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Abstract

Our goal is to develop a compositional real-time
scheduling framework so that global (system-level) tim-
ing propertiescan be establishedby composingindepen-
dently(specifiedand)analyzedlocal (component-level)tim-
ing properties. The two essentialproblemsin developing
such a framework are (1) to abstract the collective real-
timerequirementsof a componentasa singlereal-timere-
quirementand (2) to composethe componentdemandab-
stractionresultsinto thesystem-levelreal-timerequirement.
In our earlier work, we addressedthe problemsusingthe
Liu andLaylandperiodicmodel. In this paper, weaddress
theproblemsusinganotherwell-knownmodel,a bounded-
delayresourcepartition model,as a solutionmodelto the
problems.To extendour framework to this model,we de-
velop an exact feasibility condition for a set of bounded-
delaytasksovera bounded-delayresourcepartition. In ad-
dition, we presentsimulationresultsto evaluatethe over-
headsthat thecomponentdemandabstractionresultsincur
in termsof utilization increase. We also presentnew uti-
lization boundresultson a bounded-delayresourcemodel.

1 Intr oduction

Componenttechnologyhasbeenwidely acceptedas a
methodologyfor designinglargecomplex systemsthrough
systematicabstractionandcomposition.Component-based
designprovides a meansfor decomposinga systeminto
components,allowing thereductionof asinglecomplex de-
sign probleminto multiple simpler designproblems,and
composingcomponentsinto a systemthroughcomponent
interfacesthat abstractandhide their internal complexity.
Component-baseddesignalsofacilitatesthe reuseof com-
ponentsthat may have beendevelopedin different envi-
ronments.A centralideain component-baseddesignis to�
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assemblecomponentsinto a systemwithout violating the
principleof compositionalitysuchthatpropertiesthathave
beenestablishedat thecomponentlevel alsoholdat thesys-
tem level. To preserve compositionality, the propertiesat
thesystemlevel needto abstractthecollectivepropertiesat
thecomponentlevel.

Real-timesystemscouldbenefitfrom component-based
design,only if componentscanbeassembledwithout vio-
latingcompositionalityontiming properties.Whenthetim-
ing propertiesof componentscanbeanalyzedcomposition-
ally, component-basedreal-timesystemsallow components
to be developedandvalidatedindependentlyandto be as-
sembledtogetherwithoutglobalvalidation.In thereal-time
systemsresearch,however, therehasbeenlittle attention
to the problemof supportingcompositionalitywith timing
properties. Therehasbeena growing attentionto hierar-
chicalschedulingframeworkswherecomponents(applica-
tions)form ahierarchy[4, 7, 10, 5, 15, 16, 11, 17, 1]. Many
studies[4, 7, 10, 5, 15, 16] introducedmethodsto analyze
theschedulabilityof acomponentin ahierarchicalschedul-
ing framework, but did not addressthe issuesof synthesiz-
ing the timing propertiesof a component.Recently, a few
studies[11, 17, 1] beganto addresstheproblemof analyz-
ing thetiming propertiesof componentscompositionally.

Our primary goal is to develop a compositionalreal-
time schedulingframework where global (system-level)
timing propertiesare establishedby composingtogether
independently(specifiedand)analyzedlocal (component-
level) timing properties. To develop such a framework,
the following two problemsneedto be addressed.(1) The
schedulingcomponentabstractionproblemis to analyzethe
timing propertyof a componentindependently. We define
this problemasabstractingthecollective real-timerequire-
mentsof a componentas a single real-time requirement,
calledschedulinginterface. Ideally, thesinglerequirement
is satisfied,if and only if, the collective requirementsof
thecomponentaresatisfied.(2) Theschedulingcomponent
compositionproblemis to composeindependentlyanalyzed
localtiming propertiesinto aglobaltiming property. Wede-
fine thisproblemascomposingtheschedulinginterfacesof



componentsasa singlereal-timerequirement.Ideally, the
singlereal-timerequirementis satisfied,if andonly if, the
setof componentsis satisfied.

In a compositionalreal-timeschedulingframework, the
major issueis how to definea schedulinginterfacemodel
in orderto specifythe collective real-timerequirementsof
a component.In our earlierwork [17], we showed that a
compositionalreal-timeschedulingframework canbe de-
velopedby usingtheLiu andLaylandperiodicmodel[12]
asaschedulinginterfacemodel.We addressedtheschedul-
ing componentabstractionproblemby abstractinga setof
periodictasksunderEDFor RM schedulingasasingleperi-
odic task. Whena componentexportsits periodicschedul-
ing interfaceto the system,the systemcan thus treat the
componentasa singleperiodictask. Usingthesametech-
nique, we addressedthe schedulingcomponentcomposi-
tion problem by composinga set of periodic scheduling
interfacesunderEDF or RM schedulingassingleperiodic
schedulinginterface.

In this paper, we consideranotherschedulinginterface
modelfor acompositionalreal-timeschedulingframework.
Mok etal. [13] introducedabounded-delay(resourceparti-
tion) model �����
	���
 to specifya partitionof a time-shared
resource.To usethebounded-delaymodeltogetherwith the
periodicmodelasschedulinginterfacemodels,we should
be able to addressthe problemof abstractinga setof pe-
riodic and bounded-delaytasks into a single periodic or
bounded-delaytask. With the known resultson periodic
tasks[17], we areableto addressthe problemof abstract-
ing a setof periodictasksunderEDF or RM schedulingas
a singleperiodicor bounded-delaytask. For the problem
of abstractinga setof bounded-delaytasksasa singleperi-
odicor bounded-delaytask,a possibleapproachis to trans-
form a bounded-delaytaskinto a periodictaskandthento
useknown resultson periodic tasks. However, this trans-
formationinherentlyaddsmoreresourcedemands.There
has beenno known resultson bounded-delaytasks that
canbe usedto addresssuchan abstractionproblemwith-
out transforminga bounded-delaytaskinto a periodictask.
We thus develop an exact feasibility condition that deter-
mineswhetheror not thereexists a schedulingalgorithm
to schedulea setof bounded-delaytasksover a bounded-
delayresourcepartition.With this new result,weshow that
acompositionalreal-timeschedulingframework canbede-
velopedusingthebounded-delaymodel.

