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Abstract

This paper describesa scheduling abstraction, called
group scheduling that emphasizese grain con gurabil-
ity of systemschedulingsemanticsThe group scheduling
appmoac describedand evaluatedin this paper provides
an extremely e xible frameavork within which a wide range
of schedulingsemantican be expressedincluding famil-
iar priority and deadlinebasedalgorithms.The paperde-
scribesboth OSand middlevare basedimplementationsf
theframavork, and showsthroughevaluationthat they can
producethe samebehaviorfor a non-trivial set of appli-
cationcomputationsW\e also showthat the framevork can
supportapplication-speci cschedulingconstaints sud as
progress,to improve performanceof applicationswhose
scheduling semanticsdo not matc those of traditional
schedulingalgorithms.

1. Intr oduction

Distributedreal-timeandembeddedDRE) systemsare
increasinglycommonacrossawide rangeof applicationdo-
mains.Constrainton applicationbehaior in DRE systems
arebecomingever moredetailedanddiverseastheapplica-
tionsbecomemorecomplex. Thistrendis illustratedby the
rangeof constraintsassociatedvith severalapplicationdo-
mainswe have examinedrecently including industrialau-
tomation, military commandand control, and life science
laboratoryexperimentcontrol/management.

A key challengethesesystemsposefor applicationde-
signersis the increasingcomplexity of the applicationse-
manticsandthe resultingdif culty of expressinghosese-
manticsin termsof commonlyavailableprogrammingnod-
els. The schedulingmodelin particularprovidesa promi-
nentexampleof this dif culty . Thechallengeaddressetyy
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this paper which is facedby both applicationand system
designersjs that no single schedulingmodel is adequate
for expressinghefull rangeof schedulingsemanticgor all
DRE endsystem3diVe usetheterm“DRE endsystemto re-
fer to anindividual computationahodewithin a (possibly
distributed) DRE system.

Traditional DRE endsystendesignsgenerallyassume
thatthe underlyingOS providesa singleschedulingmodel;
typically someform of priority schedulingDRE endsystem
designeriave tendedo provide a singleschedulingnodel
for three major reasonskFirst, priority schedulingis rela-
tively simpleto understandndto implement.Secondthe
executionsemanticof mary DRE applicationsare appro-
priatelyexpressedn termsof priorities. Third, the rangeof
applicationsemanticgor which priority schedulingcanbe
usedhasbeenextendedby the developmentof theoriesfor
mappingapplicationsemanticgo priority assignmentsx-
amplesof this approachinclude:rate monotonic[12], ear
liest deadline[12], maximumurgeng [19], andleastlax-
ity [13, 19] schemes.

The exibility of priority schedulingmakes it suit-
able for the design of mary DRE systems.However,
endsystendesignershave continuedto provide this prior-
ity schedulingmodelevenwhenit placesan undueburden
on the application designersto map application seman-
tics directly into priority assignments-or example,Linux
by default providesa dynamicpriority schemefairly typ-
ical of generalpurposesystems.t also providesa x ed
priority (SCHEDFIFO) schemefor use by computa-
tions that take precedenceover computationswithin the
default schedulingclass. While this endsystemschedul-
ing modelis appropriatefor a fairly wide rangeof appli-
cations, priorities are not adequateto expressimportant
classesof DRE application semanticssuch as coordi-
nated progressof multiple independentlytime-varying
computations.

Endsystenschedulingirameworks have historically in-

creasedheir e xibility by increasinghe con gurability of
low level resourcecontrol mechanismstatherthanfocus-



ing ondirectsupportfor theapplicationlevel resourcecon-
trol requirementstHowever, this placesanundueburdenon
applicationdeveloperswho are then maderesponsibléeor
expressingthe application-l&el resourcerequirementsn
termsof low level mechanismsvhosesemanticanay dif-
fer considerablyfrom thoseof the application.

In this paper we focus on providing an endsys-
tem schedulingframawvork within which we canmaximize
the correspondencketweerthe applicationschedulingse-
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 schedulingsemanticsdby 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 usedto expressa wide range of ap-
plication and endsystenschedulingsemanticsThe group
schedulingmodel emphasizeghe easeand clarity with
which developerscan expressthe schedulingsemanticof
the applicationin operationalterms.Also, as we demon-
stratein this paperthe groupschedulingnodelcanbeim-
plementedat boththe OSandMiddlewarelevels.

Implementatiorof the group schedulingmodelraisesa
numberof importantsystemsesearclissuesincluding: (1)
the delity with which applicationresourcerequirements
can be expressedand enforced,(2) the portability of the
framavork and its enfocementcapabilitiesacrossa range
of OS platforms, and (3) the degree of augmentatiorof
commonlyavailablesystemcapabilitiesrequiredto support
applicationsemanticsin particular contexts. We address
theseissuedn therestof the paper However, it is alsoim-
portantto notethatin a DRE systemgeachendsystenmust
not only control accesdo its local resourcesit mustalso
participataen end-to-endesourcellocationgor distributed
applicationcomputationscrossingendsystermboundaries.
In collaborationwith colleaguesat URI and Ohio Univer-
sity, we have developedandevaluateda multi-level schedul-
ing andresourcananagemerdrchitecturavithin whichour
groupschedulingramework will beintegrated[3].

