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Abstract

This paperpresentsa nev methodolgy for the hier-
archical designof embeddedystemancludingjitter
for quality-of-serviceg(QoS).Hierarchical top-down
designrequires that the specificationsfor the sys-
temsmustbe translatedinto specificationsfor the
componentsud that, whenthe componentsire im-
plementedto meettheir specifications,the system
will alsomeetits specificationsin a platform-based
design,the propertiesof somecomponentwill be
knownat the start of designwhile the propertiesof
other componentsvill not be knownuntil after they
are implemented We can, however, useour knowl-
edge aboutexisting componentso translatethe sys-
temspecificatiorinto specificationgor thenew com-
ponentsthat mustbe implemented.This paper pro-
videsa methodolgy for top-downtranslationof sys-
temspecificationsnto componenspecifications.

1 Introduction

Embeddedcomputingsystemsaxhibit complex be-
haviors and implementthosebehaiors using com-
plex architecturesWriting correctspecificationss a
critical early stepin systemdesign.Designmethod-
ologiestypically concentrat®nthesystenspecifica-
tion, whichis derived from userinput, etc. However,
the systemspecifications not suficient to build the
system.We mustalsospecifythe component®f the
system. If the componentsare miss-specifiedthen
they will not work togetherto implementthe sys-
tem whenthey are connectedogether This paper
usesa designexampleto illustrate a nev method-
ology for the derivation of componenspecifications
from a systemspecification.
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We areconcernedvith the non-functionalaspects
of the specification,namelythe performanceof the
systemandthe componentsPerformancespecifica-
tionsare particularlychallengingto considerin sys-
tem design,sincewe cannoteasily verify them by
simulation. Our analysismethodprovides conser
vative boundson the executiontimes requiredfor
componentsuchthat, if the componenimplemen-
tationssatisfytheir specificationsthe completesys-
temwill alsosatisfyits overall specificationln con-
trastto mary otherperformanceanalysisapproaches
like [5], we imposeupperand lower boundson re-
sponsetimes of tasksin order to meetjitter con-
straints.

This methodology is particularly useful in
platform-baseddesign. A platform definessome
partsof animplementatiorwhile leaving othersup
to the designer The systemdesignerthereforehas
two taskswhenusinga platform: ensuringthat the
systenspecificatiorcanbe metby the platform;and
deriving the specificationsfor the componentsot
givenin theplatform. Thespecificationgor thecom-
ponentsto be addedto the platform during design
mustbe consistentwith the othercomponentspec-
ificationsandthe overall systemspecification. Our
methodologyensureshatall thecomponenandsys-
temspecificationsvill beconsistentThisis alsoim-
portantfor IP integration. Here, knowledge about
thetiming of anIP componenheedgo be provided
to the designer On the other hand,the knowledge
aboutconstraintsnarravs the IP componentselec-
tion optionsin advanceand reduceghe numberof
designandanalysiscycles.

The next section suneys related work. Sec-
tion 3 containsthe basicdefinitionswhich areused
throughoutthe paper The following sectionillus-
tratesour methodologywith a designexample. We
concludethe paperwith anoutlook on future work.



2 Related Work

Blazevicz [2] derives hierarchical deadlinesfor
earliest-deadlindirst scheduling. RATAN [1] is a
methodologyor therateanalysisandtime budgeting
of periodicsystems.We know of no otherresearch
thathasdevelopedderivationsfor hierarchicakpeci-
ficationsthattakesinto accountanulti-ratesystems,
preemption,andjitter. RateMonotonic Scheduling
(RMS) [5] is a well-known real-timeschedulingal-
gorithm. Our modelusesa somevhat moregeneral
model: we do not requirethe deadlineto be at the
endof the periodandwe allow jitter in arrival times.
Lehoczly [4] providessomeusefulformulasfor the
analysisof moregeneraktaticpriority systems.
Theimportanceof platform-basedesignhasbeen
extensvely investigatedn [3], andthe software ar
chitecturehasbeenidentified as an integral part of
the platform. More recentwork like [6] concentrates
on safeintegration of IP componentdy providing
timing data, and designerscan chooseamongsev-
eral implementationswith differenttiming. How-
ever, thereis, to the bestof our knowvledge,no con-
ceptof deriving detailedtiming propertiedop-davn.

3 System Specifications
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Figurel: A taskgraph.

For theanalysisthroughouthis papey a systemis
specifiedby a task graph asdepictedin Figure 1.
Eachnodein thetaskgraphrepresenta processp;.
Edgesn thetaskgraphrepresentatadependencies.
EachprocessP; hasaworst-cas€maximum)execu-
tion time C;i . We referto the best-caséminimum)
executiontime of processP; asCy, .