This paper also includes new results on utilization
boundsandabstractionoverheadevaluations.In our earlier
work [17], weproposedaperiodicresourcemodel ������	���

to specify a periodic behavior of a time-sharedresource
allocationandpresentedits utilization boundsunderEDF
andRM scheduling.Therehave beenno known utilization
boundsof abounded-delayresourcepartitionmodel.In this
paper, wepresentutilizationboundsof a bounded-delayre-

sourceunderEDF andRM scheduling. For a solution to
the schedulingcomponentabstractionproblem,we found
that the solution requiresa more resourceutilization than
theresourceutilizationsthatarerequiredby thetasksetof
a component.We evaluatethe overheadsthat the solution
incursin termsof utilization increasethroughsimulation.

The rest of this paper is organizedas follows: Sec-
tion 2 provides an overview of our compositionalframe-
work, systemmodels,and problemstatement. Section3
briefly reviews a bounded-delayresourcemodel,andSec-
tion 4 presentsconditionsunderwhich theschedulabilityof
a componentcanbe exactly analyzed.Section5 presents
utilization boundsof the bounded-delayresourcemodel.
Section6 addressesthe schedulingcomponentabstraction
problemandexplorestheabstractionoverheads.Section7
presentsrelatedwork. Finally, we concludein Section8
with discussionon futureresearch.

2. Compositional Framework and Problem
Statement

Ourgoalis to developacompositionalreal-timeschedul-
ing framework. In this section,we definea compositional
real-timeschedulingproblemandidentify issuesthatneed
be addressedby a solution. We also provide our system
modelsandproblemstatement.

2.1 CompositionalFramework Overview

Schedulingis to assignresourcesaccordingto aschedul-
ing algorithm in order to service workloads. We use
the term schedulingcomponentto meanthe basicunit of
schedulinganddefineaschedulingcomponent� asatriple����	���	���
 , where � describesthe workloads(of applica-
tions) supportedin the schedulingcomponent,� is a re-
sourcemodelthat describesthe resourceallocationsavail-
able to the schedulingcomponent,and � is a scheduling
algorithmwhich describeshow theworkloadssharethere-
sourcesat all times.A resource� is saidto bededicatedif
it is exclusively availableto asingleschedulingcomponent,
or sharedotherwise.We describeahierarchical scheduling
framework, whereschedulingcomponentsform ahierarchy
anda resourceis allocatedfrom a parentcomponentto its
child componentsin thehierarchy.

We definetheschedulabilityof a schedulingcomponent������	���	���
 , afterdefiningsomenecessaryterms. The re-
sourcedemandof aschedulingcomponent��� ��	���	���
 rep-
resentsthe collective resourcerequirementsthat its work-
load set � requestsunder its schedulingalgorithm � .
Thedemandboundfunction !#"%$'&(����	�)�	+*,
 of a component������	���	���
 calculatesthemaximumpossibleresourcede-
mandsthat � requeststo satisfy the timing requirements



of task * under � within a time interval of length ) . There-
sourcesupplyof a resourcemodel � representstheamount
of resourceallocationsthat � provides. Thesupplybound
function -."/$102��)+
 of � calculatestheminimumpossiblere-
sourcesuppliesthat � provides during a time interval of
length ) . A resourcemodel � is saidto satisfya resource
demandof � under � if !#"/$'&3� ��	+)�	�*,
�45-."/$102��)+
 for all
task *768� and for all interval length ) . We now define
theschedulabilityof a schedulingcomponentasfollows: a
schedulingcomponent������	��9	���
 is saidto be schedula-
ble, if andonly if, the minimumresourcesupplyof � can
satisfythemaximumresourcedemandof � under � , i.e.,: *;6<� : )=!#"%$ & ����	�)�	+*,
34>-?"/$ 0 �@)+
�A (1)

It shouldbe notedthat we considerthe schedulability
condition in Eq. (1) as sufficient and necessary. We be-
lieve this is a reasonableway to extend the principle of
the traditional schedulabilitydefinition. The traditional
exact schedulabilityconditionssuchas the Liu and Lay-
land’s EDF schedulabilitycondition[12] have beendevel-
opedfor a situationwhereeachtaskwill requestthemaxi-
mum(worst-case)resourcedemandeverycase(with acon-
stant resourcesupply), even though there may be a task
thatactuallycompleteswithoutconsumingits maximumre-
sourcedemand.Following this reasoning,we statethe ex-
actschedulabilityconditionundertheassumptionthata re-
sourceprovidesits minimum(worst-case)resourcesupply,
even thoughthe resourcemay actuallyprovide morethan
its minimumin somecases.

We definea (scheduling)componentabstraction prob-
lem as abstractingthe collective real-time requirements
of a componentas a single real-timerequirement,called
schedulinginterface, without revealing the internal struc-
ture of the component,e.g., the numberof tasksand its
schedulingalgorithm. We formulate the problemas fol-
lows: givena workloadset � anda schedulingalgorithm� suchthat ������	���BC	���
 is schedulable,where ��B is a
dedicatedresource,the problem is to find an “optimal”
sharedresourcemodel � such that a schedulingcompo-
nent ��� ��	���	���
 is schedulable.Here, the solution � is
calledtheschedulinginterfaceof theschedulingcomponent� . Theoptimalityoveraresourcemodelcanbedetermined
with respectto variouscriteriasuchasminimizing resource
capacityrequirementsandminimizing context switchover-
heads.It is desirablethattheresourcecapacityrequirementD 0 of aschedulinginterface� is equalto thetotal resource
utilization

D
E
of a workloadset � . However,

D 0 canbe
larger than

D
E
. We definea (scheduling)componentab-

stractionoverheadas
D 0;F D
EHG�I

to representanormalized
resourceutilization increase.

