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Abstract

Thispaperpresentsa new methodology for thehier-
archical designof embeddedsystemsincludingjitter
for quality-of-service(QoS).Hierarchical top-down
designrequires that the specificationsfor the sys-
temsmustbe translatedinto specificationsfor the
componentssuch that,whenthecomponentsare im-
plementedto meet their specifications,the system
will alsomeetits specifications.In a platform-based
design,the propertiesof somecomponentswill be
knownat the start of designwhile the propertiesof
other componentswill not beknownuntil after they
are implemented.We can, however, useour knowl-
edge aboutexistingcomponentsto translatethesys-
temspecificationinto specificationsfor thenew com-
ponentsthat mustbe implemented.This paperpro-
videsa methodology for top-downtranslationof sys-
temspecificationsinto componentspecifications.

1 Intr oduction

Embeddedcomputingsystemsexhibit complex be-
haviors and implementthosebehaviors using com-
plex architectures.Writing correctspecificationsis a
critical earlystepin systemdesign.Designmethod-
ologiestypicallyconcentrateonthesystemspecifica-
tion, which is derivedfrom userinput,etc.However,
thesystemspecificationis not sufficient to build the
system.Wemustalsospecifythecomponentsof the
system. If the componentsaremiss-specified,then
they will not work togetherto implementthe sys-
tem when they are connectedtogether. This paper
usesa designexampleto illustrate a new method-
ology for thederivationof componentspecifications
from asystemspecification.

We areconcernedwith thenon-functionalaspects
of the specification,namelythe performanceof the
systemandthecomponents.Performancespecifica-
tionsareparticularlychallengingto considerin sys-
tem design,sincewe cannoteasily verify them by
simulation. Our analysismethodprovides conser-
vative boundson the execution times requiredfor
componentssuchthat, if the componentimplemen-
tationssatisfytheir specifications,thecompletesys-
temwill alsosatisfyits overall specification.In con-
trastto many otherperformanceanalysisapproaches
like [5], we imposeupperand lower boundson re-
sponsetimes of tasks in order to meet jitter con-
straints.

This methodology is particularly useful in
platform-baseddesign. A platform definessome
partsof an implementationwhile leaving othersup
to the designer. The systemdesignerthereforehas
two taskswhenusinga platform: ensuringthat the
systemspecificationcanbemetby theplatform;and
deriving the specificationsfor the componentsnot
givenin theplatform.Thespecificationsfor thecom-
ponentsto be addedto the platform during design
mustbe consistentwith the othercomponentspec-
ificationsandthe overall systemspecification.Our
methodologyensuresthatall thecomponentandsys-
temspecificationswill beconsistent.This is alsoim-
portant for IP integration. Here, knowledgeabout
thetiming of anIP componentneedsto beprovided
to the designer. On the otherhand,the knowledge
aboutconstraintsnarrows the IP componentselec-
tion optionsin advanceand reducesthe numberof
designandanalysiscycles.

The next section surveys related work. Sec-
tion 3 containsthe basicdefinitionswhich areused
throughoutthe paper. The following sectionillus-
tratesour methodologywith a designexample. We
concludethepaperwith anoutlookon futurework.



2 Related Work

Blazewicz [2] derives hierarchical deadlines for
earliest-deadlinefirst scheduling. RATAN [1] is a
methodologyfor therateanalysisandtimebudgeting
of periodicsystems.We know of no otherresearch
thathasdevelopedderivationsfor hierarchicalspeci-
ficationsthat takesinto accountsmulti-ratesystems,
preemption,andjitter. RateMonotonicScheduling
(RMS) [5] is a well-known real-timeschedulingal-
gorithm. Our modelusesa somewhat moregeneral
model: we do not requirethe deadlineto be at the
endof theperiodandwe allow jitter in arrival times.
Lehoczky [4] providessomeusefulformulasfor the
analysisof moregeneralstaticpriority systems.

