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Abstract

In additionto real-timerequirementsthe program code
sizeis a critical designfactor for real-timeembeddedys-
tems.To take advantaye of the codesizevs. executiontime
tradeof providedby reducedit-widthinstructions wepro-
posea designframevork that transformsthe systemcon-
straintsinto taskparametes guaranteeinga setof require-
ments. The goal of our designframeawvork is to derive the
tempoal parametes and the codesize parameterof eath
taskin such a way that they collectivelyguaranteethe sys-
temend-to-endiming requirementswhile the systencode
sizeis minimized.Our designframevork is basedon asyn-
chronousperiodic taskswith pre-period deadlinesunder
EDF scheduling For schedulability analysis,we present
a new feasibility conditionthat canbemore efficiently eval-
uated than existing ones. Whenthe code sizevs. exe-
cution time tradeof can be safelyapproximatedas linear
functions,the minimizationproblembecomes linear pro-
grammingproblem. However, whenthe tradeof is given
by a table of possible(codesize executiontime) pairs, the
problembecomedNP-had. We provide three heuristical-
gorithmsthat can find sub-optimalsolutionsand evaluate
their performancewith simulationresults.

1 Intr oduction

The programcodesizeis oneof the key factorsthatde-
terminethe manufcturingcostof anembeddedystemes-
pecially whenthe embeddedystemis implementedasan
SOC (SystemOn a Chip). One codesizereductiontech-
nigue at the instruction set architecture(ISA) level is to
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usea subsetf normal 32-bitinstructionscompressedhto
a 16-bit formatasin ARM Thumb[6] and MIPS16[13].
Thesel6-bitinstructionsaredynamicallydecompressely
hardwareinto 32-bitequivalentonesbeforeexecution.This
approachcan substantiallyreducethe programcodesize;
hawever, it increaseghe numberof instructionsto be ex-
ecuted,andthus, increaseghe executiontime of the pro-
gram. For typical examplesthe compressed¢odemay re-
quire around70% of the spaceof the original code,while
executing40% moreinstructiong3].

Whenanembeddedystenis usedasareal-timesystem,
therearealsotemporalkrequirementgmposedonthesystem
thatmustbe metfor correctoperation.In suchareal-time
embeddedystemthe codesizevs. executiontime tradeof
resultingfrom the useof reducedbit-width ISA [7] gives
rise to a challengingquestion:to minimize the total code
size of all the tasksin the systemwhile satisfyingall the
temporalrequirementémposedon the system.

Therehasbeenmuch work on the designof real-time
systemguaranteeinghe systemtemporalrequirementsin
particular Period Calibration Method (PCM) [5] is a de-
sign framework that transformsthe systemtemporalre-
guirementsnto the temporalparameter®f tasksthat col-
lectively guarantedhe system-lgel end-to-endtiiming re-
guirements.The designframewnork proposedn this paper
extendsthe PCM framawork by consideringthe codesize
vs. executiontime tradeof of eachtaskto comeup with
a solutionthat minimizesthe total systemcodesize while
satisfyingthesystem-lgelreal-timerequirementsThepro-
posedframenork assumeshatthe codesizevs. execution
time tradeof for eachtaskis given either by a table that
lists possiblg(codesize,executiontime) pairsor by alinear
tradeof function that safelyapproximateghe table. From
this tradeof relationship,the proposedrrameavork formu-
latesthe optimizationproblemof minimizing thetotal sys-
tem codesizesubjectto the system-lgel real-timerequire-
ments. The optimizationproblemis a linear programming



problemwhenthetradeof is givenasalinearfunction,or it
becomes&n NP-hardproblemwhenthetradeof is givenas
atalularform. For thelattercasewe describeghreeheuris-
tic algorithms,eachof which finds a sub-optimalsolution
to the optimization problemusing differentcriteriain the
solutionprocessln addition,for a setof asynchronouge-
riodic taskswith relative deadlinedessthanor equalto their
periods,we developa new feasibility conditionunderEDF
(EarliestDeadlineFirst) scheduling[10] that canbe more
efficiently evaluatedthanexisting ones.

Therestof this paperis organizedasfollows: Section2
describeghe systemmodelandgivesthe problemdescrip-
tion andthe overview of our solution process. Section3
briefly reviews PCM andthe codesizereductiontechnique.
Section4 presentsa new feasibility condition. Section5
formulatesthe optimizationproblemandpresentdeuristic
algorithms.Section6 illustrateshow our designframework
works using an exampleand evaluatesthe performanceof
theheuristicalgorithmswith simulationresults.Finally, we
concludein Section7 with discussioron futureresearch.

2 SystemModel and Problem Description

2.1 SystemModel

We assumeéhat an embeddedystemr,,; is composed
of asetof tasks,{r,...,7,}. Eachtaskr; € 7,5 hasthe
following tasktemporalparameters:

e periodT;: thefixedtime interval betweenthe arrival
timesof two consecutie request®f 7;,

e offset O;: the time instantrelative to the start-of-
its-periodat which 7;’s executionbecomesavailable
(0; 2 0),

e deadlineD;: thetimeinstantrelativeto thestart-of-its-
periodby which 7;'s executionis requiredto be com-
pleted(D; < T7),

e executiontime e;: the time amountrequiredto com-
pleter;’s executionin theworstcase,

e executionwindow W;: the time interval of [O;, D;]
during which 7;’s execution becomesavailable and
needgo becompleted|W;| = D; — O;.