Processeselated by data dependenciegorm a
task in the task graph. The tasksexecuteperiodi-
cally. Everytask7; hasa periodTr;. All the pro-
cesse ataskhave the sameperiod.We assumano
relationshipbetweerthe periods. Eachtask 7; also

Figure2: EventsandJitter,

hasadeadlineD;. Inputandoutputactionshappen
in event sequencesA singleelementof a sequence
is calledan event e;. We usethe variablet(e;) to
describethetime of ;. An eventoccursin therange
< t(e;),tT(ej) >. Successte eventsoccur peri-
odically, with the period betweentwo elements(k
andk + 1) of theeventstreame; being

T, = t(ej(k+1))—t"(e;(k))
= t (ej(k+1) =t (ej(k). (1)

Thejitter of aneventis the distancebetweenthe
earliestandlatestpossibletimesof theevent: J,; =
t*(ej(k)) — t~ (e;(k)).

The deadlinefor a task or processis measured
from the actualarrival time of aninput evente;, (k)
to the arrival time of the resulting output event

eout (k):

t(eout(k)) < t(em(k)) + D1 (2)

We assumehatataskcompleteseforeit is reini-
tiated,sotaskexecutionis notpipelined.Thismeans
that

DT <= Te1 - Je1a (3)

wheree; is 7's input event. This is shawvn in Fig-
ure2.

We canalsodefinethejitter of aprocessP asthe
differencebetweenthe worst-caseandbest-casex-
ecutiontimes: Jp = Cf — C5.

The specification for a systemshould describe
its input/output characteristics. The specification
shouldnot unnecessarilgonstrainthe implementa-
tion. We definethe specificatiorof a systemashav-
ing threemajorelements:

e The task graph, including processesind data
dependencies.

e Theperiodsof theinputandoutputevents.

e The maximumijitters on the input and output
events.



The systemis specifiedin termsof the events, not
the processesT he processemustsatisfythel/O re-
guirement®f theevents.We useourmethodologyto
translateevent-orientedspecificationsnto process-
orientedspecificationghat we canuseto drive pro-
cessmplementation.

Thesystemspecificatiorincludesbothproperties
andconstraints. A propertydescribeaninput—the
periodsandjitters of the input events,for example,
aregivenpropertief theervironment.A constraint
describesa requirementon an output—theperiods
andjitters of the outputeventsaredeterminedy the
operationof the system. The implementationrmust
obey the propertiesand operateso asto satisfy the
constraints.

As a result, the systemspecificationcan be split
into behaior, propertiesandconstraints:

e behavior Taskgraphs.

¢ properties Periodsandjitters for all the input
events.

e constraints Requiredperiodsandjitters for all
the outputevents.

We mayalsohave propertieslescribingheimple-
mentationof someof the systemcomponents.That
informationis in theform of theworst-caseandbest-
caseexecutiontimesfor processesBefore we can
implementthe system,we must have specifications
for all its components. Those specificationsmust
be consistentvith the systemspecification.This re-
qguiresthatwe mustderive the propertiesfor all the
components—therocessworst-caseandbest-case
executiontimes. In orderto derive theseexecution
times,we will in generalhave to derive the proper
ties of input eventsandconstrainton outputevents
internalto the system—thdnputsto and outputsof
thecomponenprocesses.

Our hierarchicaldesign problem s to take the
systembehaior, propertiesandconstraintsaddin
the known componenpropertiesandderive there-
quired propertiesand constraintson the remaining
components.

4 Example

We introduce our methodologywith an example.
Figure 3 shawvs a sampletask graphwith five pro-
cessegroupednto two tasks7; and7s.
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Figure 3: An example task graph including the
events.

We assumein this section that processesare
scheduledusing static priorities that do not change
during execution. Processem ataskhave the same
priority but eachtaskhasa uniquepriority. We de-
notethe priority of atask7 as P and,for corve-
nience,the priority of processP as Pp. We ignore
context-switchingoverhead.

In this simpleexample ,we aregiventhe specifica-
tion for the system:

e Thetwo taskgraphs7; and7s.

e Theperiodsandjittersof theinputeventse; and
€5.

e The periodsandjitters of the outputeventse,
ander.

We arealsogiveninformationontheimplementation
of all but onecomponent:

o Thebest-casandworst-case&xecutiontimesof
Pl, P3, P4, andP5.

We wantto determinepropertiesand constraintsor
PQ:

e The best-caseand worst-caseexecutiontimes
for P,.

