapperfor eachpotentiallyblock-
ing systemcall. Alternately, some form of OS support
similar to scheduleractivations[1] canbeused.

Our future work includes investigationof how group
schedulingmay be usedin a wider rangeof contexts, in-
cluding: time division multiplexing of Ethernetto imple-
ment reliable real-timecommunication,extensionsof the
groupschedulingapproachto managedistributedcomputa-
tions,andits usefor supportinga wider rangeof applica-
tionsrequiringnuancedreal-timeQoSassurances.
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