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Preface

This volume contains the papers presented at the 4th ARTES Graduate Student Conference, held at
Uppsala University, from April 18-19, 2002.

As of today, more than 110 graduate students have joined the ARTES network by registering as
Real-Time Graduate Students, and thereby getting access to the benefits provided by ARTES,
including free-of-charge participation at the ARTES Summer School, as well as at other ARTES
conferences and meetings, not to mention the mobility support provided by ARTES. The 110+ real-
time graduate students clearly indicate that a substantial amount of real-time research is conducted
in Sweden. Due to ARTES and other efforts, it is fair to say that Sweden is one of the world-leaders
in real-time systems research. However, the future of ARTES is highly uncertain, as the current
funding period will end in December 2002. Fortunately enough, the ARTES board have set aside
funding to ensure continued operation of the network activities also in 2003. This includes the
graduate student conference and the summer school. For prolongation after 2003 additional funding
will be required, something which we are currently working on. So much for the uncertain future;
returning to the present, we have an exiting conference ahead of us.

The main idea with the ARTES Graduate Student Conference is to provide a forum for technical
presentations and discussions among the Swedish graduate students active in the real-time area. For
newly recruited graduate students it will provide an opportunity to experience “a real conference
situation” (maybe) for the first time. For everyone, the conference will be an excellent opportunity
to, in a relatively short time, get an overview of the current state of the national research. This year
we have even included a dissertation in the programme, as the real-time graduate students Jakob
Engblom will defend his thesis Friday afternoon. In addition to the approximately 20 technical
presentations by graduate students, we will enjoy invited talks by Profs. Peter Puschner from
Vienna and Sang Son from Virginia. Further stimulation will be provided by Prof. Lars Asplund
from MdH and Uppsala, who will tell the story of the Senseboard, as well as presenting Football
playing robots developed by students at Uppsala University.

This year, ARTES deputy programme director Roland Grönroos has in addition to providing the
usual invaluable assistance in organizing the event, also taken care of the local arrangements.
Without his efforts it would not have been possible to organize this conference.

The papers included in this volume show an impressing width and quality, and I’m certain that the
conference will be an event with intense technical and other discussion.

Enjoy it!

Hans A. Hansson
ARTES Programme Director
http://www.artes.uu.se/
http://www.mrtc.mdh.se/han/
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Abstract

In this paper we introduce the concept of the tailorable
embedded real-time database called COMET. Designing a
database to be tailorable, and at the same time satisfy real-
time (temporal) requirements and minimal resource (space)
requirements of an embedded and a real-time system, re-
quire exploiting the concept of components and aspects in
embedded real-time database development.

1. Intr oduction

In the last yearsthedeploymentof embeddedandreal-
time systemshasincreaseddramatically[13]. Theamount
of datathatneedsto bemanagedby the real-timesystems
is increasing,thusrequiringanefficientandstructureddata
management.Hence,databasefunctionality is neededto
providesupportfor storageandmanipulationof datain real-
timeandembeddedsystems,but it mustalsofulfill require-
mentsbothfrom embeddedsystemsandfrom real-timesys-
tems1.

Real-timesystemsaretypically constructedout of con-
currentprograms,calledtasks. The correctnessof a real-
time systemdependsbothon thelogical resultof thecom-
putation,andthe time when the resultsareproduced,ex-
pressedexplicitly as temporalconstraints[12]. The most
commontypeof temporalconstraintthatareal-timesystem
mustsatisfyis thecompletionof taskdeadlines.Moreover,
the datain the systemis normally associatedwith tempo-
ral constraints,e.g.,absoluteandtemporalvalidity intervals
[10]. Thus,areal-timedatabasemustensurethatthedatain
thedatabaseis bothlogically andtemporallyconsistent.

�
Thiswork is supportedby ARTES(A network for Real-timeandgrad-

uateeducationin Sweden).
1We distinguishbetweenembeddedandreal-timesystems,sincethere

aresomeembeddedsystemsthat do not enforcereal-timebehavior, and
therearereal-timesystemsthatarenotembedded.

In contrastto an application-embeddeddatabasehid-
deninsideanapplication,a device-embeddeddatabaseis a
databasethatresidesin anembeddedsystem.We focuson
device-embeddeddatabases,andreferto thoseasembedded
databases.Themainobjectivesfor anembeddeddatabase
arelow memoryusage,i.e.,smallmemoryfootprint,porta-
bility to differentoperatingsystemplatforms,efficient re-
sourcemanagement, e.g.,minimizationof theCPUusage,
andability to run for longperiodsof timewithoutadminis-
tration[9].

Two dimensions are of interest when designing a
databasefor real-time and embeddedsystems: time and
space.This canbefurther refinedto include: (i) function-
ality vs sizetrade-offs, (ii) effectsof the temporalrequire-
mentson thefunctionality, and(iii) thecostof theproduc-
tion.

Hence,to copewith thesechallengeswe proposea real-
timedatabaseplatformbasedontheconceptof components
andaspects:COMET (COMponent-basedEmbeddedreal-
Time databasesystem).To reducethe costof production,
reuseis the key word, and reuseof componentsfrom a
componentlibrary is the form of reusethat is gainingmo-
mentum,e.g.,COM, CORBA andJavaBeans.Having as-
pectsin additionto componentsimplies incorporatingba-
sic ideasof aspect-orientedprogramming(AOP) [6] into
the databasedevelopment. Thus, in COMET we distin-
guishbetweenfunctional and aspectual decomposition of
thedatabasesystem.Functionaldecompositionis a way of
decomposinga databasesysteminto components.Compo-
nents arefunctionalunitsthatcontaintheprimarystructure
of the databasesystemandcarry the corefunctionality of
thesystem.Aspectualdecompositionis awayof separating
cross-cuttingconcernsin thesystem,e.g.,codethatcannot
be encapsulatedwithin one functional unit but is tangled
over the entiresystem.Hence,aspects arenon-functional
units that containthe secondarystructureof the database
andreferto componentsandotheraspects.

Thepaperis organizedasfollows. Motivationfor com-



ponentizationof anembeddedreal-timedatabasesystemis
givenin section2. Section3 presentsmajorchallengesfor
thedevelopmentof acomponent-basedembeddedreal-time
databasesystem. Relatedwork is discussedin section4.
Thepaperfinisheswith summarycontainingmainconclu-
sionsanddirectionsto our futureresearch.

2. Moti vation

2.1. Embeddedand Real-Time Databases

Existing commercialembeddeddatabasesystems,e.g.,
Polyhedra,RDM, Velocis, Pervasive.SQL,Berkeley DB,
and TimesTen, have different characteristicsand are de-
signedwith specificapplicationsin mind. They support
different datamodels,e.g., relationalvs object-relational
model, and different operatingsystemplatforms. More-
over, they havedifferentmemoryrequirementsandprovide
differenttypesof interfacesfor usersto accessdatain the
database.Applicationdevelopersmustcarefullychoosethe
embeddeddatabasetheir applicationrequires,andfind the
balancebetweenrequiredandoffereddatabasefunctional-
ity. Hence,finding the right embeddeddatabaseis a time
consuming,costly and difficult process,often with a lot
of compromises.Additionally, the designeris facedwith
the problemof databaseevolution, i.e., the databasemust
beableto evolve duringthe life-time of anembeddedsys-
tem,with respectto new functionality. However, traditional
databasesystemsare hard to modify or extend with new
requiredfunctionality, mainly becauseof their monolithic
structureandthefactthataddingfunctionalityresultsin ad-
ditionalsystemcomplexity.

Although a significantamountof researchin real-time
databaseshasbeendonein thepastyears,it hasmainly fo-
cussedon variousschemesfor concurrency control, trans-
action scheduling,and logging and recovery, and lesson
configurabilityof softwarearchitectures.Researchprojects
thatarebuilding real-timedatabaseplatforms,suchasART-
RTDB [7], BeeHive [14], DeeDS[1] and RODAIN [8],
havemonolithicstructure,andarebuilt for aparticularreal-
timeapplication.Hence,theissueof how toenabledevelop-
mentof anembeddeddatabasesystemthatcanbe tailored
for differentembeddedandreal-timeapplicationsarises.

2.2. Customizationby Composition

Having embeddedreal-timedatabasesystemsthatwould
allow addingor replacingfunctionalityin its architecturein
a component-basedmannerwould bebeneficialfor several
reasons:(i) complexity of thedatabasesystemandmainte-
nancecostwouldbereduced;(ii) applicationsdonothaveto
payperformanceandcostpenaltyfor usingunneededfunc-
tionality, sinceunnecessarycomponentsdo not have to be

addedto a system;and(iii) evolutionof a systemwouldbe
simplified,sincenew componentswith new requiredfunc-
tionality couldbepluggedinto thesystem.

Although somemajor databasevendors(e.g., Oracle,
Informix, Sybase,and Microsoft) have recognizedthat
component-baseddevelopmentoffers significantbenefits,
their component-basedsolutionsarelimited in termsof tai-
lorability with, in mostcases,nosupportfor analysisof the
composedsystem.To thebestof our knowledge,theonly
existing researchaimed to build completelyconfigurable
databasemanagementsystem(DBMS) is KIDS [4]. KIDS
introducesa configurableDBMS composedout of compo-
nents(DBMS subsystems),e.g., object managementand
transactionmanagement.Customizationof this systemis
improvedby having reusablearchitectures,aswell ascom-
ponentsstoredin a library. KIDS hasa well-definedde-
velopmentprocess,availableconfigurationsupportandop-
tionalanalysistools(whicharemissingin othercomponent-
baseddatabasessolutions, e.g., Garlic [3], Navajo [2]).
From a real-timepoint of view all approachesdiscussed
do not enforcereal-timebehavior. Issuesrelatedto em-
beddedsystemssuchaslow-resourceconsumptionarenot
addressedatall.

Tools to support the designerin the compositionand
analysisof thecomposedsystemareessential,andmostof
thecomponent-basedsystemsdiscusseddonot providead-
equateconfigurationandespeciallyanalysissupport(vital
for real-timesystems).

3. COMET

3.1. Methodology

The COMET platform consistsof two parts. The first
part is a componentlibrary, which holdsa setof compo-
nentsand aspects. The secondpart are tools that, based
on theapplicationrequirements,supportthedesignerwhen
building an embeddeddatabaseusingcomponentsandas-
pectsfrom thelibrary. Our approachconsistsof extracting
relevantdatabasefeaturesby studyinganumberof applica-
tion casestudiesin the first phase,followed by an imple-
mentationin the next phase,andevaluationof the design
toolsanddatabasearchitectureonnumberof casestudiesin
thefinal phase.

3.2. Challenges

A starting point towards the platform is to design a
component-baseddatabase.In this respect,we are faced
with thefollowing challenges.

1. How do we encapsulatedifferentdatabasefunctional-
ities/servicesinto componentssuitablefor embedded



andreal-timesystems?Thisalsoincludes:(i) defining
the databasecomponentmodel appropriatefor real-
time and embeddedsystems;(ii) specifyingcompo-
nent’sreal-timeattributesasaspectssuchthatthecom-
posedsystemis predictable;and(iii) definingrulesfor
connectingcomponents,suchthatcomposedsystemis
reliableandfulfills thesystem’s requirements.

2. How do we ensurepredictability of the composed
databasesystem,with respectto responsetime, mem-
ory usageandCPUutilization?Furthermore,thechal-
lenge is to ensureeasyintegration of the composed
databasesysteminto the run-timeenvironmentof the
real-time systemensuringtemporalbehavior of the
system.

Copingwith thesechallengesis a difficult task,for sev-
eral reasons.First, the COMET databaseshouldbe suit-
ablefor low resourcesystems,primarily systemswith con-
strainedmemoryandpower consumption.Thus,appropri-
atedecompositionof the databasefunctionality shouldbe
made,suchthat the functionality most likely (not) to be
neededby mostembeddedsystemsis identifiedandencap-
sulatedinto components.Second,the COMET database
shouldensurepredictabletransactionexecution.Addition-
ally, most embeddedsystemsare implementedin main-
memory, thusrequiringtheCOMETdatabaseto beamain-
memorydatabase.

We illustrate thesechallengeswith an exampleof data
managementissuesin a classof automotive control appli-
cations.Discussionin theexampleis primarily basedon a
casestudywithin theprojectperformedat Volvo Construc-
tion EquipmentComponentsAB, Sweden,wherewe ana-
lyzeddatamanagementin existing real-timesystemsused
to controlwheelloadersandarticulatedhaulers.

Example Vehicle Control Systems
Typically, controlsystemsin theautomotiveindustryare

hardreal-timesafety-criticalsystemsconsistingof several
distributed nodes. Each node implementsspecific func-
tionality andcanbeviewedasa stand-alonereal-timesys-
tem,e.g.,nodescanimplementtransmission,engine,or in-
strumentalfunctions. The sizeof the nodescanvary sig-
nificantly, from very small nodes,e.g., 32 Kb RAM, to
larger nodes,e.g., 64 Kb RAM and 512 Kb Flash. De-
pendingon the functionality of a nodeand the available
memory, different databaseimplementationsare needed.
For example,in safety-criticalnodestasksareoften non-
preemptive and scheduledoff-line, avoiding concurrency
by allowing only one task to be active at any given time.
This, in turn, influencesfunctionality of a databasein a
given node with respectto concurrency control. At this
point we needto clarify the relationshipbetweenthe task
and the transaction. In control applications,suchas this

USER INTERFACE

SCHEDULING MANAGERCC MANAGER

RECOVERY
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SERIALIZATION MANAGER

MEMORY MANAGER

�������
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Figure 1. COMET functional decomposition

one, tasksareperformingall updateson data. Therefore,
from a databasepoint of view, a taskperforminganupdate
canbe treatedasa databasetransaction,asit encapsulates
(oneor more)transactions.Lesscritical nodes,having pre-
emptabletasks,would requireconcurrency control mech-
anisms. Furthermore,somenodesrequirecritical datato
belogged,e.g.,warninganderrors,andrequirebackupson
startupandshutdown, while othernodesonly have RAM
(main-memory),anddonot requirenon-volatilebackupfa-
cilities from thedatabase.

Thediscussionon differentfunctionalityneededfrom a
databaseby differentnodescouldbecontinuedfurther, but
ourgoalwith thisshortdiscussionis to show thatintroduc-
ing acomponent-baseddatabasehaspremise,sinceit would
allow thedatabaseto betailoredto suit theneedsof a real-
time applicationin eachnodewith respectto memorycon-
sumption,concurrency control,recovery, differentschedul-
ing techniques,transactionandstoragemodels.This helps
to optimizememoryconsumptionin everynodeandallows
databasesto beintegratedmoreeasilywith therun-timeen-
vironment.

3.3. Functional and AspectualDecomposition

In orderto meetthedemandsfor customizationandfine-
tuning of the COMET databasefor specificreal-timeand
embeddedapplications,the decompositionof a database
systemmustbedonebothon a functionallevel (functional
decomposition),andonanaspectlevel (aspectualdecompo-
sition). Usingaspectsasseparationof concerns,allows de-
signingfunctionalcomponentsthatarecross-cutwith real-
time-specificanddatabase-specificaspects,e.g., real-time
aspectandtransactionaspect,respectively. For example,a
componentthat controlsaccessto the datain the memory
will not only have to manageretrieval andstorageof data
in aparticularmemorytype(memorytypecouldbeviewed
asan aspect),but alsomanagereal-timepropertiesof the
dataobjectsstoredin memory(real-timeconstraintsondata
couldalsobeviewedasanaspect).

The functional and aspectual decompositions of
COMET are shown in figure 1 and 2, respectively. As-
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Figure 2. COMET aspectual decomposition
on an application level (application aspects)

pectualdecompositionalso implies that componentsused
for systemcompositionareno longertraditionalblackbox
components2, ratherthey are grey in that we can modify
their internalbehavior by applyingdifferentaspects.

Sinceaspectsareconsideredto beapropertyof asystem
thataffectsits performanceorsemantics,andthatcross-cuts
thesystem’s functionality[6], aspectsthatcanbeidentified
in anembeddedreal-timedatabasesystemcouldbenumer-
ous. Thus,we mustcarefullydefineboth componentsim-
plementingcertainfunctionality anddifferentaspectsthat
cross-cutthesecomponents.

3.4. COMET Functional Decomposition

In the initial designof the COMET we have identified
six components(seefigure1): (i) userinterface,a compo-
nentthatenablesuserto accessdatain thedatabaseandis
doing queryprocessing;(ii) serializationmanager, a com-
ponentthat is in charge of ensuringserializationof trans-
actions,andperformsschedulingandconcurrency control
(CC); (iii) locking manager, a componentthat dealswith
lockingof data;(iv) index manager, acomponentthatdeals
with theindexing of thedata;(v) recoverymanager, acom-
ponentthatis in chargedof recoveryandloggingof datain
thedatabase;and(vi) memorymanager, a componentthat
allows accessto datapossiblystoredin differentmemory
media.

Theprinciple that leadus to this functionaldecomposi-
tion of theCOMET databaseis primarily theneedto have
functionally exchangeableunits that are loosely coupled,
but with strongcohesion,i.e., internalstrength.

Somewhatnaturalis thechoicetohaveauserinterfaceas
a component,sincedifferentapplicationsmay requiredif-
ferentwaysof accessingdatawithin thesystem.

In thecontrolapplicationsdiscussedpreviously, thereare
scenariosnot requiring sophisticatedtransactionschedul-
ing and concurrency control, e.g., the hard real-timesys-
temallows only onetransactionto accessthedatabaseat a

2The internalbehavior andattributesof the black box componentare
stronglyencapsulatedandcannotbechangedor modified.
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Figure 3. Classification of aspects in an em-
bedded real-time database system

time. Therefore,it wouldbehelpful to havethis functional-
ity asaflexible partof thedatabasearchitecture.Giventhat
schedulingandconcurrency controlaredatabasefunction-
ality thataretightly coupled,we chooseto encapsulatethe
two into onecomponent,a serializationmanager. On the
otherhand,we mustdecouplethesetwo functionality into
two distinct sub-componentswithin the serializationman-
agerto allow flexible exchangeof schedulingmechanisms
and/orconcurrency controlmechanismswhenapplicable.

As COMETstoresdatain main-memory, thereis a need
for different recovery and logging techniques,depending
on the type of the storage,e.g.,non-volatile EEPROM or
Flash. Thus,enablingthe exchangeof different recovery
strategiesthroughtherecovery managercomponentwould
bebeneficialfor differentapplications.Similarly, memory
managementis requiredto beaflexible partof thearchitec-
turesincethereis a needfor a componentthat would take
careof theaccessto differenttypesof memory. Samerea-
soningcouldbeappliedto decisionson index managerand
lockingmanager, sinceindexing andlockingareperformed
by the databasefairly independentof, for example,serial-
izationandrecovery.

3.5. COMET AspectualDecomposition

In order to classify the complexity of requirementsin
thedatabasedesign,andaddressthemin thedesignof the
COMETin asystematicway, weclassifyaspectsasfollows
(seefigure3):

� applicationaspects,which areaspectsof thedatabase
towardstheapplication,

� run-timeaspects,whichareaspectsof thedatabaseto-
wardstherun-timesystem,and

� compositionaspect,which are aspectsthat influence
compositionof thesystem.

Application aspectscan changethe internal behavior of
componentsasthey cross-cutthemin thedatabasesystem
(asshown in figure2). Theapplicationin thiscontext refers



to the embeddedandreal-timeapplicationtowardswhich
thedatabaseshouldbetailored.Applicationaspectscanbe
dividedinto: memorymanagement,real-time,securityand
transactionaspects.We view memorymanagementasan
applicationaspectof a databasesystem,sincesizeandal-
locationof memoryinfluencesthesystem’s structure.Ad-
ditionally, real-timepropertiesareviewedasanapplication
aspectasthey influencetheoverallstructureof thedatabase
system.Real-timepropertiescouldbe furtherdivided into
categories,e.g.,absoluteandrelative validity. Securityis
anotherapplicationaspectthatinfluencesthesystembehav-
ior andstructure,e.g.,userinterfacemustbeableto distin-
guish userswith different securityclearance.Depending
on the applicationrequirements,ACID (atomicity, consis-
tency, isolation,anddurability) propertiesof a transaction,
for someapplications,needto berelaxed.Thus,thetransac-
tion propertiescouldbeviewedasa transactionapplication
aspect.

Run-timeaspectsare the most critical as they refer to
aspectsof the monolithic databasesystemthat needto be
consideredwhen integrating the databasesysteminto the
run-timeenvironmentof a real-timesystem.Run-timeas-
pectsgiveinformationwhichis neededby therun-timesys-
tem to ensurethat integratinga databasewould not com-
promisetimeliness,or memoryconsumptionof theoverall
system.Therefore,eachcomponentcouldhavedeclaredre-
sourcedemandsin its resourcedemandaspect,andcould
have informationof its temporalbehavior, containedin the
temporalconstraintsaspect,e.g.,worst-caseexecutiontime
(WCET), deadlineandperiod. Additionally, eachcompo-
nentmustcontaininformationof the platform with which
it is compatible,e.g.,real-timeoperatingsystemsupported,
andotherhardwarerelatedinformation. This information
is containedasaportabilityaspect.It is imperativethatthis
informationis provided,to ensurepredictabilityof thecom-
poseddatabasesystem,easetheintegrationof thedatabase
into areal-timesystemandtheunderlyingrun-timesystem,
andensureportability to differenthardwareand/orsoftware
platforms.

Compositionaspectsdonotcross-cutcomponents,rather
they are descriptive. Compositionaspectsdescribewith
which componentsa componentcan be combined(com-
patibility aspect),version of the component(version as-
pect),andpossibilitiesof extendingthecomponentwith ad-
ditionalaspects(flexibility aspect).

While conventionalAOPhasfocusedpredominantlyon
applicationaspects,having separationof aspectsin differ-
ent categories easesreasoningabout different embedded
andreal-timerelatedrequirements,aswell as the compo-
sition of the databaseand its integration into a real-time
system.For example,a run-timesystemcandefinewhich
(run-time)aspectthe databasemust fulfill, so that proper
databasecomponentscanbe chosenfrom the library, and

Portability

Resource demand

Temporal constraints
WCET-O1

WCET-O2

 Memory - O1

OS type

 Memory - O2

Hardware type

Functional
part

Run-time
part

Real-timeSecurity

Operation(O2)

Operation(O1)
(policy)

(mechanism)

Figure 4. COMET unified component model

composedinto a monolithic system.This approachoffers
a significantflexibility , sinceadditionalaspecttypescan
be addedto components,andtherefore,to the monolithic
databasesystem,further improving the integrationof the
databaseinto a run-timesystem.

3.6. COMET Unified ComponentModel

Having describedcomponents,andcategorizedaspects
thatcross-cutor describea component,we presenta more
uniform view of a componentusing a unified component
modelthatunifiesfunctionalandaspectualdecomposition.
A unifiedcomponentcanbeviewedasacomponentcolored
with aspects,both inside(applicationaspects),andoutside
(run-timeandcompositionaspects).Due to spacelimita-
tions of this paper, in the unifiedcomponentmodelwe do
notconsidercompositionaspects.

A unifiedcomponentconsistsof therun-timesystemde-
pendentpart, and the functionalpart (seefigure 4). This
simplified view of a uniform componentpresentsapplica-
tion aspectsasvertical layerson thefunctionality, whereas
run-timeaspectsarehorizontalparallel layersto the func-
tionality. Every componentprovidesa setof databaseop-
erationsto the real-timeapplication.Theseoperationsare
containedin the functionallayerof theunifiedcomponent
model. If needed,the functionalpart could be separated
further on the policy layer, in the higher level, the mech-
anismlayer, in the lower level. This is useful, for exam-
ple, in caseswhen different scheduling(or CC) policies
mustbeexchangedthatwork onthesamemechanisms,e.g.,
SetPriority().

When a transactionentersthe databasesystem,it will
executea numberof operationsprovidedby differentcom-
ponents.To ensurepredictabilityof transactionexecution,
WCET(run-timetemporalaspect)of eachoperationneeded
by the transactionmustbeknown. Thetotal WCET of the



transactioncould then be determinedby aggregating the
WCETsof differentoperations.WCET informationfor a
specificoperationwithin thecomponentis containedin the
run-timelayer, asit dependson theoperatingsystemused,
andthehardwareplatformon which theoperationis to be
executed,i.e.,it dependsontheplatformaspectsof thecom-
ponent. Of course,the scenarioexplainedis a simplified
one. In a more realisticsituationwe mustconsidercom-
positionaspects,andthecomplexity of all categoriesof as-
pects,i.e., theWCET is only oneof therun-timetemporal
aspects.

4. RelatedWork

In this sectionwe recognizethe researchin the areaof
component-basedembeddedandreal-timesystems,andthe
databaseandreal-timeresearchprojectsthat areusingas-
pectsto separateconcerns.

The focus in existing component-basedreal-time sys-
temsis enforcementof real-timebehavior. In thesesystems
acomponentis usuallymappedto atask,e.g.,passivecom-
ponent[13], binary component[5], andport-basedobject
component[15]. Therefore,analysisof real-timecompo-
nentsin thesesolutionsaddressestheproblemof temporal
scopesat a componentlevel astaskattributes [5, 13, 15]:
worstcaseexecutiontime,releasetime,deadline.

While thereare someprojectsin the areaof real-time
systemsanddatabasesystemsthat usethe aspect-oriented
programmingparadigm,to thebestof ourknowledge,there
is no project that looks on both theseissues. Normally,
theseprojectseither focuson providing component-based
platformsfor developmentof real-timesystemsbut without
databasefunctionality [13], or focus on providing a non-
real-timedatabasewith limited tailorability usingonly as-
pects(i.e.,nocomponents)[11].

5. Summary

Designinganembeddeddatabasethatcanbetailoredfor
differentreal-timeapplicationsimpliescarefulbalancebe-
tweenapplicationrequirementandrun-timesystemrequire-
ments.TheCOMETdatabaseaimstobalancetheserequire-
ments,by having exchangeablecomponentsencapsulating
differentfunctionalities,andusethreedistinct typesof as-
pects.Thedesignof COMETis flexible,sinceinitial classi-
ficationof aspectscouldbe,if needed,extendedto include
other(typesof) aspects.

Our future work will focus on validation of the out-
lined design, and implementationof COMET. This in-
cludes: (i) developing a set of componentsand aspects,
(ii) definingrules for composingthesecomponentsinto a
real-timedatabasesystem,and(iii) developingasetof tools

to supportthedesignerwhencomposingandanalyzingthe
databasesystem.
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ABSTRACT 
In this position paper, we describe the research we have 
just initiated. We will investigate how the “maintainability” 
of a piece of software changes as time passes and it is 
being maintained by performing measurements on 
industrial systems. We present the notion of 
“maintainability”, our hypotheses, and our approach. 

Keywords 
Software metrics, Halstead measure, maintainability, 
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1. INTRODUCTION 
Many resources are spent on software maintenance. Thus, 
producing software that is easy to maintain may potentially 
save large costs. The problem of maintaining software is 
widely acknowledged in industry, and much has been 
written on how maintainability can be facilitated by e.g. 
tools and processes (see e.g. the IEEE International 
Conference on Software Maintenance, ICSM). However, 
you cannot control what you cannot measure, and there is 
yet no universal measure of maintainability. Some 
proposals have indeed been presented, but the very idea of 
measuring maintainability has inherent problems (these 
issues are discussed in section 2). 

We can in research and practice discern two ways of 
discussing the term maintainability1: either it is used very 
informally, or it is considered possible to derive a measure 
directly from source code. To be fair, those adopting the 
second view admit that any formula describing 
maintainability as a function of e.g. “relative number of 
commented lines of source code” is of limited use, and 
those having the first view have a feeling that 
maintainability has something to do with program size and 
complexity. 

                                                           
1 Although “maintainability” and “modifiability” are similar but 

by some not considered equivalent terms, will use the term 
maintainability exclusively throughout the paper.  

We have identified two areas where there is little research 
done. First, it is well known that software systems 
deteriorate as time passes and changes are made to it. We 
intend to describe this in terms of how maintainability 
changes as a system is being maintained (see section 3.1), 
rather than verifying a measure using expert judgment as is 
usually done. Second, we only know of measurements on 
code level, and will thus perform measurements on the 
architectural level and compare measurements made on 
both levels (see section 3.2). 

We are therefore about to start performing measures on the 
history of a number of industrial systems to see how 
maintainability has changed as changes are implemented. 
We hope to be able to identify “bad” and “good” types of 
changes, and learn from that how a system should be 
maintained. 

2. WHAT IS MAINTAINABILITY? 
Maintainability has previously been described mainly in 
two ways, either informally or as a function of directly 
measurable attributes. 

2.1 Informal Descriptions 
There are many text descriptions available, which are in 
essence very similar. We quote the IEEE Standard Glossary 
of Software Engineering Terminology: 

maintainability. […] The ease with which a 
software system or component can be modified to 
correct faults, improve performance or other 
attributes, or adapt to a changed environment. [15] 

There are other examples of such descriptions [3,4,36]. 
Such descriptions capture what is intuitively meant with 
maintainability, but have some problems. They do not in 
any way guide in how to estimate or measure 
maintainability. Another problem is that if we follow this 
approach and try to measure maintainability as “effort”, we 
should bear in mind that the common unit for effort, “man-
month”, is in itself very dubious [8]. 