Therestof this paperrst discusseshe motivationsand
challengef our work in Section2, andthe essentiaks-
pectsof the groupschedulingramework in Section3. We
then describedetailsof our middleware group scheduling
implementatiornn Sectiond. Section5 present&xperimen-
tal resultsdemonstratinghe validity of the claimswe have
madeaboutour approachWe thendiscusselatedwork in
Section6, and Section7 presentour conclusionsanddis-
cussesuturework.

2. Motivation and Challenges

Many DRE systemsinvolve a non-trivial number of
computationswhose actiities must be coordinated.One
commonscenarids setsof computation®peratingon one
or more streamsof data. Each computationcan often be
viewedasa pipelineof computatiorcomponentsExamples
of suchsystemso whichthework describedhereis relevant
include:multi-channekensofusionfor DRE systemssuch
as sensornetsor laboratoryscience multi-channelaudio
datamixing, or time-critical military applications.These
andsimilar classef applicationshave a numberof com-
moncharacteristicthatwe have abstractednto arepresen-
tative applicationarchitecturewhich we usedin the design
and evaluationof our OS and middleware group schedul-
ing implementations.

In the rest of this paperwe focus on an example,
drawvn from a canonicalvideo processingchallengeprob-
lem, which exhibits characteristicemphasizinghe need
for exible schedulingsupportfor mary DRE applica-
tion areas:

1. Each computationis implementedas a pipeline of
computatiorcomponentsperatingon astreanof data
elementsThesesetsof computationrcomponentsnay
be supportedn a singlecomputeyor by severalcom-
putersin a distributedsystem For the resultsreported
herewe have concentrate@n computationsupported
by a singleendsystem.

N

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

3. Processingof a frame by a computationcomponent
canrequirewidely varying CPU time. This is true of
mary applicationsput is particularlycharacteristiof
videoprocessin@pplications.

4. Multiple pipeline computationsare supportedby the
DRE systemas a whole. This is an importantprop-
erty for our experimentakvaluationsbecausé makes
the schedulingproblemboth realisticand suf ciently
comple to shaw that priority driven andother popu-
lar schedulingalgorithmshave importantlimitations.

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

Threekinds of resourcecontentionmustbe resoled by
the schedulingpolicies on eachDRE endsystem(1) con-
ict betweercomputatiorcomponentg2) con ict between
computationsand (3) conict betweenDRE application
computationsand other computationson a given endsys-
tem. The groupschedulingrameawvork allows DRE system



designergo addresghesetypesof con icts usingseparate
group representationsand provide an individual schedul-
ing policy for eachgroup.
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Our exampleapplicationconsistof a collectionof com-
putation pipelinesas shovn in Figure 1. The urgeng of
computationperformedby a pipelinedetermineghe criti-
cality of thatpipeline.For example eachpipelinecouldrep-
resenta seriesof imageprocessingomputation®nanim-
agesentby anunmannederialvehicleto ashipboardtcom-
puter If a particularpipelineis identi ed as containinga
sensitve imagelike an enemybattle-tank that pipelineis
designatedscritical.

Thereareseveralinterestingperformancenetricsfor this
application First, streamsaredividedinto critical andnon-
critical classeswith executionof critical classmembers
taking strict precedencever that of non-critical streams.
Secondtheprocessingf streamawithin eachclassmustbe
balancedin termsof their progresson a streamof frames.
This is importantfor a numberof sensoifusion situations,
suchaswhen several streamsof video will be viewed to-
getherThird, we areinterestedn theoverallframethrough-
putof theapplication Finally, we arealsointerestedn how
well the schedulingframework can partition the CPU re-
sourceusedby the pipelinecomputationgrom thatof other
computation®nthe system.

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 framesprocessedy each
pipelineis createdby a threadexecutedperiodicallyon an-
othermachine which is not a memberof the setof com-
putationsundergroupschedulingcontrol. It is importantto
notethata threadwithin the TAO middlevarerecevesthe
streamof frames,and mustbe includedin the groupthat
controlsthe executionof the pipelineto properly control
eachcomputationWe usethe RTCORBA featuresn TAO,
includingthread-pool$16], to achiezeindividual controlof
eachpipeline.We de ne a computatiorstreamasa combi-
nationof an RTCORBA threadanda pipelineof computa-
tion nodes.Thus,a computatiorstreamcontainsa message

recever RTCORBA threadandasetof pipelinethreadshat
proceseachframe.Eachframeis receved by the compu-
tation stream$ RTCORBA threadwhich waits on a soclet
thatis usedby the frame generatinghreadfor the stream.
The nature of the TAO implementationdictatesthat the
sendingof a frame by the sourcethread,throughthe en-
gueuingof the frameatthe input of the rst pipelinestage
andthereturnto the sourcethread completeshe TAO mes-
sageexchangeoperation.This then permits TAO to start
the executionof the active objectsthatwill passthe frame
throughthe pipeline.

Note thatthe exampleapplications combinationof 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 computationstructuresas hierarchically
de ned groupsandto associat@ppropriateschedulingde-
cision functions with each group. This in turn enables
us to createa representatiorof 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 paperis a simple, but im-
portant, variation on hierarchicaldescriptionsof schedul-
ing that have been developed by several other re-
searchers[18, 17, 9]. What distinguishesthe group
scheduling framewvork is (1) an emphasison group-
ing of computationcomponentsto representapplication
computations(2) the associatiorof an arbitrary schedul-
ing decisionfunction with eachgroup to producean ex-
tremely e xible schedulingframewnork capableof clearly
and easily expressinga wide rangeof schedulingseman-
tics, and(3) ef cient OS and middlevareimplementations
of the framework in the popularopensourceLinux plat-
form.