In a hierarchyof schedulingcomponents,a parentcom-
ponentprovides resourceallocationsto its child compo-
nents. Oncea child component�2J finds a schedulingin-

terface ��J , it exportsthe schedulinginterfaceto its parent
component.Theparentcomponenttreatstheschedulingin-
terface � J asa singleworkloadmodel K J . As long asthe
parentcomponentsatisfiesthe resourcerequirementsim-
posedby thesingleworkloadmodel K J , theparentcompo-
nentis ableto satisfythe resourcedemandof a child com-
ponent� J . Thisschememakesit possiblefor aparentcom-
ponentto supplyresourcesto its child componentswithout
controlling (or even knowing) how the child components
scheduleresourcesfor their own tasks.

We definea (scheduling)componentcompositionprob-
lem ascombiningmultiple schedulinginterfacesinto a sin-
gle schedulinginterfacewithout revealingthe information
of the multiple schedulinginterfaces,e.g., the numberof
schedulinginterfacesand a schedulingalgorithm for the
multiple interfaces. We formulate the componentcom-
position problemas follows: given two schedulingcom-
ponents ��� � J 	�� J 	�� J 
 and ��� �ML#	���LN	��OLP
 such that a
schedulingcomponent������	���B�	���
 is schedulable,where�RQTS?�CJ.	�� LVU and � B is a dedicatedresource,theprob-
lemis to find a“optimal” sharedresourcemodel � suchthat
a schedulingcomponent������	��9	���
 is schedulable,where� QWS.��JV	�� LVU . Sincewe formulatethe componentab-
stractionandcompositionproblemsthesameway, it is de-
sirablethatasolutionto thecomponentabstractionproblem
beusedto solve thecomponentcompositionproblem.

We definea compositionalreal-timeschedulingframe-
work asa hierarchicalschedulingframework that supports
the schedulingcomponentabstractionsand compositions,
i.e., supportsabstractingthe collective real-time require-
mentsof a componentasa schedulinginterfaceandcom-
posingindependentlyanalyzedlocal timing propertiesinto
aglobaltiming property.

2.2 CompositionalFramework Models

As a workloadmodel in our framework, we considera
periodictaskmodel KX�ZY[	�\V
 , whereY is aperiodand \ is an
executiontime requirement��\]4^Y_
 . A taskutilization

Da`
isdefinedas\NF�Y . For aworkloadset �=QbSPKdc U , aworkload
utilization

D
E
is definedas e `.fhg'E Da` f

. Let ikj(cml denote
the smallestperiod in the workload set � , i.e., i j(cml Qn�oqp `.f,g'E S�Y c,U . Weassumethatall tasksin acomponentare
synchronous,i.e., they releasetheir initial jobsat thesame
time. We also assumethat eachtask is independentand
preemptive.

As aschedulingalgorithm,weconsidertheearliestdead-
line first (EDF) algorithm, which is an optimal dynamic
schedulingalgorithm[12], andtheratemonotonic(RM) al-
gorithm,whichis anoptimalfixed-priorityschedulingalgo-
rithm [12].

As aresourcemodel,weconsideratime-sharedresource
model.A resourceis saidto bepartitionedif it is available
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Figure 1. Bounded-dela y model: example .

to aschedulingcomponentatsometimesat its full capacity
but not available at all at the other times. Thereare two
partitionedresourcemodels: a bounded-delaypartitioned
model[13] andaperiodicresourcemodel[17]. Ourgoalto
investigatehow to developa compositionalframework for
anarbitrarypartitionedmodel. So far, we have considered
thesetwo partitionedresourcemodels: the periodicmodel
in [17] andthebounded-delaymodelin thispaper.

In summary, theproblemsthatwe addressin this paper
areasfollows:r We extendour compositionalframework by addinga

bounded-delaymodel �����
	���
 [13]. For this exten-
sion, we develop an exact feasibility conditionto de-
termineif a setof bounded-delayworkloadmodelsis
feasibleovera bounded-delayresource.r In our earlierwork [17], we presentedthe utilization
boundsof a periodic resourcemodel �
����	���
 under
EDFandRM scheduling.In thispaper, wedeveloputi-
lization boundsof a bounded-delayresource�����
	���

underEDF andRM scheduling.r Weevaluatethroughsimulationstheoverheadsthatthe
solutionincursin termsof utilization increase.

3 Bounded-DelayResourceModel

To be able to analyzethe schedulabilityof a schedul-
ing componentindependentof its context, it is necessary
to calculatetheresourcesupplyprovidedto thescheduling
component.A resourcemodel is to specifysuchresource
allocationsto a schedulingcomponentandto calculatethe
resourcesupplyto thecomponent.In thissection,webriefly
review a bounded-delayresourcemodel[13] andprovidea
new supplyboundfunctionfor anextendedbounded-delay
resourcemodel.

Mok etal. [13] introducedabounded-delayresourcepar-
tition model ������	���
 , where � is an available factor (re-
sourcecapacity)( sutv�T4 I

) and � is a partition delay

**
kk−1tt∆ t   +Q **t *

kQ

(k−1)Q

2211

resource supply

time

Q

sbf   (t)
Φ

sbf   (t)Φ

t      +Q t   +Q*
kt kt

Figure 2. Extended bounded-dela y model
with scheduling quantum: suppl y bound
function.

bound( sw4x� ). This bounded-delaymodel ������	���
 is de-
finedto characterizethefollowing property:: )�J : ) L�y )�J :dz 4^���) L G )�J G z 
,�{4u|�}/~/~/�m�/�
��)�J.	+) L 
(4>��) L G )�J;� z 
,��A
Figure1 showsabounded-delayresourceexample.