We can also note that Pfleeger describes maintainability as 
“the probability that […] a maintenance activity can be 



carried out within a stated time interval […] [it] ranges 
from 0 to 1” ([26], italics added). 

2.2 Maintainability Measures 
Despite the subjectivity of any attempt to measure 
maintainability, great effort has been put into constructing 
formulas for describing maintainability. Following the 
opinion that maintainability “is the set of attributes that bear 
on the effort needed to make specified modifications” [16], 
we describe maintainability according to this approach as a 
function of directly measurable attributes A1 through An, 
that is: 

M = f(A1, A2, …, An) (1) 

On an informal level, this approach is quite appealing – it is 
intuitive that a maintainable system must be e.g. consistent 
and simple. However, there may be great difficulties in 
measuring those attributes and weighting them against each 
other and combine them in a function f. Any such attempt is 
therefore bound to a quite limited context – a particular 
programming language, organization, type of system, type 
of project; the skill and knowledge of the people involved 
must also be considered then drawing conclusions. Many 
researchers have tried to quantify maintainability in 
different types of measures [1,2,10,23,24,36], of which the 
most noticeable probably is the Maintainability Index, MI 
[24,32]. The Halstead source code measures proposed in 
the seventies [13,31] have been used for describing 
maintainability [31,32] (see section 3.4). 

Typically, maintainability measures are validated using 
expert judgments about the state of different systems and 
modules [10,36], while we rather investigate how the 
measures change as the software is maintained. However, 
the value of performing such an evaluation before and after 
a change is implemented has already been discussed 
[2,10,27] (although the objective of such studies has been 
to verify cost predictions); we adopt this approach but 
pursue it even longer by investigating a complete evolution 
history (very long at least) of industrial systems, measuring 
such functions after each change. 

2.3 Maintainability and Software Architecture 
Our research interests includes software architecture 
[3,6,14,33] and component-based systems [35], in 
connection with “change”. Within the software architecture 
literature, the terms “maintainability” and “modifiability” 
are often used informally as a desired feature [3,6,14,33] – 
indeed, it is one of the very goals with software architecture 
to make a system understandable, and thus maintainable, by 
providing abstractions on an appropriate level. 

One important goal for research is to make it possible to 
accurately estimate maintenance costs; such estimations 
should be done early in the development, i.e. during the 
architectural design. Such prediction models are often 
based both on the argument that maintainability must be 

discussed in the context of particular changes – it might be 
easy to perform one particular change, while another is 
virtually impossible. The use of scenarios to evaluate 
maintainability has therefore been discussed, particularly on 
the architectural level [3-7,9,17-20]. SAAM [3,19] and 
ATAM [20] are general scenario-based evaluation 
techniques with which any quality attributes can be 
estimated on the architectural level; these have been 
reported useful in practice [3,18,21]. Bengtsson has 
suggested one cost estimation model where the type of 
change (new components, modified components, or new 
“plug-ins”) of each change scenario is taken into account to 
calculate the estimated change effort [4].  

3. OUR RESEARCH 
We do not propose a new formula for maintainability, but 
will rather measure attributes Ai that have been suggested in 
literature to affect maintainability. We are not interested in 
comparing systems (i.e. answering whether system A with 
M = 82 is more maintainable than system B with M = 81) 
but rather discuss around how the maintainability of a 
single system change, thus connecting the notion of 
maintainability to the recognized problem of software aging 
and deterioration [25] (see section 3.1). The idea of 
comparing a measure before and after a change is made has 
been discussed [2,10]; however, we have not seen a study 
like the one we are describing in this paper, investigating 
changes over a long sequence of changes. 

We will perform measurements on the architectural level as 
well (this is described in section 3.2). 

3.1 Software Deterioration 
It has been noticed that software deteriorates as it ages and 
is being maintained [3,6,25,33,34]; using the vocabulary of 
Fred Brooks, a system’s conceptual integrity [8] degrades 
as changes are made to it. Our hypothesis is that this is 
discernible when measuring maintainability of a system 
during a long sequence of changes. If it is true that the 
system decays continuously, we should get a graph similar 
to the one in Figure 1. 
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Figure 1. The system deteriorates (measured in 
maintainability) as changes are implemented2. 

                                                           
2 The “change” dimension could be thought of as “discrete time”, 

with which we mean that a number of changes are implemented 
sequentially to a system. 



We will perform measurements on a long sequence of 
versions of the same system, and investigate if it is possible 
to discern any trends. However, we do not expect to find a 
graph that is so easy to interpret as Figure 1; rather we 
expect to find that the maintainability sometimes increase 
and sometimes decrease. We hope to be able to correlate 
increases and decreases in maintainability measures to the 
descriptions of the changes made (as described by change 
requests). For example, the logical change “system 
restructuring” should cause the maintainability measure to 
increase, as Figure 2 describes. 
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Figure 2. Change C’ (a restructuring of the system) 

causes maintainability to (temporarily) increase. 

Since there is no universally accepted definition of how to 
measure maintainability, we will measure a number of 
different measures that has been proposed as affecting 
maintainability. After we have collected data throughout a 
long history of at least two systems, we will focus on 
several related questions: 

• Can the changes in maintainability be correlated to 
descriptions of the logical changes done? Are there any 
specific types of changes that cause the measure to 
increase or decrease significantly? Are there 
differences between “maintenance” changes and 
“modifications”? 

• Do different measures display the same trend for the 
same change? It is quite possible that we cannot find 
any always-valid correlation – but is it possible to 
discern any types of changes that make all (or most) 
measures to show the same trend? For example, do 
“fault corrections” make two measures decrease or 
increase simultaneously? When do different measures 
show the opposite trends? 

3.2 Architecture-Level Maintainability Measures 
In the field of Component-Based software engineering, a 
future is pictured where more and more software is built 
from components, meaning binary executables (EXEs, 
DLLs, etc.) possibly developed out-of-house [35] (this 
trend is already discernible – we daresay that the absolute 
majority of systems developed today use existing 
components such as operating systems, databases, and 
graphical packages). Therefore, a big question is how to 
make component-based systems maintainable, and as part 
of that we must be prepared to measure and estimate 

maintainability on the architectural level when source code 
is no longer available. We will thus compare architectural 
and code-level measures to see if there is any correlation 
between these.  

3.3 Which Systems? 
The properties we wish the systems under investigation to 
have are listed below. 

• The system should be much used and much maintained 
so that there is a long sequence of changes, which 
means much data. 

• To make it possible to investigate the changes made to 
a system, it should have been developed using some 
sort of revision control system, from which any earlier 
version of the system can be retrieved. At least, it 
should be possible to retrieve all released versions, but 
this does not allow us to investigate individual changes. 

• There should also be a way of tracking how physical 
changes correspond to logical changes; i.e. which lines 
in which files the correction of a certain bug affected. 

However, a mature use of a revision control system and 
change requests implies that the developing organization is 
relatively mature; therefore, we can only expect our results 
to apply to other development projects with similar 
maturity. 

3.4 Measures 
This section lists the candidate measures we will use, and 
measures we have decided not to use. We have, for 
convenience, focused on attributes directly measurable from 
program code (we have therefore neither included measures 
including subjective ranking techniques, nor measures that 
includes documentation [1]) 

There is an abundance of proposed measures of program 
complexity and maintainability. We have not yet analyzed 
fully which measures will make sense, but have in literature 
identified the following candidate measures on “lexical 
level”: Lines Of Code (LOC)3, number of commented lines, 
Halstead Length, Halstead Volume, Halstead Effort, purity 
ratio, number of executable semicolons (the same as 
executable statements [22]), average variable span, average 
number of statements between two successive references to 
the same variable, number of blank lines, number of tokens, 
number of lines of data declarations, control structure 
nesting level, average number of commented lines per 
module, average number of LOC per module [13,22,36]; 
cyclomatic complexity [29]; readability of source code 

                                                           
3 There are a number of ways to count LOC – with or without 

comments, blank lines, compiler directives etc. [11,28]; 
however, since we are mainly interested in the changes, we can 
expect the choice of definition of LOC to be of minor 
importance. 



(defined as the ratio between lines of code and number of 
commented lines) [1]; number of knots [22]. We will also 
investigate the maintainability measures taxonomy  by 
Oman et al where 92 measures are listed and classified [24]. 

In addition, we have some ideas of the measurements we 
will perform on the architectural level, but have yet to 
perform a thorough literature search. This could include 
counting dependencies between components; “fan-in” and 
“fan-out” [12]; number of calls in, number of calls out [22]; 
and other measures. 

There are other “complexity measures”, which we will not 
use: neither the Function Point measure of software 
complexity [11,30], the Object Point measure included in 
the COCOMO 2 method [11], nor DeMarco’s specification 
weight metrics (“bang metrics”) [11], are directly 
measurable from source code. Each of these requires a 
manual moment since not all parameters are measurable 
from source code. One example it the rating of items as 
“simple”, “average”, or “complex”. It is of course highly 
impractical to include manual work to evaluate a large 
number of subsequent versions, and there is a high risk of 
mistakes in counting or unfairness in rating. Fenton and 
Pfleeger list 11 limitations with the Function Point measure 
[11] (although all of these need not be disadvantages in our 
case). Also, these measures were rather designed for cost 
estimations (before source code is available) than of 
performing measurements. 

4. SUMMARY 
We will, through measurements, investigate the 
maintainability of at least two industrial systems. Although 
there are proposals on how to measure “maintainability” on 
a given piece of software, we are mainly interested how 
such measures have changed over time as the software is 
being maintained. We hope to be able to discern patterns in 
why some changes make the maintainability decrease and 
others make it increase. We will also compare 
measurements on the lexical level and on the architectural 
level. 

We will use this description in our future work on software 
architecture and components, and hope to be able to 
describe how to design a system to make it maintainable. 
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Abstract: Software Distributed Shared Memory (S-DSM) systems 
support parallel programming by implementing a shared memory 
on top of distributed system. It frees programmer from communi-
cation complexities to concentrate to parallel algorithms. How-
ever, there is a drawback: current S-DSM systems waist memory 
on all processors. Therefore it is hard to be implemented to em-
bedded systems, which have small resources e.g. memory. In this 
project, we modified an implemented S-DSM system named CVM 
– Coherent Virtual Machine – to support an embedded system and 
investigate memory consumed, in order to implement an S-DSM 
system supports embedded systems. The results shows that with a 
good selection of initial values for an S-DSM system and carefully 
programmed, S-DSM system can be implemented for embedded 
system with less memory overhead and high speedup. 
 
Keywords: Software distributed shared memory, S-DSM, embed-
ded system, parallel programming. 

I. INTRODUCTION 
Even though processors for embedded computer systems 
are becoming more and more powerful there is still a sig-
nificant performance gap to PC processors and the like [11]. 
At the same time, we ask that the embedded systems can 
perform more performance demanding tasks. One promi-
nent example is image processing. In network attached 
cameras used for surveillance systems—such as the ones 
produced by Axis Communications [2]—it would save an 
enormous amount of network bandwidth if intelligent proc-
essing, for instance face recognition, could be done in the 
embedded systems serving the cameras and then only send 
the important data, e.g. the identity of the person recog-
nized, over the network.  

In order to achieve this we need more computational 
power than normally is present in embedded systems. How-
ever, we do not want to put more computational power in 
the system than needed and it is also desirable that in-
creased performance can be added incrementally and in a 
modular fashion.  

One relatively simple way to increase performance is to 
use parallelism. Several identical embedded platforms can 
be joined together to form nodes in a parallel platform that 

can be programmed as one parallel computer with distrib-
uted memory (DM). This has the advantage that we do not 
need to modify the existing platform to make use of paral-
lelism. The interconnection medium between the individual 
nodes can be the standard network or preferably a dedicated 
high-performance network for inter-node communication.  

A DM parallel platform is normally programmed with a 
message-passing programming mode such as MPI [3]. 
However, it is widely recognized that a shared address 
space programming model is to prefer since they present a 
more natural model to the programmer. Unfortunately, 
these models normally require substantial hardware sup-
port. In order to build cost-effective platforms for shared 
memory programming, S-DSM systems have been devel-
oped, e.g. TreadMarks [1] and CVM [7]. In short, an S-
DSM system provides the application program with the 
illusion of a shared memory on a collection of nodes with 
distributed memory.  

In this paper, we describe the adaptation of a well-
known S-DSM system, CVM [7], to be used in an embed-
ded computer system environment based on platforms from 
Axis Communications, and an analysis of the memory us-
age for a few parallel applications. As far as we are aware, 
this is the first time a S-DSM system has been used in em-
bedded platforms where the available memory is scarce and 
it is therefore important to study the memory usage in par-
ticular. 

Our conclusion of this work is that it is indeed possible 
to adapt CVM, which was developed for desktop and server 
type computers, to be used also in embedded systems. The 
memory usage analysis also shows that it is important to 
consider where and how much memory is allocated. For 
instance, through careful selection of the home location for 
some memory pages we are able to lower the total memory 
requirement leading to larger data sets for the applications.  

                                                           
.  

In the rest of the paper we first present some back-
ground information about S-DSM systems in section II.  
Section III describes a version of S-DSM system and mem-
ory usage in initialization stage. In section IV, results from 
applying our system in the Axis developer boards are 
demonstrated and analyzed. Finally, our conclusion is given 
in the last section

1 Presenting author, if accepted 



II. SOFTWARE DISTRIBUTED SHARED MEMORY 

A. Overview 
A software distributed shared memory (S-DSM) system 
provides the illusion of coherent memory sharing for ma-
chines connected only by a message-passing network, or by 
a non-cache-coherent memory system. Traditional S-DSM 
system provides a conceptually appealing programming 
model for processes that have been spread across a locally 
distributed cluster for the purpose of parallel speed-up. 

The idea of implementing an S-DSM system is to im-
plement a shared memory layer on top of a message-
passing layer. Many memory consistency protocols have 
been introduced and implemented to achieve this. It has 
been shown that the home-based lazy release consistency 
(HLRC) protocol is robust and that it provides good per-
formance for many different types of applications [9]. 
Therefore, we have chosen HLRC as the memory consis-
tency protocol for our system. In HLRC, as in most other S-
DSM protocols, the shared memory is divided into pages 
with fixed size. However, specific to HLRC is that each 
page is assigned with a processor called home for that page. 
Memory synchronization takes place at barriers or locks, 
thus reducing communication and ping-pong effect. At a 
synchronization point, modifications of shared memory 
pages since the last synchronization are stored in a data 
structure, called diff, and are sent to the memory in the 
home node. 

B. Shared address space protocols 
In most S-DSM systems that run on Linux OS, accesses to 
the shared memory are handled by catching a page fault 
(SEGV) generated when a memory access is made to a 
page, which is read or write protected. 

As introduced before, HLRC was selected as a protocol 
for our system. We have chosen to base our system on 
CVM, a flexible and well-documented S-DSM system sup-
porting HLRC [7]. While the protocol is well described in 
publications [9], in this part we only concentrate on mem-
ory consumed in the protocol it self.   

In HLRC, shared memory is divided into chunks of 
pages and each page has a home in one of the processor 
nodes. The home node keeps track of changes in the content 
of the page and a list of other nodes, which has a copy of 
that page. Each non-home node must ask the home node 
before accessing the page. Since all processors may request 
any page of the shared memory for reading or writing, they 
should keep list of properties of all pages, e.g. home ad-
dress, its current version etc. 

When a node—which is not the home—performs the 
first read access, it will experience a page fault (SEGV) and 
the S-DSM system will request the page, through messages, 
from the home. When a write fault occurs, if the node does 
not already have a copy of the page, it sends a request to the 
home for a copy of the page. Then it creates another copy 
of the page, called twin, in order to keep track of the modi-
fication it will make to the page that later will be communi-
cated to the home node. While the memory for the twin is 
dynamically allocated, the system also maintains a heap for 

holding write notices and diffs. A write notice is a message 
from the home with information about which pages have 
been modified and when. This provides information to the 
HLRC protocol about when it needs to request new infor-
mation from the home node. A diff is an encoding of the 
modifications made to a page by that node created from the 
modified page and the twin.  

Because of the different nature of these data structures, 
the heap is in CVM separated into two heaps: the home-
heap for holding write notices and the diff-heap for creating 
diffs.  

The execution of an application is divided into inter-
vals. An interval starts at the acquisition of a lock and fin-
ishes at the releasing point. A barrier synchronization is 
from a memory consistency point of view semantically 
equivalent to a release immediately followed by an acquire-
operation. HLRC is a multiple-writer protocol, which 
means that several nodes may modify the same page simul-
taneously in order to avoid performance problems. There-
fore, new intervals only start at a barrier or a lock request. 
Barriers and locks are thus the only two synchronization 
points in this protocol. While barriers synchronize all modi-
fied pages to their home, locks only synchronize pages with 
the owner of the lock at that time. Therefore, like pages, 
locks also need memory for the lock manager and the next 
node requesting the lock. 

III. ADAPTING AN S-DSM FOR EMBEDDED SYSTEMS 
For this study, we have built a small cluster system with 4 
Etrax developer boards, connected via 100 Mbits/s 
Ethernet. The memory system for the Etrax board consists 
of 2 Mbytes Flash ROM and 8 Mbytes RAM. The OS 
(Linux) is stored in compressed format and saved on the 
Flash ROM and is uncompressed and installed in RAM 
during the boot process. When running, a maximum of 
3 MByte of RAM is left available for applications on each 
board. We used the Linux 2.4.5 kernel version and gcc-cris2 
compiler version 2.96. 

Etrax itself is a custom-made processor used for com-
munication-oriented applications. The version we are using 
is clocked with 100 MHz and has a unified 8 KBytes cache 
memory.  

CVM is a research tool for S-DSM systems and con-
tains many different consistency protocol variations. In or-
der to adapt it to an embedded environment we first re-
moved all different protocols but HLRC, modified architec-
ture dependent points to be suitable for the Etrax archi-
tecture. By doing that, the CVM library size was reduced 
from 2 MByte to 0.2 MByte. We also implemented a very 
simple rsh server and client since these services are not pre-
sent in the developer board version of Linux. Additionally, 
we inserted more tracing information in order to track 
memory usage in applications. The result is a lightweight S-
DSM system for the Etrax developer boards that we call 
eCVM for embedded CVM. 

                                                           
2 gcc-cris is a port of gcc for the Etrax processor. 



A. Application run-time phases 
The runtime of a parallel application in this system can be 
divided into 3 phases: initialize, run, finalize.  

At beginning, an execution command is sent to the OS 
in the node 0, the master node. The OS loads the executable 
file to main memory, initializes the environment and points 
the program counter to the starting address. Then the pro-
gram starts executing and goes to initialize state. This very 
first process is called parent. The parent executes appropri-
ate instructions to invoke the same application on other 
machines. After this point, all processors go to the initialize 
state; execute exactly the same instructions, like the parent. 
Therefore, they are called parent simulation. 

In this step, the shared address space is created using 
virtual memory mapping; the memory fault handler is 
established; the communication mechanism is generated
Then, shared memory variables location is located and ini-
tialized. Since all processors are running exactly the same 
code, and eCVM is running in a homogeneous system, all 
parallel processes have the same status, including the mem-
ory variables’ virtual addresses and values, except for in-
formation on how to recognize the process itself in the 
system. Finally, connections to others processes are estab-
lished. 

. 

After the initialization, all processes go to running 
phase and really execute in parallel. Memory consistency is 
automatically handled by the system.  

In the finalize phase, statistics information is collected; 
memory is released and the application is finished. How-
ever, in CVM, and most of the other system, the memory 
releasing is skipped. The job is passed to OS do the garbage 
collection.  

B. The effect of system parameters on memory usage 
There are four parameters specified in an S-DSM system—
using the HLRC protocol—that affect the memory resource. 
They are: 
• The maximum number of shared memory pages that 

the system can manage: MAX_PAGES. 
• The number of pages which the system pre-allocates to 

use each time: NUM_PAGES 
• The maximum number of processors the system can 

use: MAX_PROCS 
• The maximum number of locks to be used: 

MAX_LOCKS 
 
We used two different sets of parameter to investigate 

the memory usage according to Table 1. 

Table 1. Different sets of system parameters used. 

 Set 1 Set 2 
MAX_PAGES 8192 512 
NUM_PAGES 200 200 
MAX_PROCS 32 32 
MAX_LOCKS 4110 500 

 

The first set takes common parameters using in standard 
CVM system. The second set was taken considering the 
maximum free memory that can be used in our system. 

As shown in Table 2, CVM takes less than 1MB of 
memory for management purpose, which is very small for 
workstations because they have large memory and virtual 
memory. However, in embedded system like ours, it could 
be over 10% of the total memory resource and is about 30% 
of maximum free memory for an application.  

Table 2. Memory needed at initialization of the system. 

Size (KBytes) Memory for 
Set 1 Set 2 

Affected by pa-
rameters 

Page management 49.6 49.6 NUM_PAGES 
Page copy sets 32.0 2.0 MAX_PAGES 
Home management 80.3 12.8 MAX_PROCS, 

MAX_PAGES 
Locks 722.5 87.9 MAX_LOCKS 
Total 884.4 152.3  
 

We observed that the maximum problem size decreases 
when the number of processors increases (see Table 3) and 
it is independent on number of iterations in iterative algo-
rithms. A reason for this is that the main process, process id 
0, uses a system command to invoke a shell to execute rsh. 
It thus allocates memory to initialize the environment and 
does not return it when done. Besides that, resources for 
holding connections and preparing the exchange of mes-
sages increase when the number of nodes increases. 

Table 3. Maximum problem size vs. number of proces-
sors for two different versions of SOR. 

Number 
of nodes 

1 2 3 4 

SOR 590x590 540x540 520x520 520x520 
ID_SOR3 590x590 775x775 885x885 1000x1000 

IV. APPLICATION STUDIES 

A. Speedup 
Lacking good parallel applications for high-performance 
embedded systems, we have used five applications from the 
CVM distribution to evaluate our new system [7]. They are 
SOR, Water, FFT, QS and TSP. The programs originally 
come from the SPLASH benchmark suite and have been 
described in detail elsewhere so we do not explain the algo-
rithms here [6]. 

Because of the limited memory resource on the devel-
oper boards, the applications can only run with relatively 
small data sets as given by Table 4. Most of applications 
got speedup of about 3.5 or higher with four processors. 
The performance speedup will be discussed in more detail 
in the next section.  

                                                           
3 ID_SOR is a modified version of SOR, in which the 
shared memory is initialized by it’ home only.  



Table 4. Shared memory usage and execution time of 
applications 

 
Figure 1 shows the relative speedup of our applications. 

All applications except QS exhibit a relatively good 
speedup. One reason for this good speedup is that the Etrax 
processor does not have hardware support for floating point 
arithmetic. Therefore, even with a small problem size, the 
computation-to-communication ratio (CCR) is still quite 
large; the shared memory exchange between processors is 
small (see Table 4) causing low overhead from the underly-
ing system. This is confirmed in QS, which was running 
with large problem size but the CCR is low and the shared 
memory is accessed heavily. 
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 (125 molecules) 11 1245.1 
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QS (150000 
elements) 386 27.8 

TSP (19 cities) 99 735.6 

Figure 1. Speedup of benchmark applications. 

B. FFT 
Figure 2 shows a typical diagram of the memory usage for 
the four nodes in eCVM after the initialization stage. From 
now on, with memory without further explanation we mean 
the local memory used in the system only. The shared 
memory space used in the application is not shown in the 
figures. 

The four diagrams in the figure show the amount of 
memory allocated in eCVM for the four different proces-
sors. We can see that node 0 always uses 32 KByte more 
memory than the other does after the initialization stage 
(time 0). The graphs for nodes 1-3 are show a characteristic 
with spikes of high memory usage. A spike indicates a syn-
chronization point—i.e., a new consistency protocol inter-

val—, in which memory is allocated for creating diffs that 
are sent to home. Then that memory and the corresponding 
twins are deallocated. The increase of memory usage be-
tween spikes shows that a write fault on a remote page oc-
curred and a twin was made. There is also a slight steady 
increase of allocated memory after each synchronization 
point. This small amount of memory is used to store the 
time stamp of pages (the version of page) to keep track of 
how pages are modified. However, we would only need to 
keep the last time stamp but since this memory leakage is 
quite small, we have chosen to ignore it for now.  
 

 
Figure 2. Memory usage vs. time in FFT (16x16x16) 

C. SOR 
In SOR, the memory used for matrix elements is allocated 
in shared memory. However, communication only occurs 
across the boundary rows between bands and it is for read 
only.  

Figure 3 shows that many twins and diffs are generated 
regularly when executing SOR. This is because the matrix 
is allocated continuously in the shared memory space; 
therefore, it may happen that a processor owns a row over a 
page boundary and the next page is assigned to another 
processor. It also may happen that a boundary row spans 
over two pages although its size was less than a page size. 
This causes more memory access faults than expected. 

Although the overhead for creating twins and to gener-
ate diffs is low [10], it is simple to insert some pads before 
and after a boundary row to make sure that it spans over 
one or more entire pages. We observed that this effectively 
removed the overhead of creating twins and generating 
diffs. It also reduced the number of page faults. 



Table 5. Average time spent on each part of each proc-
essor in one iteration. 
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By using a number of rows divisible by 8, e.g. m=504, this 
local load imbalance was isolated and we thus got a 
speedup of 3.9 on 4 processors instead of 3.5 (see Figure 5). 
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In both cases, with and without inserting pads, although 
the matrix was divided into balanced parts for each of proc-
essors, there was still load imbalance (see Figure 4). Proc-
essors 0 and 2 had to wait longer time than processors 1 and 
3 at barriers.  
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m=500,  c: SOR padded m=504 

D. QS and TSP 
The quick sort (QS) and traveling salesman problem (TSP) 
algorithms are well described in [5]. They parallel versions 
use the same algorithms. However, recursion is replaced by 
a shared pool of jobs in which all processors can take out a 
job in turns and put new jobs. Load balancing is implied in 
this sort of algorithms, because the one, which served heav-
ier jobs, was served less number of jobs than others. Locks 
are used to protect and synchronize the shared memory 
among processors instead of barriers.  Figure 4. System overhead time specification in SOR. 

When running on 4 processors, the overhead of S-DSM 
system took average of 61% of the execution time of QS 
and about 8% in that of TSP. We gained a speedup of 1.3 
with 2 processors and the same speedup with 4 processors 
in QS. This can be explained by the workload of QS was 
small (see Table 4).  

In each iteration, the computation on each processor is di-
vided into two parts separated by two barriers. The first part 
computes all black elements; the second computes all red 
elements. If the number of rows is not divisible with eight, 
when running on four processors, then processors 0 and 2 
start with a black element and the processors 1 and 3 start 
with a red element. Although the total number of red and 
black elements assigned to each processor is equal, the 
number of red elements is different for processors 0 and 2 
compared with 1 and 3, and so does the number of black 
elements. This caused a load imbalance between two parts 
on a processor (see Table 5). We call it local load imbal-
ance.  

As shown in Figure 6, the memory used for making 
twins and diffs was as much as double the amount of shared 
memory allocated. Intuitively, one might think that distrib-
uting pages among processors may reduce the local mem-
ory usage because it will reduce the number of diffs and 
twins. However, this did not help. The overhead of the S-
DSM system even increased. One reason is that although 
the number of diffs and twins was reduced, the number of 
exchanged messages was increased and the overhead of  
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sending messages is well-known from other studies on S-
DSM systems [8].  

V. DISCUSSION AND CONCLUSION 
One way of reducing the duplication of the initialization 
step is to implement a “fork-like” function. As we all know, 
fork creates a new process and copies the environment and 
parent page tables to create a unique task structure for the 
child. Then the “parent simulation” is unnecessary, the 
child processes will only access memory pages it really 
needs. It thus reduces the memory consumed in those proc-
esses for shared memory. However, with this solution, the 
parent process still suffers from the initialization step. It 
accesses all shared memory pages during the initialization; 
therefore lack of memory is still a problem.  

A large number of shared pages requested in QS were 
because of its upper bound parameters: 
MAX_SIZE = 768K elements which is about 384 pages. 
The amount of memory really used was 150000 elements, 
which corresponds about 74 pages. However, by a property 
of Linux, a memory page is only allocated at the first refer-
ence, therefore this large amount of pages did not affect the 
amount of shared memory. The only negative impact it had 
was the increase of local memory for managing pages. This 
cost 49 Kbytes extra. Thus, a carefully selection of the ini-
tial parameters for each architecture in an S-DSM system 
will reduce large amount of memory usage, especial in em-
bedded systems. 

The local memory used for making twins and generat-
ing diffs may as large as double the shared memory used. 
Distribution of home pages among all processors may re-
duce this memory but it may increase the memory used for 
producing messages at synchronization points. This was 
confirmed in figures of memory used in TSP and TSP_D 
(home pages distributed over processors).  