4.1 Case 1: Single Task

In orderto formulatesomebasicformulasbeforego-
ing on to the more generalcase,let us assumehat
Pr, > Pr,. Thismeanghat 72 cannotpreempt7i,
simplifying theconstructiorof therelations.We will
seein thenext subsectiomow preemptioraffectsthe
constructiorof therelationsthatdescribehesystem.

Since7, doesnot interferewith 77, the formulas
that describe7; arerelatively straightforvard. Be-
causetaskexecutionis not pipelined,we canderive
the information we needaboutthe specificationfor
P, by determininghejitters of its inputevente, and
its outputeventes.
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Figure4: Propagatiorof jitter without preemption.

We can derie the jitters for e; andes from the
systemsjitter specificationgandthespecification®f
the knovn componentsP; andPs. As depictedin
Figure4, we determinePy’sinputjitter forwardfrom
the systeminputs:

Joy = Jey +CF —Cp
= Jel + JP1 (4)

Analogously we derive Py’s outputjitter require-
mentbackwardsfrom the systemoutputs:

Jes = Joy — Jps. (5)

In this case,we subtractJp, sincejitter monotoni-
cally decreaseffom outputto input.

Giventhejitters for P,’s input and outputevents,
we candeterminethe maximumallowable jitter for
the processtself:

JPQ = Je3 - Jez' (6)

Giventhe procesgitter, thetaskdeadline andthe
executiontimesfor the otherprocesseswe cande-
terminethe allowable best-cas@ndworst-casesxe-
cutiontimesfor Py:

_|_
CPQ

Cp,

Tr —Jo - Ch —Ch (D)

<
> C’; - (Jes - J€2) (8)

NotethatC’;2 is the constrainingupperboundon
the executiontime of Py to fulfill performancere-
guirementsrom Equation3. The minimum allow-
ableexecutiontime is determinedelatie to the ac-
tual value of C‘,g by the needto deliver Py’s output
no earlierthanthe beginning of its outputjitter win-
dow. If the processactuallyneeddesstime, it must
wait to deliverits output. This maybe necessaryfor
example,to avoid overflowing queues.

4.2 Case 2: Interacting Tasks

We now considera morecomple case:Pr;, > Pr;.
In this case the executiontimesof the processein
T2 mustbeintroducednto theformulasthatdescribe
Ti.

If 72 hashigherpriority, thenit canpreempt7;’s
execution. As a result, the jitter of 7; no longer
dependssolely on the propertiesof 7;’s eventsand
processes—ialso dependwon the worst-casenter
ferenceof 7.

Onceagain,we startby derving thejitters for ey
andes. However, in this case thejitters mustreflect
thedelaysintroducedby possiblepreemptiondy 7s.
The jitters for P; and P; mustinclude thesepre-
emptioneffects, which aredescribedoy Jp, 7, and
Jp, 1, However, definingthesepreemption-induced
jittersis nottrivial. In orderto definethe effects of
preemptioron P; andPs, we mustfirst describehe
effectsof preemptiorontheentiretask7;. We doso
by definingt123 asthe accumulatedxecutiontime
of P1, Ps, andP3 includingworst-casg@reemption:

tio3 = C1 + Co + C3 + J71i 7. (9)

Note,thatthisgenerakquatiordoesnotreflectex-
ecutiontime intenvals. Upperandlower boundson
theparameterarelaterusedto obtaintheactualval-
uesfor C‘,g andCp,. We cannow usean iterative
equation(similarto thatusedby Lehoczly etal. [4])
to find Jp; o

t
Jn,n = %—fCB- (10)

2

This form of equationis well-known in RateMono-
tonic Analysisto analyzeCPUresponsdime. How-
ever, we are not interestedn task responsdime or
evendirectly in thejitters onthe events. In orderto
createaspecificatiorfor P,, weneedo find C;z and
Cp,-

We startby finding C, . Sincewe are looking
for maxima,we useupperexecutiontime boundsin
equation® and10 to obtaintheworst-casegoint ex-
ecutiontime for Py, P, and?Pj in thisform:

+ _ o + + + ot
thy = Ch +Ch +Ch +ntCE. (1)

n7+-2 is the numberof timesthat7; preempts/;:

th. + J
+ 123 e
" [ TT, 5-‘ (12)
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Figure5: Maximuminterferencenf task7s.