3.1. Group Schedulinglmplementation 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, asrequiredby the SDF. Groupscanalso
be membersof other groups,thus supportinghierarchical
compositiorof morecomplex SDFs culminatingin thecre-
ationof an SDFfor the systemasawhole,the systemSDF
(SSDF).A subsetof the computationson a systemcanbe
placedexplicitly underSSDFcontrol becauséoththe OS
and middleware group schedulingmplementationgpermit



the default OS scheduletto make a decisionif the SSDF
doesnot make a choice.Computationscan be placedun-
derexclusive control of the SSDFor underjoint control of
the SSDFandthe default OS scheduler

The group schedulingframavork emphasizesnodular
ity of the SDF implementationsand thus makes it rela-
tively easyfor usersto implementtheir own SDFsif ali-
brary of availablefunctionsdoesnot includeonematching
the schedulingsemanticghey desire.The group schedul-
ing framanvork cansubsumenary of thepopularscheduling
modelsby providing matchingSDFs(e.g. RMS or EDF).
However, it canalso supportapplicationspeci ¢ schedul-
ing semanticsvith equaleaseasillustratedby the frame-
progressschedulerusedto control frame processingby
pipelinesin Scenarid3 describedn Section5.

The semanticof the OS and middlevare implementa-
tions of the group schedulingmodelarethe samein most
ways,but differin someimportantaspectshataredescribed
in the remainderof this section.For example,the applica-
tion basedspecializationof the frame-progresscheduler
depend®ninformationfrom theapplicationaboutprogress
suppliedto the SSDFin a variety of ways. The OS level
groupschedulingmplementatiorhasdirectaccesso much
of the progressnformationdirectly, while the middleware
level group schedulingmplementatiorrequiresadditional
mechanismso transmitprogressnformationfrom the ap-
plicationto thescheduler

3.2. OSLevel Group Scheduling

The OS level implementationof group schedulingen-
joys severaladvantageover the middlewareversion.First,
it offersdirectintegratedcontroloverall computatiorcom-
ponentsin the Linux system,including hardwareinterrupt
handlers,soft interrupt (Soft-IRQ) handlers,taskletsand
bottomhalves[7]. In contrastthe middlevareimplementa-
tion canonly controlthreads Secondthe overheadof per
forming context switchesis lower in the OS implementa-
tion becaus¢heschedulinglecisionrmadeby the SSDFand
theactualcontext switchbothoccurin the OS contet. The
middlewvareversionmustuseanindirectmechanisnbased
onpriority manipulatiorandsignalsto accomplistthesame
objective. Third, the SDFshaveamuchwiderrangeof com-
putationandsystemstateinformationavailableat minimal
cost,againbecausehe SSDFexecutesn OS context.

Theseadwantage®njoyedby the OSimplementatiorare
realbut notde niti vefor theframeprocessingxampleim-
plementatiordiscussedh this paper However, otherappli-
cationsinvolving, for example,integratedgroup schedul-
ing control of interrupthandlersandnetwork protocolpro-
cessinghave semanticghat canonly be implementedun-
der the OS group schedulingimplementationOne disad-
vantageof the OS groupschedulingmplementatioris that

it requiresaccesdo thesourceof the OS,andinvolvessub-
tle modi cationsto how the OSmanagesomputatiorcom-
ponentgo producea uni ed schedulingramework. To ad-
dresstheseissues,we have also implementedour group
schedulingframework at the middlevare level, aswe de-
scribenext.

3.3. Middlewar e Level Group Scheduling

The group schedulingAPI is consistentacross mid-
dleware and OS implementations,but the mechanisms
differ because¢he middlenvareversionrequiresseveral util-
ity threads,of which the mostimportantare the schedul-
ing thread which evaluatesthe SSDF and the block
catcher threadwhich helpsdetectstatechange®f thecon-
trolled threads.In contrastthesemechanismareimplicit
parts of the OS level group scheduling implementa-
tion. The API which application code can use to pro-
vide schedulesspecic parametersand 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 thatit lacksthe easyac-
cessto computationstate(RUNNABLE, BLOCKED, etc.)
enjoyed by the OS version. Insteadthe middlevare ver
sion must go to some lengths, describedin Section 4,
to track computationstate changes.As shavn in Sec-
tion 5, the behaior of the applicationcontrolled by the
middleware schedulerclosely matcheshat of the applica-
tion underOS schedulercontrol. The middleware version
paysa price in contect switch overheadobut enjoys the ad-
vantageof greater portability since it only dependson
commonlyavailableOS capabilities.

4. Middlewar e Implementation

This sectiondescribesdetails of the middlewvare level
group schedulingimplementationwhich are relevant for
understandingur experimentakesultsfor the exampleap-
plication describedin Section5. In the following discus-
sion,wereferto threadsunderthecontrolof themiddlewvare
group scheduleras contmolled threads We usedthe native
OSpriority modelasanenforcemeninechanisnfor thede-
cisionsmadeby the SSDF- To achieve this,we used vedif-
ferentpriority levelsasshovn in Table1l. MAXPRIO is the
maximumpriority in the SCHEDFIFO schedulinglass.