For producer/consumer problems, like the boundary 
rows in SOR, dynamic mapping of shared memory will 
reduce a large amount of memory for creating twin and 
making diffs in the consumer. Clearly, every time a page 

fault occurs in the consumer, it fetches the page from home 
(producer) into its local memory only. Whenever the pro-
ducer updates its data, it should announce that to the con-
sumer. This is an adaptation of the invalidation protocol. 

We have shown in this study that it is possible to 
achieve high speedup with a software distributed shared 
memory system in a cluster of embedded processing nodes. 
However, lack of memory resources is a major problem in 
S-DSM systems on such platforms. However, we have only 
studied with a maximum of four processors. A study with 
16 or more processors for scalability would give better use-
ful information. 

Due to the difficulty of finding and parallelizing appli-
cations to run on embedded system, all benchmark applica-
tions were taken from scientific computing world. They are 
rarely run in this kind of systems. A study on classifications 
of common applications run on embedded system and their 
parallelized versions would be of interest. 
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ABSTRACT
In embedded systems, memory is a scarce resource and great
attention must be given to memory management. A novel
approach of applying priorities to memory allocation is pre-
sented and it is shown how this can be used to enhance the
robustness of real-time applications. Focus is on systems
with automatic memory management, but the ideas are also
applicable to manually managed memory. In systems with
automatic memory management, the proposed mechanisms
can also be used to increase performance by limiting the
amount of garbage collection work. Furthermore, a way of
introducing priorities for memory allocation in a Java sys-
tem without making any changes to the syntax of the Java
language is proposed. This has been implemented in an ex-
perimental Java virtual machine.

*This is a shorter version of a paper to appear at the In-
ternational Symposium on Memory Management (ISMM),
Berlin, Germany, June 20-21, 2002.

1. INTRODUCTION
With the recent development in small, cheap and fast proces-
sors for embedded systems and the emerging trend of writ-
ing embedded applications in high level object oriented lan-
guages, the performance limiting bottleneck may no longer
be CPU time but rather memory and memory management.
This is accentuated by the high relative cost of memory in
embedded systems and systems on chip.

Memory management is a system-global problem and cur-
rently puts a great responsibility on programmers. For in-
stance, a memory leak or excessive memory allocation in one
module of a system will eventually cause the entire system
to run out of memory and fail. Therefore it is interesting to
study whether it is possible to apply priorities to memory as
well as CPU time allocation; just as we don’t want an im-
portant process to be delayed because a less important one
is executing we don’t want an unimportant memory alloca-
tion to cause a critical process to fail or be delayed, because

the system runs out of memory or has to do a large amount
of garbage collection work to satisfy its allocation needs.

We propose a novel approach which addresses two problems:
firstly, how to increase program robustness by avoiding out-
of-memory problems and secondly, to increase application
performance in systems with automatic memory manage-
ment by reducing the garbage collection (GC) workload.
Section 3 briefly describes both aspects, whereas the rest
of the paper will focus on the robustness issue.

While this paper focuses on object oriented systems with
garbage collection, especially Java, the robustness issues
should be equally applicable to any memory allocator.

A note on terminology; in order to avoid confusion we will
use the terms high priority (HP) and low priority (LP) to
denote the CPU time priority of a process and the terms
critical and non-critical for our new notion of priorities for
memory allocations.

2. BACKGROUND
It has been shown that it is possible to schedule GC work
in such a way that high priority processes are not disturbed
by using a technique called semi-concurrent garbage collec-
tion scheduling [3]. The fundamental idea of this technique
is that since we don’t want the high priority processes to
be delayed by garbage collection, we suspend the garbage
collector when they are executing. The GC work neglected
during the execution of the high priority processes is then
performed in the pauses between the activations of high pri-
ority processes. The remaining CPU time will be divided be-
tween executing low priority processes and performing GC
work motivated by the actions of the LP processes, using
traditional incremental techniques [5].

Basically, a system using this strategy can be described as
having three levels of priority:

1. High priority processes

2. Garbage collection required to satisfy the high priority
process

3. Low priority processes and traditional incremental garbage
collection

Figure 1 shows how the CPU time will be used in a system



with one periodic high priority process and one low priority
process.

Coupled with good worst case execution time and memory
requirements estimates and a good garbage collection work
metric, semi-concurrent garbage collection scheduling allows
us to make hard real-time guarantees for the high-priority
threads by using traditional schedulability analysis.

Priority

LP/GC

HP

GC

HP

GC

LP/GC LP/GC

Time

Figure 1: Dividing the CPU time between processes.
The system consists of one periodic high priority
process (HP) and one low priority process (LP).
Whenever a high priority process is suspended, and
no other HP process is eligible for execution, the
garbage collector (GC ) is run. GC work is also in-
terleaved with the low priority process using tradi-
tional incremental garbage collection.

3. APPLYING PRIORITIES TO MEMORY
ALLOCATIONS

We like to view memory allocation as any other resource al-
location. Our goal is to provide run-time system support for
doing the most important memory allocation if the system
has limited memory in analogy with how the process sched-
uler makes sure that the most important process is run and
less important ones are delayed if CPU time is scarce.

3.1 Avoiding out-of-memory situations
A high priority process in an embedded system may per-
form other tasks1 in addition to its core functionality. For
example, a digital controller process may produce log data
in addition to calculating and outputting its control signal.
In such a process, memory allocations by the less important
tasks (e.g., producing log data) must never interfere with
the core functionality (calculating the control signal).

This can, of course, be achieved by manually ensuring that
the amount of log data never exceeds a certain value, e.g., by
using a bounded buffer for delivering it to the logger process.
Doing this manually has the drawback that the size of the
buffer has to be calculated and this calculation is highly plat-
form and application dependent. (I.e., each time a change
that affects the application’s memory allocation behaviour
is made, the maximum amount of non-critical memory has
to be recalculated.) If more than one process does unrelated
non-critical memory allocations, the complexity of manag-
ing this increases rapidly. Thus, manual solutions require a
1The word task is used in the sense “a piece of work to be
done” and not in the real-time programming sense. For the
latter, the words process and thread are used.

lot of work and risk beeing unnecessarily conservative, error
prone, or both.

Our approach to this problem is to transfer the responsibility
for making the decisions about when to allow non-critical
memory allocations from the programmer to the run time
system. Then, the only a priori calculation that has to be
done is to calculate the amount of critical allocations done
by each (high priority) process during its period and this
depends only on the application and not on any properties
of the target platform.

This approach can also be used to provide a “limp home”
mode, i.e., a mode of operation with lesser performance but
radically lower memory consumption that will allow the ap-
plication to continue executing in an out of memory situa-
tion, facilitating a more graceful degradation. This may be
useful for adding some amount of predictability to applica-
tions with non-predictable memory allocation behaviour.

Finally, non-critical memory allocation gives programmers
the possibility to add more features to a system without
risking that these additions cause the system to run out of
memory and jepoardise the core functionality of the system
even if it is moved to a smaller platform. E.g., a low priority
process with only non-critical memory allocations cannot
cause a system to fail since, if the CPU load is dangerously
high it will not get any CPU time and if the amount of
memory is too low, it will not be allowed to allocate any
memory.

This also has the advantage that it makes it easier to make
hard real-time guarantees since worst case and schedulabil-
ity analysis only has to be done on the critical parts of the
system. Such analysis still has to be done using existing
techniques [6, 10, 7].

3.2 Improving performance by reducing the
GC workload

Another reason to limit non-critical memory allocations is
to reduce the amount of garbage collection work needed and
thereby increaseing the amount of CPU time available to the
application. This can, in turn, improve the application’s
performance by e.g., allowing more accurate calculations or
a higher sampling rate.

Furthermore, in a real-time GC system, such as the one de-
vised by Henriksson [3], additional memory allocations done
by a high priority process may cause starvation of low pri-
ority processes; either directly, through increased execution
time, or indirectly, due to the increase in GC work caused
by these allocations (since the garbage collector for the high
priority processes run at a higher priority than the system’s
low priority processes). In complex systems, however, the
LP process may be more important for good system perfor-
mance than a secondary task of the high priority process.
By using priorities for memory allocations, the application
may be written so that, if the system runs low on memory,
the primary tasks of both the HP and the LP processes are
executed, but the less important task of the HP process is
not.



4. NON-CRITICAL MEMORY ALLOCATIONS
The semi-concurrent garbage collection scheduling model in-
troduces a special garbage collection scheduling for the high
priority processes in order to guarantee that they are never
delayed. In this work we take this a step further by also con-
sidering the behaviour of the memory allocator and the risk
of running out of memory, due to, for instance, unpredictable
application behaviour or even wrong worst case estimates.
This is done by introducing the notion of non-critical mem-
ory allocation requests, i.e., requests for memory that the
run-time system may choose to deny without causing the
program to fail.

Ultimately, what we want to do is to keep the amount of
live non-critically allocated memory below a certain limit in
order to make guarantees that critical allocations never will
fail. Unfortunately, live memory amount is not a very suit-
able measurement, since keeping track of this is not always
practically possible 2. In automatically managed memory
systems, where we have the problem with floating garbage3,
there is no real way of knowing how much live memory there
is in the system. The only factor we can be sure of is the
amount of memory available for allocation, so we need to
base our decisions on this.

4.1 Non-critical allocation limit
The decision whether to grant or deny a non-critical memory
allocation request has to be as simple as possible if it is to
be used in high performance applications. We do this by
introducing an allocation limit for non-critical allocations;
if there is less free, or allocatable4, memory than this limit,
no non-critical allocations may be done. This limit will vary
over time; at the start of a GC cycle, we have to reserve
memory for all the HP memory allocations needed during
this GC cycle and then, as the HP process runs and does
its allocations, the amount of reserved memory is reduced
accordingly. Figure 2 shows schematically how the amount
of allocated, reserved and free memory varies over a GC
cycle.

When deciding whether to grant or deny a non-critical mem-
ory request, we look at how much allocatable memory there
is, and how much memory we need to reserve for the HP pro-
cess so that all its remaining memory allocations during this
GC cycle will succeed. Let n be the number of HP periods
in a GC cycle, and mHP the amount of memory allocated
during each period by the HP process. Then, i HP periods
into a GC cycle we need to reserve RHPi = (n − i) mHP

bytes for the remaining HP periods during this GC cycle.

2In systems with manual memory management it would be
trivial to keep track of the amount of live non-critical mem-
ory, since objects are explicitly deallocated. The only prob-
lem here is the possibility of fragmentation.
3Floating garbage is memory that is no longer reachable
from the application but has not yet been reclaimed by the
garbage collector.
4Allocatable memory is memory that is immediately avail-
able for allocation. We prefer the term allocatable memory
to free memory since, depending on the memory allocator
or garbage collection algorithm used, the term free mem-
ory may be difficult to define or even irrelevant. E.g., in a
non-compacting system, the amount of free memory may be
much larger than the amount of allocatable memory due to
fragmentation.
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Figure 2: A schematic figure showing the limit for
non-critical allocations. The dotted lines indicate
the times where the non-critical limit is equal to the
amount of allocatable memory, i.e., when the system
starts to deny non-critical allocation requests.

Non-critical memory allocations should only be allowed if
they won’t cause the amount of allocatable memory to drop
below RHP .

4.2 Fixed GC cycle length
In order to be able to guarantee that the HP process always
will get the memory it requests, we need to make sure that
the GC always keeps up with the application. I.e., after
each invocation of the HP process, the GC must do enough
GC work so that all the allocations during the next HP pro-
cess invocation will succeed. Given the amount of memory
allocated by the HP process each period and the amount
of memory reserved for HP allocations we can calculate the
GC cycle time expressed in number of HP process periods.
We call this time the nominal GC cycle time.

To ensure that no HP allocation fails, we need to complete
each GC cycle within this time, even if the actual amount of
allocations done during the current GC cycle are less than
the worst case. Otherwise, the situation may arise that there
is allocatable memory left, but not enough for another com-
plete HP process invocation. If a HP process is started at
that time, it will require more memory than currently avail-
able and thus, that HP process will be delayed by panic
garbage collection.

5. NON-CRITICAL MEMORY IN JAVA
The main objective when implementing these ideas in a Java
environment was that no changes to the syntax of the Java
language should be made, and that programs written for our
system should work on any Java platform (but, of course,
without the added sematics of non-critical memory alloca-
tions.)

Our proposed approach is to use the exception mechanism
of Java, so we define a special exception class,
NoNonCriticalMemoryException, with the added semantics
that all allocations that are done in a block which catches



that exception are non-critical. Figure 3 shows a simple
program which does both critical and non-critical memory
allocations. This program will run on any Java platform
with the only addition of an (empty) exception class.

void example(){
Object aCriticalObject = new Object();
foo(aCriticalObject); // do something important
try{

Object aNonCriticalObject = new Object();
foo(aNonCriticalObject);
doSomething();

// do something
// if the non-critical
// allocation was successful

} catch(NoNonCriticalMemoryException e){
// non-critical allocation failed

}
}

Figure 3: Small example program. The allocation of
aCriticalObject is always done, but the allocation of
aNonCriticalObject may be denied. If the allocation
fails, a NoNonCriticalMemoryException is thrown and
may be handled in the catch-clause.

Non-criticality is transitive, i.e., memory allocations done in
a method that is called from a non-critical region, like the
calls foo(aNonCriticalObject) and doSomething() in Fig-
ure 3, are also non-critical. Note, however, that the first call
to foo(), foo(aCriticalObject) is not non-critical since
the call is not made from a non-critical block. This be-
haviour is preferable since an auxilliary function could be
called both from critical and non-critical regions of the same
program.

The exception class NoNonCriticalMemoryException is an
unchecked exception in order to make such transitivity pos-
sible without having to litter the code with try and catch

clauses. An instance of this class can be statically allocated
to avoid wasting memory.

We have made an experimental implementation using the
IVM (Infinitesimal Virtual Machine) [4], a very compact
real-time Java virtual machine currently being developed
at the Department of Computer Science, Lund University.
Currently, we explicitly turn non-critical allocations on and
off using a native method IVM.setMemoryPriority(). This
is not fundamentally different from our proposed approach
since the setMemoryPriority() calls could be inserted au-
tomatically by the class loader as the exception catching
table is set up (much in the same way as monitorenter and
monitorexit are generated for synchronized blocks). This
is, we believe, a better approach than dynamically check-
ing whether NoNonCriticalMemoryException is caught at
each allocation, since such a run-time check would be more
expensive.

6. EXPERIMENTAL RESULTS
We have implemented these ideas in a simple control system.
For the experiments, we used a lab process with a ball on a
beam. The angle of the beam is controlled in order to roll
the ball to a given position on the beam, see Figure 4.

100-10

Figure 4: The ball-on-beam process. The beam can
be rotated to roll the ball to the desired position.
The position of the ball is in the interval [−10, 10].

The control was done by a Java application consisting of
three threads; a user interface (low priority), a reference
generator (high priority) and a controller (high priority). In
addition to doing the actual control, the controller thread
sends log data back to the user interface thread.

6.1 Avoiding out-of-memory situations
We have encountered two scenarios where non-critical mem-
ory allocations can help making sure that a change to a pre-
viously working system doesn’t risk breaking it: increasing
the sampling rate of the controller and reducing the amount
of memory available to the application.

When the sampling rate is increased, the controller both uses
a greater part of the CPU time and allocates log data at a
higher rate until we get to a point where the user interface
thread doesn’t get the CPU time needed for consuming all
the log data and the application runs out of memory and
fails. By making the log data allocations non-critical, this
cannot happen and the control is not affected.

Reducing the available memory5 will, obviously, at some
point cause the application to fail. However, by making the
allocation of log data non-critical, the minimum memory
requirement for the application may be significanty reduced
compared to the original version.

The following traces illustrate the first scenario. In these
experiments, the period of the reference generator and the
controller was both 20 ms, and a log data object about
60 bytes. Figure 5 shows a run of the ball-on-beam sys-
tem without non-critical memory. The high allocation rate
causes a large GC workload and the UI process is starved,
eventually leading to failure. Figure 6 shows the same sys-
tem where the allocation of log data has been made non-
critical. The majority of the log data allocations are still
made, but the allocation is kept at a sustainable level. Fig-
ure 7 shows a close-up of Figure 6 where you can see the
non-critical behaviour more clearly.

6.2 Improving performance
Our experiments also indicate that it is possible to achieve
better control performance by limiting the amount of non-
critical memory allocations. The plots in Figure 8 show two
runs of the ball-on-beam application without and with non-
critical memory allocations enabled, respectively.

In the version without non-critical allocations, the high al-

5This could occur either by actually running the system on
a smaller platform or, perhaps more likely, by adding more
threads to the system.
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Figure 6: A run of the ball-on-beam system with log-data allocations made non-critical. In the thread plot
you see that the UI thread gets CPU time throughout the run. The third plot shows the amount of memory
allocated by low priority processes during this cycle. The fourth plot shows if non-critical allocations succeed
or not; high level means success and low level is deny.
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Figure 7: Closeup to show the non-critical memory behaviour.The dotted line in the freemem plot is the
non-critical limit.
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Figure 5: A sample run of the ball-on-beam sys-
tem without non-critical memory. The UI thread
(3) doesn’t get enough CPU time to consume all
plot data that is produced. After t = 75 it is to-
tally starved by the GC. Then, less and less mem-
ory is available and more and more CPU time is
spent doing (panic) GC. In the first half of the run
the controller(1) and reference generator(2) threads
run unimpeded, and the control was OK until t = 90.
After that the amount of panic stop-the-world GC
caused so long delays that the controller dropped
the ball. The CPU load is almost 100% and the idle
thread (0) is not run except in the very beginning.
The reason that the maximum amount of allocatable
memory increases in the middle is that when the GC
cycles get shorter there is less floating garbage.

location rate occasionally forces the garbage collector to do
a full garbage collection cycle in order to reclaim enough
memory to satisfy the allocation needs. This delays the
high priority controller process so that it misses its deadline
which, in turn, degrades the control performance.

When the allocation of log data is made non-critical, the
allocation is kept below the safe limit and the system runs
as designed, with more consistent control performance.

7. RELATED WORK
7.1 Memory Management in Real-Time Java
There are two specifications for real-time Java; The Real-
Time Specification for Java (RTSJ) [2] and the Real-Time
Core Extensions (RTCE) [1]. They both try to solve the
real-time garbage problem by avoiding it, using region based
approaches to memory management for the real-time threads.
The non-real-time threads do their memory allocation on a
heap with traditional garbage collection.

RTSJ uses scoped memory areas for the high priority threads.
Objects allocated in scoped memory areas are not garbage
collected but instead the whole memory area is reclaimed
when the program exits the scope in which the memory area
was allocated.

The access restrictions associated with scoped memory (e.g.,
objects allocated on the heap may not reference objects in
scoped memory, and real time threads aren’t allowed to ac-
cess the heap6) make inter-thread communication more diffi-

6Since the heap is garbage collected, real-time threads with
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Figure 8: Plots showing the reference value and
the measured position for the ball-on-beam pro-
cess. The upper plot shows the system without
non-critical memory allocations and the lower plot
shows the system where the allocation of plot data
is non-critical. The irregular behaviour in the upper
plot, around samples 2500, 4000, 6000, and 8500, is
caused by the controller process being delayed by
the garbage collector due to the program running
out of allocatable memory and forcing a complete
garbage collection cycle.

cult. Real-time threads, however, may share scoped memory
areas.

In RTCE, real-time objects are allocated in core memory,
and may not access objects on the garbage collected baseline
heap. Objects on the heap may, with some restrictions, ac-
cess core objects through special method calls. Core objects
are allocated in an allocation context. When an allocation
context is released, all objects in it may be eligible for recla-
mation but, since there might be references from the baseline
heap, the actual reclamation is done by the baseline garbage
collector when all of the objects in the allocation context are
unreachable. Thus, a non-real-time garbage collector is used
to reclaim the memory used by the real-time processes.

In RTCE, there are no limitations on which allocation con-
texts objects may reference so it is up to the programmer not
to release an allocation context when it is still referenced.

RTCE also specifies stack allocation of real-time objects,
which are to be automatically reclaimed as the scope is ex-
ited. To allocate stack objects, a set of restrictions apply
and the reference must explicitly be declared stackable.

Under both of these specifications, the same behaviour as
our system can be achieved by using one memory area (or

hard time constraints must be of the type NoHeapReal-
TimeThread in order to avoid interference from the garbage
collector.



allocation context) for critical memory and another (or the
heap) for the non-critical objects. The drawbacks of these
approaches compared to ours are firstly that a much higher
responsibility is placed on the programmer and that garbage
collection cannot be used for the real-time threads and sec-
ondly that the access restrictions make communications be-
tween e.g. low and high priority threads more complicated.

7.2 Worst case analysis
Good worst case estimates for execution time[8] and memory
usage[7] are crucial for making any kind of real-time guaran-
tees. The experimental tool Sk̊anerost[9] developed at our
department provides interactive worst case execution time
and memory consumption analysis based on timing schema
and source code annotations for (currently a subset of) the
Java language.

8. CONCLUSIONS
We have introduced the idea of applying priorities to mem-
ory allocation and shown how this can be used to enhance
the robustness of real-time applications. The advantage
this approach gives is twofold; firstly, it provides run-time
support for prioritizing memory allocations if there is not
enough memory for all allocation requests. Secondly, but
equally important, it makes it easier to provide hard guaran-
tees since the worst case memory usage calculations only has
to be done for the critical parts of the system as non-critical
allocations cannot cause the system to fail. Furthermore,
we also suggest that the same mechanisms could be used
to increase performance by limiting the amount of memory
allocation and, consequentially, GC work.

Our approach is based on the notion of non-critical memory
allocation requests, which can be used by the programmer
to indicate that the memory allocations done in a certain
part of the program are less important than the rest. Such
non-critical allocations may be allowed to fail if the run-
time system decides that that memory could be of better
use elsewhere or that the increased garbage collection work
would degrade system performance.

We also propose a way of introducing non-critical memory
allocation in a Java system without making any changes to
the syntax of the Java language and we have implemented
this in an experimental Java virtual machine.

Preliminary experiments show that this mechanism is fairly
easy to implement and can improve the robustness and per-
formance of a control application by restricting its operation
to the critical tasks if the system runs low on memory. It
allows the programmer to write a system that performs bet-
ter if run on a faster and larger system but whose critical
tasks won’t fail if it is run on a system with less than ideal
amount of memory. Instead, the non-critical features of the
system will automatically be turned off if there isn’t enough
memory for them to be safely executed.
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Abstract
A protocol for real-time communication over a wireless
channel, based on concatenated codes using iterative
decoding is proposed. The concept of deadline dependent
coding (DDC), previously suggested by the authors, to
maximize the probability of delivering the information
before a given deadline, is further developed to include
concatenated codes. The strategy of DDC is to combine
different coding and decoding methods with automatic
repeat request (ARQ) in order to fulfill the application
requirements. These requirements are formulated as two
Quality of Service (QoS) parameters: deadline (tDL) and
probability of correct delivery before the deadline (Pd),
leading to a probabilistic view of real-time communi-
cation. An application can negotiate these QoS parame-
ters with the DDC protocol, thus creating a flexible and
reliable scheme.

1 Introduction
The tremendous development in wireless communication
has provided opportunities in many related fields, such as
remote sensing, monitoring, and control. New
technologies and products are introduced into the market
at an ever-increasing rate. This wireless evolution offers
improvements for industrial applications, where
traditional wireline solutions have prohibitive problems
in terms of cost and feasibility. Wireline implementations
are for example not cost efficient for large, temporary
production lines, and may not be feasible at all for
systems including rotating or high mobility machinery
such as measurement and control of moving objects.
Another sample application, requiring wireless access, is
communication to and from different kinds of vehicles in
factory automation situations.

Monitoring and control of industrial applications
often introduce strict real-time constraints in order to
guarantee proper operation. A time-critical system or a
real-time system is characterized by the fact that it has
deadlines to meet. In this work, we are interested in real-
time communication systems where the timeliness of the
delivered data is equally important as the correctness of
the delivered data. This provides a challenge for wireless

real-time communication due to the harsh
communication environment encountered when
transmitting over a wireless channel. The inherent
consequence is a relatively high error rate, making the
wireless channel unreliable in comparison to optical
wireline channels. This has limited the extensive use of
wireless access in real-time systems. Implementations of
wireless communication systems for industrial use,
guaranteeing real-time delivery, have been attempted,
however, no general framework has been suggested. As a
consequence, it is not straightforward to evaluate the
general dependability of such systems with respect to
real-time delivery and reliability.

1.1 QoS in Real-Time Communication
The literature in the real-time field often discusses two
different classes of systems, hard and soft real-time
systems. In a hard real-time system, late delivery cannot
be tolerated. In contrast, in a soft real-time system a
specified low probability of late delivery is tolerated,
while permitting performance degradation by relaxing
the real-time constraints. In this work we use a
probabilistic view of the real-time constraints. This
means it is no longer meaningful to talk about hard or
soft real-time systems. We rather talk about deadline for
delivery and the probability of succeeding in delivering
correct information before this deadline. We therefore
use two parameters: deadline (tDL) and probability of
correct delivery before deadline (Pd). They can be
viewed as Quality of Service (QoS) parameters of the
real-time communication system. It follows that a
protocol can negotiate these parameters with an upper or
a lower layer. The protocol can then either reject or
accept a request, guaranteeing the delivery based on the
given values of the QoS parameters. If the request cannot
be accepted the application can possibly re-negotiate.
One of the objectives of the real-time communication
protocol is to maximize the probability that the
communication system will be able to accept the request.
Note that a hard real-time system defined using these
QoS parameters will have Pd=1, a situation that cannot
be achieved in any physical system due to noisy channel
conditions, [1].



1.2 Deadline Dependent Coding
The main idea behind the concept of Deadline Dependent
Coding (DDC) [2] is to make all aspects of the
communication protocol deadline dependent. The
protocol should also attempt to minimize the required
bandwidth, the transmitted energy and the time required
to successfully deliver the information. The QoS
parameters tDL and Pd are mapped onto a retransmission
protocol, which plays the role of maximizing the
probability of correct delivery before deadline, using a
minimum of resources. In a multiple access radio system,
multiple access interference (MAI) is encountered.
Hence, it is important to limit the interference created by
the acting nodes. Consequently, another advantage of a
carefully designed retransmission scheme is that we only
use the required amount of redundancy suitable for the
current channel condition and thus the amount of MAI is
reduced.

The DDC scheme differs from existing
communication protocols in a number of ways. Most
importantly, DDC explicitly uses the deadline to control
the transmission suite. There are a number of real-time
communication protocols, e.g., [3] and [4] that are best
effort protocols and consequently do not give any
guarantees or explicit predictions on the probability of
delivery. Other protocols have been developed, which
guarantee hard deadlines [5], [6]. They depend, however,
on a reliable channel, while DDC in contrast strives to
maximize the probability of correct delivery over an
unreliable channel.

In this paper the concepts of DDC are further
developed to incorporate serially concatenated block
codes using iterative decoding.

2 Iterative Decoding
Concatenated codes using iterative decoding is a way of
providing long codes with manageable decoding
complexity, [7],[8]. The iterative decoder is sub-optimal
and hence less complex, but for certain channels, it
approaches the performance of the optimal decoder in an
iterative fashion.

A time and safety critical application benefits from
the long powerful code yielding reliable communication,
while the processing time of the decoder is kept low.
Within a DDC protocol, the iterative decoding algorithm
also gives the opportunity to always deliver something to
the receiver just before the deadline. We can offer a fast
tentative response and progressively provide iterative
refinements. This last-minute delivery can be
complemented by a measure of reliability of the
delivered data based on a posteriori probability (APP)
information [8].

A common approach for iterative decoding is to allow
for a fixed number of iterations in the process. This may
lead to unnecessary iterations, or to performance
degradation if the process is terminated prematurely.
Applying a performance based stopping criterion these
problems can be addressed. Such stopping rules are
connected to the convergence behavior of the iterative

decoder. The convergence behavior of concatenated
codes using iterative APP decoding algorithms has been
paid considerable attention recently, e.g. [9], where a
stopping rule based on thresholding the average log-
likelihood ratio (LLR) of the so-called extrinsic APPs
over a packet is found to be efficient. In this work, we
consider this approach for serially concatenated codes. It
should be noted that other methods, such as using an
additional error detection code or using the error
detection capabilities of the constituent codes might also
be used. We have chosen the average LLR because it is
simple and provides information about the current error
rate.

The stopping criterion is intended to stop the iterative
process once the mean LLR is above the threshold,
however, if the decoding algorithm does not converge for
a specific packet, this may never happen. As we are
dealing with real-time communication we must have an
upper limit on the time to decode a packet. Since the
decoding complexity is directly related to the number of
iterations, we consequently need to have an upper limit
on the number of iterations. Examining the convergence
behavior in a concatenated system, it is generally noticed
that for a majority of packets, convergence is observed
after a fixed number of iterations. Consequently, in this
work the maximum allowed number of iterations is set
accordingly. A non-negligible number of packets may,
however, converge after less iterations.

3 Concatenated Hybrid ARQ
By concatenated hybrid automatic repeat request
(CHARQ) we mean a HARQ scheme using concatenated
codes as the error control code, but also a concatenation
between retransmissions. Now, soft information may also
be passed between retransmissions to be used in the
iterative decoding process.