Sincet;,; is thetotal time over which 75 canpre-
empt,we candeterminethe numberof preemptions
by dividing thattime intenal by 75’s period. A sim-
ilar analysisis performedin RateMonotonic Anal-
ysis. We add J,, to t,; to capturethe worst-case
influenceof thejitter, sincethe worst-casdanterfer
enceby task7; occurswhenthefirst taskexecution
is lateandall othersareearly, asshavn in Figureb.

We want to find the maximumallowable 0;2 in
orderto give the designerthe mosttime to imple-
mentthe process’function. We are interestedn a
consenrative valuefor C’jg2 , suchthatthe systenwill
alwayswork properly; larger valuescould resultin
the systemworking in somecasesut not others.

In orderto find the upperboundC‘,g, we define
t153, which is the latesttime for which Py’s specifi-
cationsatisfieghe systems requirementsClearly

We needto find ¢, from whichwe canfind n7. ,
in orderto find C, . Thatmaximumtime is derived
from 77’s deadline.We know from the abore defini-
tionsthat
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Figure6: Determiningt ;.

However, we needan exactvaluefor t},,. There
aretwo casedo consider: either7; is executingat
the deadlineor it is not. If 75 is executingat the
deadlineof 77, thent,, is at the beginning of that
last executionof 7, beforethe deadline,as shavn
in Figure 6; since7; cannotexecuteat all while 73
executesthenthe 7; only hasthe earlierintenal to
execute. If 75 is not executing, thent,, is in fact
equalto thedeadlinesinceit recevesnointerference
at that point. We mustalsoincludethe jitter of 7.
We can describethesesituationsmathematicallyas
follows. Let

z = (D7; + Jey) mod T, (15)
Then
Dy —x z<Cf
+ Ti T2
bias { Dy, otherwise (16)

Therefore we canfind theupperboundon 0;2 as
+ oot + + _ [thatdes | o+
O, <ty — Cfy — Cf — [%]Cﬁ . @7

Notice that, unlike the casein Rate Monotonic
Analysis,we canfind a closed-formsolutionfor our
equation.Thisis becausave have imposedheaddi-
tional constraintof requiringthe maximumpossible
executiontime for the process—waeare looking for
a specificationon the responsdime, not the actual
responsdime. In contrastthe RATAN [1] method-
ology usesthe oppositeapproach.Time-kbudgetsfor
tasksare derived first. Subsequentlyan analysis
checkswhetherthey arefulfilled by the implemen-
tation. FurthermoreRATAN doesnot provide spec-
ificationsof processe¢sub-tasks).
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Figure7: Minimum interferenceof task7s.

We mustalsofind the smallestpossibleminimum
executiontime in order to minimize P-’s internal
buffering. Considerthe analysisshaovn in Figure?7.
The reasonings similar as for the maximumcase,



but sincewe aredealingwith minima, we areinter

estedn the minimumnumberof startsof 75 andwe

mustconsiderminima, not maxima. The minimum

computationtime occurswhenthe first executionof

7> is earlyandall theothertaskexecutionsarelate.
T2 canpreempt7; thismary times:

tio3 — Jes + O
ng, = { 12 e 7’2J (18)

TT,

We mustinclude C7‘_2 becauseascanbe seenin
Figure7, we mustcompleteanexecutionof 75 since
it hashigher priority. We find ¢,,, relative to ¢},5.
We needa correctionterm similar to the max case
to considerwhether7; preempts.Ratherthanwork
from thedeadline asin the maxcasewe mustwork
from themaximumavailableexecutiontime, exclud-
ing thejitter:

E=tls — (Je, — Jey)- (19)

Lety = (E — J;) mod T, andz = T, —y. Then

- | E+2z z< C}z
f123 = { E otherwise (20)

Therefore we canfind thelower boundon 0732 as

ting—Jes+C7,

Cp, zE—C;I—Cgs—[ = JC;-Q. (21)

5 Conclusions

We have usedanexampleto illustrateour methodol-
ogy for top-davn systemspecification Our method-
ology allows usto derive specificationfor compo-
nentsof the systemthatareconsistentvith the spec-
ification for the system.The exampleshavs thatde-
riving componentpecificationds non-trvial when
the systemallows preemption. But becausehe re-
sults of the analysisare closed-form,they provide
usefulinformationto the componentlesigner

Previous work concentratecbn answeringques-
tionsaboutanimplementationijn contrastour work
providesthe missinglink betweernsystemspecifica-
tion and componentspecificationin top-davn de-
sign. The currentmodelis sufficient to sufficiently
generato shaw that,evenbeforeimplementatiorbe-
gins, deriving useful specificationsfor the compo-
nentsof the systemis a non-trvial task. We plan
to extend our processmodel and to generalizeour
schedulingassumptions.
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