A taskr; is saidto be synchronousf O; = 0 or asyn-
chronousif O; > 0. A taskr; is saidto have a period
deadlineif D; = T; or a pre-perioddeadlineif D; < T;.
Our designframeawork considersasynchronousaskswith
pre-perioddeadlinesin this paperwhenit comesto anex-
ecutiontime, it meangheworst-casexecutiontime. When
a worst-casesxecutiontime hasits valuerangedueto the
codesizevs. executiontime tradeof possibleat compile
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Figure 1. tradeoff functions between code
size and execution time

time, the minimum executiontime refersto the minimum
value of the the worst-caseexecutiontime. In additionto
the temporalparameterseachtaskr; hasa taskcodesize
parameteasfollows:

e codesizes;: thesizeof 1;'s executablecode.

LetTLom betheleastcommonmultiplier (LCM) of T;'s
of all 7;'s € 74ys. We considerTycar asthe major period
of thesystem.

Let 7; ; denotethe j-th job (executionunit) of 7; (j >
0). Leto;;,d;; andW; ; denotethe offset, the deadline
andthe executionwindow of 7; ;, respectiely. Note that
0;,; andd; ; aretime instantsrelatie to the start-of-major
periodsuchthato; ; = O; +j-T; andd; ; = D;+5-T;. We
defineJp o asthe setof jobswhosedeadlinesareearlier
thanorequalto o, i.€.,

Jrem = {Ti,j | di; < TLCM}-

Lete; ; ands;, ; denotethe executiontime andcodesize
of 7; ;, respectiely. Sincethe executiontime andthe code
sizearedeterminedat compiletime, all e; ;’s ands; ;'s are
equalto e; ands;, respectiely.

In thispaperwe assumehateachtaskr; is givenatrade-
off relationshipbetweencodesize (s) and executiontime
(e) eitherby adiscretestepfunction(i.e.,atableof possible
(s, e) pairs)oralinearfunctionthatsafelyapproximateshe
stepfunction. Figure1l shavs anexampleof adiscretestep
function that givesthe codesizevs. executiontime trade-
off anda linear function that safely approximateghe step
function. Thetradeof functionis denotecby
eMin < e < e, (1)

s = fi(e)a
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Figure 2. Overview of our design framework

For real-time embeddedsystems we considerthe fol-
lowing threeclasse®f timing constraintpresentedh [5]:

e A freshnessonstaint boundsthe time it takes for
datato flow from input X to outputY (denotedas
F(Y]X)).

e A correlation constaint boundsthe maximumtime-
skew betweenseveral inputs (X3,...,X,) usedto
produceoutputY” (denotedasC (Y | X1, ..., Xy)).

e A sepaation constaint boundghejitter betweercon-
secutve valueson asingleoutputY” (denotedasu(Y)
andl(Y)).

We definethe systemcodesize(s,, ;) asthe sumof the
codesizesof all thetasksin thesystemj.e.,

Ssys = E S;-

Ti€ETsys
2.2 Problem Description

We considermdesignframework for real-timeembedded
systemghattransformghe systemconstraintsnto taskpa-
rametersguaranteeing@ setof requirements.The goal of
our designframework is to derive the temporalparameters
andthe codesizeparametepf eachtaskin suchaway that
they collectively guarante¢hesystenmend-to-endiming re-
guirementandthatthesystemcodesizeis minimized. Fig-
urel depictstheoverview of ourdesignframework. Thein-
put, output,andrequirement®f our designframework are
givenasfollows:

Input:

e Systenstructue: ataskgraphrepresentinglataflav
andtaskprecedence.

e Systemconstaints: the systemend-to-endtiming
constraints

¢ tradeof betweenthe codesize andthe (worst case)
executiontime of eachtask.

Output:

e Task parametes: the temporalparametergperiod,
offset,deadline andexecutiontime) andthe codesize
parametepf eachtask.

Requirements:

e Correctnesssystembehaiorsthatsatisfyall thetask
parameteralsosatisfythe systemconstraints.

¢ Feasibility: tasktemporalparameteraeverdemanch
timeinterval duringwhichthe CPU utilization exceeds
100%.

e Optimization: the total code size should be mini-
mizedsubjectto the above two requirements.

Whensolving the problemof determiningthe temporal
parameterandthecodesizeof eachtasksatisfyingthe sys-
tem end-to-endiiming constraintsand optimizing the sys-
tem codesize, our designframework breaksthe problem
into two sub-problems(1) transformingthe systemend-to-
endtiming constraintsnto task temporalparametersvith



the systemstructureandconstraintsandthe executiontime
of eachtaskandthen(2) deriving the codesizeandexecu-
tion time of eachtaskwith the optimizationgoal subjectto
thetasktemporalparametersWe iteratively solve thesetwo
sub-problems.We initially usethe minimum (worst-case)
executiontime of eachtaskto solve the first sub-problem.
The solutionto the secondsub-problendetermineghe ex-
ecutiontime of eachtaskwith the optimizationgoal, and
thenwe go backto thefirst sub-problenwith this new exe-
cutiontime of eachtask. We repeathis iterative procedure
until the solutioncorverges.