The convergence behavior of the iterative detector
yielding the stopping criterion is also used to define the
retransmission criterion that will be applied in this work.
Consequently, we will not use an additional code for the
sole purpose of error detection, but instead request a
retransmission if the iteration-stopping criterion is not
fulfilled after the maximum allowed number of
iterations.

Since the retransmission scheme is intended for
wireless real-time applications, the number of
retransmissions is limited and the ARQ scheme becomes
truncated [10]. Note that, once a request is accepted, the
final decoder results are always delivered prior to the
deadline, regardless of quality.

In a pure ARQ scheme, rejected packets are
discarded. Previously received packets may, however,
be used for so-called packet combining, in order to
improve performance. There are two major types of
packet combining, diversity combining, [11], and code
combining, [12]. Diversity combining is in general done
before the decoder whereas code combining is generally
done within the decoder.



Since the CHARQ scheme is based on serially
concatenated block codes using iterative decoding, some
of the packet combining techniques may alternatively be
viewed as different decoding strategies. The extrinsic
APP information used in the iterative decoding process
can be saved and used when decoding after a
retransmission, similar to the work in [13]. The strategy
of saving the extrinsic information can be seen as a
packet combining technique, i.e. some sort of turbo code
combining or concatenated code combining. The process
of saving the extrinsic information requires no extra
memory since this information is already saved to be
passed and updated between the decoders. It is simply
not reset when a new copy of a packet arrives. Saving the
extrinsic information may also be seen as a doping
criterion yielding faster convergence [14]. The concept
of doping is based on providing side information to the
decoding process. The extrinsic information from the
decoding process of the previous transmission constitutes
useful side information. The use of prior knowledge
leads to a constructive bias, speeding up convergence.
Applying this point of view, the extrinsic information can
be used in conjunction with traditional diversity
combining schemes. The basic scheme used in this work
is a type-I HARQ scheme, hence we can directly apply
the diversity combining technique equal gain combining
[15]. This implies that the receiver just averages over the
demodulator output metrics from all received copies of a
packet to produce a combined packet for decoding.
Hence, the code rate will remain the same.

3.1 Performance Results
We have used binary phase shift keying (BPSK)
modulation [1] throughout this work, as it is a commonly
used method in many existing hardware platforms.
Further, we consider serially concatenated block codes
based on two binary Reed Solomon RS(7,3) codes with a
pseudo-random interleaver of size 945 used in
conjunction with the ARQ protocol [16]. The
communication channel is the additive white Gaussian
noise (AWGN) channel [1], which models thermal noise
present in all electronic equipment. An error free
feedback channel is assumed throughout this work. The
maximum number of iterations was chosen, based on
simulation results, to be seven and the maximum number
of retransmissions allowed was chosen to be four.
Consequently, the maximum number of iterations that
can ever occur is 7 ⋅ 5=35, yielding an upper bound on
the execution time or communication time of each task.
The LLR threshold was set to ± 10.

We consider the following procedure:
1. Use iterative decoding on the received packet,

checking the LLR threshold after each iteration. If the
stopping criterion is fulfilled go to step 3. If seven
iterations are reached go to step 2.

2. If four retransmissions are made, go to step 3, else
request a retransmission. Do packet combining, if any.
Go to step 1

3. Output hard quantized values.
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Figure 1: BER as a function of Eb
0/N0 for different ARQ

schemes. Erroneous packets are discarded.

In Figure 1, schemes allowing from 0 to 4
retransmissions are considered and compared in terms of
bit error rate (BER) plotted against 0

0/ ,bE N where 0
bE

is the bit energy for the regular scheme with no
retransmissions. For high signal to noise ratio, SNR=

0
0/ ,bE N all the curves tend towards the regular scheme

without ARQ, since the probability of a retransmission
tends to zero. For very low SNR, the curves of the
different schemes are also on top of each other, since the
probability of a retransmission tends to one. Virtually all
transmissions are rejected and thus there is nothing to
gain from a retransmission since the final packet must be
accepted. The region between these two extreme values,
however, is the working area of the ARQ schemes and a
noticeable gain can be observed. The reason for showing
the different truncation lengths in one figure is to see the
improvements when more time is allocated to allow for
additional retransmissions.

At high SNR, a loss in performance due to the
stopping criterion can be observed. This is a result of the
fact that the threshold is fixed for all values of SNR. The
performance in terms of BER for a particular stopping
criterion should, however, be compared to the number of
iterations actually needed. It can be concluded that,
although we have a considerable performance loss for
high SNR, the average number of iterations needed to
fulfill the stopping criterion is low [16]. It follows that
we gain real-time benefits at the expense of BER
performance. A truncated ARQ system offers most
improvement in the region where the initial probability
of retransmission is relatively high at the same time as
the probability for accepting a packet within the allowed
number of retransmissions is high. This is the case for the
region 0-1.5 dB [16]. Consequently, in this region, the
stopping criterion is good since we obtain faster
convergence at virtually no performance loss. It follows
that even though the chosen stopping criterion has an



Figure 2: BER as a function of Eb
0/N0 for different ARQ

schemes. The extrinsic information is used for doping.

error plateau at 1.5-2 dB, it is still relevant in the SNR
area where we expect to operate.

In Figure 2 the BER for the same schemes are shown,
but this time the extrinsic information is saved and used
when decoding after a retransmission. It can be seen that
the BER for low SNR is improved as compared to the
case with no packet combining in Figure 1. Note that the
curves representing a regular scheme with no ARQ in
both Figure 1 and Figure 2 are the same since no packet
combining is made for these curves and the same
stopping criterion is used.

When equal gain combining is applied, additional
memory is required to store erroneous copies used in the
combining process, but the gain in terms of BER is
considerable. Saving the extrinsic information yields
minor additional improvements to the resulting BER
performance for the equal gain combining technique.
Due to space limitations, no BER plots of equal gain
combining are included. Results can be found in [16].

Whenever an ARQ scheme is considered its
performance is usually measured both in terms of BER
and throughput. In our case we are not only concerned
with the number of retransmissions, but also the number
of iterations made for each retransmission. We want to
know if the packet combining technique considered
improves both the throughput and the convergence
speed. We will compare the scheme saving the extrinsic
information to that where no packet combining technique
is used. The relative frequency of occurrence of each
iteration is plotted in Figure 3. Note that after 7 iterations
a retransmission occurs. Consequently, iteration number
8 in Figure 3 corresponds to the first iteration of a newly
received retransmission. The black columns in Figure 3
correspond to the scheme discarding erroneous copies of
a packet. Hence, when a new packet arrives the iterative
process is restarted. This can be seen as a staircase
characteristic with a step every seventh iteration, since
each new packet requires a few iterations to converge.
The lighter columns correspond to the scheme saving the

Figure 3: Relative frequency of occurrence for each
iteration. A scheme without packet combining is

compared to a scheme saving the extrinsic information
and is plotted at Eb

0/N0 =0.5 dB.

extrinsic information. The number of iterations decreases
smoothly due to the fact that the decoder does not have to
restart every time a retransmission arrives. Hence,
convergence is faster. Note that the first seven iterations
are the same for the two different schemes, as no
retransmissions have yet occurred

In Figure 4 the equal gain combining schemes are
compared in a similar way. Here, one scheme is using the
saved extrinsic information and the other scheme is not.
The most noticeable difference between Figure 3 and
Figure 4 is that equal gain combining significantly
reduces the number of iterations. For the first seven
iterations in Figure 4 the two schemes are the same, since
no retransmissions have been made and hence no packet
combining is performed. However, we can still see an
improvement in the convergence speed when the

Figure 4: Relative frequency of occurrence for each
iteration, plotted at Eb

0/N0 =0.5 dB. Both schemes
employ equal gain combining, but one is saving the

extrinsic information whereas the other is not.
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extrinsic information is saved and used, since the
columns for iteration nine and ten have a lower
frequency for this scheme. Consequently, since saving
the extrinsic information does not require any major
changes in the decoder it is reasonable to include it.

Additional results, together with a more detailed
analysis can be found in [16].

When a real-time scheme is considered, the
transmission propagation time has to be taken into
account. Consequently, an iteration cannot be compared
directly to a retransmission. In the bar charts on relative
frequency of occurrence for each iteration, one may use
one time unit to make one iteration, while a
retransmission with a following iteration takes, for
example, five time units.

4 Conclusions
The resulting DDC protocol presented here is based on
concatenated hybrid ARQ techniques, creating a flexible
and reliable scheme to meet real-time constraints. Each
packet has a certain tDL and Pd required by the user or the
application. These two parameters will be translated into
a maximum number of retransmissions allowed and a
maximum number of iterations allowed for the sub-
optimal iterative decoding algorithm per transmission.

If simple, cheap transmitters and receivers are
required, e.g., a mobile sensor with limited battery
supply, the mapping of the QoS parameters onto the
CHARQ-DDC protocol may be done using a look up
table. If the transmitter and receiver can be more costly,
the mapping can be done adaptively based on the current
estimated channel conditions.

Two different packet combining techniques for the
CHARQ-DDC scheme were presented and evaluated.
The diversity combining technique equal gain combining
was applied. It is concluded that equal gain combining
gives substantial performance improvements. However,
since the hybrid ARQ system is based on serially
concatenated codes using iterative decoding, a different
category of packet combining techniques can be used.
The iterative decoder passes extrinsic information
between its constituent component decoders, which can
be saved from one transmission and then used in the
decoding process of a retransmission. This technique can
be viewed as a code combining technique, and using it
leads to performance improvement in terms of BER and
convergence speed at very low additional cost in decoder
complexity. Saving the extrinsic information for use in
the decoding process of a retransmission can also be
viewed as a doping operation of the iterative decoder.
With this observation in mind, equal gain combining can
be used in conjunction with the saved extrinsic
information. It is concluded that the inclusion of the
extrinsic information obtained from a previous
transmission does speed up the convergence process of
the iterative decoder.
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1 Introduction

Systems controlled by dedicated electronic systems
become indispensable in our lives and can be found in
avionics, automotive industry, home appliances, medicine,
telecommunication industry etc. [3]. Due to the
application nature itself, as well as due to the high
demands in terms of computation power and constraints
such as cost and energy dissipation, these systems are
mainly custom designed heterogeneous multiprocessor
platforms. Their high complexity makes the design
process a challenging activity. An accurate and efficient
design process is hence the key to cope with the high time-
to-market pressure. The enormous design space implies
that accurate performance estimation tools in all design
stages are of capital importance for guiding the designer
and reducing the design cost and iterations.

The present work focuses on an analytic approach to
performance estimation of multiprocessor real-time
systems. We consider applications as sets of task graphs
with the tasks statically mapped on a set of processors.
Most of the work in this area carries out the analysis in the
worst case of the task execution times (WCET) [4][13] and
provides answers whether the tasks will meet or not all of
their deadlines. Such an approach is well suited for critical
applications. However, it leads to expensive and inefficient
implementations in the case of other application classes
like soft real-time systems and multimedia applications.
The latter occupy an important market share. According to
Tia [14], applications have been reported where the WCET
is 145% of the average one and the worst case appears
rarely.

Our work considers the case when the task execution
times are of stochastic nature and their probabilities are
distributed according to given arbitrary continuous time
probability distribution functions. Because meeting a
deadline in this case becomes also a stochastic event, our
method outputs the probability of task deadline misses.

The variability of the task execution time may stem
from several sources: input data characteristics (especially
in differently coded video frames), hardware architecture
hazards (caches and pipelines), environmental factors
(network load), or insufficient knowledge regarding the
design (task running on a not yet manufactured processor,
for example).

Leung and Whitehead [9] showed that the
schedulability analysis is an NP-complete problem in the
case of fixed task execution times and more than two
processors. Obviously, the problem is more challenging in
the case of stochastic task execution times.

The sequel of the paper is organized as follows: The
next section surveys some related approaches. Section 3
formalizes the problem. Section 4 presents the approach
outline. Each of the points in the approach is detailed in the
following sections. The last section draws the conclusions.

2 Related work

Lehoczky has pioneered the “heavy traffic” school of
thought in the area of real-time queueing [7][8]. The
theory was later extended by Harrison [5], Williams [15]
and others. The application is modelled as a multiclass
queueing network. This network behaves as a reflected
Brownian motion with drift under heavy traffic conditions,
i.e. when the processor utilizations approach 1, and
therefore it has a simple solution. This approach, to our
knowledge, fails yet to handle systems where a task has
more than one immediate successor task. Moreover, the
heavy traffic assumption implies an almost infinite queue
in the case of input distributions with non-negligible
variation. This leads to an unacceptably high deadline miss
ratio and limits the applicability of such an approach in
real-time systems.

Manolache et al. [10] considered monoprocessor
systems. The analysis is based on solving a generalized
semi-Markov process by means of the auxiliary variable



method. Although they concurrently construct and analyse
the process, saving a significant amount of memory, the
method is of limited applicability to multiprocessor
systems due to the exploding complexity.

Shin et al. [6] also modelled the application as a
queueing network, but restricted the task execution times
to exponentially distributed ones for ease of analysis
purposes. The tasks were considered to be scheduled
according to a FIFO policy. The underlying mathematic
model is then the appealing continuous time Markov chain
(CTMC).

Our approach is also based on a CTMC in order to keep
the appealing character of the solution procedure and to
avoid the time and memory consuming convolutions
implied by solving the otherwise generalized semi-
Markov process. We consider the tasks to be scheduled
according to a fixed priority non-preemptive policy. We
overcome the limitation of the exponentially distributed
execution time probabilities by approximating arbitrary
real-world distributions by means of Coxian distributions,
i.e. weighted sums of convoluted exponentials. The
resulting CTMC is huge, but because of regularities in its
construction, its infinitesimal generator needs not be stored
explicitly, making the method applicable to real
applications. The infinitesimal generator appears as a sum
of Kronecker products of simple matrices.

Plateau and Fourneau [11] address the problem of
constructing the global infinitesimal generator of a CTMC
modelling a concurrent system from the local infinitesimal
generators of the system components. The execution times
are still considered exponential. Although we address a
different problem, our approach is related to theirs by
using a generator given as a sum of Kronecker products of
matrices.

3 Problem formulation

Informally, given a set of task graphs where the task
execution time probabilities are distributed according to
given arbitrary continuous distributions, the analysis
outputs the task deadline miss ratios. Formally, the input to
the analysis procedure consists of:
• a set TG of task graphs TG = {g1, ..., gG}, formed of

the tasks in the set T = {t1, ..., tN}
• a set of processors P = {p1, p2, ..., ps}
• a surjective mapping Map : T→ P
• a set of continuous execution time probability distri-

bution functions (ETPDF) E = {e1, ..., eN}, ei :
[0:∞)→ℜ, statistically independent

• a set of periods, A = {a1, a2..., aG}
• a set of fixed deadlines, deadline equals period
• a fixed priority non-preemptive scheduling policy,

Prior : T→ ℵ
• the number of late task graph instantiations allowed

in the system, B = {b1, ..., bG}. If b i = 0 then the late
instantiations of task graph i are discarded

The analysis outputs the deadline miss ratios of the task
graphs, F = {f1, f2, ..., fG}

4 Approach outline

The underlying mathematical model of the application
to be analysed is the stochastic process. The process has to
be constructed and analysed in order to extract the desired
performance metrics. The task execution times correspond
to holding times in the states of the process. When
considering arbitrary ETPDFs, the resulting process is a
generalized semi-Markov process, making its analysis
demanding in terms of memory and time. If the execution
time probabilities were exponentially distributed, as
assumed for instance by Shin, the process would be a
CTMC.

As a first step in our approach, we approximate the
arbitrary ETPDFs with Coxian distributions, i.e. weighted
sums of convoluted exponentials. This ensures that we still
deal with a CTMC. This step is detailed in the next section.

We imagine an application that differs from the one to
be analysed by having exponentially distributed execution
time probabilities instead of the real ones. The next step is
to construct the underlying Markov chain C of the
imagined application and to obtain its infinitesimal
generator matrix Q. This is done by modelling the
application as a Generalized Stochastic Petri Net and
constructing its underlying CTMC by using Balbo’s
algorithm [1].

The third step is to get the generator matrix M of the
CTMC resulting from C when considering the Coxian
distributions obtained in the first step instead of the
imagined exponential ones. The construction is detailed in
Section 7.

As a last step, the chain with matrix M is solved with
one of the available numerical iterative methods and the
performance metrics extracted.

5 Coxian distribution approximation

Coxian distributions were introduced by Cox [2] in the
context of queueing theory and we will use its specific
terminology. A graphical representation of a Coxian
distribution with four stages appears in Figure 1. Imagine
a “customer” approaching the Coxian “service station”
from the left. The ovals stand for stages with exponentially
distributed “service time” probabilities. The service rate
(inverse of the average service time) of stage i, 1≤i≤r, is µi.
Upon leaving the stage i, the customer leaves the entire
Coxian station with probabilityαi or proceeds to the next
stage with probability 1-αi. The stages are invisible from
outside the Coxian station, i.e. no other customer may
enter the first stage if another customer has not yet left any

Figure 1 Coxian distribution

µ1

α2

µ3 µ4µ2

α1 α3
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of the stages.

The Laplace transform X(s) of the probability density
function of a Coxian distribution with r stages is given by
the following formula:

X(s) is a strictly proper rational transform, implying that
the Coxian distribution may approximate a fairly large
class of arbitrary distributions with an arbitrary accuracy
provided a sufficiently large r. The solution to the
approximation problem means findingµi, i=1,r, andαi,
i=1,r-1 (αr=1) such that an error function is minimized.
This is done in the complex space by minimizing the
distance between the Fourier transform X(jω) of the
Coxian distribution and the computed Fourier transform of
the distribution to be approximated. The minimization is a
typical interpolation problem and can be solved by various
numerical methods [12].

6 Application Modelling

The direct algorithmic generation of the underlying
stochastic process, though possible, does not give too
much insight in the properties of the stochastic process that
might be exploited in the analysis. We consider a visual
formalism like the Generalized Stochastic Petri Nets
(GSPN) an appropriate intermediate representation in the
analysis process. Its tangible reachability graph
corresponds to the underlying stochastic process.

We illustrate the construction of the GSPN based on an
example. Let us consider the task graph in Figure 2. Tasks
t1 and t2 are mapped on processor p1 and tasks t3 and t4 on
processor p2. The mutual exclusion of the execution of
tasks mapped on the same processor is modelled by means

of the places P1 and P2. The task execution is modelled by
means of the timed transitions e1, ..., e4. The task priorities
are modelled by prioritizing the immediate transitions j1,
..., j4. This results in having a Petri Net where the firing of
a timed transition in a given marking leads to exactly one
next marking, which can be unambiguously determined. In
the underlying stochastic process, there will be at most one
transition labelled with a task in a given process state.
Another important property that is easily detected in the
Petri Net is that the net does not contain competitively
enabled transitions. Consider the states S1 and S2 in the
underlying stochastic process and the corresponding sets
of tasks, W1 and W2 that run in the two states. If, by firing
a transition ek (executing a job of task tk), the state changes
from S1 to S2, then W1\{t k} ⊆W2.

The continuous new generation of jobs is modelled by
means of place G and transition T, a timed transition with
the firing delay equal to the greatest common divisor of
task graph periods. The initial marking of place B indicates
the tolerated maximum number of late jobs in the system
and is controllable by the designer.

7 Analysis

This section details how to construct the infinitesimal
generator M of the CTMC with the Coxian distributions
starting from the infinitesimal generator Q of the CTMC C
where all the execution times probabilities are assumed to
be purely exponentially distributed.

The events that may trigger a state transition in C are the
arrivals and departures of task instantiations (jobs). We
group the states of C in clusters. Two states belong to the
same cluster if the same set of events may trigger
transitions out of the states. Let Ri denote the set of tasks
mapped on processor i, Ri = {t : Map(t) = pi}, i = 1,s. The
maximum number of clusters is then,

where |Ri| is the cardinality of Ri. In the worst case, the
number of clusters is

but in reality it is smaller because some tasks may not
run concurrently due to data dependencies even if they are
mapped on different processors.

The rows and columns of the Q matrix are then shuffled
such that the states in the same cluster are consecutively
numbered.

Consider an application with four independent tasks,
each mapped on a different processor. Figure 4 depicts the
matrix Q in such case. The rows and columns in the figure
do not correspond to individual rows and columns in Q, but
to clustersof states. The row labelled with the binary
number 1101, for example, indicates that the tasks 1, 3,
and 4 are running in the states belonging to the cluster. The
shaded cells indicate those submatrices that may contain
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non-zero elements. The blank ones are null submatrices.
One such null submatrix appears for example at the
intersection of row 1101 and column 1000. Due to the non-
preemption assumption, a task arrival or departure event
may not stop the running of another task. If the submatrix
(1101, 1000) had non-zero elements it would indicate that
an event in a state where the tasks 1, 3, and 4 are running
triggers a transition to a state where only the task 4 is
running andtwo of the previously running tasks are not
running anymore. This is not possible in the case of non-
preemption. In the case of k tasks, there are at most
3k-1(k+3) non-zero submatrices out of 4k.

When using the Coxian approximation, a set of new
states is introduced for each state in C. We will illustrate
the construction of a cell in M from a cell in Q based on an
example. We consider a cell on the main diagonal as it is
the most complex case.

Figure 5 depicts three states in C. Two tasks, u and v, are
running in the states X and Y. These two states belong to
the same cluster, 11. Only task v is running in state Z. State
Z belongs to cluster 10. If task v finishes running in state
X, a transition to state Y occurs in C. When task u finishes
running in state X, a transition to state Z occurs in C.
Consider that the probability distribution of the execution
time of task v is approximated with a three stage Coxian
distribution and that of u with a two stage Coxian
distribution. The two approximations are depicted in
Figure 5 and their arcs were labelled. The resulting
stochastic process is depicted in Figure 6. The labels on the
transitions in Figure 6 indicate which transition inside the
Coxian distribution triggers the particular transition in the
expanded Markov chain. Each state in C is replaced by a
set of states in the expanded chain and appears in a shaded
background in Figure 6. The number of states in such a set
is given by the expression

where E is the set of tasks running in the state to be
expanded, and ri indicates the number of stages in the
corresponding Coxian distribution. We construct the cell

on the main diagonal, on the row and column of
corresponding to the cluster 11, composed of the states X
and Y. The observed regularity in the interconnection
structure of the set of states is reflected in the expression of
the incidence matrix of the cluster 11 as shown in Figure
8. This matrix can be compactly written as

where

and Au and Bu are similarly defined, |11| denotes the size
of the cluster 11 and⊕ and⊗ are the Kronecker sums and
products for matrices. In order to obtain a cell in the
generator, the labels in the matrices above have to be
replaced with the corresponding transition rates. Thus

In general, a matrix Ak=[aij ] is a rkxrk matrix, and is
defined as follows:

A Bk=[bij ] matrix is a rkx1 matrix and bi1=αkiµki. An
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erk=[eij ] matrix is a 1xrk matrix and e11=1, e1i=0, 1<i≤rk.
A matrix Dk=[dij ] corresponding to a cluster U of size |U|
is a |U|x|U| matrix defined as follows:

Because the cell belongs to the main diagonal, some
correction elements have to be introduced such that the
entire generator is truly a stochastic matrix (the sum of
elements on the rows is 0). The formula for computing a
cell on the main diagonal corresponding to a cluster U is
given below:

where µi is the transition rate in the artificially
constructed chain C and QU is the restriction of Q to the
states in U.

The matrix Ak’ =[aij’ ] is derived from Ak=[aij ] as
follows:

We will discuss the construction of the cell at the
intersection of the row corresponding to cluster U with the
column corresponding to cluster V, U being different from
V (cell not on the main diagonal). In this case, the cell will
be of the following form:

The matrices F are given by the following expression:

Hence, we may express the generator M of the
expanded Markov chain in terms of the generator Q of C,
Ai, Bi, and Di, 1≤i≤N+1 (+1 for the transition T in Figure
3). All these matrices are both sparse and of small size.
Having M as a sum of Kronecker products of matrices
allows us not to store M explicitly in memory while
performing the analysis.

8 Conclusions and future work

We presented an approach to performance analysis of
multiprocessor schedules of tasks with variable execution
times. The real-life probability distributions of the
execution times are approximated with Coxian
distributions, and the expanded underlying Markov chain
is constructed in a memory efficient manner exploiting the
structural regularities of the chain.

The future work attempts at finding an analytic
expression for the number of non-null elements in M, as
they determine the analysis speed. Experiments have to be
run in order to assess the size of the problems that can be
treated and the possible trade-offs between problem size,
and approximation accuracy.
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A robot may not injure a human being, or, through 
inaction, allow a human being to come to harm.

A robot must obey the orders given it by human beings, 
except where such orders would confl ict with the First Law.

A robot must protect its own existence, except where such 
protection would confl ict with the First or Second Law.

The Robot Laws, by Isaac Asimov
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T
 he idea of machines looking and acting like humans is 
not new. As early as two thousand years ago, philosophers 
imagined creatures, made in bronze, who made life easier 
for us. We have not come that far yet, despite the time that 
has passed. The philosophical aspect has been discussed 
back and forth ever since, though. Can we really create 
beings to serve us? Can they become more intelligent than 
humans?

The last question may need clarifi cation. Will computers 
be better than us at backgammon? Already done; the world’s 
best backgammon player is a computer. Will computers be 
better than us at chess? Probably, the chess programs of 
today are almost on par with the best players in the world. 
Will computers be better than us at football? Maybe, we 
don’t know yet, but the will and resources to create such 
machines exist.

One may ask whether it is intelligent behavior to develop 
such machines, but that is mostly a philosophic question. 
We believe it is.

W
 hy football? Why should machines run around kicking 
a ball? Why not, we wonder. Football represents all the 
intricate features we humans are good at; at a physical level: 
balance, co-ordination, and movement; at an intellectual 
level: perception of surroundings and opponents, strategy, 
fast decisions and calculation of risks; at an emotional 
level; motivation, joy and excitement.

The practical importance of these machines should not 
be underestimated. Every year a number of disasters occur, 
where rescue workers put their life on the line. What would 
be better than a group of robots that come to the rescue, 
without neither physical nor mental weaknesses, and therto 
replaceable?

D
 o you have any thoughts or perhaps you are just curious? 
Don’t hesitate to contact us, we are glad to answer your 
questions.

www.rfcuppsala.org



Games and athletics have always been a part of human culture as long as we 
have had culture. Since time immemorial, we have been constructing game 
rules, sports facilities, game strategies, tournaments, and elaborate ways of 
cheating. Nowadays, we are well on our way of constructing players, too.
 Spokesmen from Sony suggest that by the year 2047, we will have robot 
players that exceed the human original. Whether the four football players 
in the Argus project have reached that far by then remains uncertain.

The literal, romanticized robots have, with few exceptions, walked on two 
legs. It is without question an advantage to be able to walk the same way as 
us humans in an human environment, especially since we would want it to 
aid us in our everyday life.
 So far, robots have usually been equipped with wheels, for obvious 
reasons, although biped robots are becoming more common. Our own two-
legged fellow Murphy has already taken a few tottering steps, and by the 
summer we plan to have him* walking on his own.

No body is complete without a head. Since Murphy should be 
able to move according to his surroundings, and since the 
natural place for eyes and ears is as high up as possible, 
it is logical that we equip him with a head. Even 
if Murphy’s head Murray is supposed to talk, it 
remains to see if he has something useful to say.

*) He is a man because he is hardheaded, infl exible, and prefers 
to just hang around.

Humanoid
Means human shaped. Murphy 

is an humanoid, since he vagely 
resembles us and walks on two 
legs, kicks a ball, and so on. 
Mannequin dummys cannot walk 
and are thus not humanoids.

Artifi cial neural networks, ANN
Computers of today perform 

well in the areas we humans are 
ineffi cient, like calculations and 
text storage. On the other hand, 
they are bad at everything we 
can — conclutions, recognition 
of familiar faces, walking on 
to legs, etc. This is of course 
unacceptable.

Computers are naturally 
inadequate, not letting themselves 
be programmed to solutions easily. 
It is of course possible to program 
a computer to let it solve a specifi c 
situation, but the moment that 
situation changes the computer is 
again totally incapable of solving 
the problem. This is where the 
neural networks enter the scene.

By interconnecting an amount 
of artifi cial neurons, it is possible 
to mimic the functionality of our 
brains, and make a computer 
learn just like us. Not entirely 
like us, since an human brain is 
infi nitely complex, but a little.

Simulator
Reality has a major drawback: 

it is not customizable. We cannot 
delete inconveniences like strong 
wind or limited space. A simulator 
is a computer program designed 
to remedy this.

What should a leg look like 
to let a robot walk up or down 
stairs? The method of trial and 
error can be both expensive with 
all adjustments, and hazardous 
should the robot lose its balance. 
A simulator removes all these 
risks. Assuming it works correctly, 
of course.

Physics engine
If you have ever played games 

like Quake and Duke Nukem, 
you have probably noticed how 
objects are affected by gravity, that 
fi rearms recoil, wooden crates bob 
in water, etc. All these features are 
controlled by the physics engine, 
which is a part of the simulator.