Theimportanceof platform-baseddesignhasbeen
extensively investigatedin [3], andthe softwarear-
chitecturehasbeenidentifiedasan integral part of
theplatform.More recentwork like [6] concentrates
on safeintegration of IP componentsby providing
timing data,and designerscan chooseamongsev-
eral implementationswith different timing. How-
ever, thereis, to thebestof our knowledge,no con-
ceptof deriving detailedtiming propertiestop-down.

3 System Specifications
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Figure1: A taskgraph.

For theanalysisthroughoutthispaper, a systemis
specifiedby a task graph as depictedin Figure 1.
Eachnodein thetaskgraphrepresentsa process��� .
Edgesin thetaskgraphrepresentdatadependencies.
Eachprocess��� hasaworst-case(maximum)execu-
tion time ������ . We refer to thebest-case(minimum)
executiontimeof process� � as ������ .

Processesrelated by data dependenciesform a
task in the task graph. The tasksexecuteperiodi-
cally. Every task � � hasa period ��� � . All the pro-
cessesin a taskhave thesameperiod.Weassumeno
relationshipbetweenthe periods. Eachtask � � also
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Figure2: EventsandJitter.

hasa deadline()� � . Input andoutputactionshappen
in event sequences. A singleelementof a sequence
is calledan event *,+ . We usethe variable -/.0*,+
1 to
describethetimeof * + . An eventoccursin therange2 - � .0*,+31,45- � .0*6+3187 . Successive eventsoccurperi-
odically, with the period betweentwo elements( 9
and 9;:=< ) of theeventstream*,+ being��>@?BA - � .0*,+%.09�:C<D151FEG- � .0*,+%.09H151A - � .0*,+%.09�:C<D151FEG- � .0*,+%.09H151,I (1)

The jitter of anevent is thedistancebetweenthe
earliestandlatestpossibletimesof theevent: J%>@?;A- � .0*,+%.09H151FEK- � .0*6+L.09H151 .

The deadlinefor a task or processis measured
from theactualarrival time of an input event *NMPOQ.09H1
to the arrival time of the resulting output event*!R5SUT!.09H1 : -/.0*NR5SUT/.09H151WVX-/.0*NMPOQ.09H151Y:Z()� (2)

Weassumethata taskcompletesbeforeit is reini-
tiated,sotaskexecutionis notpipelined.Thismeans
that ( � 2 A[� > � EZJ > � 4 (3)

where *]\ is � ’s input event. This is shown in Fig-
ure2.

We canalsodefinethejitter of a process� asthe
differencebetweentheworst-caseandbest-caseex-
ecutiontimes: J � A^� �� E_�`�� .

The specification for a systemshould describe
its input/output characteristics. The specification
shouldnot unnecessarilyconstrainthe implementa-
tion. We definethespecificationof a systemashav-
ing threemajorelements:a The task graph, including processesand data

dependencies.a Theperiodsof theinput andoutputevents.a The maximumjitters on the input and output
events.



The systemis specifiedin termsof the events,not
theprocesses.TheprocessesmustsatisfytheI/O re-
quirementsof theevents.Weuseourmethodologyto
translateevent-orientedspecificationsinto process-
orientedspecificationsthatwe canuseto drive pro-
cessimplementation.

Thesystemspecificationincludesbothproperties
andconstraints. A propertydescribesaninput—the
periodsandjitters of the input events,for example,
aregivenpropertiesof theenvironment.A constraint
describesa requirementon an output—theperiods
andjittersof theoutputeventsaredeterminedby the
operationof the system. The implementationmust
obey the propertiesandoperateso as to satisfy the
constraints.

As a result, the systemspecificationcanbe split
into behavior, properties,andconstraints:a behavior Taskgraphs.a properties Periodsand jitters for all the input

events.a constraints Requiredperiodsandjitters for all
theoutputevents.