Our designframeawvork usesan existing techniquecalled
PeriodCalibrationMethod(PCM) [5] to solve thefirst sub-
problemandwe provide a new optimizationframework to
solve the secondsub-problem.

PCM is a designmethodologythat transformsthe sys-
temend-to-endiming constraintsnto thetemporalparam-
etersof eachtaskwhenthe systemtaskgraph,the system
constraint,andthe worst caseexecutiontimes of tasksare
given. Having PCM asthefirst sub-problensolver, our de-
signframework canusethe sameasynchronousaskgraph
andthe end-to-endiming constraintsaasthosein [5].

With PCM servingasthefront-endtechniquepurdesign
optimizationframewnork works as back-end. The goal of
this back-endis to determinethe codesizevs. execution
time tradeof of eachtaskto minimize the systemcodesize
while guaranteein@ feasibleschedule. The input to the
back-ends thecodesizevs. executiontime tradeof of each
task aswell asthe temporalparameterof eachtask that
PCM determinedassolutionsto thefirst sub-problem.

To guarantee feasibleschedulewith the temporalpa-
rametersf eachtask,our designframework generate$ea-
sibility constraint@ccordingo afeasibility condition. With
thefeasibility constraintsthe back-endormulatesthe opti-
mizationproblemof minimizing the systemcodesize. De-
pendingon theformatby which the codesizevs. execution
time tradeof is given,the back-endsolvesthe optimization
problemwith a differenttool. If the tradeof relationship
is givenasa linear function, the back-endusesan existing
linear programmingsolver to find the optimal solution. If
the tradeof is givenin a takular form, the back-enduses
heuristicalgorithmsto find sub-optimalsolutions. For this
purposewe give threeheuristicalgorithmsthat usediffer-
entcriteriain the solutionprocessWith the solutiongiven
by the back-endour designframework finds the temporal
parametersand the code size parameteinf eachtask that
satisfythethreerequirementsf correctnesdeasibility, and
optimization.

3 Overview of Existing Techniques
3.1 Period Calibration Method (PCM) Overview

Periodcalibrationmethod(PCM) [5] providesa design
methodologythattransformshe systemend-to-endiming
requirementinto tasktemporalparametersAs input, PCM
takes a task graphand a set of systemend-to-endtiming
constraintof the embeddedystem:the taskgraphrepre-
sentdataflav, taskprecedenceandend-to-endiming con-
straintson freshnes$rom input to output,input correlation
and allowable output separation. Solving the constraints
generatedrom the systemtiming requirementsPCM first
derivesthe periodsof tasksminimizing the CPU utilization
andthenderivesthe offsetanddeadlineof eachtasksubject
to the perioddocally maximizingthe schedulabilityof each
task. The staticpriorities of tasksareassigned:onsidering
thetaskprecedencegivenin thetaskgraph.

Therehasbeenwork on applyingPCM to the designof
real-timeembeddedystemsncluding an avionics control
system[12] anda computerizechumericalcontrol system
[11]. While reportingsomeweaknessesf PCM suchasin-
feasiblesolutiong12] andtheabsenc®f overloadhandling
[11], thesepapersconcludedthat PCM provides a useful
methodologyfor thedesignof real-timeembeddedystems.

PCMderivestasktemporalparameterfor staticpriority-
basedschedulingHowever, our designframenork useshe
earliestdeadlinefirst (EDF) schedulingto improve system
utilization andto enableefficient feasibility analysis. This
requiresachangen tasktemporalparametergeneratedy
PCM sothatwhentasksarescheduledy EDF, the end-to-
endtiming requirementsare still satisfied. In the original
PCM, the taskprecedencés presered by static priorities.
If 7; precedesr;, 7; hasa higherpriority than;. In our
EDF-basedchedulingwe assigndeadlinesn sucha way
thatif 7; precedes;, D; is smallerthanD; by one.

3.2 CodeSizeReduction TechniqueOverview

For mary embeddedystemsprogramcodesizeis acrit-
ical designfactor We presentbrief overview of acompiler
techniqueor codesizereductionthatworksfor aprocessor
capableof executingreducedit-width instructions A very
goodexampleof sucha processois ARM microprocessors
with a32-bitinstructionset(lS) for normalmodesanda 16-
bit reducedit-width IS for Thumbmodeg6]. A reduction
in codesizecomesfrom encodingasubsebf the32-bitnor-
mal modelS into the 16-bit ThumbmodelS. At the execu-
tion time, adecompressiorngineconvertsa Thumb-mode
instructioninto anequivalentnormal-modenstructiondur-
ing thedecodestage. The ThumblS canacces®nly 8 gen-
eralpurposeegisters(outof 16 generapurposeegistersin
the normalmode)andcanencodeonly a smallimmediate



value. Thesdimitationsincreasehenumberof instructions
executedand, thus, increaseghe programexecutiontime.

For typical programshy usingthis techniquethe codesize
canbereducedy around30%, while thenumberof instruc-
tionsexecutedncreasedy about40% [3].