Otherthanthe controlledthreads,the group scheduler
uses4 internalthreads|isted in Table1, for its own func-
tioning. TheReapethreadhelpsin shuttingdown andgain-
ing control of the systemin caseof a faulty groupschedul-
ing hierarchy Schedulings donein the context of the Sys-
temScheduleDecisionThread[SSDT).TheBlock Catcher
threadhelpsdetectblockingof a controlledtaskby running



immediatelyaftera controlledtaskblocks.Requestso the
groupschedulemarehandledby an API threadto decouple
schedulingdataupdateandschedulinglecisionexecution.

Reapethread MAXPRIO

Blocked Controlledthreads | MAXPRIO-1
GSthreadq4SSDTandAPIl) | MAXPRIO-2
CurrentlyScheduledhread | MAXPRIO-3
Block Catcherthread MAXPRIO-4
OtherControlledthreads MAXPRIO-5

Table 1. Middleware GS priority levels
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b4
A B Y
Thread A Set state!to i ! ‘ Thread B

Set A's state |
most may_block to blocked | most
eligible .

ligibl
Blocking elgible
sys call

Raise A's
. priority
Time -]

Figure 2. A contr olled task blocks

Figures2 and 3illustratethesequencef eventsthattake
placeduring blocking and unblockingof a thread.A con-
trolled threadis aboutto make a systemcall thatmaycause
thethreadto block (1). Sincewe areusingthe ACE toolkit
that provides a wrapperlayer for all systemcalls, these
changeswvere localizedand hencethis 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
the schedulewith informationaboutpossibleblocking. If
the threadreally blocks, the block catcherthread wakes
up, changeghe statusof the blocked threadto BLOCKED
(3). andincreaseshe priority of the blocked threadto
MAXPRIO-1 as shown in Table 1. The block catcher
thread then wakes up the schedulerthread (4), and the
scheduletthreadcalls the SSDFwhich picks up the most
eligible threadto run.

After a (possiblyblocking) systemcall returns,its con-
trolled threadcalls the after_systemcall_hookfunction (5).

Context Context Context switch:

Inform

switch: itch: SSDT to X
scheduler SWItCh:
BtoA , A to SSDT
___Thread B-plq— Threjad A pg SSDT .. »ig—-Thread X...
v v v v
& AgTATTA &
A | | | @ i
unblocks I | SetA's stateThread X
Set A's state Lower to runnable MOSt
to Priority eligible
unblocked
Time = >

Figure 3. A contr olled task unblocks

This function ascertainsvhetheror not the threadactually
blockedonthesystencall. If thethreadhadnotblockedon
the systemcall it simply changests statusto RUNNABLE
and continuesto run. If it did block, it changests status
from BLOCKEDo UNBLOCKE[and awakensthesched-
uler thread (6) to make a new schedulingdecision.The
schedulerthen changeghe statusof the (possibly multi-
ple) UNBLOCKERhreadsto RUNNABLEso thatthey are
all consideredor scheduling. The schedulethen again
chooseshe mosteligible threadto run (7).

BLOCKED

thread unblocks

thread really blocks
scheduler becomes
aware of blocking

MAY_BLOCK

did not block
on system call

RUNNABLE UNBLOCKED
scheduler becomes

aware of unblocking

Figure 4. State transitions for threads

system call ‘

Figure4 summarizeshe differentstatesof a controlled
thread.A threadis in the RUNNABLEtateif it is readyto
run andis thusan eligible candidatethat could be picked
to run by the SSDF The executionof thesethreadss con-
trolled by sendingSIGSTOPandSIGCONTSsignals A con-
trolled taskthatis aboutto make a systemcall that could
block, makesa statetransitionto the MAYBLOCKSstate.If
a controlledtaskreally blocked aftermakinga systemcall,
thenits stateis marked asBLOCKEDOnNcethe systemcall
unblocksthe controlledthreadstartsrunningagainchang-
ing its stateto UNBLOCKED he scheduleis informedim-
mediatelyaboutthe unblockingandchangeghe controlled
threads stateto RUNNABLE again.

5. Evaluation

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



vided by the motivatingapplicationdescribedn Section2.
Thegoalof our evaluationis to demonstratéhefollowing:

the necessityand sufciency of the group scheduling
paradigm;

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

thatgroupschedulingaiseshelevel of abstractiorfor
specifyingapplicationpoliciessothatapplicationsan
directly expresstheir policiesin termsof the compu-
tation hierarchyoffered by the group schedulingpro-
grammingmodel;and

thatef cient implementatiorof groupschedulingnid-
dlewareis possiblemakingour solutiondirectly appli-
cableto awide variety of platformsandoperatingsys-
tems.

For this evaluation,we useda randompayloadto repre-
sentanimageframethatis beingsentby animagesource.
We statea simplebut realisticsetof applicationpolicy goals
(APG) for our exampleapplication:

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

2. acomputatiompipelineis drainedasfastaspossible;

3. receving an input frame has preferenceover frame
processingn apipeline;and

4. balancedprogresds desired,in termsof the number
of framesprocessedamongthenon-criticalstreamsn
thefaceof variablecomputatiortimesfor framespass-
ing throughthe pipeline.