If our simulated Murphy 
stumbles, he should fall. If a 
football robot brakes suddenly, it 
should skid, thanks to the physics 
engine.

ARGUSARGUSARGUSARGUS

PROJECTSPROJECTSPROJECTSPROJECTS

Argus is a little cube shaped box on three wheels that, together with 
three other Argus robots, will learn to play football. In June this year, 
Argus will participate in the robot football world cup, which takes place in 
Fukuoka, Japan, this year. Argus’ parents are very hopeful and aim for the top three 
places in the tournament. It is still a lot that have to be done in order to make the robots 
play as a team. They are a little selfi sh at the moment and do not like to pass the ball 
when they get hold of it. 

 Argus has got a lot of eyes and ears. Besides looking forward using 
a video camera, the robot can see what is going on around it. That 
is possible using a cone shaped mirror placed at the top of the 
robot. In order not to run into other players or the goalposts, 
it keeps track of nearby objects using infrared light. Therefore, 

one cannot place an Argus robot in front of a TV since the remote 
control would make the robot go wild. 

Like a bat, Argus sends out ultrasound in order to receive a three dimensional image of 
what is around it. This makes it possible to differentiate the orange coloured ball from 
other objects looking like the ball, like commercials on the side of the playfi eld.

Unlike previous years, there are no sideboards surrounding the playfi elds this year. 
Therefore, Argus needs to be able to recognize the border lines. This problem, and many 
others, remain to be solved before the parents of Argus can raise the world cup trophy on 
June 26th in Fukuoka, Japan.



VISION
HEARING

INTELLIGENCE
SPEECH

In the Murray project we are creating Murphy’s head, which will 
make it possible for him to communicate with his surroundings, 

using vision, hearing and speech. To make it possible for him to use body 
language, the head has three degrees — three joints, that is — of freedom. This 

enables him to nod and shake his head. 

The primary task for the head is to identify objects, such as a football, a goal frame, or 
an opponent. An active research topic is making Murray able to measure the distance to 
objects using stereo vision, i.e. two cameras as eyes. Another challenge is making him do 
this while he is moving. 

To be able to talk to Murphy, two microphones monitor the surroundings in order to 
record words and sentences, which are transformed into text strings. These strings are 
then sent to the intelligence module for analyse. The aim is also, by using the difference 
in time, frequency, and intensity between the two ears (microphones), to localize the 
source of the sound, allowing the head to turn towards the origin of the sound.

The speech synthesis module will, using a speaker, be able to say the sentence decided 
by the intelligence module. The speech should sound as realistic as possible and will be 
the most important way of communication for Murray.

A central unit processes the sound and video information from the different senses and 
perform actions based on that information, resulting in speech, head movements, and, 
in time, that Murphy can play football all by himself. It is the connection point of all the 
different senses, and later on it will control the movements of Murphy.

Pattern recognition
The most sofi sticated feature of 

our brains’, and the hardest to 
make computers mimic. It is about 
making computers recognize 
faces, understand human speech, 
not to walk against red light, 
refi lling the glass when it is 
empty, and doing a multitude of 
tasks we humans perform without 
thinking.

Reinforcement learning
When we were a few years 

old, we learnt that oven lids 
can be very hot. One touch 
was all we needed to stay well 
away from the oven. This is a 
crude example of reinforcement 
learning; vi perform an action 
and then learn from it.

Computers and robots do of 
course not have any means of 
collecting experience. Here, a 
reward system is used. It tells 
the computer/robot when it did 
something good or bad.

Hydraulics
Most machines at a construction 

site use hydraulics. It is the 
principle behind the long 
cylinders that control excavators 
and lift truck beds. By pumping 
oil into either of the ends of the 
cylinders, they expand or contract. 
The oil can be pumped with 
much force, and there are few 
mechanical parts that can break, 
making the system effective.

Murphy’s joints are controlled 
by hydraulics. The paddles 
mounted on the front of the 
football robots move by similar 
means, using a canister fi lled with 
pressurized air as force. Then it is 
called pneumatics.

Speech synthesis
One way to make computers talk 

is recording words or syllables, 
and letting a copmuter program 
merge them into comprehensible 
phrases. Only it is very exhaustive 
to listen to. We humans also colour 
our language according to mood 
and situation, which is completely 
lost with today’s programs. This 
is what speech synthesis is about, 
creating methods that make 
computers sound just as we do.

Footnote: Murray got his name 
from the talking, megalomaniac 
skull Murray in the computer 
game Curse of Monkey Island.

MURPHYMURPHYMURPHYMURPHY
Murphy is a robot resembling humans — an humanoid — located in our basement 
room at Polacksbacken in Uppsala. He is almost two metres tall, weighs 130 kg, has an 
incredible shoulder width and is equipped with around 600 kilos of pulling force in his 
“muscles”. He is named after the robot police Murphy in the Robocop movies, and they 
are about the same size. The difference is that the original Murphy was a robocop and 
our Murphy aims to participate in the Robocup (robot football world championship).

In the world cup, he will compete with Priscilla from Gothenburg, another humanoid 
robot. Together, they form a team in the humanoid robot class. One of them will be a goal 
keeper and the other will shoot penalty kicks, but positions have not been decided yet. 
Murphy is the bigger one and is perhaps more suitable as a keeper. On the other hand, 
he has got a lot of power to put behind his penalty kicks.

At the moment, we concentrate on deciding how Murphy is supposed to gain knowledge 
of how to walk on his own. One way is to build a nerve system, letting Murphy learn from 
his mistakes, and thereby learning to walk better. It is an approach as good as any, but 
there is a lot of work before we are there. The solution will probably be this approach 

used together with a neural network.
  Another alternative is to simply say to him “this is how you walk”, 

and force a movement pattern that works. This is a quick way to 
make him walk, but he will not be able to improve over time, like 

he would using the fi rst approach.

MURRAYMURRAYMURRAYMURRAY



Team building/Kickoff
Launch your project or team building 

in an inspiring environment connected 
to the university, and challenge the 
football playing robots in a game where 
you control the opponents by remote, 
or compete in a penalty kick contest. 
Try manouvering the humanoid robot 
Murphy. We arrange activities, 
conferences, and food.

Company lunch or dinner
Introduce your company to Master of 

Science students with a major in IT, 
who are to enter life as professionals 
this autumn. We guarantee you will 
meet at least 40 sharp minds. A booklet 
containing the CV:s of all students and 
their contact information will be handed 
to you after the presentation, followed by 
buffé or lunch.

Home page analysis
How does your company’s home page 

work from a user point of view? We 
perform a thorough analysis using 
methods developed by scientists at the 
Institution for Human-Computer Inter-
action. We can also evaluate its reliability 
and security devices.

Training
We can offer courses for all versions 

of MsWindows and MsOffi ce, web design, 
Visual Basic, HTML, Java programming, 
computer security, and more.

Adopt a robot
Your company may become a parent 

to one or several football playing Argus 
robots, or why not Murphy himself. Grasp 
the opportunity to be seen in broad-
casting media, in relation to the robot 
world cup in Japan, or perhaps some 
youth program on TV.

Help Murphy walk, talk, and see
The humanoid robot Murphy will this 

year get a head, but we need parts for it. 
Resources are also needed to make him 
stand up and walk.

Sponsor the world cup players
We are allowed some advertisement 

on both Murphy and Argus during the 
world cup games in Japan’s largest indoor 
arena Fukuoka Dome Stadium, housing 
52 000 sitting spectators. You can count 
on media being there...

All sponsors are of course presented 
on our well visited home page  
www.rfcuppsala.org. We will arrange 
a sponsor meeting towards the end 
of the project period, where we will show 
our accomplishments and present a fi nal 
report.
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Abstract
In this paper we present an approach to mapping and

scheduling of distributed hard real-time systems, aiming at
improving the flexibility of the design process. We consider an
incremental design process that starts from an already
existing system running a set of applications, with preemptive
priority based scheduling at the process level, and time
triggered static scheduling at the communication level. We are
interested to implement new functionality so that the already
running applications are disturbed as little as possible and
there is a good chance that, later, new functionality can easily
be added to the resulted system. The mapping and scheduling
problems are considered in the context of a realistic
communication model based on a TDMA protocol. Extensive
experiments as well as a real life example demonstrate the
relevance of this problem and the efficiency of our solutions.

1. Introduction
In this paper we concentrate on scheduling and mapping of
hard real-time systems which are implemented on distribut-
ed architectures. Process scheduling is based on a static pri-
ority preemptive approach while the bus communication is
statically scheduled.

Preemptive scheduling of independent processes with
static priorities running on single processor architectures
has its roots in [7]. The approach has later been extended to
accommodate more general computational models and has
also been applied to distributed systems [17]. The reader is
referred to [1, 2, 13] for surveys on this topic. In many of the
previous scheduling approaches researchers have assumed
that processes are scheduled independently. However, this is
not the case in reality, where process sets can exhibit both
data and control dependencies. One way of dealing with
data dependencies between processes with static priority
based scheduling has been indirectly addressed by the ex-
tensions proposed for the schedulability analysis of distrib-
uted systems through the use ofrelease jitter [17].

Currently, more and more real-time systems are used in
physically distributed environments and have to be implement-
ed on distributed architectures in order to meet reliability, func-
tional, and performance constraints. We have to mention here
some results obtained in extending real-time schedulability
analysis so that network communication aspects can be han-
dled. In [16], for example, the CAN protocol is investigated
while the work reported in [4] considers systems based on the
ATM protocol. Analysis for a simple TDMA protocol is pro-
vided in [17], which integrates processor and communication
schedulability and provides a “holistic” schedulability analysis
in the context of distributed real-time systems. The problem of
how to allocate priorities to a set of distributed tasks is dis-

cussed in [5], based on the schedulability analysis from [17
Another characteristic of research efforts concerning t

codesign of real-time systems is that researchers concen
on the design, from scratch, of a new system optimized fo
particular application. For many application areas, howev
such a situation is extremely uncommon and only rarely a
pears in design practice. It is much more likely that one has
start from an already existing system running a certain app
cation and the design problem is to implement new functio
ality (including also upgrades to the existing one) on th
system [3]. In such a context it is very important to make
few as possible modifications to the already running applic
tions. The main reason for this is to avoid unnecessarily lar
design and testing times. Performing modifications on t
(potentially large) existing applications increases design tim
and, even more, testing time (instead of only testing the new
implemented functionality, the old application, or at least
part of it, has also to be retested). However, this is not the o
aspect to be considered. Such an incremental design proc
in which a design is periodically upgraded with new feature
is going through several iterations. Therefore, after new fun
tionality has been implemented, the resulting system has
be structured such that additional functionality, later to b
mapped, can easily be accommodated.

We consider mapping and scheduling for hard real-tim
systems in the context of a realistic communication mod
Because our focus is on hard real-time safety critical sy
tems, communication is based on a time division multip
access (TDMA) protocol, the time-triggered protoco
(TTP), as recommended for applications in areas like, f
example, automotive electronics [6].

In this paper, we have considered the design of distrib
ed embedded systems in the context of an incremental
sign process as outlined above. This implies that w
perform mapping and scheduling of new functionality s
that certain design constraints are satisfied and:

a) the existing applications are disturbed as little as possib
b) there is a good chance that new functionality can, la

er, be easily mapped on the resulted system.
In [11] we have discussed an incremental design strate

addressed to systems whereboth processes and message
are statically scheduled. However, considering preempt
priority based scheduling at the process level, with tim
triggered static scheduling at the communication level, c
be the right solution under certain circumstances [8].
communication protocol like TTP provides a global tim
base, improves fault-tolerance and predictability. At th
same time, certain particularities of the application or of th
underlying real-time operating system can impose a prior
based scheduling policy at the process level.
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In this paper we extend our approach to hard real-time sys-
tems where process scheduling is based on a static priority pre-
emptive approach while the bus communication is statically
scheduled. We accurately take into consideration overheads due
to communication and consider, during the mapping and sched-
uling process, the particular requirements of the communication
protocol. We propose a new heuristic, together with the corre-
sponding design criteria, which finds the set of old applications
which have to be remapped at the same time with the new one
such that the disturbance on the running system (expressed as
the total cost implied by the modifications) is minimized. Once
this set of applications has been determined, mapping and
scheduling is performed according to the requirements a) and b)
stated above. Supporting such a design process is of critical im-
portance for current and future industrial practice, as the time in-
terval between successive generations of a product is
continuously decreasing, while the complexity due to increased
sophistication of new functionality is growing rapidly.

The paper is divided into 6 sections. The next section
presents the architectures considered for system implemen-
tation, the computational model assumed together with the
schedulability analysis employed, and the process alloca-
tion problem. Section 3 introduces the detailed problem for-
mulation and the quality metrics we have defined. The
mapping and scheduling strategy is presented in section 4,
and the approaches are evaluated in section 5. The last sec-
tion presents our conclusions.
2. Preliminaries
2.1 System Architecture
We consider architectures consisting of nodes connected by
a broadcast communication channel. Every node consists of
a TTP controller, a CPU, a RAM, a ROM and an I/Ointerface
to sensors and actuators.

Communication between nodes is based on the TTP [6].
TTP was designed for distributed real-time applications that
require predictability and reliability (e.g., drive-by-wire). The
communication channel is a broadcast channel, so a message
sent by a node is received by all the other nodes. The bus ac-
cess scheme is time-division multiple-access (TDMA) (Figu-
re 1). Each nodeNi can transmit only during a predetermined
time interval, the so called TDMA slotSi. In such a slot a
node can send several messages packaged in a frame. A se-
quence of slots corresponding to all the nodes in the architec-
ture is called a TDMA round. A node can have only one slot
in a TDMA round. Several TDMA rounds can be combined
together in a cycle that is repeated periodically. The sequence
and length of the slots are the same for all TDMA rounds.
However, the length and contents of the frames may differ.

Every node has a TTP controller that implements the pro-
tocol services and runs independently of the node’s CPU.
The TDMA access scheme is imposed by a so called mes-
sage descriptor list (MEDL) that is located in every TTP con-
troller. MEDL serves as a schedule table for the TTP

controller which has to know when to send or receive a fram
to or from the communication channel. The TTP controll
provides each CPU with a timer interrupt based on a loc
clock synchronized with the local clocks of the other nod

We have designed a software architecture which runs
the CPU in each node and which has a real-time kernel
its main component. For the exact details of the software
chitecture and how it is taken into account by the schedu
bility analysis the reader is directed to [10].
2.2 Computational Model and Schedulability Analysis
We model an application as a set of processes. A procesPi
has a periodTi, a deadlineDi, and a uniquely assigned prior
ity. Each processPi can potentially be mapped on severa
nodes. LetNPi be the set of nodes to whichPi can potentially
be mapped. For eachNi∈NPi, we know the worst case execu
tion timeCPi

Ni of processPi, when executed onNi. We con-
sider a preemptive execution environment, which means t
higher priority processes can interrupt the execution of low
priority processes. In this paper we use a deadline monoto
priority assignment scheme, but any other more advanc
priority schemes like the ones in [5, 14] could as well be use
A lower priority process can block a higher priority proces
(e.g., it is in its critical section), and the blocking time is com
puted according to the priority ceiling protocol [13]. Proces
es exchange messages, and for each messagemi we know its
sizeSmi. A message is sent once in everynm invocations of
the sending process, with a periodTm = nmTi inherited from
the sender processPi, and has a unique destination process

For a given mapping of processes to processors, Tind
et al. integrate in [17] processor and communication sche
uling and provide a “holistic” schedulability analysis in th
context of distributed real-time systems with communicatio
based on a simple TDMA protocol. The basic idea in [17]
that the release jitter of a destination process depends on
communication delay between sending and receiving a m
sage. The release jitter of a process is the worst case d
between the arrival of the process and its release (when
placed in the run-queue for the processor). The communi
tion delay is the worst case time spent between sendin
message and the message arriving at the destination proc

Although there are many similarities with the gener
TDMA protocol, the analysis in the case of TTP is differen
in several aspects and also differs to a large degree depe
ing on the policy chosen for message scheduling. In [10] w
have proposed four approaches for scheduling of messa
using TTP that differ in the way the messages are alloca
to the communication channel (either statically or dynam
cally) and whether they are split or not into packets fo
transmission. For each of these approaches, we have
developed the corresponding schedulability analysis [10

The first approach, called Static Single Message Alloc
tion (SM), is to statically (off-line) schedule each of the me
sages into a slot of the TDMA cycle, corresponding to th
node sending the message. We also consider that the slots
hold each at maximum one single message. The second
proach, called Static Multiple Message Allocation (MM), i
an extension of the first one. In this approach we allow mo
than one message to be statically assigned to a slot and al

TDMA Round Cycle of two rounds
Slot

S0 S1 S2 S3 S0 S1 S2 S3

Frames

Figure 1. Bus Access Scheme
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messages transmitted in the same slot are packaged together
in a frame. While the previous two approaches have statically
allocated one or more messages to their corresponding slots,
the third approach, called Dynamic Message Allocation
(DM), considers that the messages are dynamically allocated
to frames, as they are produced. Finally, the last approach,
called Dynamic Packets Allocation (DP), is an extension of
the previous one, and allows the messages to be split into
packets before they are transmitted on the communication
channel. By splitting messages into packets we can obtain a
higher utilization of the bus and reduce the release jitter.

Comparing these four approaches, in [10] we conclude
that while the DP approach is generally the most performant
since the dynamic scheduling of messages is able to reduce
release jitter because no space is waisted in the slots if the
packet size is properly selected, by using the MM approach
we can obtain almost the same result if the messages are
carefully allocated to slots. Moreover, in the case of larger
process sets MM outperforms DP, as DP suffers from large
overhead due to its dynamic nature. Also, DM performs
worse than DP and MM because it does not split the messag-
es into packets, and this results in a mismatch between the
size of the messages dynamically queued and the slot size,
leading to unused slot space that increases the jitter. SM per-
forms the worst as it does not permit much room for im-
provement, leading to large amounts of unused slot space.

Therefore, for the purpose of this paper, we consider that the
messages are scheduled using the MM approach, and for the de-
tails of the corresponding schedulability analysis the reader is
referred to [10]. The discussion can easily be extended to any of
the other three message passing approaches presented before.
2.3 Application Mapping and Scheduling
In order to implement an application, represented as a set of
processes, the designer has to map the processes to the system
nodes and generate the schedule table for the messages
(MEDL) such that all deadlines are satisfied. But producing a
mapping and scheduling so that the system is schedulable is not
enough if we are to support an incremental design process as
discussed in the introduction. In this case, starting from a sched-
ulable system, we have to improve the mapping of processes
and scheduling of messages so that not only the design con-
straints are satisfied, but there is also a good chance that, later,
new functionality can easily be mapped on the resulted system.

To illustrate the role of mapping and scheduling in the
context of an incremental design process, let us consider the
example in Figure 2, where we have two processors with the
same speed connected by a TTP bus. With black we represent
the set of already running applicationsψ while the current ap-
plicationΓcurrent to be mapped and scheduled is represented
in grey and consists of two processes and three messages. To
simplify the discussion, for this particular example we con-
sider that the system is not schedulable if theutilization factor
of any node is greater than one.We say that the processor can
be “filled up” with processes until it reaches an utilization
factor of one (the square depicting the processor is full). The
utilization factorUi of a processPi is the ratio between the
worst case execution timeCPi

of that process and its period
Ti: Ui=CPi / Ti. The utilization factor of a node is the sum of

the utilization factors of all processes mapped on that no
The processes and messages that are to be mapped on th
cessors are depicted as blocks. The height of a process b
is equal with its utilization factor, while the length of a mes
sage block gives the size of the message. White space o
processor represents available utilization, while white spa
on the bus represents available slack in the schedule tabl

Now, let us suppose that in the future another applicatio
Γfuture, has to be mapped on the system.Γfutureconsists of two
processes and two messages represented as hashed blo

We can observe that the new application can be sch
uled only in the third case, presented in Figure 2c. IfΓcurrent
has been implemented as in Figure 2b, we are not able
schedule processP2 and messagem2 of Γfuture. The way our
current application is mapped and scheduled will influen
the likelihood of successfully mapping additional function
ality on the system without being forced to modify the im
plementation of already running applications.
3. Problem Formulation
We model an applicationΓcurrent as a set of processes a
outlined in section 2.2. Thus, for each processPi we know
the setNPi of potential nodes on which it could be mappe
and its worst case execution time on each of these nod
The underlying architecture is as presented in section 2
We consider fixed priority preemptive scheduling for pro
cesses and a time-triggered message passing policy, as
posed by the TTP protocol (section 2.1).

Our goal is to map and schedule an applicationΓcurrent
on a system that already implements a setψ of applications,
considering the following requirements:
Requirementa: constraints onΓcurrentare satisfied and minimal
modifications are performed to the applications inψ.
Requirementb: new applicationsΓfuturecan be mapped on
the resulting system.

If it is not possible to map and scheduleΓcurrentwithout
modifying the already running applications, we have
change the mapping and scheduling of some application
ψ. However, even with serious modifications performed o
ψ, it is still possible that certain constraints are not satisfie
In this case the hardware architecture has to be changed
for example, adding a new processor. In this paper we w
not discuss this last case, but will concentrate on the sit
tion where a possible mapping and scheduling which sa
fies requirement a) can be found, and this solution has to
further improved by considering requirement b).

In order to achieve our goals we need certain informati
to be available concerning the set of applicationsψ as well as
the possible future applicationsΓfuture. We consider that
Γcurrent can interact with the previously mapped application
ψ by reading messages generated on the bus by processesψ.

Γfuture:

Figure 2. Incremental Mapping and Scheduling Example
m1 (2 bytes) m2 (6 bytes)P1 P2

a) b) c)

0.3
0.45
0.25

0.5
0.2
0.3

Slack, Available utilizationψ
Γcurrent: Process utilizations message sizes
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3.1 Characterizing Existing Applications
To perform the mapping and scheduling ofΓcurrent, the mini-
mum information needed on the existing applicationsψ con-
sists of the worst case execution time, period and deadline for
each process on its node. As for messages, their length as well
as their place in the particular TDMA frame have to be known.

If the initial attempt to schedule and mapΓcurrent does
not succeed, we have to modify the mapping of processes
and schedule of messages belonging toψ, in the hope to
find a valid solution forΓcurrent. One of the goals in this pa-
per is to find that minimal modification to the existing sys-
tem which leads to a correct implementation ofΓcurrent. In
our context, such a minimal modification means remapping
and rescheduling a subset of old applicationsΩ ⊆ ψ so that
the total cost of reimplementingΩ is minimized. We repre-
sent a set of applications as a directed acyclic graphG(V, E),
where each nodeΓi ∈ V represents an application. An edge
eij ∈ E from Γi to Γj indicates that any modification toΓi
would trigger the need to also remap and scheduleΓj. Such
a relation can be imposed by certain interactions between
applications. In Figure 3 we present the graph correspond-
ing to a set of ten applications. ApplicationsΓ6, Γ8, Γ9 and
Γ10, depicted in black, are frozen: no modifications are al-
lowed to them. The rest of the applications have the remap-
ping costRi depicted on their left.Γ7 can be remapped with
a cost of 20. IfΓ4 is to be reimplemented, this also requires
the modification ofΓ7, with a total cost of 90. In the case of
Γ5, although not frozen, no remapping is possible as it
would trigger the need to remapΓ6 which is frozen. Given
a subset of applicationsΩ ⊆ ψ, the total cost of modifying
the applications inΩ is R(Ω)= .

To each applicationΓi ∈ V the designer has associated a
costRi of reimplementingΓi. Such a cost can typically be
expressed in hours needed to perform retesting ofΓi and
other tasks connected to the remapping of the application
(moving processes between nodes).
3.2 Characterizing Future Applications
What do we suppose to know about the familyΓfutureof appli-
cations which do not exist yet? Given a certain limited appli-
cation area (e.g. automotive electronics), it is not unreasonable
to assume that, based on the designers’ previous experience,
the nature of expected future functions to be implemented,
profiling of previous applications, available incomplete de-
signs for future versions of the product, etc., it is possible to
characterize the family of applications which would be added
to the current implementation. This is an assumption which is
basic for the concept of incremental design.

Thus, we consider that, concerning the future applica-
tions, we know the setSU={ Umin,...Ui,...Umax} of possible
processor utilization factorsfor processes, and the set
Sb={ bmin,...bi,...bmax} of possible message sizes. The pro-
cessor utilization factorUi provides a measure of the com-
putational load due to the a processPi, and is expressed as
Ui=CPi/Ti. The utilization factors inSU are considered rela-

tive to the slowest node in the system. All the other nod
are characterized by a speed-up factor relative to this slo
est node, which is used to calculate the actual utilizati
factor due to a processPi if mapped on a nodeNj. The utili-
zation factor for an entire process set is given byU= .

We also assume that over these sets we know the distr
tions of probabilityfSU(U) for U∈SU andfSb(b) for b∈Sb. For
example, we might have possible utilization facto
SU={0.02, 0.05, 0.1, 0.2} for the future application. If almos
half of the processes are assumed to have an utilization fa
of 0.1, and there is a lower probability of having process
with utilization factors of 0.2 and 0.02, then our distributio
function fSU(U) could look like this: fSU(0.02)=0.15,
fSU(0.05)=0.25, fSU(0.1)=0.45,fSU(0.2)=0.15.

Another information is related to the period of future ap
plications. In particular, the smallest expected periodTmin is
assumed to be given, together with the expected neces
bus bandwidthbneedinside such a periodTmin. As will be
shown later, this information is used in order to provide
fair distribution of slacks on the bus.

For thesakeofsimplifying thediscussion,wewill notaddre
here the memory constraints during process mapping and the
plications of memory space in the incremental design proces
3.3 Quality Metrics
A designer will be able to map and schedule aΓfutureapplica-
tion on top of a system implementingψ andΓcurrentonly if
there are sufficient resources available. In our case, the reso
es are the processor time and the bandwidth on the bus. In
context where processes are scheduled according to a fixed
ority preemptive policy and messages are scheduled static
having free resources translates into having enough proce
capacity, and having space left for messages in the bus s
We measure the processor capacity using theavailable utiliza-
tion, while the available resources on the bus are calledslack.

It is to be noted that the total quantity of computation an
communication power available on our system after we ha
mapped and scheduledΓcurrenton top ofψ is the same regard-
less of the mapping and scheduling policies used. What
pends on the mapping and scheduling strategy is
distribution of the available utilization on each processor, t
size of the individual slacks on the bus, and the distribution
slacks along the time line. It is the distribution of availab
utilization and the size and distribution of the slacks that ch
acterizes the quality of a certain design alternative. In th
section we introduce the design criteria which reflect the d
gree to which one design alternative meets the requiremen
presented in section 3. For each criterion we provide metr
which quantify the degree to which the criterion is met. Re
ative to processes we have introduced one criterion which
flects how well the resulted available utilization on the nod
fits the requirements of a future application. For messag
there are two criteria. The first one reflects how well the r
sulted slack sizes fit a future application, and the second c
terion expresses how well the slack is distributed over tim
3.3.1 Processes Related Criterion
The distribution of available utilization on the nodes, resu
ed after implementation ofΓcurrenton top ofψ, should be

Figure 3. Characterizing the Set of Existing Applications
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such that it best accommodates a given family of applica-
tionsΓfuture, characterized by the setSU and the probability
distributionfSU as outlined before.

Let us consider the example in Figure 2, where we have
two processors and the applicationsψ and Γcurrent are al-
ready mapped. Suppose that applicationΓfuture consists of
the two processesP1 andP2. If we scheduleΓcurrent like in
Figure 2b it is impossible to fitΓfuture because there is not
enough available utilization on any of the processors that can
accommodate processP2. A situation as the one depicted in
Figure 2c is desirable, where the resulted available utiliza-
tion is such that the future application can be accommodated.

In order to measure the degree to which the available utili-
zation in a given design alternative fits the future applications,
we provide a metric,C1

P, which captures to what extent the
largest future application (considering the sum of available
process utilization) could be mapped on top of the current de-
sign. This potentially largest application is determined know-
ing the total size of the available utilization, and the
characteristics of the application:SU andfSU. For example, if
our total available utilization onall the processors is of 1.81
then we have to distribute this utilization according to the
probabilities infSU. Considering the numerical example for
processes given in section 3.2, the largest application will re-
sult as having a total of 20 processes: 3 processes of utilization
0.02, 5 of 0.05, 9 processes (almost half,fSU(0.1)=0.45) of uti-
lization 0.1, and 3 of 0.2. If the number of processes for a par-
ticular dimension is not an integer, then we use the ceiling.
After we have determined the largestΓfuture we apply abin-
packingalgorithm [9] using thebest-fitpolicy in which we
consider processes as the objects to be packed, and the avail-
able utilization as containers. The total utilization of unpacked
processes relative to the total utilization of the process set gives
theC1

P metric. In the case presented in Figure 2bU1=0.3 and
U2=0.25, andP2 represents 45% of the largest possible future
application. In this caseC1

P=45. However, in Figure 2c were
we were able to completely map the future applicationC1

P=0.
3.3.2 Criteria Related to Messages
The first criterionfor messages is similar to the one defined for
processes. Thus, the slack sizes in the message schedule table
MEDL (see section 2.1) resulted after implementation ofΓcur-

renton top ofψ should be such that they best accommodate a
given family of applicationsΓfuture, characterized by the setSb
and the probability distributionfSb for messages.