The reducedbit-width ISA allows a programthat con-
tains both 32-bit normal-modeinstructionsand 16-bit re-
ducedbit-width instructionswhere the mode changebe-
tween the two can be performedby executing a single
mode-chang@struction.This capabilityallowsfor atrade-
off betweercodesizeandexecutiontime whencompilinga
program.For example,by progressiely transformingpro-
gramunits suchasfunctionsor basicblocksin the normal
modeinto theequivalentonesin thereducedit-width mode
while addingpatch-upcodeto maintainthe correctseman-
tics, we can obtain a table that gives possible(codesize,
executiontime) pairs. The orderby which the transforma-
tion is performedconsidersothreductionin codesizeand
increasen the programexecutiontime, i.e., it favors pro-
gramunitsthatgive largereductionin codesizewith only a
smallincreasen the programexecutiontime.

4 Feasibility Analysis under EDF

Therehasbeenmuchwork on feasibility analysistech-
niguesunderEDF scheduling.The following importantre-
sults have beenproved for independenperiodic taskson
oneprocessar Liu andLayland[10] shaved that ary set
ofn synchronou$)eriodictaskswith perioddeadlinesvith
processoutilizaton U = Y~ | T is feasibleif andonly
if U < 1. Coffman|2] alsoshcwedthatary setof n asyn-
chronougperiodictaskswith perioddeadlineds feasibleif
andonlyif U < 1. Theproblemof decidingwhetherasetof
asynchronougeriodictaskswith pre-perioddeadlineshas
beenprovedto be NP-hardby LeungandMerrill [9]. Fur
ther, Baruahet al. shovedthatthis problemis NP-hardin
thestrongsensdl].

Definition 4.1 Let 7;(¢1, t2) denotethe numberof jobs of
taskr; that mustbe completelyscheduledin [t1,t2). It is

computedasfollows:
B0 By [8200 1)

Lemmal (Baruah etal. [1]) A setof n asyntironouspe-
riodic taskswith pre-perioddeadlinegs feasibleif andonly
if

ni(t1,t2) = max{O, [

n
Zni(tlat2) ve; Sty — 1y,
i=1

forall 0 < t; < ts < Omaz + 2TLcr, Wher O, is the
maximumamongall O;’s.

Lemmal, by Baruahetal., givesa necessanandsuficient
feasibility condition for asynchronougeriodic taskswith
pre-perioddeadlines.We provide an alternative necessary
andsuficient conditionthat canbe more efficiently evalu-
atedthantheonein Lemmal.

Lemma2 Foreadj > 0,1;(0; j+1,t2) = ni(t1,t2) for all
0;,; < t1 < 0;,j4+1 andfor afixedt, > ¢,. Foreadh j > 0,
ni(t1,di ;) = n;(t1, t2) forall d; ; <ty < d; ;41 andfor a
fixedt; < ts.

Proof. Fromthedefinitionof o; ; andd; ;, 0; ; is O; + jT;
andd; ; is O; + jT; + D;. From the definition of n;, ¢;
is contributedto computing[tl%ioi] andt is contributed
to computingLMJ We caneasilyseethatwhent;
iS 07,541, 272 isexactly j + 1 and [222] is j + 1 as
longaso; ; < t1 <05 541. We canalsoseethatwhent2 is
d;;, 2=9i=Pt is exactly j and | 2=Gi=Ps | is j aslongas
dij <ty <djjy1. O

Let TT4r1, denotea setof possible(t;,t2) valuesfor
Lemmal, thatis, {(t1,t2) : V1,82 : 0 < t1 < &3 <
Omaz + 2TLom}- Let O 41 denotea setof offsetsof all
tasksbetweer0 and O,z + 2TLo M, thatis, {o; ; : 7; €
Tsys; 0ij < Omaz + 2Tpom}. Let D 4 denotea setof
deadlinesof all tasksbetweer0 and 0,4, + 2T, that
is, {di,j 1T € Teys,dij < Omaz + 2TLCM}- LetODarr
denotea setof possiblepair of (offset, deadline)between
0 and Opaz + 2TLo M, thatis, {(0,d) : 0 € Oarr,d €
Darr,o0 < d}. WecanseethatOD ar.r, C TT ar 1, andif
thereis ary time ¢,0 < t < Oae + 2TLom, SUChthatt
is notincludedin bothO sy, andD ar ., thenOD 411, C
TTarrL.

Theorem1 A setof n asyndronousperiodic taskswith
pre-perioddeadlineds feasibleif andonly if

n

D nilta ) e <ta —t,
i=1

for all (tl,tz) € ODarr.

Proof. We prove this theoremby shaving that this feasi-
bility condition (referredas F'Cs) is equialentto the fea-
sibility condition (referredas F'C;) givenin Lemmal in
termsof feasibility analysis. While sharingthe sameset
of inequalities the two conditionsdiffer in the domainsof
(t1,t2) values:TT arr, for FCy andOD 411, for FCs. In
what follows, we shav that the two conditionsyield the
samefeasibility resultswith thetwo differentdomains.

First, we show thatif F'C; findsatasksetfeasible then
FC, alsofindsthe tasksetfeasible. This is obvious from
ODarr CTTarr.