5.1. Qualitative Evaluation

Expressinghe above high-level applicationpoliciesus-
ing existing low-level schedulingpolicies and priority as-
signmentsanbetediousanderrorprone.Moreover, static
policies are inadequateao expressthe notion of balanced
progresgdueto lack of a priori knowledgeof varying exe-
cutiontimeson the computatiomodes.

Group schedulingis a generalizationof corventional
schedulingparadigmsandis hencesufcient to expressex-
isting low-level schedulingpolicieslike FIFO andround-
robin. Moreover, it enablesus to let application-speci c
policiesbedirectly expressedsSDFs,thusclosingthegap
betweenhigher level applicationpolicies and lower level
schedulingpolicies for computationelements.Not only
doesthis raisethe level of abstractionfor the application
developer but it is alsonecessaryor several classe®f ap-
plicationswhosedesiredschedulingsemanticslo not map
reliably ontocorventionalschedulingsemantics.

We now demonstrat¢he sufciency of groupscheduling
to expressour application-speci cpoliciesusingthe com-
putationaimodeldescribedn Section3. In thecourseof do-
ing this, we shav theinadequay of existing low-level poli-
ciesto captureAPG-4which thendemonstratethe neces-
sity of groupschedulingor mary applications.
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5.1.1. Scenario 1 — Non-critical Streams Outside GS
Control: In this scenariowe try to mapthe four desired
applicationpoliciesto existing lower-level schedulingpoli-
ciesexpressedwithin the group schedulingcomputational
model. The group schedulingmodel allows us to specify
eachof the policiesintuitively. To expressAPG-1we want
the scheduleto give preferenceo the critical streamover
all otherthreadsn the systemincludingthreadsn the non-
critical stream.The SSDF. shovn in Figure 5 is usedto
specify this policy. A Critical Steamgroupis createdto
represent critical stream.The SSDFis consultedbefore
thedefaultLinux schedulewhene&eraschedulinglecision
is required.The default Linux scheduleis invoked only if
no threadscontrolledby the SSDFarein the RUNNABLE
stateThisisindicatedn Figure5 by thearrov marked“Im-
plicit choice”.

To specify APG-3, we intuitively divide the process-
ing of a framein two computationabarts: (1) input pro-
cessingof a frame (by an RTCORBA thread)and (2) the
pipelinecomputationThe computatiorthreadsn the criti-
cal pipelinearerepresentethy the Pipeline Threadsgroup.
Betweenthesetwo computationsthe input processingand
hencethe RTCORBA threadhasto be givenpreferenceas
per APG-3. Hencea sequentialschedulingpolicy is cho-
senfor the Critical Streamgroup which checksto seeif
the RTCORRBA threadcanrun beforeit checksthePipeline
Threadsgroup.

To specifyAPG-2,we choosea staticpriority scheduler
with prioritiesincreasingacrosghepipelinestagewith the
last stagehaving the highestpriority. This ensureghat a
messageo ws acrossthe pipeline beforea nev message



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

5.1.2. Scenario2—Non-critical StreamsUnder RR SDF
Control: This scenaricattemptso addresAPG-4, which
weleft to thecontrolof thedefaultOSschedulem Scenario
1. To this end,the non-criticalstreamsarealsobroughtun-
der the control of the group schedulerintuitively, we di-
vide thedifferentnon-criticalstreamsnto groupsasshavn
in Figure 6, with each streamsupportedby a Pipeline
Threads group similar to that in Scenariol. The criti-
cal streamis again given preferenceover this collection
of non-critical streams.To expressthis policy, the non-
critical streamgroupsare all groupedtogetherunderthe
Non-critical Streamsgroupandthis groupgetslower pref-
erencehantheCritical Streamsgroup.

To addressalancedrame progres§APG-4),we try to
mapthis policy in termsof around-robinschedulingpolicy
for the Non-critical streamsgroup.This would achieve bal-
ancedprogressf thecomputatiortimeswereequalfor each
frameandeachstream put they arenot. Notethat Figure6
shaws the grouphierarchyfor both Scenario® and3. Sce-
nario2 usegheRound-Robin(RREDFfor theNon-critical
streamsgroup, while Scenario3 usesthe FrameProgress
SDFE
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Figure 6. Group hierar chy for scenarios 2 and
3

5.1.3. Scenario3 — Non-critical StreamsUnder Frame
ProgressControl: The requiremenbf balancedprogress
is very oftenafeatureof thekindsof applicationsliscussed
in Section2. Henceit is necessaryor thoseapplications
to beableto specifyschedulingpoliciesin termsof higher
level programmingmodelswithin which alternatve SDFs
canbeexpressed.

If the computationtimes on a pipeline node can vary
basedon the type of framethatit is processingthenthe
RR approachusedin Scenario2 canleadto animbalance
in the numberof framesthat canbe processedby different

pipelineswithin the sametime duration.Scenario3 there-
foreusesaFrameProgres$SDFfor theNon-critical streams
group. The group schedulinghierarchyfor Scenario3 is
alsoshowvn in Figure 6, andis similar to the hierarchyfor
Scenaria?, exceptfor the schedulingpolicy thatis associ-
atedwith the Non-critical Streamsgroup.

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-critical streamgetsmorethanN framesaheadof the
other non-critical streamswhere N is an applicationde-
ned constant(or in somecasescould evenbe a function).
This effect can be shavn visually as describedin Sec-
tion5.2.