Let us consider the example in Figure 2, where we have
two processors and the applicationsψ andΓcurrentare already
mapped. ApplicationΓfuture has two messagesm1 andm2. It
can be observed that the best configuration, taking in consid-
eration only slack sizes, is to have a contiguous slack. Howev-
er, in reality, it is almost impossible to map and schedule the
current application such that a contiguous slack is obtained.
Not only is it impossible, but it is also undesirable from the
point of view of the second design criterion, discussed below.
On the other side, as we can see from Figure 2b, if we sched-
uleΓcurrentso that it fragments too much the slack, it is impos-
sible to fit Γfuture because there is no slack that can
accommodate messagem2. A situation as the one depicted in
Figure 2c is desirable, where the resulted slack sizes can ac-

commodate the characteristics of theΓfuture application.
In order to measure the degree to which the slack sizes

a given design alternative fit the future applications, we pr
vide the metricC1

m. C1
m captures how much of the commu

nications of the largest future application whic
theoretically could be mapped on the system if the slacks
the bus would be summed, can be mapped on the current
sign alternative. The messages accounting for the larg
amount of communication are determined, as shown abo
for processes, knowing the total size of the available sla
and the characteristics of the application:Sb and fb.

C1
m is calculated similarly to the metricC1

P but, instead
of packing the processes as objects, we try to pack the m
sages into the available slack on the bus.C1

m is then the to-
tal size of unpacked messages, relative to the total size
messages in the largest future application. For Figure 2
wherem2 could not be scheduled,C1

m is 75% becausem2
of 6 bytes represents 75% of the total message sizes o
bytes. For the design alternative in Figure 2cC1

m is 0% be-
cause all the messages have been scheduled.

We have just discussed a metric for how well the sizes
the slacks fit a possible future application. A similar metr
is needed to characterize the distribution of slacks over tim

During implementation ofΓcurrentwe aim for a slack distri-
bution such that the future application with the smallest expe
ed periodTmin and with the expected necessary bandwid
bneedinside the periodTmin, can be accommodated. The min
mum over the slacks inside eachTminperiod, which is available
periodically to the messages ofΓfuture, is theC2

m metric.
In Figure 4 we present a message schedule table.

consider a situation withTmin=120 ms andbneed=40 ms.
The length of the schedule table is 360 ms, and the alrea
scheduled messages ofψ andΓcurrentare depicted in black.
Let us consider the situation in Figure 4a. In the first perio
Tmin, Period 0, there are 40 ms of slack available on the bu
in the second period 80 ms, and in the third period no sla
is available. Thus, the total slack a future application with
period Tmin can use on the bus in each period isC2

m=
min(40, 80, 0)=0 ms. In this case, the messages canno
scheduled. However, if we movem1 to the left in the sched-
ule table, we are able to create, in Figure 4b, 40 ms of sla
in each period, resulting aC2

m= 40 ms =bneed.
3.4 Cost Function and Exact Problem Formulation
In order to capture how well a certain design alternative me
the requirement b) stated at the beginning section 3, the m
rics discussed before are combined in a cost function, as
lows: C= , where the
metric values are weighted by the constantswi. Our mapping
and scheduling strategy will try to minimize this function.

The first two terms measure how well a future applicatio
fits to the available utilization on the processors and sla
sizes on the bus, respectively. In order to obtain a balanc
solution, that favours a good fitting both on the processo

CP
2 = min(40, 80,  0) =   0ms

Periodic slack

Bus
Period 0

Tmin

Period 1 Period 2

360 ms

Figure 4. Example for the 2 nd Message Design Criterion
Slack

Bus a)

m1

b)CP
2 = min(40, 40, 40) = 40ms

ψ andΓcurrent
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and on the bus, we have used the squares of the metrics.
A design alternative that does not meet the second design

criterion for messages is not considered a valid solution. Thus,
using the last term, we strongly penalize the cost function if
bneed is not satisfied, by using high values for thew2 weight.

At this point, we can give an exact formulation to our
problem. Given an existing set of applicationsψ which are
already mapped and scheduled, and an applicationΓcurrent
to be mapped on top ofψ, we are interested to find a map-
ping and scheduling ofΓcurrentwhich satisfies all deadlines
such that the existing applications are disturbed as little as
possible. At the same time, the solution should minimize the
cost functionC, considering a family of future applications
characterized by the setsSU andSb, the functionsfSU andfSb
as well as the parametersTmin andbneed.
4. Mapping and Scheduling Strategy
As shown in Figure 5, our mapping and scheduling strategy
(MH) has two steps. In the first step we try to obtain a valid
solution forΓcurrent ∪ Ω so that the total modification cost
R(Ω) is minimized (Ω ⊆ ψ is the subset of existing applica-
tions that have to be modified to accommodateΓcurrent).
Starting from such a solution, a second step iteratively im-
proves on the design in order to minimize the cost functionC.
We iteratively improve the design using a transformational
approach. A new design is obtained from the current one by
performing a transformation calledmove. We consider the
following moves: moving a process to a different node, and
moving a message to a different slack on the bus. Only those
moves are valid moves that result in a schedulable system.
The intelligence of the Mapping Heuristic lies in how the po-
tential moves are selected. For each iteration a set of potential
moves is generated by thePotentialMove functions.SelectMove

functions then evaluate these moves with regard to the respec-
tive metrics and selects the best one to be performed.
4.1 The Initial Mapping and Scheduling
The first step of MH consists of an iteration that tries subsets
Ω ⊆ ψ with the intention to find that subsetΩ=Ωminwhich
produces a valid solution forΓcurrent∪ Ω such thatR(Ω) is
minimized.

Given a subsetΩ, the InitialMappingScheduling function (IMS)
constructs a mapping and schedule forΓcurrent∪ Ω that meets
the deadlines (both for processes inΓcurrent and those inΩ),
without worrying about the design criteria in section 3.3. For
IMS we used as a starting point the mapping algorithm intro-
duced in [15], based on a simulated annealing strategy. We have
modified the mapping algorithm in [15] to consider during
mapping a set of previous applications that have already been
mapped, and to schedule the messages according to the TDMA
protocol, using the MM approach [12]. The schedulability test
that checks a particular mapping alternative is performed ac-
cording to our schedulability analysis presented in [10].

If IMS succeeds in finding a mapping and a schedule
which meet the deadlines, this is not yet a valid solution. In
order to produce a valid solution we iteratively try to satisfy
the second design criterion for messages. In terms of our
metrics, that means a mapping and scheduling such thatC2

m

≥ bneed. Potential moves can be the shifting of messages in-

side their worst case (largest) [ASAP, ALAP] interval in or
der to improve the periodic slack. InPotentialMoveC2

m , we also
consider movement of processes, trying to place the sen
and receiver of a message on the same processor and,
reducing the bus load.SelectMoveC2

m evaluates these moves
with regard to the second design criterion and selects the b
one to be performed. Consider Figure 4a. InPeriod 2 on
nodeN1 there is no available slack. However, if we mov
messagem1 with 40 ms to the left intoPeriod 1, as depicted
in Figure 4b, we create a slack inPeriod 2, thus the periodic
slack on the bus will be min(40, 40, 40)=40, instead of 0.
4.2 Incremental Mapping and Scheduling Strategy
If Step 1 of the MH algorithm (Figure 5) has succeeded,
mapping and scheduling ofΓcurrent∪ Ω has been produced
which corresponds to a valid solution. In addition,Ω is such
that the total modification cost is as small as possible (mi
mization of the modification cost is detailed in section 4.3
Starting from this valid solution, the second step of the M
strategy tries to improve on the design in order to minimiz
the cost functionC. In a similar way as during Step 1, we it-
eratively improve the design by successive moves, witho
invalidating the second criterion achieved in the first loop.

The loop ends when there is no improvement achieved
the first two terms of the cost function, or a limit imposed on th
number of iterations has been reached. For each iteration, th
moves are performed which have the highest chance to
prove the cost function. The moves are generated in thePoten-

tialMove functions, and are evaluated and selected based on
respective metrics in theSelectMove functions. We now briefly
discuss thePotentialMoveC1

P andPotentialMoveC1
m functions (Poten-

tialMoveC2
m has been discussed in the previous section).

PotentialMoveC 1
P Let Uf be the total utilization factor of

the largest future applicationΓfmax, andU0 the utilization of
that part which cannot be mapped in the current design
ternative. This function is responsible for selecting mov

Figure 5. Mapping and Scheduling Strategy (MH)

MappingSchedulingStrategy (MH)
Ω=∅ -- Step 1: try to find a valid schedule forΓcurrent that minimizesR(Ω)
repeat

succeeded=IMS(ψ \ Ω, Γcurrent∪Ω) -- initial mapping and scheduling
ASAP(Gcurrent∪Ω); ALAP(Gcurrent∪Ω)
-- compute worst case ASAP-ALAP intervals for messages
if succeeded then

repeat -- try to satisfy the second message related design criterion
-- find moves with highest potential to maximizeC2

m

move_set=PotentialMoveC2
m (Gcurrent∪Ω)

-- select and perform move which improves mostC2
m

move = SelectMoveC2
m (move_set); Perform(move)

succeeded = C2
m bneed

until succeeded or  limit reached
end if
if succeeded and R(Ω) smallest so far then

Ωvalid=Ω; solutionvalid=solutioncurrent
end if
Ω=NextSubset(Ω) -- try another subset

until  termination condition
if not succeeded then  modify architecture; go to step 1; end if
-- Step 2: try to improve the cost functionC
solutioncurrent=solutionvalid; Ωmin=Ωvalid
repeat -- find moves with highest potential to minimizeC

move_set=PotentialMoveC1
P (Gcurrent∪Ωmin)

∪ PotentialMoveC1
m (Gcurrent∪Ωmin)

-- select move which improvesC
-- and does not invalidate the second message related design criterion
move = SelectMoveC1(move_set); Perform(move)

until C1 has not changed or limit reached
end MappingSchedulingStrategy
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of processes from one node to another so thatC1
P = is

reduced. Moving a processPi with the utilization factorUi
from a nodeNj where it is currently mapped to a nodeNk
will increase the available utilization on nodeNj to UNj+Ui
and decrease the available utilization onNk to UNk-Ui. To
find outU0 in this new case would mean executing the bin-
packing with the processes of the future application as ob-
jects and the new available utilization configuration as con-
tainers. This can take significant execution time, however,
since it has to be done for each potential move.

In section 3.3 we have explained how we can determine
the processes that make up the largest future application,
Γfmax, based on the total available utilization and the
characterization of future applications. Let us assume that
Γfmaxconsists of the setPfmax={ Pf1, Pf2,...Pfn} of processes,
and thatP0={ Pfi, Pfi+1,...,Pfm} are the ones that cannot be
mapped in the current design alternative. The total
utilization requested by the unmapped processes isU0=Ufi
+ Ufi+1 + ... + Ufm. For the potential move ofPi from Nj to
Nk we have to recalculateC1

P which means determiningU0.
In order to reduce the execution time needed by the bin-

packing algorithm, we do not consider all the processes of
Γfmaxas objects to be packed. We consider for repacking only
those processes belonging toΓfmax that had to be removed
from Nk to make room forPi, together with those that were
already left outside. Our heuristic considers that to make room
for Pi on nodeNk we remove those processesPi

Nk ⊂ Γfmax
mapped onNk which have the smallest utilization factor, since
they are the ones that should be easiest to fit on other nodes.
The metric used bySelectMove to rank this move is the sum of
the utilization factors of processes which are left out after
trying to repack theP0 ∪ Pi

Nk set.
Out of the best moves according the previous metric, we

encourage those that have the smallest impact on the sched-
ulability analysis, since we would like to keep the system
schedulable. This means moving processes that have low
priority (do not have a large impact on other processes) and
have a response time that is considerably smaller than their
deadline (Di - Ri is large).

PotentialMoveC 1
m In order to avoid excessive fragmentation

of the slack on the bus we will consider moving a message to a
position that “snaps” to another existing message. A message
is selected for potential move if it has the smallest “snapping
distance”, i.e. in order to attach it to other message it has to
travel the smallest distance inside the schedule table. We also
consider moves that try to increase the individual slacks sizes.
Therefore, we first eliminate slack that is unusable: it is too
small to hold the smallest message of the future application.
Then, the slacks are sorted in ascending order and the smallest
one is considered for improvement. Such improvement of a
slack is performed through moving a nearby message, but
avoiding to create as a result an even smaller individual slack.
4.3 Minimizing the Modification Cost
In the first step of our mapping strategy, described in Figure 5,
we iterate on subsetsΩ searching for a valid solution which al-
so minimizes the total modification costR(Ω). As a first at-
tempt, the algorithm searches for a valid implementation of
Γcurrent without disturbing the existing applications(Ω=∅). If

no valid solution is found successive subsetsΩ produced by the
functionNextSubset are considered, until a terminating conditio
is met. The performance of the algorithm, in terms of runtim
and quality of the solutions produced, is strongly influenced
the implementation of the functionNextSubset and the termina-
tion condition. They determine how the design space is e
plored while testing different subsetsΩ of applications.
4.3.1 Exhaustive Search (ES)
In order to findΩmin, the simplest solution is to try succes
sively all the possible subsetsΩ ⊆ ψ. These subsets are gen
erated in the ascending order of the total modification co
starting from∅. The termination condition is fulfilled when
the first valid solution is generated. Since the subsets
generated in ascending order, according to their cost,
subsetΩ that first produces a valid solution is also the subs
with the minimum modification cost.

The generation of subsets is performed according to
graphG that characterizes the existing applications (see s
tion 3.1). Finding the next subsetΩ, starting from the cur-
rent one, is achieved by a branch and bound algorithm t
in the worst case grows exponentially in time with the num
ber of applications. For the example in Figure 2, the call
NextSubset(∅) will generate {Γ7} which has the smallest non-
zero modification cost. The next generated subsets, in ord
together with their corresponding total modification co
are:R({ Γ3} )=50,R({ Γ3, Γ7} )=70,R({ Γ4, Γ7} )=90 (the in-
clusion ofΓ4 triggers the inclusion ofΓ7), R({ Γ2, Γ3} )=120,
R({ Γ3, Γ4, Γ7} )=140, R({ Γ1} )=150, and so on. The total
number of possible subsets according to the graphG is 16.

This approach, while finding the optimal subsetΩ, re-
quires a large amount of computation time and can be us
only with a small number of applications.
4.3.2 Ad-hoc Subset Selection (AS)
If the number of applications is large, a possible ad-hoc so
tion could be based on a greedy strategy which, starting fr
Ω=∅, progressively enlarges the subset until a valid soluti
is produced. The algorithm looks at all the non-frozen app
cations and picks that one which, together with its depend
cies, has the smallest modification cost. If the new sub
does not produce a valid solution, it is enlarged by includin
in the same fashion, the next application with its depende
cies. This greedy expansion of the subset is continued u
the set is large enough to lead to a valid solution or no app
cation is left. For the example in Figure 2 the call toNextSub-

set(∅) will produce R({ Γ7} )=20, and will be successively
enlarged toR({ Γ7, Γ3} )=70,R({ Γ7, Γ3, Γ2} )=140 (Γ4 could
have been picked as well in this step because it has the s
modification cost of 70 asΓ2 and its dependenceΓ7 is already
in the subset),R({ Γ7, Γ3, Γ2, Γ4} )=210, and so on.

While this approach finds very quickly a valid solution
if one exists, it is possible that the total modification cost
much higher than the optimal one.
4.3.3 Subset Selection Heuristic (SH)
An intelligent heuristic should be able to identify the reaso
due to which a valid solution has not been found and use t
information when selecting applications to be included inΩ.
There can be two possible causes for not finding a valid so
tion: an initial mapping which meets the deadlines has n
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been produced, or the second criterion is not satisfied.
Let us investigate the first reason. If an applicationΓi is

schedulable, this means that all its processes meet their dead-
lines. If IMS determines that the application is not schedula-
ble this means that at least one of the processesPi missed its
deadline:Ri > Di. Besides the intrinsic properties of the appli-
cation that can lead to this situation, processPi can miss its
deadline also because of the interference of higher priority
processes that are mapped on the same node withPi, process-
es that can also belong to other applications. In this situation
we say that there is aconflictwith processes belonging to oth-
er applications. We are interested to find out which applica-
tions are responsible for conflicts encountered by ourΓcurrent,
and not only that, but also which ones areflexibleenough to
move away in order to avoid these conflicts (Di - Ri is large).

IMS determines a metric∆i that characterizes the degree of
conflict and the flexibility of applicationΓi in relation toΓcur-

rent. A set of applicationsΩ will be characterized, in relation to
Γcurrent, by ∆(Ω)= . The metric∆(Ω) will be used by
our subset selection heuristic if IMS has failed to produce a so-
lution which satisfies the deadlines. An application with a larg-
er∆i is more likely to lead to a valid schedule if included inΩ.

Basically,∆i is the total amount ofinterferencecaused by
higher priority processes ofΓi to processes inΓcurrent. For a
processPi, the interferenceIji from a higher priority process
Pj mapped on the same node, is the time thatPj delays the

execution ofPi, and is given byIji= whereJj is the

release jitter of processPj and a detailed description of how
it is calculated in the context of the MM approach for mes-
sage scheduling over TTP is given in [10]. Figure 6 presents
in more detail how∆i is calculated.

If the initial mapping was successful, the first step of MH
could fail during the attempt to satisfy the second design cri-
terion for messages. In this case, the metric∆i is computed
in a different way. It will capture the potential of an applica-
tion Γi to improve the metricC2

m if remapped together with
Γcurrent. Thus, for the improvement ofC2

m we consider a to-
tal number of moves from all the non-frozen applications
(determined usingPotentialMoveC2

m (y), see section 4.1). For
each move that has as subjectmj∈Γi, we increment the met-
ric ∆i with the predicted improvement onC2

m .
MH starts by trying an implementation ofΓcurrent with

Ω=∅. If this attempt fails, because of one of the two reasons
mentioned above, the corresponding metrics∆i are computed
for all Γi∈ψ. Our heuristic SH will then start by finding the
ad-hoc solutionΩAH produced by the AS algorithm (this will
succeed if there exists any solution) with a corresponding cost
RAH=R(ΩAH) and a∆AH=∆(ΩAH). SH now continues by try-

ing to find a solution with a more favourableΩ (a smaller total
costR). Therefore, the thresholdsRmax=RAH and∆min=∆AH/
n (for our experiments we consideredn=2) are set. For gener-
ating new subsetsΩ, the functionNextSubset now follows a
similar approach like ES but in a reverse direction, towar
smaller subsets, and it will consider only subsets with a sma
er total cost thanRmax and a larger∆ than∆min (a small∆
means a reduced potential to eliminate the cause of the in
failure). Each time a valid solution is found, the current valu
of Rmax and∆min are updated in order to further restrict th
search space. The heuristic stops when no subset can be f
with ∆>∆min, or a certain imposed limit has been reache
(e.g. on the total number of attempts to find new sets).
5. Experimental Results
For the evaluation of our mapping strategies we first used p
cess sets of 40, 80, 160, 240 and 320 processes represe
the Γcurrentapplication generated for experimental purpos
30 applications were generated for each set dimension, th
total of 150 applications were used for experimental evalu
tion. We considered an architecture consisting of 10 nodes
different speeds. For the communication channel we cons
ered a transmission speed of 256 kbps and a length below
meters. The maximum length of the data field in a bus s
was 8 bytes. All experiments were run on a SUN Ultra 10

The first result concerns the quality of the designs o
tained with our mapping strategy MH using the search he
ristic SH compared to the case when the ad-hoc approach
and the exhaustive search ES are used for subset selec
For each of the five application dimensions generated
have considered a set of existing applicationsψ consisting of
160, 240, 320, 400 and 480 processes, respectively. The
contained 4, 6, 8, 10 and 12 applications, each applicat
with an associated modification cost assigned manually
the range 10 to 100. The dependencies between applicat
were such that the total number of subsets resulted for e
setψ were 8, 32, 128, 256, and 1024. We have considered t
the future applicationsΓfutureconsist of a process set of 80
processes, randomly generated according to the follow
specifications:SU={0.02, 0.05, 0.1, 0.15, 0.2},fSU(SU)={10,
25, 45, 15, 5%},Sb={2, 4, 6, 8 bytes},fSb(Sb)={20, 50, 20,
10%}, Tmin=250 ms andbneed=20 ms.

MH has been used to produce a valid solution for each
the 150 process sets representingΓcurrenton top of the exist-
ing applicationsψ using the ES, AS and SH approaches
subset selection. For each of the resulted valid solutions, th
corresponds a minimum modification costR(Ωmin). Figure 7a
compares the three approaches to subset selection base
the modification cost needed in order to obtain a valid so
tion. The exhaustive approach ES is able to obtain valid so
tions at the optimum (smallest) modification cost, (e.g. le
than 400, in average, for systems with 12 applications co
sisting of a total of 480 processes), while the ad-hoc approa
AS needs in average 3.11 times more costly modifications
order to obtain valid solutions (e.g. more than 1100 for 4
processes in Figure 7a). However, in order to find the optim
remapping the ES approach needs large computation tim
For example, it can take more than 35 minutes, in average
order to find the smallest cost subset to be remapped t

DeltaMetrics( Γcurrent, Ω)
for each  non frozen Γi∈Ω ∆i = 0 end for
for each Pi∈Γcurrent

if Ri > Di
for each non frozen Γk∈Ω

-- hp(Pi) is the set of processes with higher priority thanPi
for each Pj ∈Γk ∩ hp(Pi): ∆k = ∆k + Cj*(Jj+Ri)/Tj end for

end for
end if

end for
return ∆
end DeltaMetrics

Figure 6. Determinig the ∆ metrics
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leads to a valid solution in the case we have 12 applications.
From Figure 7a we can see that the proposed heuristic SH
performs quite well, needing only 1.84 times larger costs, in
average, in order to obtain a valid schedule, and this is
achieved at a computation cost comparable with the fast ad-
hoc approach AS. For the results in Figure 7a we have elimi-
nated those situations in which a valid solution has not been
produced by MH (which means that there is no solution re-
gardless of the modification cost).

Next, we were interested to investigate the quality of the
mapping heuristic MH compared to a so calledad-hoc map-
ping approach(AM). To concentrate on this, we have consid-
ered thatno modificationsare allowed to the applications in
ψ. The AM approach is a simple, straight-forward solution to
produce designs which, to a certain degree, support an incre-
mental process. AM tries to evenly balance the available uti-
lization remaining after mapping the current application. The
quality of the designs obtained with MH and AM were com-
pared with a near-optimal mapping and schedule obtained
with a Simulated Annealing strategy (SA) strategy [12], that
minimizes the cost function C (section 3.4). One of the draw-
backs of the SA strategy is that in order to find near-optimal
solutions it needs very large computation times. Such a strat-
egy, although useful for the final stages of the system synthe-
sis, cannot be used inside a design space exploration cycle.

MH, SA and AM have been used to map each of the 150
process sets representingΓcurrent on the existing applications
ψ. For each of the resulted designs, the objective functionChas
been computed. Very long and expensive runs have been per-
formed with the SA algorithm for each process set and the best
ever solution produced has been considered as the near-opti-
mum for that process set. We have compared the cost function
obtained for the 150 process sets considering each of the three
mapping algorithms. Figure 7b presents the average percent-
age deviation of the cost function obtained with the MH and
AH from the value of the cost function obtained with the near-
optimal scheme. We have excluded from the results in Figure
7b, 28 solutions obtained with AH for which the second design
criterion for messages has not been met, and thus the objective
function has been strongly penalized. The SA approach per-
forms best in terms of quality at the expense of a large execu-
tion time, which can be up to 40 minutes for large sets of 320
processes. MH performs very well, and is able to obtain good
quality solutions in a very short time, e.g., 6.5 seconds for 320
processes. AH is very fast, but since it does not address explic-

itly the design criteria presented in Section 3 it has the wo
quality of solutions, according to the cost function.

The most important aspect of the experiments is determ
ing to which extent the mapping strategies proposed in the
per really facilitate the implementation of future application
To find this out, we have mapped process sets of 40, 80, 1
and 240 processes representing theΓcurrentapplication on top
of the previously generated existing applicationsψ. After
mapping and scheduling each of these applications we h
tried to add a new applicationΓfuture to the resulted system.
Γfuture consists of a process set of 80 processes, rando
generated according to the same specifications presented
fore. The experiments have been performed two times, us
first MH*1 and then AM for mappingΓcurrent. In both cases
we were interested if it is possible to find a valid implemen
tation forΓfuture on top ofΓcurrent using the initial mapping
algorithm IMS. Figure 8a shows the number of success
implementations in the two cases. In the caseΓcurrent has
been mapped with MH*, this means using the design criteri
and metrics proposed in the paper, we were able to find a v
id schedule for 56% of the total mapping attempts with IM
usingΓfuture. However, using AH to mapΓcurrenthas led to a
situation where IMS is able to find valid schedules in on
31% of the cases. Another observation from Figure 8 is th
when the available utilization is large, as in the caseΓcurrent
has only 40 processes, it is easy for both MH* and AM to find
a mapping that allows adding future applications. Howev
asΓcurrentgrows to 80, only MH* is able to find a mapping of
Γcurrent that supports an incremental design process, acco
modating more than 60% of the future applications, while u
ing AM only less than 25% are accommodated. If th
remaining utilization is very small, after we map aΓcurrentof
240, it becomes practically impossible to map new applic
tions without modifying the current system.

However, in the case the mapping heuristic isallowed to
modifythe existing system as discussed in this paper then
are able to increase the number of successfully mappedΓfu-

ture applications to 73% from the total instead of only 56%
The percentage of accommodatedΓfutureapplications, for dif-
ferent dimensions ofΓcurrent, if modifications are allowed on
the existing system, is shown by the diagram MH in Figu
8b. After mapping aΓcurrentwith 80 processes using MH we

1. MH* is the same mapping heuristic as in Figure 5, but in
which we do not allow modifications to the existing applications.

Figure 7. a) Average Modification Costs for AS, SH, ES and b) Percentage Deviations for AH, MH, SA
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are able to accommodate 88% of the future applications,
compared to only 61% in the case we do not allow modifica-
tions to the existing system (MH*). Such an increase is, of
course, expected. The important aspect, however, is that it is
obtained not by randomly selecting old applications to be
remapped, but by performing this selection such that the total
modification cost is minimized.

Finally, we considered an example implementing a vehicle
cruise controller (CC) modelled as a process set. The CC has
32 processes and it was to be mapped on an architecture con-
sisting of 4 nodes, namely: Anti Blocking System, Transmis-
sion Control Module, Engine Control Module and Electronic
Throttle Module. The systemψ consists of 80 processes gener-
ated randomly. The CC is theΓcurrent application to be
mapped. We have also generated 30 future applications of 40
processes each with the characteristics of the CC, which are
typical for automotive applications. By mapping the CC using
MH* we were able to later map 18 of the future applications,
while using AH only 6 of the future applications could be
mapped. MH* and AH do not consider modifications to the ex-
isting system. When modifications are allowed, using the MH
approach, we are able to map 26 of the 30 future applications.
6. Conclusions
We have presented an approach to the incremental design of
distributed hard real-time systems. Such a design process sat-
isfies two main requirements when adding new functionality:
the already running functionality is disturbed as little as pos-
sible, and there is a good chance that, later, new functionality
can easily be mapped on the resulted system. Our approach
was considered in the context of a fixed priority scheduling
policy for processes and a static cyclic scheduling policy for
messages. Scheduling of messages has been done using a re-
alistic communication model based on a TDMA scheme.

We have introduced several design criteria with their corre-
sponding metrics, that drive our mapping strategies to solutions
supporting an incremental design process. For constructing an
initial valid solution, we have shown that it is needed to take
into account the features of the communication protocol.

Three algorithms have been proposed to produce a min-
imal subset of applications which have to be remapped and
scheduled in order to implement the new functionality. ES
is based on a, potentially slow, branch and bound strategy
which finds an optimal solution. AS is very fast but produc-
es solutions that could be of too high cost, while SH is able
to quickly produce good quality results. The approaches
have been validated through several experiments.
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Abstract

The paper presents some preliminary results on dynamic
scheduling of model predictive controllers (MPC’s). In
model predictive control, the control signal is obtained by
optimization of a cost function in each sample, and the
MPC task may experience very large variations in execu-
tion time. Unique to this application, the cost function also
offers an explicit on-line quality-of-service measure for the
task. Based on this insight, a feedback scheduling strategy
is proposed, where the scheduler allocates CPU time to the
tasks according to the current values of the cost functions.
Since the MPC algorithm is iterative, the feedback sched-
uler may also abort a task prematurely to avoid excessive
input-output latency. A case study is presented, where the
new approach is compared to conventional fixed-priority
and earliest-deadline-first scheduling.