Secondwe show thatif F'C; findsatasksetinfeasible,
then FC> alsofinds the tasksetinfeasible. To prove this,
we will show thatif thereis (t1,t2) € TT a1 thatmakes
the inequality false,thenthereis (t},t5) € OD 4 that
malkesthe sameinequalityfalse. Supposédheinequalityis
falsewith (t1,t2) € TTarr. We cantransform(ty,ts)
to (¢7,¢5) suchthatty is min{o; : 0; € Oarp,0; > t1}
andt} is max{d; : d; € Darr,d; < t2}. Fromits
definition, (¢7,t3) € ODarr. We can derive that for
eachtask ;, thereis j suchthato;; < t1 < tf =
0;,j+1 andthereis m suchthatd; ,, = t3 < t2 < djm+1.
From Lemma2, we canseethatfor eachr;, n;(t5,t2) =
ni(t1,t2) andn;(t1,t3) = n;(t1,12). By obtainingt} andt}
in turn, we caneventuallyget; (¢1,t2) = n;(t}, ¢5) for all

; and
n n
Zni(t17t2) = Zm(t’{,tZ)-
i=1 =1

Sincet; < t7 andt; < to,

n n
D omilti,ta) >t —ts = Y Mt 83) > 5 — £

i=1 =1

Third, we shaw thatif F'C, findsatasksetfeasible then
FC, alsofindsthetasksetfeasible.As we describedn the
lastparagraphyve cantransformeach(ty, t2) € TT L1 tO
(t1,t3) € OD 411, satisfying

n n
D omilti,ta) =Y milt, t5).
=1 =1

Sincet; < t7 andt; < to,

n

n
Domth,t3) <t5— 1 = Y milh,te) <to —t.

i=1 i=1

Fourth, we show thatif F'C, finds a tasksetinfeasible,
then F'C; alsofindsthetasksetinfeasible.Thisis obvious
fromODrr, CTTarr. O

FromOD 1, C TTarr. We canseethatthe feasibil-
ity conditiongivenin Theoreml canbe more efficiently
evaluatedhantheonegivenin Lemmal.

5 Optimization Formulation and Solutions
5.1 Optimization Formulation

Oncethe PCM generateshe temporalparametergpe-
riods, offsetsand deadlines)of tasksand feasibility con-
straintsare generatedvith the feasibility condition shavn
in Theoreml basedon the temporalparameter®f tasks,
the optimizationframework, i.e., the back-endtechnique,

triesto minimize the systemcodesize while satisfyingall

the feasibility constraints.This optimizationusesthe code
sizevs. executiontime tradeof relationshipof eachtaskfor

thispurpose Moreformally, this optimizationis formulated
asfollows:

¢ Objective: the objective functionis asfollows:

Minimize )" ;. 2)

TiETsys

¢ Constraintsthefeasibility constraint@refrom Theorem
1 asfollows:

n
Zni(tlat2)'ei <ty—t1, forall (t1,t2) € ODapry-
i=1

Dependingon the tradeof function of eachtask, this opti-
mizationproblemcanbe solved by linear programmingor
heuristicapproaches.

Linear programming (LP) problem. If all the trade-
off functions are linear, this optimization problem be-
comesan LP problemwith the objectve of minimizing
Enenys fi(ei). Thus,it canbe solved by an existing LP
solver.

NP-hard problem. If thetradeof functionsaregivenas
discretestepfunctions,the problemof finding the optimal
solutionbecomesntractable.

Theorem2 Whenthe codesizevs. executiontime tradeof
is givenasa tabular form, the problemof finding the mini-
mumsystentodesizesatisfyingthereal-timerequirrments
is NP-had.

Proof. The proofis via a polynomial-timereductionfrom
the subsetsum problemthat is known to be NP-complete
[4]. Letasetof positive integersA = {ay,...,a,} andk
representin instanceof the subsetsumproblem. Assume
thatfor eachi, 1 < i < n,a; > land) ;. ,a; = M.
For reduction,for eachi, 1 < i < n, we first construct
the tradeof for ; in the form of (s;,e;) as(e,a; — €) and
(a; — €,€) suchthate < £ andthenconstructhetemporal
parameter®f =; suchthatO; = 0, D; = k, andT; =
2k. In ary schedule}™" | (e; + s;) = M. In ary feasible
schedule}”" | e; < k. Then,weknow thatin ary feasible
schedule}" | s; > M — k. Considering:, we know that
theminimumsystemcodesizeis betweenM — k andM —
k + 1. The minimum systemcodesizeis achievedif and
only if thereis a subsetd’ of A suchthatthe sumof the
elementof A’ is k. |

Giventhe difficulty of this optimizationproblemwhenthe
tradeof is givenasdiscretefunctions,a naturalapproachis
to develop heuristicalgorithmsthat find sub-optimalsolu-
tions.



5.2 Heuristic Algorithms

We presentheuristicsolutionsto the optimizationprob-
lem that can be usedwhentradeof functionsare given as
discretestepfunctions. Basically we considera solution
that graduallyreducegthe systemcodesize by increasing
the executiontime of a task. We give threegreedyalgo-
rithmsthatdiffer only in thesequencef tasksthey consider
in increasingheexecutiontime. In all thethreealgorithms,
the iterative procedurecontinuesuntil thereis no taskeli-
gible to increasdts executiontime. Before explaining the
threealgorithmsindividually, we definea few terms.

When the executiontime of a task 7; increaseslet §;

denotethe amountof executiontime by whiche; increases.