Wemayalsohavepropertiesdescribingtheimple-
mentationof someof thesystemcomponents.That
informationis in theform of theworst-caseandbest-
caseexecutiontimes for processes.Beforewe can
implementthe system,we musthave specifications
for all its components. Thosespecificationsmust
beconsistentwith thesystemspecification.This re-
quiresthat we mustderive the propertiesfor all the
components—theprocess’worst-caseandbest-case
executiontimes. In order to derive theseexecution
times,we will in generalhave to derive the proper-
tiesof input eventsandconstraintson outputevents
internalto thesystem—theinputsto andoutputsof
thecomponentprocesses.

Our hierarchicaldesign problem is to take the
systembehavior, properties,andconstraints,addin
theknown componentproperties,andderive the re-
quired propertiesand constraintson the remaining
components.

4 Example

We introduce our methodologywith an example.
Figure 3 shows a sampletask graphwith five pro-
cessesgroupedinto two tasks�b\ and ��c .
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Figure 3: An example task graph including the
events.

We assumein this section that processesare
scheduledusingstatic priorities that do not change
duringexecution.Processesin a taskhave thesame
priority but eachtaskhasa uniquepriority. We de-
notethe priority of a task � as eY� and,for conve-
nience,the priority of process� as e � . We ignore
context-switchingoverhead.

In thissimpleexample,wearegiventhespecifica-
tion for thesystem:a Thetwo taskgraphs�b\ and ��c .a Theperiodsandjittersof theinputevents*f\ and*Dg .a The periodsand jitters of the outputevents *Nh

and *
i .
Wearealsogiveninformationontheimplementation
of all but onecomponent:a Thebest-caseandworst-caseexecutiontimesof�j\ , �lk , ��h , and �lg .
We want to determinepropertiesandconstraintsfor�lc :a The best-caseand worst-caseexecution times

for �lc .
4.1 Case 1: Single Task

In orderto formulatesomebasicformulasbeforego-
ing on to the moregeneralcase,let us assumethate�� � 7meY� � . This meansthat ��c cannotpreempt�b\ ,
simplifying theconstructionof therelations.Wewill
seein thenext subsectionhow preemptionaffectsthe
constructionof therelationsthatdescribethesystem.

Since ��c doesnot interferewith �b\ , the formulas
that describe�b\ are relatively straightforward. Be-
causetaskexecutionis not pipelined,we canderive
the informationwe needaboutthe specificationfor� c by determiningthejittersof its inputevent * c and
its outputevent *Nk .
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Figure4: Propagationof jitter withoutpreemption.

We can derive the jitters for *Dc and *Nk from the
system’s jitter specificationsandthespecificationsof
the known components�j\ and ��k . As depictedin
Figure4, wedetermine�lc ’s input jitter forwardfrom
thesysteminputs:

J%> � A J%> � :X�;�� � E_� �� �A J%> � :[J � � (4)

Analogously, we derive �lc ’s outputjitter require-
mentbackwardsfrom thesystemoutputs:J > � AuJ > � EvJ � � I (5)

In this case,we subtract J � � sincejitter monotoni-
cally decreasesfrom outputto input.

Giventhe jitters for �lc ’s input andoutputevents,
we candeterminethe maximumallowable jitter for
theprocessitself:J � � AuJ%> � EZJ%> � I (6)

Giventheprocessjitter, thetaskdeadline,andthe
executiontimesfor the otherprocesses,we cande-
terminetheallowablebest-caseandworst-caseexe-
cutiontimesfor � c :� �� � V ��� � EZJ%> � Ew� �� � Ex� �� � (7)���� � y � �� � Ez.{J > � EvJ > � 1 (8)

Note that �;�� � is theconstrainingupperboundon
the executiontime of ��c to fulfill performancere-
quirementsfrom Equation3. The minimum allow-
ableexecutiontime is determinedrelative to theac-
tual valueof � �� � by theneedto deliver ��c ’s output
no earlierthanthebeginningof its outputjitter win-
dow. If theprocessactuallyneedslesstime, it must
wait to deliver its output.Thismaybenecessary, for
example,to avoid overflowing queues.