5.2. Instrumentation, Logging and Visualization

Having demonstratednintuitive stylefor specifyingap-
plication policiesin the group schedulingmodel, we now
demonstrateéhat our group schedulingmplementationn-
deedcan enforcethe applicationpolicies. We usea com-
binationof visualizationtools and quantitatve analysisfor
this purpose.

We usedthe DataStreanKernel Interface (DSKI) and
DatastreanUser Interface(DSUI) logging framework and
post-processingools to instrumentour example applica-
tion, the group schedulerand the Linux kernel[15]. We
usedthe visualizertool to generatesxecutioninterval di-
agramslike the one shavn in Figure 7, to examinequal-
itatively how well our group schedulingimplementations
enforcedthe applicationspeci ed policiesdiscussegbrevi-
ously For example,Figure7 shaws the visualizertool dis-
playing information mined via post-processingpols from
the DSUI and DSKI eventlogs for an experimentalrun of
Scenario3 using the middleware group schedulerimple-
mentation.

The executiontime-linedepictedn Figure? clearlyver
i es the desiredbehaior. The visualizerhasbeencon g-
uredto shav the executiontime-linesfor all the pipelines.
In our experiment,asseenin Figure7, we chosemessages
with lower processindimesto be passedhroughpipelines
3 and5, althoughthis is con gurable in our experimental
setup.

A non-criticalpipeline,whenchoserto run, runsuntil it
processea framecompletelyi.e. the framepasseshrough
all stagesof the pipeline, beforeary other pipeline starts
processingts own frames.This is also con rmed by the
visualizer as none of the non-critical pipeline executions
overlap.Arrival of aframefor thecritical streamcauseshe
threadsrelatedto the critical streamto run. As seenin the
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visualizer Pipelinel wasprocessing framewhenaframe

for thecritical streamarrived,asindicatedby aneventin the

START-END cycle row of the visualizer This eventcaused
controlto shift to thetasksin thecritical stream.

The group schedulingthread and the block catcher
thread seenin the last two rows of the visualizer in-
cur context switch overheadn the middlewareimplemen-
tation as opposedto the kernel-basedmplementationof
the group schedulerwhich doesnot have this extra over-
head. The execution of the group schedulingthread is
very frequent, as shavn by the visualizer This is be-
causethe group schedulingtaskis run at leastonceevery
time quantum,which is setto 10 msecin our implemen-
tation, equalto the Linux systemheartbeafrequeng in
the 2.4 kernel series.This is a tunable systemparame-
ter affecting context switchingoverheadn the middlewvare
implementation.

5.3. Quantitative Evaluation

We also evaluatedour kernel and middlewvare group
schedulingmplementationsn the faceof backgroundoad
competingwith the application,in the faceof non-critical
computationscompetingwith critical computations,and
theinterferenceof the non-criticalcomputationswith each
other We ran Scenario3 undertwo experimentalcondi-
tions: without any competingload, and with a competing
load of two kernel compilations- one on the local parti-
tion, while the otherwason a NFS mountedpartition- and
a CPU-intensie backgroundask. Tables2 and3 summa-
rize theresultsof our evaluation.

5.3.1. Effect of BackgroundLoad: Theresultsn Table2
shav the CPU utilization of the differentthreadsn the ap-
plication.Eachentry pre x edwith “Pipe” in thetableshow
the total utilization of all threadsin that pipeline. The re-
sultsof our experimentsshav thatthe competingload did

Kernel Middleware
valuesin % L NL L NL
App 785| 78.4| 79.1| 79.1
Total 99.0| 785| 98.9| 79.1
RTCORBA 02| 0.2 0.2 0.2
Pipel 78| 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 03| 0.3 0.3 0.3
Idle task 0.0| 214 0.0| 20.8

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

not affect the applicationpipelines,which ran exactly as
thoughtherewasno otherload onthe machinewith a con-
sistentutilization of around79% (entry“App”). With back-
groundload (L), the total utilization (entry “Total”) was
around99% whereaswith no load (NL) the total utiliza-
tion was very closeto the CPU utilization of the appli-
cation. In spite of backgroundoad that causesa signi -
cantnumberof disk interrupts,network interruptsandin-
tensve demandfor CPU, the CPU utilization of the indi-
vidual pipelinesdid notvary meaningfullybetweerthetwo
experimentsor betweenthe middlevareandkernelimple-
mentationsThis shovsthatboththekernelandmiddlevare
schedulergrovide robust resourcepartitioningin the face
of CPU,diskl/O, andnetwork I/0 boundbackgroundoads.

Theseresultsalsodemonstratéhatour groupscheduling
implementatiordoesnot precludeheschedulingdf compu-
tationsthatarenot underthe purview of groupscheduling.
For example,in Table 2, the CPU boundbackgroundask
getsaround14% of the CPU, sincethe applicationutilizes
only around79%. Thereis also someminimal utilization
(0.3%) by the client tasks(entry “Frame Source”)that are
responsibldor periodicallysupplyingframesto thecompu-
tation streamsThe remainingutilization canbe attributed
to the 2 backgroundkernel compilations,which we have
notshown here.

5.3.2. Middleware Scheduler Overhead: The middle-
warescheduleincursoverheador maintainingtwo threads
to control scheduling- the schedulerand block catcher
threads.The overheadin termsof context switchesis no-
table in the case of the middlevare implementation.