Sincea solutionto the optimizationproblemshouldsatisfy
the feasibility constraintseache; canbeincreasedslong
asit doesnotviolateary of thefeasibility constraintsWith
the feasibility constraintson e;, we can derive the upper
boundg;™*** of ¢; asfollows:

5lmaw = min (V(tl,tg) S OD(T,) : tg—tl—z ni(tl,tg)),

i=1

whereOD(r;) is asubsebf OD 4, thatincludesat least
oneW; ;,7 <0.

We defineareductionratio (p;) for ataskr; asaratio of
the amountof codesizereductionto the amountof execu-
tion time increase.Whene; increasedy 4;, its reduction
ratio p; is givenby

files) — fiei + 8;)
0

With therangeof §; thatis 0 < §; < 6/***, we candefine
thebestreductionratio p} asfollows:

pi =max(p;), where0 <§; <"

Letd; denotethevalueof §; thatgivesp;.

Highest Best Reduction-Ratio First (HBRF). This al-
gorithmfavors ataskwith a higherbestreductionratio. In
eachiterative step,the HBRF algorithmcalculateshe best
reductionratio p; for eachtaskr; andincreases,, by d;,
suchthatp}, is thehighestamongall p;.

LongestPeriod First (LPF). Thisalgorithmfavorsatask
with alongerperiod.Givenafixedtimeinterval, ataskwith
alongerperiodhasasmallemumberof jobsthanataskwith
ashorterperiod. Thus,in generalincreasinghe execution
time of ataskwith thelongestperiodhastheleastimpacton
the schedulabilityof the task set. The LPF algorithmcap-
turesthisand,in eachiterative step thisalgorithmincreases

HBRF:
do {
forall 7; € Tsys,
calculatep; for 4,

PZ = max (fl(ez) — éf:(ez + 61))

0 <4; < 67", suchthat

determiner,, suchthatp;, > p; forall 7; € 7gys.
em = em + 0.
Yuntil (o}, =0).

LPF:
sts = Tsys-
while (Qsys is not enmpty) {
determiner,, suchthatT;,, > T; forall ; € Qsys.
em = em + om*”.
excluder,, from Qgys.

}

HBRF:
do {
forall 7; € Tsys,
calculatewp; for d;,

Ti  filei) — filei + 5,-)).

Trem d;

0 <§; <6***, suchthat

wp; = max (

determiner,, suchthatwp;, > wpj for all 7; € 74ys.
em = em + 0.
Yuntil (wp;, =0).

Figure 3. Heuristic algorithms

em Of 7, by §72%* wherer,, is thetaskwith thelongestpe-
riod with 672 > 0. If therearemultiple tasksthathave the
samelongestperiods,the algorithm choosegask 7,,, with
thehighestp}, amongthemandincreases,,, by ¢7,.

Highest Best Weighted-Reduction-RatioFirst (HBWF).

This algorithmcombineshe HBRF algorithmandthe LPF
algorithmin a sensethatit favorsataskwith a higherbest
reductionratio and a lower increasein utilization. The
HBWEF algorithmdefinesa weight of a taskas ~~— and

. . . . Trem
determines weightedreductionratio asfollows:

T fi(ei) — fi(ei + 63)
Trom d;

wp; = ) 51' Z 0.
Thisalgorithmdetermineshe bestweightedreductionratio
wp; for eachr; in the sameway asthe HBRF algorithm
doesp? andincreases,, by &}, wherewp, is the highest
amongall wp}.

If thetradeof relationshipfor eachtaskr; is givenby a
table(i.e., a stepfunction), one of the entriesin the table
givesthe pf. Assumingthatthe averagenumberof entries
is h, we caninspectonetaskin O(h). Therefore thetime
compleity of eachiterative stepfor the HBRF andHBWF
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Freshness

F
F

Correlation| C(Y1|X1,X2) =
C

Separation

Table 1. The system end-to-end timing con-
straints of the example

algorithmsis O(n - h) wheren is thenumberof tasks.Since
the LPF algorithmincreaseghe executiontime of the task
Tm With thelongestperiodby §72?%, thetime complexity of
eachiterative stepfor the LPF algorithmis O(n).

6 lllustration and Evaluation
6.1 DesignFramework lllustration

In this section,we illustrate how our designframework
workswith the sameexamplegivenin the PCM paper[5].
The systemstructureof the exampleis given by the task
graphshawn in Figure4(a)andthe systemend-to-endim-
ing constraintsaregivenin Tablel. For theillustrationpur-
posesthetradeof functionof eachtaskis givenby boththe
lineartradeof functionshavn in Figure5(a) andatable of
possible(codesize, executiontime) pairsshavn in Figure

[Solutions | [ 7 [ [ | 7s | 7a| 75 | 76 ]
T; | 1326|1339 | 26| 39| 39
Solutionl | O; | 0 | 0| 0| 0 |21| O |13

D; | 3 |21|12|13| 26| 13| 15
T; |15 30| 15| 30| 30| 30| 30
Solutionll | O; | 0| 0| 0| 0 |21| 0 | 13

D; | 3 |21|12|13| 26| 13| 15

Table 2. The solutions of PCM for the example

Ts T1 T2 T3 T4 75 Te Tsys

s; | 1.0 235|197 | 165| 201 | 3.86| 2.21 | 15.05
e; | 1.0| 428| 246| 212 | 1.24| 433| 1.92

Table 3. Maximum code size and minimum ex-
ecution time of each task

5(b). Takingasits inputthetaskgraph,theend-to-endim-

ing constraints,and the minimum executiontime of each
task,PCM transformghetaskgraphof Figure4(a)into the
task graphshown in Figure 4(b) and derivesthe temporal
parameterf eachtask. Among various solution candi-
dates,PCM choosesneshawn in the upperpart (Solution
I) of Table2 sinceit providesthe minimum utilization with

the minimumexecutiontime of eachtaskshavn in Table3.