1. Introduction

Flexible scheduling of tasks with unknown or varying exe-
cution times has attracted considerable attention in the real-
time research community during the last decade. The main
motivation has been to reduce some of the pessimism that
is inevitable when applying traditional real-time scheduling
theory to such tasks. Design based on worst-case assump-
tions would in these cases lead to under-utilization of the
computing resources. The research has resulted in a number
of general approaches such as scheduling of imprecise com-
putations [Liuet al., 1991], statistical scheduling, e.g. [Tia
et al., 1995], and value-based scheduling, e.g. [Burnset al.,
2000].

In this work, we instead take the application as the start-
ing point. Many controllers, including hybrid controllers
and model predictive controllers, exhibit large variations in
their execution time, e.g. [Årzénet al., 1999]. In this pa-
per, we will concentrate on scheduling of model predictive
controllers (MPC’s), which in the terminology of [Liuet al.,
1991] can be viewed as “milestone” tasks. In an MPC, the
control signal is determined by solving a convex optimiza-
tion problem in every sample. The result is gradually refined
for each iteration in the optimization algorithm, up to a cer-
tain bound.

The model predictive control strategy has won widespread

industrial use in recent years, e.g. [Richalet,1993]. Since
MPC is based on on-line optimization, it has traditionally
been applied to plants with slow dynamics in the process in-
dustry. Today, faster computers have allowed MPC to be ap-
plied also to plants with faster dynamics. In [Dunbaret al.,
2002], for instance, MPC is applied to high-performance
flight control experiments. The main advantages of MPC
are its ability to handle constraints and its straightforward
applicability to large, multi-variable processes.

The main problem with MPC, however, is the long and
highly varying execution time of the control algorithm.
The execution time in each sample depends on a number
of factors: the state of the plant, the current and future
reference values, the current disturbances acting on the
plant, the number of active constraints on control signals
and outputs, etc. The industrial practice has been to run the
MPC algorithm on a dedicated computer, and to decrease
the complexity of the problem so that overruns are avoided.
The problem of scheduling the MPC as a real-time task has
not been adequately studied, and scheduling of several MPC
tasks on the same computer has never been considered.

In this paper, we take a first step towards a strategy for dy-
namic scheduling of model predictive controllers. The main
idea is to use feedback from the optimization algorithms to
determine (a) when to terminate the optimization and out-
put the control signal, and (b) which of several MPC’s that
should be scheduled at a given time. One very nice feature
of MPC is that it is not onlypossibleto extract a real-world
quality-of-service measure from the controller, but the con-
trol algorithm is indeedbasedon the same measure. This
enables a very tight and natural connection between the con-
trol and the scheduling. In the paper, a simulation study is
performed, where the new approach is compared to con-
ventional fixed-priority and EDF scheduling. The results
show that large improvements in control performance can
be achieved by more dynamic scheduling.

1.1 Outline

The rest of this paper is outlined as follows. An introduction
to model predictive control is given in Section 2. Section 3
discusses the concept of feedback scheduling, and also con-
trasts the current approach to some related work. Section 4
contains a case study, where an MPC for a quadruple-tank
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Figure 1 The basic principle of model predictive control.

process is investigated from a real-time perspective. Dif-
ferent scheduling approaches are compared in simulations.
Section 5 provides further discussion and possible research
directions, while Section 6 gives the conclusions.

2. Model Predictive Control

This section gives a brief overview of model predictive
control. In short, MPC is based on three main concepts:

1. Explicit use of a model to predict the output of the
controlled process at future discrete time instants,
over aprediction horizon,Hp.

2. Computation of a sequence of future control actions
over acontrol horizon, Hu, by minimizing a given
objective function, such that the predicted process
output is as close as possible to a desired reference
signal.

3. Receding horizonstrategy, so that only the first con-
trol action in the sequence is applied, the horizons are
moved towards the future and the optimization is re-
peated in next sample.

The predicted output values, denotedŷ(k + i) for i =

1; : : : ;Hp, depend on the state of the process at the current
time k (represented by a collection of past inputs and
outputs) and on the future control signalsu(k + i) for
i = 0; : : : ;Hu � 1. If Hu is chosen such thatHu < Hp,
the control signal is manipulated only within the control
horizon and remains constant afterwards, i.e.,u(k + i) =

u(k +Hu � 1) for i = Hu; : : : ;Hp � 1, see Figure 1.

The sequence of future control signalsu(k + i) for i =

0; : : : ;Hu � 1 is computed by optimizing a given cost
function. The most often used cost functions are variations
of the following quadratic function [Maciejowski, 2002]:

V (k) =

HpX

i=1

�i (r(k + i) � ŷ(k + i))
2
+

Hu�1X

i=0

�i�u(k + i)2

(1)

The first term accounts for minimizing the variance of
the process output from the reference, while the second

term represents a penalty on the control effort (related for
instance to energy). The latter term can also be expressed
by usingu itself or other filtered forms ofu, depending on
the problem. The vectors� and� define the weighting of
the output error and the control effort with respect to each
other and with respect to the prediction step.

A major feature of the MPC algorithm, and the one that has
contributed the most to its industrialacceptance, is its ability
to handleconstraints, e.g. saturations of control signals or
output signals. These constraints are naturally specified as
a part of the optimization problem. At the same time, it is
the constraints that make the optimization problem so time-
consuming to solve.

The MPC formulation above leads to a quadratic optimiza-
tion problem with linear inequality constraints. The opti-
mization theory offers strong results for such problems.
For example, if a local minimum exists, then it must also
be a global minimum. The problem is solved each sample
with respect to the control signal increments�u(k + i)

for i = 0; : : : ;Hu � 1. Only the control signalu(k) =

u(k � 1) + �u(k) is applied to the process. At the next
sampling instant, the process outputy(k + 1) is available
and the optimization and prediction is repeated with the up-
dated values according to the receding horizon principle.
The control actionu(k + 1) computed at time stepk + 1

will be generally different from the one calculated at time
stepk, since more up-to-date information about the process
is available.

3. Feedback Scheduling

Traditional hard real-time scheduling theory assumes that a
controller can be described as a periodic task with a fixed
period T , a known worst-case computation timeC, and
a hard deadlineD, such thatD = T . Many controllers
however, including hybrid controllers and model predictive
controllers, do not fit the traditional task model very well.
In particular, these controllers can exhibit very large varia-
tions in their execution time. Basing the real-time design on
worst-case assumptions can lead to very conservative de-
signs, slow sampling, and, in the end, poor control perfor-
mance. On the other hand, basing the real-time design on
average-case execution times can lead to temporary CPU
overloads and starvation of some controllers during run-
time. The result can, again, be poor control performance.

One way to handle the large variations in execution time is
to introduce feedback in the real-time system. A schematic
illustration of a general feedback scheduling system is
shown in Figure 2. The idea is to feed back the actual use of
critical resources (in our case, CPU time) to the scheduler
and to continuously adjust the tasks’ demand of resources
according to the current situation. In some cases it is also
possible to use feedforward, where the tasks can inform the
scheduler that they are about to consume more resources.

In the case of control tasks, there are two main ways
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Figure 2 A general feedback scheduling system.

to control the CPU demand. First, one can manipulate
the sampling periods of the controllers. This is possible
since a controller can typically give satisfactory, although
degraded, performance at lower sampling rates than it was
designed for. A case study on hybrid controllers where this
approach was taken was presented in [Cervin and Eker,
2000]. The feedback in this case consisted of execution-time
measurements. The control tasks could also feedforward
mode-change information to the scheduler. There was no
feedback from the actual control performance.

For model predictive controllers, being milestone tasks, it is
more natural to control the CPU demand by manipulating
the execution time of the controllers. Also, the standard
MPC formulation is based on a sampled-data description
with a constant sampling interval, and it would be very
difficult (and time-consuming) to allow on-line changes of
the sampling period. In the approach suggested in this paper,
a scheduling decision is made between each iteration of the
optimization algorithm. The feedback information consists
of the values of the cost functions of the controllers. No
feedforward is needed since the scheduling decisions are so
frequent, and since the cost functions automatically include
all relevant information, including, for instance, all known
future reference changes.

In [Stankovicet al., 1999; Luet al., 1999], a scheduling al-
gorithm that explicitly uses feedback in combination with
EDF scheduling is presented. A PID controller regulates
the deadline miss-ratio for a set of soft real-time tasks with
varying execution times, by adjusting their requested CPU
utilization. It is assumed that tasks can change their CPU
consumption by executing different versions of the same
algorithm. An admission controller is used to accommo-
date larger changes in the workload. In [Luet al., 2000]
the same approach is extended. An additional PID controller
is added that instead controls the CPU utilization. The two
controllers are combined using amin-approach. The result-
ing hybrid controller scheme, named FC-EDF2, gives good
performance both during steady-state and under transient
conditions. Although related to the work presented here,
there are important differences. In our approach the tasks
that are scheduled are controllers, controlling some physi-
cal plants. The performance, orQuality-of-Control (QoC)
is explicitly used by the feedback scheduler to optimize the
overall control performance.

u1 u2

y1 y2
Tank 1 Tank 2

Tank 3 Tank 4

Pump 1 Pump 2

Figure 3 The quadruple-tank laboratory process. From [Jo-
hansson, 2000].

4. Case Study

This section contains a case study of a model predictive con-
troller for a quadruple-tank process. The real-time proper-
ties of the controller are examined, and scheduling of first
one and then two controllers under different strategies is in-
vestigated by simulation.

4.1 The Controlled Process

The process used in the case study is the quadruple-tank
laboratory process, see Figure 3. This process was first
presented in [Johansson, 2000] and is a good example of
a multi-variable process. The goal is to control the level of
the two lower tanks,y1 andy2, using the two pumps,u1 and
u2. The flow from pump 1 is divided such that a fraction
1
enters tank 1 and1 � 
1 enters tank 4. Likewise, the flow
from pump 2 is divided such that a fraction
2 enters tank 2
and1� 
2 enters tank 3. The cross-coupling in the process
makes it hard to achieve good performance using standard
PID loops.

The process is linearized around a stationary point and
is sampled with an interval of one second. This gives a
standard discrete-time state-space model of the process to
be used as the internal model by the MPC. In the following,
y1, y2, u1, andu2 will denote deviations from the stationary
point.

4.2 Real-Time Properties

A 100 seconds simulation scenario, see Figure 4, is stud-
ied, where at time t = 30 s, a step reference change is com-
manded iny1. Also, a step load disturbance enters iny2 at
the same time. The disturbance is not modeled by the in-
ternal model described above, and will therefore make the
optimization problem harder. The reference value fory2 is
zero throughout the simulation.

The result of an ideal simulation of the simulation scenario
is given by the solid curves in Figure 4. The control perfor-
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Figure 4 Control performance of a single MPC. The solid curve represents the ideal control performance obtained by not considering the
computational delay, and letting the optimization algorithm run to termination ineach sample. If the computational time is considered deadlines are
missed and the performance degrades (dashed). Enforcing hard deadlines by aborting the optimization at the deadline gives even worse performance
(dotted). Best performance is obtained by a dynamic stop criterion (dash-dotted).
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Figure 5 Execution time measurement for the MPC algorithm
in the specific simulation scenario given by Figure 4.

mance is optimal and is obtained by letting the optimization
algorithm run to termination in each sample and setting the
computational delay to zero in the simulation.

A Java implementation of the controller was used to mea-
sure the execution time in the described scenario. The result
is shown in Figure 5. A considerable difference in execu-
tion time can be noticed between different operating con-
ditions. During steady-state operation, the required compu-
tation time is negligible, whereas during a step response it
may be considerable longer than the period of the control
task (one second). It also seen in Figure 4 that the input sig-
nalu1 operates at its constraint (4 V). The active constraint
makes the optimization problem harder and contributes to
the increase in execution time.

The varying execution times is due to the large difference
in the number of iterations required by the optimization
algorithm. In the following simulations it is assumed that
the execution time only depends on the number of iterations,
and the execution time for each iteration is set to 40 ms.

Figure 6 shows a close-up of how the objective function
(1) decreases for each iteration during one of the samples
when the execution time is long. It can be seen that the
cost function decreases monotonically but not smoothly
by each iteration, which is due to the specific method
used for the optimization. Different choices of optimization
algorithms are discussed further in Section 5.3. While the
objective function decreases with each new iteration, it is
also expected that the true cost will increase because of
the latency. This is illustrated schematically by the dashed
curve in Figure 6. This fundamental trade-off between
input-output latency and optimization will be studied in the
examples below.

4.3 Simulation Environment

The MATLAB /Simulink-based simulator TRUETIME pre-
sented in [Henrikssonet al., 2002] is used to simulate con-
troller task execution in a real-time kernel in parallel with
the continuous-time dynamics of the quadruple-tank pro-
cess. The detailed co-simulation makes it possible to study
the effect of different scheduling policies and execution sce-
narios on the control performance. The real-time simulation
environment also allows for system-level communication
between the tasks, which will be used to obtain the feedback
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Figure 6 The solid curve shows a close-up of how the objective
function (1) decreases for each iteration during a sample when
the execution time is long. It is seen that the required execution
time for full optimization is well above the period of one second.
The dashed curve illustrates the expected loss due to delay.

connection between the controller tasks and the scheduler in
the simulation of the feedback scheduling scheme.

4.4 A Single MPC Controller

To get an idea of how the input-output latency affects the
control performance, we first investigate the case of a single
MPC executing without interference from other tasks. The
MPC task is implemented using the standard task model for
periodic tasks, i.e., the task is released periodically with the
period equal to the sampling interval of the controller, in
this case one second. Furthermore the relative deadline of
the task is equal to the task period.

In each instance the task will sample the process, perform
the optimization, and finally output the computed control
signal. The control signal is actuated as soon as the task has
completed, i.e., as soon as the optimization has terminated
or been aborted. A new instance may not start to execute
until the previous instance has completed even if the task
executes longer than its period, thus missing its deadline.

If a deadline is missed, which may very well be the case
because of the long execution times, the task is immediately
released again after completion and the release time is
increased by the task period. This will make the task try
to ”catch up” to missed deadlines. This situation is studied
in a first simulation, where the optimization algorithm is
allowed to run to termination in each instance. Since the
execution time is sometimes longer than the task period,
see Figure 5, there will be considerable sampling jitter and
long delays. The result is degraded control performance, as
shown by the dashed curves in Figure 4.

An obvious alternative would be to enforce hard deadlines
by always terminating the optimization at the end of the
period. In this example, however, this turns out to render
even worse control performance, which is shown by the
dotted curves in Figure 4.

In a third attempt, a dynamic stop criterion is used, where
the optimization is terminated after at most two periods,
or when the value of the objective function is below a
certain threshold. The result is better performance, as shown
by the dash-dotted curve in Figure 4. This simulation
indicate that dynamic scheduling, where the MPC task is
sometimes allowed to miss a deadline, may give better
results than terminating the optimization at the deadline
or allowing the optimization to run to completion. It is,
however, not straightforward to determine when it is best to
abort the optimization in relation to the input-output latency.
Problems related to this are discussed in Section 5.1.

4.5 Fixed-priority Scheduling

We next consider scheduling of two MPC’s for two identical
quadruple-tank processes on the same CPU. The controllers
are implemented as synchronous periodic tasksaccording
to the task model described above. The simulation scenario
for the first controller is the same as before, whereas
the reference change and step load disturbance occur ten
seconds later for the second controller. The solid curves in
Figure 7 show the result of an ideal simulation, with full
optimization, no interference and no delay.

We first consider the situation where the tasks are sched-
uled in a priority-preemptive real-time kernel using distinct
priorities. MPC 2 is given the highest priority, and no termi-
nation of the optimization algorithms is performed in this
simulation. In addition to the delays caused by the long
execution times, MPC 1 will now also experience delay
due to preemption from the high-priority controller task.
In the time interval 40-55 s, when both processes are in
their transient phases, MPC 1 is preempted during signifi-
cant amounts of time as seen in the computer schedule in
Figure 8. The result is poor control performance as shown
in Figure 7 (dotted).

4.6 EDF Scheduling

Next, consider scheduling of the two MPC’s using earli-
est deadline first scheduling. The results are given by the
dashed curves in Figure 7, and it is seen that the perfor-
mance is not considerably improved compared to fixed-
priority scheduling. It is a well-known fact that EDF per-
forms bad during overload, where the scheduled system of-
ten will experience adomino effectin missed deadlines. The
degraded performance will in turn influence the execution
times, since the actual process output will deviate from the
predicted output. This increase in execution time will fur-
ther worsen the situation. Figure 9 shows a close-up of the
computer schedule in the interesting time interval. The re-
quired execution time decreases just before 60 seconds, and
both tasks are then running frequently to try to”catch up”
to their missed deadlines.

4.7 Feedback Scheduling

The previous simulations indicate that fixed-priority
scheduling and earliest deadline first scheduling may be
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Figure 7 Control performance when scheduling two MPC tasks for two identical quadruple-tank processes. The solid curve shows the optimal
performance, where computational delay and interference are neglected. The other curves show a comparison of control performance obtained by
fixed-priority scheduling (dotted), EDF scheduling (dashed), and feedback scheduling (dash-dotted). The introduction of the feedback scheduler,
using feedback from the cost functions, improves the control performance considerably.
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Figure 8 Close-up of the schedule under fixed-priority schedul-
ing. The low-priority controller task (MPC1) is preempted during
significant amounts of time with resulting poor control perfor-
mance.

inappropriate for scheduling of MPC tasks. The main rea-
son for this is that the relative importance of each task is
dynamic and depends on reference changes, disturbances,
etc. It is therefore impossible to do relevant off-line prior-
ity assignment and dynamic scheduling based on deadlines
alone may not be enough. A better criterion to use in a
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Figure 9 Close-up of the schedule under EDF scheduling.
Between 40 and 60 seconds both controllers consume much
computing resources and the system becomes heavily overloaded.

dynamic scheduling scheme would be the value of the
objective functions (1) for the respective controller tasks,
which offer a nice on-line quality-of-service measure.

To improve the control performance a feedback scheduler
is introduced, which uses feedback from the cost functions
to dynamically schedule the two controllers. The feedback
scheduler may abort the optimization of the controllers
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Figure 10 Close-up of the schedule under feedback scheduling.
The feedback scheduler (top) distributes the computing on a per-
iteration basis based on the values of the cost functions.

to cope with long execution times and to avoid excessive
delays. Since both controllers are designed with the same
control and prediction horizons, sampling intervals and
weighting matrices, it is straightforward to compare the
values of the respective cost functions. In other cases, some
kind of scaling of the objective functions would have been
required. This is discussed in Section 5.2.

The controllers are still implemented as synchronous peri-
odic tasks, but their execution in each instance is governed
by the feedback scheduler, which distributes computing re-
sources among the running MPC tasks. The feedback sched-
uler makes decisions on a per-iteration basis based on the
current values of the cost functions of the respective con-
trollers. The MPC with the highest cost will be given the
opportunity to perform one iteration. After the iteration the
cost function has decreased, and the feedback scheduler will
make a new decision as of which MPC to run. For stability
reasons the highest priority is to make sure that all MPC’s
have feasible solutions, i.e., solutions that fulfill the con-
straints of the optimization problem. Therefore an infeasible
solution is associated with an infinite cost.

After each iteration a decision will also be made whether
or not to abort the optimization and actuate the plant. This
decision depends on the current delay and is made for
all active MPC controllers and not only for the one that
previously executed. The logic of the feedback scheduler
is described in pseudo-code below:

LOOP
for (each active MPC controller) {

if (delay > limit) {
abort optimization and actuate plant;

}
}
determine MPC task #i with highest cost;
let MPC task #i perform one iteration;

END

The feedback scheduler and the MPC tasks communicate

and synchronize their execution using events. After each
invocation of the feedback scheduler it notifies the MPC
task that is about to run an iteration. After the iteration the
feedback scheduler is notified by another event and repeats
the procedure described above.

Simulation results when using the proposed scheme are
given by the dash-dotted curves in Figure 7. It can be
seen that the control performance has improved, especially
so for MPC controller 1. A close-up of the distribution
of computing resources in the sample between 44 and 45
seconds is shown in Figure 10. Here it is seen how the
execution is divided between the MPC tasks on a per-
iteration basis.

5. Discussion

The simulation results indicate that dynamic scheduling
based on feedback from cost functions may be a success-
ful way of dealing with the problem of limited compu-
tational time when implementing model predictive con-
trollers. However, a number of non-trivial issues have to
be addressed to be able to apply the suggested scheme in
a more general setting. Some of these are discussed below.

5.1 Computational Delay

In the MPC formulation used in this paper the computa-
tional delay was not accounted for. Standard practice is to
include a one-sample delay in the process description and
then synchronize the writing of the outputs with the read-
ing of the inputs to enforce this. The computational delay,
however, could vary from a very small fraction of the sam-
pling interval up to several sampling intervals. In the dy-
namic schemes presented in the paper, the control signal
was actuated as soon as the optimization terminated, not
to induce any unnecessary delay that degrades the perfor-
mance. Ideally, this should be combined with an adjustment
of the prediction matrices in the next sample according to
the actual delay.

Another issue is the trade-off between delay and cost during
optimization. As time goes, the cost function decreases,
but there will also be a penalty due to the input-output
delay, see Figure 6. If this penalty could be estimated (as a
function computed off-line) it could be possible to terminate
the optimization when the cost function plus the penalty
starts to increase instead of decrease. Or it could perhaps be
possible to include an additional term in the cost function
that takes the computational delay into account.

5.2 Comparing Cost Functions

When scheduling several MPC tasks, the strategy suggested
in this paper was to give priority to the controller with the
highest current value of its cost function. However, com-
paring cost functions directly may not be appropriate when
the controllers have different sampling intervals, prediction
horizons, magnitude of disturbances, etc. In those cases, it
would be necessary to scale the cost functions to obtain a



fair comparison. The scheduling could also use feedback
from the derivatives of the cost functions, as well as the rel-
ative deadlines of the different controllers.

5.3 Different QP-Solvers

There exist two major families of methods for solving
quadratic optimization problems with linear inequality con-
straints, see for example [Maciejowski, 2002]. The tradi-
tionally most used is theActive Setmethod, which was used
in the examples in this paper. In this algorithm an active
set, the set of active inequality constraints, is introduced. As
the algorithm proceeds, constraints are added and removed
from the active set until the optimal solution is found. A
drawback with this method, as seen in Figure 6, is that the
cost function may decrease very irregularly as the number
of active constraints changes. This makes it difficult to know
how close the optimum is and whether it will pay off to op-
timize further.

In recent yearsInterior Pointmethods have won widespread
use as an alternative to active set methods. Interior point
methods may be more suitable in a dynamic setting, in
that the cost typically decreases more smoothly by each
iteration. It is then easier to estimate how much it will pay
off to optimize further—the scheduler could look at the time
derivatives of the cost functions to decide which MPC that
should run.

For most optimization problems it is possible to formulate
another, often simpler problem, called thedual problem.
One property relating the original problem and its dual,
is that their respective objective functions obtain the same
value at the optimum. A particularly attractive feature of
certain interior point methods [Wright, 1997] is that the
algorithm offers an estimation of the difference between the
values of the respective objective functions at each iteration.
This is a useful feature, since it gives an indication of how
close to the optimal point the solution at hand is, and may
be used to decide whether to terminate the algorithm or
not. This could be a better indication to the scheduler of
what MPC task that needs attention than just looking at the
current cost.

As described above, premature termination of an optimiza-
tion run in one MPC may be justified in order to improve
the overall control performance. Given that the algorithm at
hand has found a feasible solution (this is considered as a
requirement), any of the algorithms may be terminated be-
fore the optimum is found. The quality of the solution is
then determined by how close to the optimum the solution
is. Potentially, this means that an interior-point method is
preferable, since it offers an estimation of how far off from
the optimal value a solution at a given iteration is.

6. Conclusions

The paper has discussed feedback scheduling of model pre-
dictive controllers, and the potential of the suggested ap-
proach has been illustrated by simulations. A case study

showed that traditional scheduling approaches, such as
fixed-priority scheduling and EDF scheduling, may be in-
appropriate for scheduling of model predictive controllers.
The proposed scheduling approach uses feedback from the
cost functions that are used explicitly in the controller al-
gorithms. The feedback scheduler may also abort a task to
reduce the input-output latency.
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A Computational Model for
Real-Time Control Tasks

(extended abstract)

Anton Cervin and Johan Eker
Department of Automatic Control

Lund Institute of Technology
Sweden

Summary
We propose a computational model for real-time control tasks which com-
bines ideas from the synchronized I/O model of Giotto [Henzinger et al.,
2001] with the CPU resource reservation model of the Constant Bandwidth
Server (CBS) [Abeni and Buttazzo, 1998]. The goal of the model is to facili-
tate co-design of flexible real-time control systems. In particular, the model
should provide

• a simple interface between control design and real-time design

• minimal sampling jitter and output jitter

• short input-output latency

• isolation between unrelated tasks (including non-control tasks)
• predictable control and real-time behavior during overruns

• a possibility to combine several tasks (components) into a new task
(component) with predictable control and real-time behavior

• a possibility to adapt to changing CPU load to provide optimal control
performance

Background
Traditional scheduling models give poor support for the design of multi-
threaded control systems. One difficulty lies in the nonlinearity in dynamic
scheduling mechanisms such as rate-monotonic or earliest-deadline-first
scheduling: a small change in a task parameter, e.g. period, execution time,
deadline, priority, etc., may give rise to unpredictable results in terms of
input-output latency and jitter. This is crucial, since the performance of a
controller depends not only on its sampling period, but also on the input-
output latency and the jitter. In the control design, it is straight-forward
to account for a constant latency, while it is difficult to address varying
or unknown delays. On the other hand, static scheduling may simplify
the control design problem (because of the predictable delays) but cannot
handle overruns or adaptation to changing CPU load.

1



Model Overview
Combining the best of two worlds, we propose the use of static (time-
triggered) scheduling for I/O (communication with the environment and
other tasks), and dynamic scheduling (based on CBS) for all computations
in between. We use CBS servers to make each task appear as if it were
running at a given fraction of the CPU speed. This means that a task that
is given x% of the CPU will appear as if it were running as a lone thread
on a machine with only x% of the original capacity. The task is only al-
lowed to communicate with the environment or other tasks at specified
interaction points. A key property of the model is that, for each task, time
only has to progress linearly with respect to its interaction points. Between
points, the CBS scheduling algorithm (which is based on EDF) is used to
efficiently schedule the pending computations. All I/O is handled by the
kernel (which executes at the highest priority) and is hence not prone to
jitter.

Task Model
Each task τ i has a period Ti and a CPU share Ui. To facilitate short laten-
cies (contrary to e.g. Giotto which imposes a one-sample delay) the task is
divided into li ≥ 1 segments S1

i , . . . , S
li
i . The lengths of the segments are

expressed as fractions of the task period, s1
i , . . . , s

li
i ,

∑li
j=1 sj

i = 1. Within

a segment Sj
i , the task is guaranteed (by the CBS scheduling algorithm)

to be able to execute for a time sj
i UiTi. The beginning of a segment may

be declared as a read point, where shared variables or physical inputs are
read. The end of a segment may be declared as a write point, where shared
variables or physical outputs are written.

An example of a task with two segments in shown in Figure 1. In the
first segment, an input is read, some computations are performed, and an
output is written. In the second segment, some more computations are per-
formed. This is a typical model of a controller whose computations can often
be split into two parts, Calculate Output and Update State, in order to min-
imize the input-output latency. In this example, the latency will be equal
to s1T . If the worst-case execution time of the two segments are bounded
by s1UT and s2UT respectively, the controller will have a perfectly pre-
dictable run-time behavior, regardless of the execution of the other tasks
in the system.

S1 S2

0 T
t

R W

Figure 1 An example of a task divided into two segments. The first segment has
two interaction points: a read point (R) in the beginning and a write point (W) at
the end.

Task are allowed to communicate with each other through shared vari-
ables. To facilitate minimal end-to-end latencies, a task τ i can be given an
optional release offset Oi (which defaults to zero). If the write point of one
task should occur at the same time as the read point of another task, the
write action is guaranteed to take place first.
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An example of two communicating tasks are shown in Figure 2. This
could model for instance a cascade controller, where the inner controller
(τ2) executes twice as frequently as the outer controller (τ 1). After execut-
ing segment S1

1, the outer controller writes a control signal to a shared
variable which will be read and used as a reference value in the inner
controller. To minimize the end-to-end delay, task τ2 is given an offset
O2 = s1

1T1.

τ1

τ2

S1
1S1

1 S2
1S2

1

S1
2S1

2S1
2S1

2 S2
2S2

2S2
2S2

2

0 O2 T1 2T1
t

R

RR

RRR W

WW

WWW

Figure 2 Communicating controller tasks. Task τ2 is given an offset such that
the control signal written by S1

1 is immediately read by S1
2.

Notice that, taken together, τ1 and τ2 can be viewed as a new task (or
component) with the CPU share U1 + U2.

Control and Scheduling Co-Design
The great advantage of the proposed computational model is that we get
a simple control and scheduling co-design problem, which still takes the
implementation into account. If we ignore the overhead associated with
the I/O operations and the CBS servers, schedulability of the task set is
simply a function of the total CPU demand U = ∑

i Ui. Just as for plain
EDF, the system is schedulable iff U ≤ 1 [Abeni and Buttazzo, 1998].