For abounded-delaymodel � , its supplyboundfunction-."%$ � ��)+
 is definedto computetheminimumresourcesup-
ply for every interval length ) asfollows:

-."/$ � �@)+

Q5� �3�@) G ��
 if ��) y ��
�	s otherwiseA (2)

In preemptivescheduling,preemptionsmayoccurat ar-
bitrary time values. However, in discrete-timecomputing
devices,preemptionsmay only occurat specifieddiscrete
intervals.Consideringthereis aminimumdiscreteschedul-
ing interval, Feng and Mok [5] introducedan extended
bounded-delaymodel ������
	���	���
 , where� is theminimum
schedulingquantum.

The supply bound function of an extendedbounded-
delaymodel �������	���	��X
 hasnotyetbeenintroduced.Thus,
we develop its supply boundfunction -."/$��� �@)+
 that com-
putesits minimumresourcesupplyfor every interval length) asfollows:

-."%$[�� ��)+

Q�� ) G )��� �x��� GuI 
��P� if )�6�� )��� 	+)��� ����� 	�9�?� if )�6�� )��� ����	�)����� J ��	
(3)

where ) �� Q�) � G�� ) ���� � (4)

suchthat

) � Q�� � G^I 
 � � �H��	���Q I 	��/	�A�APA�A (5)

Figure2 illustrateshow we definethe supplyboundfunc-
tion -."%$[�� ��)+
 .
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Figure 3. Example of solution space of a bounded-dela y scheduling interface model ������	���
 for a
workload set � Q S?K J � I s1s/	 I1I 
�	+KdLV� I]\ s 	��#�1
 U under EDF and RM scheduling.

4 Schedulability Analysis

An essentialtechniqueto solve the componentabstrac-
tion andcompositionproblemsis to analyzethe schedula-
bility of schedulingcomponents.In our earlierwork [17],
wepresentedexactconditionsunderwhich theschedulabil-
ity of a schedulingcomponentcanbe analyzed,whenthe
componentconsistsof asetof periodicworkloadsandape-
riodic resourcewith theEDF or RM schedulingalgorithm.
In this section,we extend our initial resultsto include a
bounded-delayresourcemodelandaddresstheissuesin in-
cludinga bounded-delayworkloadmodel.

4.1 Periodic Workload Model

In our earlier work [17], we developedschedulability
conditionsfor aperiodicworkloadmodelandaperiodicre-
sourcemodel underEDF and RM scheduling. Now, we
generalizethe schedulabilityconditionsso that it can be
usedfor any partitionedresourcemodel,suchasabounded-
delay resourcemodel, as long as the resourcemodel can
calculateits supplyboundfunctionaccurately,

For aperiodictaskset � underEDFscheduling,Baruah
et al. [2] proposeda demandboundfunctionthatcomputes
thetotal resourcedemand!#"%$>^�_>`#� ��	+)+
 of � for every in-
terval length ) :

!#"/$ ^K_>` ����	�)+
;Q a`.f�g'Ecb � ) Ged cY c � � IKf �?\ c A (6)

We presentthefollowing corollaryto their resultto pro-
vide an exact conditionunderwhich the schedulabilityof
a component������	��9	]gihkj'
 canbeanalyzedfor any parti-
tionedresourcemodel � .

Corollary 1 A component ��� ��	���	���
 is schedulable,
where �>Qlgihkj , if andonly if: s�tH)34��2�nm��po E � d jrqts !#"/$ ^�_>` � ��	+)+
34>-."/$ 0 �@)+
 	
where m��po E

is the least commonmultiple of Y c for allKdc�6 � and
d jrqts is the maximumrelativedeadline

d c
for all K c 6�� .

Proof. This corollary simply follows from Theorem1 in
[17] andcanbeeasilyprovenby generalizingtheproof of
Theorem1 in [17]. u

As an example, let us considera workload set � QSPK[J.� I s1s 	 I#I 
�	�K L � I]\ s/	��1�1
 U and a scheduling algorithm�WQvgihkj . The workload utilization
D E

is 0.26. With
a bounded-delayresourcemodel ������	���
 , we now con-
sideraschedulingcomponent������	���	Kgihkj%
 . For theprob-
lem of guaranteeingthe schedulabilityof the component������	���	KgihkjÞ
 , asolutionspaceof ������	���
 is shown asthe
grayareain Figure3(a).Thatis, for instance,when��Q s A w
and �ÆQyx#s , the schedulingcomponent������	���	KgihkjÞ
 is
schedulable.We obtainsucha solutionspaceof ������	���

by computingtheminimumresourcecapacity

D �� whenthe
boundeddelay � is 1, 10,20, . . . , 100,usingCorollary1.

For a periodic task set � under RM scheduling,
Lehoczky et al. [8] proposeda demandbound function!#"%$>z�{2����	�)�	+*,
 thatcomputesthetotal resourcedemandof
a task K c for aninterval of length ) :

!#"%$>z�{2����	�)�	+*,
;Q�\.c � a`1|.g1}�~���� c�� � )Y ��� �P\ � 	
where�@� E �@*,
 is asetof higher-priority tasksthan K c in � .



For a task K c over a resourcemodel � , the worst-case
responsetime � c ���C
 of K c canbecomputedasfollows:�Pc����C
;Q n�omp SP) U suchthat !1"/$>z�{(� ��	+)�	�*,
34x-."/$102��)+
�A

We presentthe following corollary to provide an exact
condition underwhich the schedulabilityof a component������	��9	]���9
 canbeanalyzedfor any partitionedresource
model � .