Ourdesignframeavork modifiesthe deadlineof eachtaskin

suchaway thatthe task precedencearemaintainedunder
EDF scheduling.Whenthe executiontime of eachtaskis

initially its minimum value, the systemcodesizeis 15.05
Kbytesshovnin Table3.

The solutionof PCM thatis given by a setof tasktem-
poralparameteraow becomesheinputto our optimization
frameawork. It first generatethefeasibility constraintgiven
by Theoreml from the set of tasktemporalparameters.
With thesefeasibility constraintsthe optimizationproblem
formulatedin Section5.1 canbe solved by an LP solwer,
anexhaustve searchpor heuristicalgorithmsdependingn
thetypeof thecodesizevs. executiontime tradeof of each
task. If thetradeof is givenasa linear function shovn in
Figure5(a),theoptimizationproblemis formulatedasalin-
earprogramming(LP) problemandits solutioncanbe ob-
tainedby an LP solver. Table4 shaws the solution given
by the back-endin its upperpart (Solutionl). This solu-
tion by the LP solver reduceghe systemcodesizeto 12.57
Kbytes.Forthetradeof relationshipof ataskgivenin atab-
ularform asshownin Figure5(b),anexhaustve searchwas
performedto find the optimal solutionover all possibleex-
ecutiontime valuesandthethreeheuristicalgorithmswere
usedto find sub-optimakolutionswith areducedime com-
plexity. Theupperpart(Solutionl) of Table5 shavstheso-
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Figure 5. Code size vs. execution time tradeoff for the example:(a) linear and (b) discrete.

| Solutions [ Parameters | 7 | mn | m | 7w | 1 | 1 | 16 | Teys |

Solutionl CodeSize 1.00| 1.62| 1.98| 1.66 | 1.41| 296 | 1.94 | 12,57
ExecutionTime | 1.00 | 6.06 | 2.46 | 2.12 | 1.74 | 5.68 | 2.00

Solutionll CodeSize 1.00| 2.04| 1.40| 144 | 141 | 270 | 1.94 | 11.93
ExecutionTime | 1.00 | 5.00 | 3.43 | 2.51 | 1.74 | 6.06 | 2.00

Table 4. The solutions by the back-end for the example with linear tradeoff

| Solutions | Algorithms | ss | s1 | s2 | ss | sa | s5 | s6 | Ssys |
Solutionl OPT 1.00| 164|197 | 1.59| 1.41| 3.12| 1.88| 12.61
HBRF/LPF/HBWF | 1.00 | 1.64 | 1.97| 1.65| 1.97| 2.71| 1.88| 12.82
Solutionll OPT 1.00| 2.10| 1.38| 1.30| 1.41| 2.88 | 1.88| 11.95
HBRF/LPF/HBWF | 1.00 | 1.64 | 1.97 | 1.55| 1.69| 2.71| 1.88| 12.44

Table 5. The solutions by the back-end for the example with discrete tradeoff

lution by anexhaustve searcfOPT)andthoseof thethree
heuristicalgorithms(HBRF/LPF/HBWF).Thesystenmcode
sizeis reducedo 12.61Kbytesby anexhaustve searchand
to 12.82Kbytesby all thethreeheuristicalgorithms.While
the threeheuristicalgorithms(HBRF/LPF/HBWF)do not
always yield the samesolution as pointed out in Section
6.2, all the heuristicalgorithmsprovide the samesolution
in this particularexample.

The new executiontime of eachtaskgivenby the solu-
tion to theoptimizationproblembecomesheinputto PCM.
With this new executiontime of eachtask,the utilizationis
now 0.8174with PCM Solution| and 0.8173with PCM
Solutionll shawvn in Table2 afterthe secondpaththrough
PCM. The solutionprocesof our optimizationframework
continueswith this new solutionby PCM. The lower parts
(Solutionll) of Table4 andTable5 shov the new solutions
obtainedby the back-endwith PCM Solutionll. Whenlin-
eartradeof functionsareused,the systemcodesizeis re-

ducedto 11.93Kbytes.Whenthetradeof is givenin atatku-
lar form, thesystencodesizeis reducedo 11.95Kbytesby
the exhaustive searchandto 12.44Kbytesby all the three
heuristicalgorithms.

PCM takesasits input the new solution(Solutionll) by
the back-end. PCM givesthe samesolutionas PCM So-
lution | (with the minimum utilization of 0.8710)andthus
theiterative procedurgerminates Amongall the solutions
of our optimizationframework obtainedthroughthe itera-
tive procedurethefinal solutionis the onethat minimizes
thesystemcodesizewhile satisfyingall thefeasibility con-
straints.