4.2 Case 2: Interacting Tasks

We now considera morecomplex case:eY� � 7CeY� � .
In this case,theexecutiontimesof the processesin��c mustbeintroducedinto theformulasthatdescribe�b\ .

If ��c hashigherpriority, thenit canpreempt�b\ ’s
execution. As a result, the jitter of �b\ no longer
dependssolely on the propertiesof �b\ ’s eventsand
processes—italsodependson the worst-caseinter-
ferenceof ��c .

Onceagain,we startby deriving the jitters for *Dc
and * k . However, in this case,thejitters mustreflect
thedelaysintroducedby possiblepreemptionsby ��c .
The jitters for �|\ and �lk must include thesepre-
emptioneffects,which aredescribedby J � �~} � � andJ � �U} � � . However, definingthesepreemption-induced
jitters is not trivial. In orderto definetheeffectsof
preemptionon �j\ and �lk , wemustfirst describethe
effectsof preemptionontheentiretask �b\ . Wedoso
by defining -,\�c5k asthe accumulatedexecutiontime
of �|\ , �lc , and ��k includingworst-casepreemption:-,\�c5k|A^�|\Y:X��c�:X��k�:[J%� �5} � � I (9)

Note,thatthisgeneralequationdoesnotreflectex-
ecutiontime intervals. Upperandlower boundson
theparametersarelaterusedto obtaintheactualval-
uesfor � �� � and � �� � . We cannow usean iterative
equation(similar to thatusedby Lehoczky etal. [4])
to find J%� �5} � � : J%� ��} � � A -,\�c5k��� � ��� � I (10)

This form of equationis well-known in RateMono-
tonic Analysisto analyzeCPUresponsetime. How-
ever, we arenot interestedin taskresponsetime or
evendirectly in the jitters on theevents. In orderto
createaspecificationfor �lc , weneedto find �;�� � and� �� � .

We start by finding �;�� � . Sincewe are looking
for maxima,we useupperexecutiontime boundsin
equations9 and10 to obtaintheworst-casejoint ex-
ecutiontime for �|\ , �lc , and ��k in this form:-5� \�c5k A^�;�� � :z�;�� � :X���� � :_���� � �;�� � I (11)� �� � is thenumberof timesthat ��c preempts�b\ :� �� � A � - � \�c5k :[J > 
��� � � (12)
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Figure5: Maximuminterferenceof task ��c .

Since -�� \�c5k is thetotal time over which ��c canpre-
empt,we candeterminethenumberof preemptions
by dividing that time interval by ��c ’s period.A sim-
ilar analysisis performedin RateMonotonicAnal-
ysis. We add J > 
 to - � \�c5k to capturethe worst-case
influenceof the jitter, sincethe worst-caseinterfer-
enceby task ��c occurswhenthefirst taskexecution
is lateandall othersareearly, asshown in Figure5.

We want to find the maximumallowable � �� � in
order to give the designerthe most time to imple-
ment the process’function. We are interestedin a
conservative valuefor � �� � , suchthatthesystemwill
alwayswork properly; larger valuescould result in
thesystemworking in somecasesbut notothers.

In order to find the upperbound ���� � , we define-5� \�c5k , which is the latesttime for which ��c ’s specifi-
cationsatisfiesthesystem’s requirements.Clearly,

� �� � Vv- � \�c5k Ew� �� � Ew� �� � EG� �� � � �� � I (13)

Weneedto find - � \�c5k , from whichwecanfind � �� � ,
in orderto find � �� � . Thatmaximumtime is derived
from �b\ ’s deadline.Weknow from theabove defini-
tionsthat - � \�c5k Vv( � � I (14)
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Figure6: Determining- � \�c5k .