Corollary 2 A component ������	���	���
 is schedulable,
where �>Ql��� , if andonly if: Kdc 6<� �/s�tH)34 Y_c !1"/$>z�{(� ��	+)�	�*,
34x-."/$#0(��)+
�A
Proof. This corollary simply follows from Theorem2 in
[17] andcanbe easilyprovenby generalizingtheproof of
Theorem2 in [17]. u

As an example, we considera schedulingcomponent������	��9	���
 , where� Q S?K�JV� I s#s/	 I1I 
 	+K L � I-\ s 	��1�#
 U , � Q������	���
 , and � Q+��� . A solutionspaceof a bounded-
delay resourcemodel �����
	���
 to guaranteethe schedula-
bility of the component������	��9	���
 is shown as the gray
areain Figure3(b). Thatis, for instance,when � Q s A w and� Q��1s , the component������	���	���
 is schedulable.We
obtainsucha solutionspaceof �����
	���
 by computingthe
minimumresourcecapacity

D �� whentheboundeddelay �
is 1, 10,20, . . . , 100,usingCorollary2.

4.2 Bounded-DelayWorkload Model

In this paper, we considera compositionalreal-time
schedulingframework with a bounded-delaymodel.To de-
velopsucha framework with thebounded-delaymodel,we
essentiallyneedto developa schedulabilityconditionfor a
bounded-delayworkload model as to addressthe compo-
nentabstractionproblemwith thebounded-delayworkload
model. In this section,we considerthe issuesof analyzing
theschedulabilitywith thebounded-delayworkloadmodel
and presentan exact feasibility condition for a schedul-
ing componentthatconsistsof thebounded-delayworkload
modelanda partitionedresourcemodelsuchasa periodic
or bounded-delayresourcemodel.

Fengand Mok [5] presenteda condition underwhich
the schedulabilityof a componentcanbe sufficiently ana-
lyzedunderEDFandRM scheduling,whenthecomponent
hasa setof bounded-delayworkloadsanda bounded-delay
resource.Their schedulabilitytechniquesareto transform
eachbounded-delayworkloadmodelinto a periodicwork-
load model and then to analyzethe schedulabilityunder
EDF and RM scheduling. Following this transformation,
wecanuseCorollary1 and2 for theschedulabilityanalysis
of a componentthatconsistsof a bounded-delayworkload
model. However, transforminga bounded-delayworkload
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Figure 4. The resour ce demand compare of a
bounded-dela y workload ������	���
 , where �xQs/A \ and � QÚw , and a periodic workload KX� Yk	�\V
 ,
where Y�QÜÛ and \�QÚw .

modelinto a periodicworkloadmodelessentiallyincreases
a resourcedemand,whichwe now explain in detail.

Feng and Mok [5] defined a bounded-delaymodel������	���
 to representresourceallocationsthat guarantees
at least ���Km unitsof resourceallocationsin any interval of
length m �^� for any valueof m , i.e., !>Ý-Þ¢ß�à%! � �ám ����
 y���"m . From their definition,we cansimply obtainthe de-
mandboundfunction !#"/$ ����	+)+
 of �����
	���
 thatcalculates
the minimum acceptableresourcedemandfor an interval
length ) asfollows:!#"/$_� ��	+)+
;Qx�3�@) G ��
34u!>Ý]Þ¢ß�à/! � ��)+
�A (7)

For a periodic workload model K9� Y[	�\V
 , its demand
boundfunction !#"/$ � ��	�)+
 canbedefinedasfollows:

!#"/$ ��K 	+)+
;Q5� ) G �d� Y G \V
 if )36�� �.Y G \'	��.Y � 	��� G�I 
,\ otherwise	
where ��Q nãâ1ä �]å )�F�Yçæ#	 I 
 . To safelytransforma bounded-
delay workload model ������	���
 into a periodic workloadKX� Yk	�\V
 while preservingthe resourcedemandof ������	���
 ,
we needto ensurethat !#"/$ � ��	�)+
�4 !1"/$_�@K 	�)+
 for all ) . For
instance,oneway to safelytransform������	���
 to KX�ZY[	�\V
 is
givenin [13] asfollows:

Y�Q �I2G � \�Q��M�+Y[A
Figure 4 shows that the resourcedemandof a periodic
workloadmodelcannotbe inherentlyidenticalto thatof a
bounded-delaymodel,but is supposedbe higherto ensure
a safetransformation. Thus, we can seethat sucha safe
transformationessentiallyincreasesa resourcedemand.

We now considerthe issueof analyzingthe schedula-
bility of a schedulingcomponentwithout transforminga



bounded-delayworkload model into a periodic workload
model. There has beenno known schedulingalgorithm
that can directly handlebounded-delayworkloads. Thus,
we hereconsiderthe problemof analyzingthe feasibility
of aschedulingcomponentthatconsistsof abounded-delay
workloadmodel. Sincewe considerdiscrete-timecomput-
ing devices,wedevelopanexactfeasibilityconditionfor an
extendedbounded-delayworkloadmodel �������	���	���
 with
schedulingquantum� .

We notethat thedemandboundfunction !#"/$ ����	+)+
 of a
bounded-delayresourcemodel � in Eq. (7) is equivalentto
its supplyboundfunction -."/$ � ��)+
 in Eq. (2). We applythe
sametechniquethat we usedin definingthe supplybound
function -."/$[�� �@)+
 of an extendedbounded-delayresource
model �� , to defineits demandboundfunction !1"/$_�V���	�)+
 .
Then,we have thedemandboundfunction !#"/$ �V���	+)+
 of an
extendedbounded-delayresourcemodel �������	���	���
 asfol-
lows:

!1"/$ �V���	�)+
;Q�� ) G )��� �x��� G^I 
��P� if )36�� )��� 	+)��� �H��� 	���P� if )36�� )��� ����	+)��� � J ��	
(8)

where)��� is definedin Eq. (4) and(5).
Now, we presentthe following theoremto introduce

an exact feasibility condition for a componentthat has
a bounded-delayworkload set and an extendedbounded-
delayresourcemodelwith schedulingquantum� .