6.2 Heuristic Algorithm Evaluation

We evaluatethe performanceof the threeheuristicalgo-
rithmsagainsthe exhaustve searchalgorithmthroughsim-
ulationswith varioustasksets.The parametersf eachtask



Performance of algorithms with 8 tasks

S T T T T T
= L i
Qo = I R
I i °
Qo ok
° o8¢t e
g \ :
g bR
= 06} RN
Ind AN
E RS
E 04| BEST - NN
S HBRF -+ \
> HBWF -
B 02r LPF —~—
c
[}
0 0 ‘ ‘ ‘ ‘ ‘

40 50 60 70 80 90 100

Closeness to OPT (%)

Figure 6. Performance evaluation:

(&) performance of

Density (Cumulative Probability)

Performance of BEST with various task numbers

1 4 ,
0.8 8
0.6 8
4 tasks -+
04 6 tasks -+
8 tasks &
10 tasks ——
0.2 | 12 tasks &
O 1 1 1 1 1 1 1 1
55 60 65 70 75 80 85 90 95 100

Closeness to OPT (%)

the three heuristic algorithms

(HBRF/LPF/HBWF) and the best performing one (BEST) with 8 tasks and (b) performance of BEST

with various numbers of tasks.

arerandomlychosenduring the simulations.The period of

eachtaskis randomlychoseno be oneamong10, 20, 25,

50, and 100 ms. The discretetradeof betweencodesize
vs. executiontime of eachtaskis randomlydeterminedo

be 5 pair of valuessuchthatthe tradeof valuesare mono-
tonically decreasingandthe executiontime of eachtaskis

smallerthanits period. Theoffsetanddeadlineof eachtask
arealsorandomlydeterminedsuchthat its executionwin-

dow is greaterthanits executiontime. Simulationswere
performedmore than 100 times with 4, 6, 8, 10 and 12

tasks,respectiely. As the performancemeasurewe de-

fine the closenes®f a non-optimalsolution of a heuristic
algorithmto the optimal solution by the exhaustie search
algorithmasfollows:

Ssys(init) — Ssys(alg)

Closeness= ,
Ssys(init) — Seys(opt)

whereS,, s (init) is theinitial systemcodesize, S,y (alg)
is the systemcodesize determinedby the heuristicalgo-
rithm, andS,, s (opt) is the optimalsystemcodesize.
Figure6(a)plotsthe performancef thethreealgorithms
andtheir best-cas@erformancg BEST) with 8 tasks. We
canseein Figure 6(a) that at leastone of the threealgo-
rithms finds the optimal solutionfor about32% of simula-
tion cases.With the simulationresults,we can statewith
90%confidencehatthe meanof the best-cas@erformance
with 8 tasksin the real-world is between75% and 100%.
Amongthe threealgorithms,HBRF exclusively yields the
BEST solutionsfor 47% of simulationcasesHBWF does
so for 18%, and LPF doesso for 12%, respectiely. For
the remaining23% of simulatecases,two or more algo-
rithms provide the BEST solutionstogether Figure 6(b)

10

plotsthe best-casperformanc¢BEST)of thethreeheuris-
tic algorithmsagainst4, 6, 8, 10 and12 tasks respectiely.
Thebest-cassolutionis theoptimalsolutionfor about68%
with 4 tasks46%with 6 tasks,32%with 8 tasks,18%with
10tasks,and11%with 12 tasksof simulationcases.

7 Conclusion

With thereducedit-width instructionsetsof recentmi-
croprocessorsgt is possibleto take advantageof the code
sizevs. executiontime tradeof of ataskduringthe design
of embeddedystemsThis paperdescribesdesignframe-
work for real-time embeddedsystemsthat provides solu-
tionsto the optimizationproblemof minimizing the system
codesizesubjectto guaranteeinghe systems$ real-timere-
quirementsunderEDF scheduling.

Our design framewvork decomposeghe optimization
probleminto two sub-problems:1) deriving task tempo-
ral parametershatguaranteethe systenreal-timerequire-
mentsand 2) deriving the codesize and executiontime of
eachtaskwhile minimizing the systemcodesizesubjectto
feasibility constraintsOur framawork iteratively solvesthe
two sub-problemsisingsolutionsfrom eachotheruntil the
solutionscorverge. This iterative approactinherentlyfinds
alocally optimal solution. However, it may be possibleto
developanintegratedapproachhatsolvesthe optimization
problemwithout breakingit into two sub-problems.Such
anintegratedapproachincreaseshe compleity of finding
solutions, but may deliver solutionsthat are closeto the
globally optimal solution. We planto develop suchan ap-
proachandevaluatethe compleity andeffectiveness.

Our current design framework considersthe issue of



minimizing thetotal codesizewhile guaranteeinghereal-
time requirements. In the designof real-time embedded
systemsgenegy consumptioris anothercritical designfac-
tor. With the Dynamic Voltage Scaling (DVS) technique
thatallows eachjob to executeatvariousCPUclock speeds,
thereis apossiblaradeof betweerenegy consumptiorand
executiontime. Our future directionis to extend our de-
sign framework sothatit canallow the embeddedystem
designerto evaluatetradeofs amongcodesize, execution
time, andenegy consumption.
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