However, we needan exact valuefor -5� \�c5k . There
are two casesto consider:either ��c is executingat
the deadlineor it is not. If � c is executingat the
deadlineof �b\ , then - � \�c5k is at the beginning of that
last executionof ��c beforethe deadline,as shown
in Figure6; since �b\ cannotexecuteat all while ��c
executes,thenthe �b\ only hastheearlierinterval to
execute. If ��c is not executing,then -�� \�c5k is in fact
equalto thedeadlinesinceit receivesnointerference
at that point. We mustalsoincludethe jitter of � c .
We candescribethesesituationsmathematicallyas
follows. Let � Am.t()� � :[J%> 
 1��)�Q�;��� � I (15)

Then - � \�c5k A�� ()� � E � � 2 � �� �()� � �f�~���!�~�j���5� (16)

Therefore,wecanfind theupperboundon � �� � as� �� � Vv- � \�c5k Ew� �� � Ew� �� � E��/� q � � � �	�  �� ' �   � �� � I (17)

Notice that, unlike the casein Rate Monotonic
Analysis,we canfind a closed-formsolutionfor our
equation.This is becausewehave imposedtheaddi-
tional constraintof requiringthemaximumpossible
executiontime for the process—weare looking for
a specificationon the responsetime, not the actual
responsetime. In contrast,theRATAN [1] method-
ology usestheoppositeapproach.Time-budgetsfor
tasksare derived first. Subsequently, an analysis
checkswhetherthey are fulfilled by the implemen-
tation. Furthermore,RATAN doesnot provide spec-
ificationsof processes(sub-tasks).$%' s $%' s$%' s $%' s $%' s$%' s
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Figure7: Minimum interferenceof task ��c .

We mustalsofind thesmallestpossibleminimum
execution time in order to minimize �lc ’s internal
buffering. Considertheanalysisshown in Figure7.
The reasoningis similar as for the maximumcase,



but sincewe aredealingwith minima,we areinter-
estedin theminimumnumberof startsof ��c andwe
mustconsiderminima, not maxima. The minimum
computationtime occurswhenthefirst executionof��c is earlyandall theothertaskexecutionsarelate.��c canpreempt�b\ thismany times:�F�� � A¤£ -,�\�c5k EZJ > 
 :z�`�� ���� � ¥ (18)

We must include � �� � because,ascanbe seenin
Figure7, wemustcompleteanexecutionof ��c since
it hashigherpriority. We find - �\�c5k relative to -5� \�c5k .
We needa correctionterm similar to the max case
to considerwhether� c preempts.Ratherthanwork
from thedeadline,asin themaxcase,we mustwork
from themaximumavailableexecutiontime,exclud-
ing thejitter: ¦ A§- � \�c5k Ez.{J%> � EvJ%> � 1,I (19)

Let ¨©Am. ¦ E_J%> 
 1��)�ª����� � and «�Az��� � E¬¨ . Then-6�\�c5k A�� ¦ :Z« «­V[� �� �¦ �f�~���!�~�|�®�5� (20)

Therefore,wecanfind thelowerboundon � �� � as�`�� � y ¦ E¯�`�� � E¯�`�� � EX° � o� � � � �  
 ��± o' �� ' � ² ���� � I (21)

5 Conc lusions

Wehaveusedanexampleto illustrateourmethodol-
ogy for top-down systemspecification.Ourmethod-
ology allows us to derive specificationsfor compo-
nentsof thesystemthatareconsistentwith thespec-
ification for thesystem.Theexampleshows thatde-
riving componentspecificationsis non-trivial when
the systemallows preemption.But becausethe re-
sults of the analysisare closed-form,they provide
usefulinformationto thecomponentdesigner.

Previous work concentratedon answeringques-
tionsaboutanimplementation;in contrast,ourwork
providesthemissinglink betweensystemspecifica-
tion and componentspecificationin top-down de-
sign. The currentmodel is sufficient to sufficiently
generalto show that,evenbeforeimplementationbe-
gins, deriving useful specificationsfor the compo-
nentsof the systemis a non-trivial task. We plan
to extend our processmodel and to generalizeour
schedulingassumptions.
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