Theorem3 A component��� ��	���	���
 is feasible, where�=Q S �� c ��� c 	�� c 	���
 U ,
I 4^*;4éè , and � Q �������	���	���
 , if

andonly if

: )ëêus la cíì J !#"/$ �N�� c 	�)+
34x-."/$[�� �@)+
 A (9)

Proof. We first consider a real-time job î;�áïÞ	�\'	 z 
 ,
where ï is an absolutereleasedtime, \ is an execution
time requirement,and

z
is an absolutedeadline. We

then construct a mapping from an extended bounded-
delay workload �� c ��� c 	�� c 	���
 to a set of real-time jobsS�î cáð � �áï cáð � 	�\ cáð � 	 z cáð � 
 U suchthatanindividualjob î cáð � corre-
spondsto the � -th schedulingquantumof �� c , �]Q I 	��/	�A�APA .
That is, when a job î#cñð � is scheduled,a workload ��3c re-
ceives its � -th schedulingquantumallocation. Then, we
canconsiderthatthejob î#cáð � hasa releasetimeof s , anex-
ecutiontime of � , anda deadlineof )��cáð � �^� , where)��cáð � is

the latesttime instant ) suchthat !#"/$ �N��3c+	�)+
XQ ��� GxI 
+� .
We definesuchamappingsystematicallyasfollows:ïVcáð � Q�s/	�\.cñð � Q>��	 and

z cáð � Q ) �cáð � ����	
where ) �cñð � Q ) cñð � G�� ),cáð �� � �

suchthat

) cáð � Q�� � G^I 
 ��kc �H� c 	���Q I 	��%	PA�A�A�A
We consider�óòOQ SCî cáð � U , I 4 *�4ôè , �^Q I 	��/	�APA�A .

Then, the problemof determiningwhether ������	��9	���
 is
feasibleor not is now equivalent to the problemof deter-
miningwhether�����óò 	���	��õòm
 is feasibleor not.

Consider�õòdQcgihkj . Thedemandboundfunctionof an
individual job î cáð � canbegivenasfollows:

!#"%$_�³î'cñð � 	�)+
;Q÷öø ù s if �@)3t z cñð � G ��
 	) G � z cñð � G ��
 if � z cñð � G � 4H)3t z cñð � 
�	� if �@) y z cñð � 
�A
Then,thedemandboundfunctionof a workloadset �óò

underEDFschedulingis simply

!1"/$_��� ò 	+)+
;Q la c�ì J
úüûfa� ì J !1"/$_�³î#cáð � 	�)+
�	

whereý��c Q n�omp SV�ÿþ z cáð � y ) U .
We can simply determine whether ��� �óò�	���	��üò 
 is

schedulableor not,accordingto Corollary1.
Finally, wehavethefollowing equationby thedefinition

of themappingfrom �� c to S�î cáð � U :

!1"/$_�V��3c�	+)+
;Q ú ûfa� ì J !1"/$_�³î#cáð � 	�)+
�	
whereý��c Q n�omp SV�ÿþ z cáð � y ) U . u
Example1 Let us consider a workload set � QSV�2JN� I F"�/	Æw'
�	�� L � I F-w 	�x#
 U and a bounded-delayresource�����#F I �/	ÁwÞ
 . According to Theorem 3, this examplecom-
ponent��� ��	���	���
 is feasible.

OnecanseethatTheorem3 is applicableto any resource
model � , if the resourcemodel � can calculateits sup-
ply boundfunction accurately, suchasa periodicresource
model.

5 Utilization Bounds

In this section, we considera schedulableutilization
bound of partitioned resourcemodels. This utilization
bound is particularly suited for on-line acceptancetests.
Whencheckingwhethera new periodictaskcanbesched-
uled with existing tasks,computingthe utilization bound
takesa constantamountof time, much lessthan the time
requiredto do an exact schedulabilityanalysisbasedon
a demandbound function. In our earlier work [17], we



introducedthe utilization boundsof a periodic resource
model �
����	���
 underEDF andRM scheduling.However,
therehasbeenno known utilization boundsof a bounded-
delay resourcemodel �����
	���
 . In this section,we intro-
duceutilizationboundsfor abounded-delayresourcemodel������	���
 .

We note that Mok and Feng[14] presentedutilization
boundsof a partitionedresourcethat is characterizedby a
tuple ���
	��/
 , where� is acapacityand � is atemporalirreg-
ularity1. For instance,they providedthefollowing theorem
for anEDFutilizationboundof apartitionedresourcespec-
ified by ����	�� 
 .�

Theorem6 in [14] � A component������	���	���
 is
schedulable,where�=QbSPK c �ZY c 	�\ c 
 U , �xQ gihkj ,
and � is a partitionedresourcewith thecapacity
of � andthe temporal irregularity of � , ifa`.f,g'E \ cY c G � 4���A

We note that the utilization boundspresentedin [14], in-
cludingtheaboveone,arenot for abounded-delayresource
model ������	���
 , since the temporal irregularity � is not
equalto a partition delaybound � . In this paper, we de-
rive utilization boundsof a bounded-delayresourcemodel������	���
 underEDF andRM scheduling.

We presentthefollowing theoremto introducea utiliza-
tion boundof abounded-delayresourcemodel ������	���
 for
asetof periodictasksunderEDFscheduling.

Theorem4 A component ������	���	���
 is schedulable,
where � Q SPK c �ZY c 	�\ c 
 U , � Q �����
	���
 , and � Q gihkj ,
if D E 4 � b I2G �ikj(cml f 	 where i j(cql Q n�oqp` f g'E S�Y c�U A
Proof. Due to the spacelimit, we refer to [18] for a full
proof. u

We presentanothertheoremto introducea utilization
boundof a bounded-delayresourcemodel ������	���
 for a
setof periodictasksunderRM scheduling.