Kernel Middleware
valuesin % L | NL| L NL

Scheduler NA | NA | 66| 27.2
Block Catcher| NA | NA | 2.2 9.1

Table 3. Conte xt switc h overhead

Table 3 shaws the percentagef 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. Thoughthe number of

contet switchesis higher in the middleware implemen-
tation, the CPU time taken by theseadditional threads
is insigni cant, as shavn 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 thereis no

needfor thescheduleandblock catcherthreadsn the ker-

nel implementationand henceno dataare shavn 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 parametersothatthe pipelinesarekeptbusy by adjust-
ing the sendrateof the frameandthe computatiortimesof
the message<ipelines3 and5 were chosento have rela-
tively lower messageomputatiortimeswhencomparedo
otherpipelines.

When the frame processingtime varies for different
frametypesas shavn in Figure 7, it becomedif cult to
expresspolicy goal APG-4 in termsof existing low-level
schedulingpolicies,thoughwe do attemptto do suchmap-
pingsin Scenariol and Scenario2. We now demonstrate
that this approachfails, and hencewe needto be able to
specifytheapplicationpolicy directly asin Scenaria3.

We desirebalancedrogresdor eachof the non-critical
streamsin termsof the numberof framesprocessedver
a period of time. We plotted the numberof framespro-
cessedby eachnon-criticalpipelineagainsthetotalnumber
of framesprocessedy all the non-critical pipelines.Plots
for thethreescenariosreshavn in Figures8a-8f.

FiguresBaand8b shaw theframeprogresgor eachnon-
critical pipelineunderScenariol with kerneland middle-
waregroupschedulingmplementationsespectiely. Here
only the critical streamis undergroup schedulingcontrol
andall the non-criticalstreamsareunderthe control of the
Linux schedulerEventhoughnoneof the pipelinesexpe-
riencesstanation, thereis a lot of jitter anddivergencein
thestreamstelative frameprogresswhichviolatesapplica-

tion policy goal APG-4. The middlevareandkernelbased
group schedulingimplementationshow similar behavior,
althoughit shouldbe notedthat Scenariol is not affected
by the group schedulerimplementationas far asthe non-
critical streamsasconcernedsincethey areunderthe con-
trol of the Linux scheduleratherthanthe groupscheduler
andhencehave no in uence over the schedulingdecisions
of theLinux scheduler

Figures8c and 8d shaw the respectie kerneland mid-
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-robin policy with a x ed time quantumwas cho-
senfor schedulingthe non-critical pipelines.As seenin
Figure7, we setup our experimentsothatthe framespass-
ing through pipelines1 and 3 causelessercomputation
times, when comparedto the other pipelines. The re-
sult is thatthesetwo pipelinesgetto procesamoreframes
in a speci ed period of time due to the round-robinpol-
icy andthe lower computatiortimes. Clearly this is alsoa
violation of applicationpolicy goal APG-4.

Figures 8e and 8f shov the Scenario3 non-critical
pipeline frame progressAll non-critical pipelinesare un-
der control of an application-speci c group schedul-
ing SDFE Feedbacldata,the numberof framesprocessed
by a pipeline,is madeavailableto the application-speci ¢
SDFaseachpipelinecompleteprocessingf aframe.The
application-speci cSDF considersthe numberof frames
processedby eachpipelinewhenmakinga schedulingde-
cision. The graphsshowv that the application policy of
balancedrogresss satis edvery well.

Thevariableexecutiontimesfor amessagén thediffer-
ent stagef the pipelinemale it dif cult to choosea pri-
ori a staticschedulingpolicy thatwill let us maintainbal-
ancedprogressOur frameprogressasedschedulemain-
tainedbalanceby ensuringthat no non-critical pipelineis
morethanoneframeaheadf theothernon-criticalstreams.

The cumulative distributionsin Figures8g and8h sum-
marizethe balancedrame progres<or Scenaria3 andthe
imbalancean frameprogresdor theotherscenariosWe cal-
culatedthe maximumframe progressimbalance,i.e., the
differencebetweerthe numberof framesprocessedby the
pipeline that has processedhe most frames,and by the
pipelinethat hasprocessedhe leastframes.Moreover, in
Scenari® thisbalancds maintainedvertime,whereador
the otherscenarioghe imbalanceincrease®ver time. The
maximumimbalancefor Scenario3 is 1. Thereis onein-
stanceof animbalanceof 2 for Scenaria3 at thetop of the
curve. We veri ed this to be an artifact of experimentter
minationwhereonethreadprocessednemoreframewhen
all theotherpipelinethreadswvereshuttingdown.

5.3.4. End-to-End ResponseTimes: We also measured
the end-to-endresponsetime for processingeachframe.
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The end-to-endresponsdime is the elapsedime between
theframesourcegeneratinga frameto be sentto a pipeline,
andthetime whentheframehasbeencompletelyprocessed
by thelaststageof the pipeline.

(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-ende-
sponsdimesfor thecritical streamfor the differentscenar
ios. The end-to-end-esponsdimesfor the critical compu-
tation is consistentacrossall scenariosand also between
the kerneland middleware implementationsThe process-
ing times for eachframe varies betweenthe non-critical
streamsaandhencethe minimum andmaximumend-to-end
responséimesof non-criticalstreamss notarelevantmet-
ric andis notshown.