Theorem5 A component ������	���	���
 is schedulable,
where � QÆSPKdc,� Y_c+	�\.c�
�	PA�APA�	+Kdld�ZY l 	�\.l/
 U , � Q �����
	���
 ,
and �xQ7��� , ifD�E 4^� b è;���� � G^I 
 G �� � l�� J �
	�l �?ikj(cml f 	
where ikj(cml�Q n�oqp ` f g'E S�Y_c U .

1We refer interestedreadersto [14] for the definition of the temporal
irregularity of � .
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Figure 5. Utilization bounds of a bounded-
delay resour ce model _a`
bdcfehg , where bjilk)m \ ,
as a function of n , where noiqpsrutwv#xye , under
EDF and RM scheduling

Proof. Due to the spacelimit, we refer to [18] for a full
proof. u

Figure 5 shows how the utilization bounds of the
bounded-delayresourcemodelgrow with respectto n under
EDF andRM scheduling,where n representsthe relation-
shipbetweenthedelaybound e andthesmallestperiodin
the taskset p rutwv , nzi{p rut|v x}e . It is shown in the figure
thatas n increases,theutilization boundsconvergeto their
limits whichare b underEDFschedulingin Theorem4 and~|�'�d�a� b underRM schedulingin Theorem5.

6 ComponentAbstraction

We formulated the schedulingcomponentabstraction
problem in Section2 as follows: given a workload set�

and a schedulingalgorithm � such that a scheduling
component�h` � cf����cf��g is schedulable,where �a� is a
dedicatedresource,the problem is to find an “optimal”
resourcemodel (schedulinginterfacemodel) � suchthat�h` � cf��cY��g is schedulable.We now illustratehow to ad-
dressthis problem.As anexample,let usconsidera work-
load set

� i�������`���k'k)c-�'��g[c�����`�� \ k)c �}� g�� . We consider
a bounded-delaymodel _a`
bdcfehg asa schedulinginterface
modelin this example. In addressingthe schedulingcom-
ponentabstractionproblemfor a component�h` � c�_�cY�ag ,
we can find a solution _a`
bdcfehg to this exampleproblem,
usingCorollary1 if ��iôgihkj or Corollary2 if �qi ��� .
In Figure3, thesolutionspacesof thisexampleproblemare
shown asgrayareasdependingon �lilgihkj or ��� .

In orderto derivean“optimal” solutionfrom thesolution
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Figure 6. Scheduling component abstraction
overheads as a function of n under EDF and
RM scheduling, where n�i�p rutwv xye .

space,we now definethe optimality criterion asminimiz-
ing the resourcecapacityrequirementof a solution when
a resourceperiodboundis given.2 That is, given a work-
load set

�
, a schedulingalgorithm � , anda boundedde-

lay rangesuchas e��l� e�rut|v!c�e�ru�9s�� suchthata schedul-
ing component�h` � cf� � cf��g is schedulable,the problem
is to find a boundeddelay resourcemodel _a`
bdcfehg such
that �h` � c^_�cY�ag is schedulableand  ¢¡ is minimizedwhilee��z� e rut|v cfe r£�ts � .

For a schedulingcomponent�h` � c^_�cY�ag , we defineits
componentabstractionoverheadas  ¢¡¤x} d¥§¦¨� . We per-
formedsimulationsto evaluatetheschedulingandabstrac-
tion overheads.For simulationruns,we have usedthefol-
lowing settings:

© Workload Size `�þ � þ g«ª The numberof tasksin the
workload.

�
is
� cÆw¬c�Û)c-�]x)c�� � , x"w , and � � Û .

© Workload Utilization `T ­¥®glª The utilization of the
workload

�
is k)mw�}cfk)m � c-m�m-m^cfk)m�� .

© TaskModel �¯`�°scY±�gaª Eachtask � hasa period ° ran-
domlygeneratedin therange[5, 100]andanexecution
time ± generatedin therange[1, 40].

© SchedulingAlgorithm `
�aguª�� is EDFor RM.

© Delay Bound( e ): The delaybound e is determined
such that n²i � cÆw¬c�Û)c-�]x)c�� � , and x"w , where n³ip rutwv xye and p rutwv is the smallesttask period of a
workloadset

�
.

2Onecanextendtheoptimality criteriaby consideringsomepractical
issuessuchasminimizing context switchoverheads.However, in this pa-
per, we do not considersuchadditionalissuesto focuson themainpoint
of our framework concisely.
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Figure 7. Scheduling component abstraction
overheads as a function of workload utiliza-
tion under EDF and RM scheduling.

Eachpoint shown in Figure 6, 7, and 8 representsthe
meanof 500simulationresultsunlessspecifiedotherwise.
The 95% confidenceintervals for dataarewithin 1-5% of
themeansshown in thegraphs.

Figure 6 plots the componentabstractionoverheadsas
a function of n , which representsthe relationshipbetweene and psrutwv , i.e., noiqp´rut|v#x}e , where èµi Û and   ¥ ik)m ¶ . We canseethat the componentabstractionoverheads
significantlydependon n .

Figure7 plotsthecomponentabstractionoverheadsasa
functionof workloadutilization,wherenhi¨¶ and è·iÚÛ . It
is shown in thefigurethattheabstractionoverheadis lower
underEDF schedulingthanunderRM scheduling.We can
seethattheworkloadutilizationis notasignificantfactorto
affect theabstractionoverheads.