6. RelatedWork

Examplesof relatedwork can be organizedinto sev-
eral catgyoriesby consideringtheir dominantdecomposi-
tion [20] asaclassi cationcriterion.The rst cateyory con-
sistsof approacheshatadaptandwrapthe commonprior-
ity basedschedulingschemewithoutfundamentallychang-
ing that scheme.Their dominantdecompositionconcen-
trateson the semanticof the schedulingalgorithm, layer
ing additionalsemantic®ntop of the basicpriority scheme
in variousways.For example,ratemonotonicanalysisand
scheduling[12] assumestraightforward priority schedul-
ing, but providesan analysismethodwhich mapsreal-time
constraintsonto computationpriorities. Similarly, earliest
deadlinerst [12] takesthebasicreal-timeschedulingcrite-
rion of deadlineandusesit asthe basisfor a priority driven
choice.Maximum urgeng rst [13] andleastlaxity [13]
schemeausea similar technique but vary the methodby
which the numericbasisof the priority evaluationis calcu-
lated.

In Kokyu [8], thedominantdecompositiotis slightly dif-
ferent,concentratingpn themechanismor re-orderinghe
gueuenf schedulablentities.Thatcreates slightly richer
approacho describingsomeaspectof systemscheduling
semanticsparticularlywith respecto middlewvareenforce-
mentmechanismshut the fundamentahssumptiorof pri-
ority schedulingsemanticsemainedunchangedA slightly
higherlevel abstractiorusingessentiallthesamedominant
decompositionis the CORBA-basedresourcebroker ser

vice[5]. Thehigherlevel abstractiongivenby theresource
brokerincludetheability to considerarangeof systenstate
informationandto useeitherpriority or sharebasedunder
lying schedulingsemanticsbut the approactstill assumes
a staticanduniform underlyingschedulingsemanticgrom
theendsystem.

Other approachesdopta different decompositionfor
the schedulingsemanticsFor example,the Scoutoperat-
ing system14] concentratesn executionpathsasthebasis
for schedulingcomputationsThis clearlychangeshe view
of a schedulableomputationusedby the schedulerbut it
continuesthe underlyingassumptiorthat all computations
arescheduledisingthe sameview. Similarly, in TAO'sim-
plementationof Dynamic SchedulingReal-Time CORBA
1.2 (previously designatedReal-Time CORBA 2.0) [10],
the view of a computationbecomeghat of a distributable
thread but a singleview is still assumedo be adequatdor
all computationsandthefamiliar priority schedulingnodel
is usuallyassumedor the endsysten©S scheduler

In contrast, familiar hierarchical scheduling frame-
works [18, 17, 9] usethe decisionfunctionsthemseles
as the dominant decomposition,but make no modi -
cationsto their view of the computationsbeing sched-
uled as individual threadsof execution on the endsys-
tem.TheBERT [2] schedulingalgorithmslightly exceeded
this characterizatioroy applying a slack stealingschedul-
ing algorithm to the path-orientedcomputationview of
Scout.

Our previouswork onthe groupschedulingapproach6,
7] emphasize<larity of expressionin an effort to pro-
vide the bestpossiblesupportfor applicationsemantics.
The groupabstractions sufciently generalthatit canbe
usedto implementthe semanticof any of the previously
citedschedulingapproachesaswell ascompositeschedul-
ing functionsusingmorethanoneapproacthn differentsec-
tionsof the SSDF

In the researchdescribedn this paper we have further
shawvn the ability of the basicgroup schedulingapproach
to integrateboth hierarchicaland path-orientedscheduling
semanticawithin a single schedulingmodel. For example,
the group schedulingmodel usedin Scenario3 was able
describea computationpathby groupingcomponentof a
pipelinetogether The samegroup schedulingmodel also
provided hierarchicalseparatiorof critical andnon-critical
streamscheduling,and integratedthe semanticsof multi-
ple pipelinesunderthe frameprogressSDE

7. Conclusionsand Futur e Work

The group schedulingapproachdescribedand evalu-
atedin this paperis anextremely e xible framawork within
which a wide rangeof schedulingsemanticscan be ex-
pressed.This expressve range includes mary existing



schedulingapproacheghat are normally considereddis-
joint, and permitsthe use of differentapproacheswithin

different portions of compositesystem schedulingdeci-
sion functions. Moreover, we have shovn that both OS
basedandmiddlevarebasedmplementation®f theframe-
work cansupportthe samesemanticswith few limitations.
The middleware implementationdoes incur an unavoid-

able increasein context switching overhead,but this is

also essentiallythe minimum overhead possible given
the need for a userlevel schedulingthread. Further

more,the middlevareimplementations notableto include
interrupthandleror otherOS computationrcomponentsin-
der its control asthe OS implementationdoes,but this is

alsoto be expected.The greatestlimitation of the mid-

dleware implementationis the needfor a mechanismby

which the schedulingthreadcan be noti ed whena con-
trolled thread becomesunblocled. We demonstrateda
mechanisnrequiringa wrapperfor eachpotentiallyblock-
ing systemcall. Alternately some form of OS support
similarto scheduleactivations[1] canbeused.

Our future work includesinvestigationof how group
schedulingmay be usedin a wider rangeof contexts, in-
cluding: time division multiplexing of Ethernetto imple-
mentreliable real-time communication extensionsof the
groupschedulingapproacto managelistributedcomputa-
tions, andits usefor supportinga wider rangeof applica-
tionsrequiringnuancedeal-timeQoSassurances.
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