We also evaluatethe componentabstractionoverheads
with respectto the numberof tasksè . Figure8 shows the
componentabstractionoverheadsasa functionof thenum-
berof tasks,where n¸i«¶ and   ¥ ilk¬m ¶ . As statedearlier,
eachpoint in thegraphis theresultof 500simulationruns,
except we performed200 simulationruns for the caseofè¹i�� � Û underEDF scheduling.We canseethat thecom-
ponentabstractionoverheadsdonot increaseasthenumber
of tasksincreases,but begin to decreaseat somepoint.

The implicationsof our simulationresultsarethat for a
bounded-delayschedulinginterfacemodel,its boundedde-
lay is mostcritical factor for componentabstractionover-
heads,and the workload utilization doesnot have a rela-
tively considerableimpacton the overheads.In addition,
wefind thatthebounded-delaymodelis ascalableschedul-
ing interfacemodelin termsof componentabstractionover-
head.
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der EDF and RM scheduling.

7 RelatedWork

In thereal-timesystemsresearch,thereis a growing at-
tentionto hierarchicalschedulingframeworks [4, 7, 10, 5,
15, 16, 11, 17, 1] thatsupporthierarchicalresourcesharing
underdifferentschedulingalgorithms.

Deng and Liu [4] introduceda two-level hierarchical
schedulingframework whereeachcomponent(application)
canhave any schedulerto scheduleits taskswhile thesys-
tem hasonly the EDF schedulerto schedulecomponents.
For sucha framework, Lipari and Baruah[10] presented
exactschedulabilityconditions,assumingthesystemsched-
ulerhasknowledgeof thetask-level deadlinesof eachcom-
ponent.Kuo andLi [7] showedthat theRM schedulercan
be usedas the systemscheduler, only when all periodic
tasksacrosscomponentsareharmonic.Noneof thesestudy
addressedthecomponentdemandabstractionproblem.

Mok and Feng [13, 14, 5] proposeda partitioned
resource model for a hierarchical scheduling frame-
work. Their bounded-delayresourcepartition model��º£`T ¢ºucY»hº¼g describesabehavior of apartitionedresource
with referenceto a fractional resource�a½£`� ¢º¼g . Their
model can specify the real-time guaranteesthat a parent
componentprovides to its child componentswhile any
schedulercanwork in theparentcomponentaswell asin the
childcomponents.For theirframeworkwhereaparentcom-
ponentand their child componentsare cleanly separated,
they presenteda sufficient schedulabilitycondition. For a
casewherea child componenthasa fixed-priority sched-
uler, Saewongetal. [16] presentedaschedulabilityanalysis
basedon the worst-caseresponsetime calculations.These
studiesdid not addressthe componentdemandabstraction

problem.
Lipari andBini [11] andShinandLee[17] proposedin

parallela periodicresourcemodel for a compositionalhi-
erarchicalschedulingframework. Their periodic resource
modeldescribesa behavior of a periodicresourceandcal-
culatesits minimum resourceallocations.For a hierarchi-
cal schedulingframework whereeachcomponentcanhave
any scheduler, they presentedexact schedulabilitycondi-
tionssuchthata componentis schedulableif andonly if its
maximumresourcedemandis nogreaterthantheminimum
resourcesupply given to the component.3 Basedon this
schedulabilityanalysis,they bothconsideredtheproblemof
composingthecollective real-timerequirementsof a com-
ponentinto a singlereal-timerequirementby their periodic
resourcemodel. Almeida andPedreiras[1] consideredan
issueof efficiently solvingthecomponentabstractionprob-
lem with a periodicschedulinginterfacemodel. This pa-
perextendstheseinitial studiesby clearly defininga com-
positionalschedulingframework, addinganotherschedul-
ing interfacemodel,andinvestigatingtheoverheadsthata
schedulinginterfacemodelincursin termsof utilization in-
crease.

RegehrandStankovic [15] introducedanotherhierarchi-
cal schedulingframework that considersvariouskinds of
real-timeguarantees.Theirwork focusedonconvertingone
kind of guaranteeto anotherkind of guaranteesuchthat
whenever theformeris satisfied,thelatteris satisfied.With
their conversionrules,theschedulabilityof thechild com-
ponentis sufficiently analyzedsuchthat it is schedulable
if its parentcomponentprovidesreal-timeguaranteesthat
canbe convertedto the real-timeguaranteethat the child
componentdemands. They assumedit is given the real-
time guaranteewhich a child componentdemandsanddid
notconsidertheproblemof deriving thereal-timedemands
from thechild component,which we addressin thispaper.

8 Conclusion

In thispaper, wedefinedtheproblemsto developacom-
positional real-time schedulingframework and presented
our approachesto the problems. In addition to a peri-
odic model,we showedthata bounded-delaymodelcanbe
usedas a schedulinginterfacemodel for a compositional
schedulingframework. We believe that a bounded-delay
workloadmodelcanbeusefulto modelnon-periodicreal-
time workloads,whenwe have efficient schedulingmecha-
nismsto schedulethebounded-delayworkloads.Thus,our
futurework is to developasimpleschedulingalgorithmthat
canefficiently schedulebounded-delayworkloads.

3Lipari andBini presentedtheir schedulabilityconditionasasufficient
condition. However, we considerit as an exact condition basedon our
notionof schedulability.



In this paper, we considerschedulinginterfacemodels
for hard real-timecomponent-basedsystems. Our future
work includesextendingour framework for soft real-time
component-basedsystems. This raisesthe issuesof de-
velopingsoft real-timemodelsfor componentdemandab-
stractionproblems.Soft real-timetaskmodelssuchasthe`D¾¿cfn)g -firm deadlinemodel [6] and the weakly hard task
model[3] canbeusefulto developcomponentdemandab-
stractionmodelsfor compositionalsoft real-timeschedul-
ing framework. In this paper, we assumethat eachtaskis
independent.However, tasksmay interactwith eachother
through communicationsand synchronizations. We also
considerextendingour framework to dealwith this issue.
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