The optimal performance of each controller is also just a function of its
CPU share Ui

1. Given a share Ui, it is possible to select a task period Ti and
segment sizes s1

i . . . s
li
i such that the control performance is optimized. In

the case of constant execution times C1
i . . . C

li
i of the segments, the choices

that minimize the period and the latency without missing any deadlines
are given by Ti = 1

Ui

∑li
j=1 Cj

i and sj
i = 1

Ui
Cj

i . The latency of the controller
will be known and can be compensated for in the control design.

For linear controllers, it is possible to compute a quadratic performance
index for the controller as a function of the sampling period, the input-
output latency, and the jitter [Lincoln and Cervin, 2000]. In our model,
however, the jitter is eliminated and the optimal period and latency is
determined by the CPU share U .

To summarize, in our model, both schedulability and control perfor-
mance are functions of the CPU shares Ui only. Each controller can be
designed independently of the others, compensating for a known latency.

An Example
As an example, we will look closer at the cascaded controller mentioned
above. The principle of the controller is shown in Figure 3. The cascaded

1Assuming that shorter period implies better performance and also that shorter latency
implies better performance.
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controller consists of two components: the outer controller (Ctrl 1) and
the inner controller (Ctrl 2). The inner controller handles the fast part of
the process dynamics (Gφ ), and is assumed to have twice the sampling
frequency of the outer controller which handles the slower dynamics (Gx).

Ctrl 1 Ctrl 2 Gφ Gx

Computer Ball and Beam Process

Figure 3 A cascaded controller structure. The inner controller has twice the
sampling frequency of the outer controller.

Both controllers execute the same PID control algorithm. Each period,
the controller should

1. Read the measurement signal and the reference value

2. Calculate control signal (execution time: 0.4 ms)
3. Write the control signal

4. Update the controller state, log data, etc. (execution time: 1.2 ms)
In the our model, each controller is modeled as a task τ i with two seg-
ments, Calculate Output (S1

i ) and Update State (S2
i ). To use the comput-

ing resources optimally, the lengths of the segments are proportional to the
execution times: s1

i = 1/4 and s2
i = 3/4. There is a read point at the begin-

ning of Calculate Output, where the reference value and the measurement
value are read, and there is a write point at the end of Calculate Output
where the control signal is written. The control signal of Ctrl 1 acts as the
reference signal to Ctrl 2, so this is a shared variable.

To minimize the control latencies, Ctrl 2 should execute its first Cal-
culate Output right after Ctrl 1 has finished its Calculate Output. This is
achieved by assigning the offsets O1 = 0 and O2 = s1

1T1.
Now, suppose that 60 % of the total CPU resources are available for the

cascade controller, while the rest is needed for other tasks. We would then
assign the shares U1 = 0.2 and U2 = 0.4 to the controller tasks. To use the
resources fully, we assign the periods T1 = 8 ms and T2 = 4 ms. Note that,
should we choose to assign more or less resources to the cascade controller,
these numbers are simply rescaled by a factor.

The example has been implemented in the TRUETIME simulator [Hen-
riksson et al., 2002]. A schedule simulation with the two control tasks and
a kernel task handling the I/O (now more realistically assumed to take
0.1 ms to execute) is shown in Figure 4. Also shown is the linear CPU
time as perceived by the tasks, together with the actual CPU time, and
the interaction points.

Note that the remaining 40 % of the CPU can be used by other tasks,
without affecting the behavior of the controllers. The actual CBS sched-
ule will change, but the interaction points will remain the same and the
segments will finish their computations in time.

Again, note that τ1 and τ2 can be viewed as one component that con-
sumes 60 % of the CPU. Using JITTERBUG [Lincoln and Cervin, 2000] it
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Figure 4 Above: The task schedule generated by CBS servers. Below: Perceived
linear CPU time, actual CPU time, and interaction points for the controller tasks.
Notice that the interaction points are always located on the linear timelines.

is possible to compute a quadratic control performance index also for this
type of multi-rate controller. As an example, in Figure 5, a cost criterion
on the form

J(U) = lim
T→∞

1
T

E
v,w

{∫ T

0

(
xT(t)Q1x(t) + uT(t)Q2u(t)

)
dt

}

has been computed for different values of the total CPU share U = U1+U2.

Future Work
Much work remains before the model will be useful. Some things are out-
lined below.

Overrun Handling If a control task does not finish its computations
in time, the CBS server will postpone its deadline to prevent other tasks
from suffering. This can mean the controller will have to continue its com-
putations in the next period. There is then the choice between finishing
the computation that was started in the last period, or to read a new input
and restart the computation. Calculations have shown that the best choice
will be different from controller to controller. In each case, the situation
must be handled differently in the controller code.
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Figure 5 Cost vs total CPU share for the cascaded controller. The dashed line
indicates the performance of a continuous-time controller (infinite CPU resources).

Adaptive Resource Distribution When the CPU demand of the tasks
in the system change (e.g. when new tasks enter the system or when control
tasks switch modes) the CPU resources should be redistributed so that
the overall control performance is optimized. Changing the CPU shares of
the CBS servers at run-time can lead to transients, however. Perhaps the
transients can be tolerated, but this must be investigated further.

Implementation Several issues retaining to the implementation also
have to be resolved. As a first step, we will implement the full model in
the TRUETIME simulator [Henriksson et al., 2002].

Conclusions
We have outlined a computational model for real-time control tasks, with
the primary goal of simplifying the control and scheduling co-design prob-
lem. Using a model where time appears to progress linearly for all compo-
nents (when viewed in the interaction points only) the low-level scheduling
details can be eliminated from the design process.
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3.3 Correctness Proof
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Abstract

We present a solution for exact calculation of the
best-case response times of a periodic task set with
fixed priorities. The solution is based on the
identification of the best-case phasing of a low priority
task compared to the higher priority tasks. This
phasing occurs when the low priority task is released
such that it finishes simultaneously with the releases of
all the higher priority tasks, when these have
experienced their maximum release jitter. A
recurrence equation is applied to find the best-case
response time. The dualism between worst-case and
best-case response time calculation is characterized.
The most important application of the solution is in the
analysis of response jitter.

1. Introduction

In this paper we present the solution to the
previously unsolved problem of finding the minimum
response time of tasks in a preemptive fixed priority
task set. The solution is based on the identification of
the best-case phasing of a low priority task compared
to its higher priority tasks. We show that a task has its
best-case phasing when it finishes its execution at an
instant when all higher priority tasks are released, after
having experienced their maximum release jitter. The
response time of a task that has executed in its best-
case phasing is the shortest possible. Hence, the
suggested method finds the exact best-case response
time and not a lower bound, assuming that tasks can be
phased arbitrarily.

Real-time system analysis has traditionally been
focused on the analysis of worst-case behaviour in
order to provide guarantees for tasks meeting their
deadlines. There are however situations when the best-
case behaviour of a task or a system is important as
well. One such situation is in the calculation of
response jitter, the maximum variation in the response

time of a task or a sequence of tasks. Typically,
response jitter is an important parameter in control
systems. Control theory is dependant on the
assumption that sampling and actuation is performed
with precise periodicity and hence large variations in
these periods can make an otherwise stable control
system become unstable [8]. In order to guarantee
control performance and stability it is therefore
important to find tight bounds to the magnitudes of
such variations. A good best-case analysis is a
necessity for such tight bounds.

Analysis of fixed priority preemptive tasks known
as RMA (Rate Monotonic Analysis), has been well
developed since the paper by Liu and Layland in 1973
[5], from which it all originated. The set of analysis
methods now handles a wide range of systems in
which the original restricting assumptions of RMA
have been successively removed. Systems that can be
analysed include systems with task synchronisation
(blocking), a mixture of periodic and aperiodic tasks,
tasks with arbitrary deadlines etc. [1][3][4]. 

Even though RMA was initially formulated as a
theory for analysis of tasks executing on a single
processor, some extensions cover scheduling analysis
in distributed systems. A method proposed by Tindell
and Clark [7] produces worst-case response times of
precedence related tasks in distributed systems. The
method is based on local analysis of each node with
the response jitter of one task or message being the
release jitter of the next task in the sequence.
Pessimistic bounds of response jitter are in this method
a source for pessimism in the bounds of subsequent
task response times. Hence, too pessimistic jitter
bounds may make a schedulable system being
considered unschedulable. Since response jitter is the
difference between the worst- and best-case response
times, finding tight bounds on these response times is
important. While good methods exist for determining
worst-case response times of tasks, the best-case has
not received the same attention.
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The method by Tindell and Clark was further
developed by Palencia et al. [6] with an estimate of
best-case response times. Palencia et al. find a lower
bound on the response time of a task by assuming
(optimistically) that all higher priority tasks finish at
the instant the analysed lower priority task is released
(after having experienced their best-case response
times). This results in a correct lower bound for the
best-case response times of tasks, but it is not exact. In
a recent article, Henderson et al. [2] tried to further
develop the ideas in [6] and find the exact best-case
response times. However, their solution leads to a
numerically intractable search through all possible
orderings of higher priority task executions, prior to
the release of the analysed low priority task.

This paper is organized as follows: In section 2 we
define the task model and the problem to be solved. In
section 3 we present an exact solution to the best-case
analysis of task response times when the task
deadlines are shorter than the periods. Analysis of task
sets with longer deadlines is discussed in section
section 4. Section 5 discusses the applicability of the
method and gives suggestions for further work.
Section 6 offers our conclusions.

2. Task model and problem formulation

A uniprocessor executes a set of independent tasks
τk with k = 1, 2,..., m. Each task is periodic and
characterized by the following parameters:
• a period time, Tk 
• a fix and unique priority

• an execution time interval, , limited

by the task’s minimum and maximum execution
times. Each task instance may assume any
execution time within the interval.

• a deadline, Dk, such that 

• a maximum release jitter, Jk.

A task τk arrives periodically with period Tk. On
arrival, the task is either released (put in the ready
queue) immediately, or the release is delayed by an
amount of time called release jitter. The magnitude of
the jitter can change from one instance to the next, but
is bounded by . The arrival time of a task τk is
denoted ak, while the release time is rk. After release,
a task starts its execution (start time) as soon as it is the
highest priority ready task in the system. The finishing
time of a task is denoted fk and the response time Rk is
defined to be the time between arrival and finish:
Rk=fk-ak. In the following, tasks are labelled by their

numbers. The analysed task is denoted task i while
task j denotes a task in hp(i). hp(i) is the set of tasks
with higher priorities than task i.

There are no exclusion or precedence constraints
that can make a lower priority task block the execution
of a higher priority task. Hence, the only sources of
variation in the response time of a task is the execution
time, release jitter and interference from higher
priority tasks. The problem is to calculate the best-case
response times Rb of the tasks in the task set.

As a reference for the solution described in this
paper, we state the equivalent result for worst-case
calculations here [1]. The worst-case response time Rw

of a task i is expressed by:

(1)

where

(2)

Since equation (2) cannot be solved analytically, it
has to be solved by iteration starting with e.g.

. When the iteration has converged,
equation (1) is used to calculate the worst-case
response of task i.

We will henceforth assume that any task set that is
subject to best-case analysis has already been verified
to be schedulable. Such a verification could be done by
comparing the worst-case response times computed by
(1) to the task deadlines.

The assumption that the task deadlines are smaller
than the periods is a necessary requirement for the
analysis derived in this paper to be exact. In section 4
we discuss how task sets that do not satisfy this
requirement can be handled.

3. Best-case Analysis

The response time of a task is the duration between
its arrival time and its corresponding finishing time.
Because of interference, a low priority task can not
always start executing immediately when it is
released. We use Lemma 1 to state that a task that
experiences its best-case response time must have
arrival, release and starting times that coincide.

Lemma 1. A task that achieves its minimum
response time must arrive and be released
simultaneously, at an instant when no higher priority
task is executing or is released.
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Proof. Since any release jitter increases the
response time, it is clear that the best-case response
time corresponds to zero release jitter. Hence the
arrival and release times must coincide.

Assume that a low priority task i arrives when a
higher priority task j occupies the processor. The
response time of i will always be shortened by
delaying the arrival time to the instant when the higher
priority task has stopped executing. This comes from
the fact that the delay of i’s arrival time will not affect
its start or finishing times and the response time of i is
counted from its arrival to its finish. 

Q.E.D.

In the following we will assume that the analysed
task satisfies Lemma 1 and hence has arrival, release
and start times that coincide.

To calculate the best-case response time, we first
need to know when the low priority task i should be
released. Obviously, the worst release time is the
critical instant of that task. It is a very reasonable
assumption that task i should be released before this
instant such that it finishes exactly when all higher
priority tasks j arrive simultaneously. For example,
consider Figure 1 which shows three priority-ordered
tasks with no release jitter. If the releases of the
instances of task 2 are advanced in time (moved to the
left) the release (and arrival) instant r3 needs to be
delayed (moved to the right) to keep the finishing time
at f3, rendering a shorter response time of task 3. 

In fact, Theorem 1 states what phase every high
priority task should have relative to the finishing time
of the low priority task i in order for task i to
experience its best-case response time. There may be
other choices of phases that will give an equally short

response time, but none will be shorter. Note that
contrary to the case of critical instant, it is the finishing
time of i that is considered, not the release time.

Theorem 1. Best-case phasing.
The best-case phasing of a task i occurs whenever it
finishes simultaneously with the release of all its
higher priority tasks and these have experienced their
maximum release jitter. All instances of tasks in hp(i)
released prior to the finish of i should have zero release
jitter.

Proof. Let τj, j = 1, 2, 3,..., i denote a set of priority-
ordered tasks with task i being the task with the lowest
priority. The task set is successfully scheduled on a
uniprocessor. Consider a particular execution of task i
which finishes at time fi. Instances of a task j, j < i,
arrive periodically at times {..., tj-2Tj, tj-Tj, tj, ...}
where the instance of j that arrives at tj is the last
instance of task j to execute before fi.

We assume, without loss of generality, that task i
will always finish at fi. Hence, task j is not allowed to
be phased such that any of its instances executes at fi.
In the following, we will use the fact that the release
time of task i is given implicitly by fi, the phasing of
higher priority tasks, their release jitter and Lemma 1.

The release time of i is either unchanged or delayed
by reducing the release jitter of an instance of task j
that arrives at tj or earlier. Increasing the release jitter
of one of these instances will not delay the release time
of i. Hence the instances of task j up to and including
the one that arrives at tj should have zero release jitter
for task i to have its best-case phasing.

Delaying the arrival time tj will not delay the
release time of i. Advancing the arrival time tj will not
advance the release time of i. The release time of i is
either unchanged or delayed by an advance of tj. As a
consequence, the release of i is the latest when tj is
advanced as much as possible – up to a point when a
succeeding instance of j gets released at fi. The
succeeding instance arrives at . Release jitter
will delay its release enabling a further advance of tj.
Thus, the instance of j that is released at fi should
experience its maximum release jitter, Jj. Repeating
the argument successively for all τj, j = 1, 2, 3,..., i-1
proves the theorem.

Q.E.D.

Remark. The instant fi associated with the finishing
time of task i is identical to the critical instant of task
i-1 as defined in [5]. We call the finishing time fi in the
situation of best-case phasing the favourable instant to
underline the dualism between worst-case and best-
case analysis.

Figure 1. Example of phasing two higher priority
tasks relative to task 3 which is released at r3 and
finishes at f3. Vertical arrows indicate release instants.
No release jitter is assumed in this example.
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As a direct result of Theorem 1, we formulate the
following corollary which will be useful in the
discussion about task sets with deadlines longer than
the periods in section 4.

Corollary 1. Given a schedule of tasks 1,...,i-1,
there cannot exist an interval with arbitrary length L,
in that schedule, that includes more idle time than the
interval [fi-L, fi]. Where fi is a favourable instant of
some lower priority task i as defined in Theorem 1.

Proof. Assume that an interval [a, a+L] in the
schedule exists that does include more idle time than
[fi-L, fi]. Let the total amount of idle time in [a, a+L]
be l. Assume that a low priority task i with 
and , is added to the task set.
This task would achieve its minimum response time if
it was executed in [a, a+L] and not in [fi-L, fi]. This
contradicts Theorem 1 and hence such an interval
[a, a+L] cannot exist.

Q.E.D.

We next continue by deriving an expression for the
response time of a task i, when it is phased as
described in Theorem 1 and when it satisfies
Lemma 1. This is the best-case response time of task i.

Theorem 2. Best-case response time.
Given a schedulable set of independent fixed priority
scheduled tasks with deadlines equal to or smaller than
their periods, the best-case response time  of a task
i in the set satisfies the following equality:

(3)

where .
Proof. Assume a best-case phasing of task i

according to Theorem 1 and that the arrival, release
and start times of task i coincide as stated in Lemma 1.
We define the phase from the release of task i to the
first following release of a higher priority task j to be

. Figure 2 shows the best-case phasing of a low
priority task 3 when executed together with the two
higher priority tasks 1 and 2. Tasks 1 and 2 are
released at {..., f3-2T1-J1, f3-T1-J1, f3, ...} and {..., f3-
2T2-J2, f3-T2-J2, f3, ...} respectively. Task 3 arrives at
at times {..., r3-T3, r3, ...}. Task instances released at
and after f3, do not need to be considered since they

Task i’s response time will be minimal only if its
execution time is minimal. Hence, the minimum
response time of task i can be expressed as the sum of
the minimum execution time and interference by all
higher priority tasks:

(4)

Here  is the interference of task i by task j
when the tasks are phased according to the best-case
phasing for task i. Hence, in order to find the best-case
response time of task i, we need to find the amount of
interference due to all higher priority tasks. By
studying Figure 2 we find that there are two different
cases to be considered for the interference of a higher
priority task j to the execution of task i: 

Case 1: 

and 

Case 2: 

where . Since  is the best-case response
time of i it cannot be equal to  as a consequence
of Lemma 1. A more general inequality, based on
Lemma 1, that holds for all higher priority tasks j is:

 for (5)
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Figure 2. The best-case phasing of task 3 with release
time r3 and finishing time f3.
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Case 2 is exemplified by task 2 which has T2+J2
large enough not to interfere with task 3’s execution at
all. This case is obviously simple to handle. Case 1 is
exemplified by task 1, which does interfere with task
3. It follows from Figure 2 that  can be expressed as

while a general relation between the best case response
time of a low priority task i and any  that
belongs to case 1 is

(6)

where  is the number of instances of
task j that interfere with task i. As a result of Lemma 1
we have

(7)

and by rewriting (6) as

(8)

we get

(9)

Rewriting this expression results in

(10)

Now, since  cannot be an integer (by
equation 5), there are two equally valid solutions for nj
in (10):

(11)

and

(12)

Any of the two expressions (11) and (12) can be
used to express the number of instances of task j that
interfere with i during its best-case execution. We will
henceforth use (12) since it has characteristics better
suited for finding the best-case response time of task i.
This will be explained later.

By combining the results for the two cases of
higher priority task interference, we find that the
number of interfering instances of task j can be
expressed as:

(13)

which is equivalent to

(14)

It is now possible to derive an expression for the
interference of a task i by a higher priority task j, when
task i is phased according to the best-case phasing
defined in Theorem 1. By taking into account that, in
the best case for task i, all interfering instances of task
j execute with their minimum execution times, we find
the interference to be

(15)

We now add up the interference of all tasks in hp(i)
and the minimum execution time of task i itself, as
given by (4). This results in the expression for the best-
case response time of i as shown in (3). 

Q.E.D.

At this point we have an expression, (3), that the
best-case response time of i must satisfy. Just like in
worst-case response time calculations however, this
equation cannot be solved analytically. Therefore, the
minimum response time has to be found through
iteration. We now need to show that this is possible.
We restate equation (3) as a recurrence equation,

(16)

and note that the right hand side corresponds to the
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complete high priority workload released in an open
interval (fi-R

n, fi) plus the workload of task i itself.
Figure 3 shows how Rn should be interpreted. 

We first need to show that recursion over (16) will
converge to a stable value. Then we need to show that
this value is the correct minimum response time and
not one of the other possible solutions to (16) (there is
usually more than one, see e.g. Figure 4).

We note that there must exist a finite R0 such that
the interval (fi-R

0, fi) includes some interval during
which the processor is either idle, executes tasks with
a priority lower than i, or executes a previous instance
of task i (whose workload is not included in (16)). If
the iteration is started with such an R0 we know that
R1<R0. We will call an R0 of this type a valid R0.

Lemma 2. Iteration over Rn in (16) starting with a
valid R0, will converge to the largest possible solution
to (16).

Proof. By observing that the right hand side of (16)
is monotonically decreasing with decreasing R, and
since the number of possible values produced by (16)
is finite, the iteration will converge. It is obvious that
this solution is the largest solution to (16).

Q.E.D.

We will henceforth use R* to denote the largest
solution of (16). We also note that any R0 larger than
or equal to R* will make the iteration converge to R*.
It now remains to be shown that R* is in fact the best-
case response time of task i. The two following
lemmas take care of that:

Lemma 3. The instant fi-R
* must correspond to the

release (and start) of task i.
Proof. We show this by making two statements

about R* that can easily be verified through
observation of (16).

First, R* corresponds to an interval [fi-R
*, fi]

during which the processor is completely occupied
executing task i or higher priority tasks. Furthermore
all these tasks are released within the interval [fi-
R*, fi).

Second, R* cannot correspond to an instant fi-R
* at

which a task in hp(i) is released. This is easiest
understood by noting that the workload due to tasks in
hp(i) that is included in (16) must be released within
the open interval (fi-R

*, fi). This behaviour is a result
of choosing expression (12) instead of (11) for the
number of interfering instances of a higher priority
task.

By combining the two observations, we find that
task i must be released and start its execution at fi-R

*.
Q.E.D.

Lemma 4. The best-case response time of a task i
is equal to R*.

Proof. Assume that R is a solution to (16) such that
R*>R. Then there must be a release of at least one task
j in hp(i) within the interval (fi-R

*, fi-R] (interval open
to the left by Lemma 3) that has a total execution time
of R*-R and therefore interferes with the execution of
i. Hence, R cannot be the best-case response time of i.
This argument can be applied to any R that is smaller
than R*, and therefore R* must be the best-case
response time of i.

Q.E.D.

Figure 4 shows the difference between the two
solutions R and R* of (16), for a task set with two tasks.

Theorem 3. Best-case response time calculation.
The best-case response time of a task i, , can be
found by iteration over (16) starting with a value

 as derived from (1). When the iteration has
converged, the corresponding Rn is equal to the best-
case response time of task i.

Proof. The worst-case response time of i, , is

Figure 3. Interpretation of Rn during recursion.
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always larger than or equal to  and hence R*.
Therefore, by Theorem 2 and Lemmas 3 and 4, the
iterations will converge to . 

Q.E.D.

Remark. Another possible initial value R0 that is
always larger than or equal to  is Ti.

4. Analysis of Task Sets with D > T

In the above analysis, one important assumption
has been that a task’s deadline has to be smaller than
or equal to its period. In this section we discuss how
the analysis is affected if this assumption is removed.
It will be evident that the analysis derived in section 3
can be used to compute correct lower bounds on the
best-case response times of tasks with deadlines
longer than the periods.

We first note that even though deadlines may be
larger than the periods, the interval (of arbitrary
length) with the most amount of idle time is still
correctly specified by Corollary 1. This result does not
depend on the deadline of the imaginary lower priority
task. Hence, if an analysed task i can be phased to
arrive, be released, and start its execution
simultaneously and then finish at the favourable
instant as defined in Theorem 1, the analysis derived
in section 3 would still be exact. Unfortunately
however, when tasks are allowed to have deadlines
larger than their periods, the exact analysis falls. This
is due to the fact that earlier instances of task i may
interfere with the execution of the analysed instance.
Therefore the implication of Lemma 1, that a task that
experiences its best case response time must start its
execution at the instant it arrives, does not hold. 

To illustrate this, consider the following simple
example involving a task set with two tasks. Task j
which has the highest priority has a constant execution
time of  and a period Tj = 8. Task i
has a period Ti = 5 and an execution time

. Both tasks have zero release jitter
(Ji = Jj = 0) and their deadlines are Dj = 8 and Di = 10.
The total utilisation of the task set is 1 and the tasks are
feasibly schedulable on a uniprocessor (this can be
verified by, for example, a simple schedule
simulation). Figure 5 shows the execution of two
instances of task j together with the execution of two
instances of task i. The instances of task i, numbered 1
and 2, are released at 0.5 and 5.5 respectively. The
release times have been chosen such that instance 2
would finish at a favourable instant (t = 8) unless
instance 1 would interfere with its execution.
However, due to interference from instance 1, instance

2 finishes at 13. It is obvious that, if instance 2 is to
finish at 8, task i has to be phased to be released earlier.
Hence in this case, task i cannot be released such that
it starts executing immediately, if it is to finish in a
favourable instant as defined by Theorem 1.

As a direct consequence of the above discussion,
we find that allowing deadlines larger than task
periods can not make the best case response times get
smaller. Hence, if we assume (optimistically) that the
analysed task i will not experience any interference by
preceding instances, the analysis method described in
section 3 can be used to compute a lower bound to the
best case response time of task i. However, the value
produced will not be exact, as is the case when .

5. Discussion

The best-case response time analysis derived in
section 3 is similar to the corresponding worst-case
analysis. One major difference is that in best-case
analysis, the finishing time of the analysis task is fixed
to the release of all the higher priority tasks, and the
algorithm searches the latest possible release time of
the task. Furthermore, the iteration performed to find
the best-case response time must be started with a
value larger than or equal to the final solution, which
is the largest value satisfying the recurrence equation.
If a task model with no release jitter is used, equation
(3) becomes:

(17)

Hence, the maximisation over zero can be skipped
since  can never be smaller than or equal to zero.
Obviously equation (17) is very similar to the
corresponding equation for worst-case analysis.

The inclusion of release jitter in the task model
used in the derivation of (3) makes it applicable to
methods for response time analysis in distributed
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Figure 5. Instance 2 of task i cannot start executing
when it is released and hence fails to finish at 8 due to
interference from an earlier instance. Vertical arrows
indicate release times.
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systems with precedence related tasks, as discussed in
section 1. However, when using any best-case analysis
in such methods, one must be aware that the
precedence relations between tasks may make the
best-case analysis incorrect. This is a result of the fact
that the tasks in such a system are not independent and
low priority tasks in one task sequence may block
higher priority tasks in another.

The exact best-case analysis is based on the
assumption that tasks can be arbitrarily phased. This
means that the periodic arrival times of different tasks
can assume any relative phasing to each other. If a task
model with offsets is used instead, fixing the phasing
between task arrivals, the analysis described here can
be used to produce lower bounds on the best-case
response times. This is similar to the upper bounds on
worst-case response times found by corresponding
worst-case analysis methods when phases are not
arbitrary.

An obvious target for future work will be to find
exact best-case response times for tasks with deadlines
larger than their periods.

6. Conclusions

We have derived an algorithm for the calculation
of best-case response times for independent tasks with
fixed priorities. The method produces exact best-case
response times for all tasks with , and lower
bounds for tasks with deadlines longer than the
periods. If offsets are used in the task model such that
the tasks are not arbitrarily phased, the analysis
produces lower bounds on the best-case response
times.

The presented algorithm is similar to the one
frequently used in analysis of worst-case response
times, and the dualism between best-case and worst-
case is quite clear. A difference in the recurrence
equation defined here is that the iteration starts from
an initially high value and iterates down to the best-
case response time. The solution is found at the release
time of the low priority task; whereas in worst-case
response time analysis, the solution is found at the
finishing time.

We have also identified the best time for a low
priority task to finish, rendering the shortest possible
response time. The favourable instant for a low
priority task to finish execution is the critical instant
of the next higher priority task.
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Abstract

To make the complex system design task clearer this paper suggests a tool that will
generate, evaluate, and annotate budget proposals. The generation of budgets is based
on a task graph representation of the system together with an architectural description.
Some optimization criteria (e.g. timing, energy, and cost) will be evaluated for each
budget and compared with earlier results in order to get the "best". The best proposals
will then be annotated for better understanding of how the separate parts of the sys-
tem depends on each other. To do exhaustive optimization of this search space is not
possible for larger problems why a number of heuristics are introduced.

1 Design of Complex Real-Time Systems

When designing complex real-time systems it is desirable to find a practical method
to evaluate the proposed solution as early as possible in the design cycle, improving
the possibility of meeting the non-functional demands. To make the design task itera-
tions easier it is also desirable to make relations between different parts of the system
clearer. A typical design process could look like Figure 1, where the work starts with
functionality analysis and requirement specification and ends with an implementation.

1.1 Approach

The suggested approach to accomplish this is to identify functional units in the system
and then assign a resource budget for each unit, in such way that the possibility of
implementing the function to fulfill the non-functional demands is maximized. To
make the system more stable to corrections and alterations, the dependencies between
budgets should be annotated. The termresourceinclude, among other things

• Execution time

• Processor element

• Memory
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Budget Relation
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requirement
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integration

Hardware
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WIZ

Figure 1: A typical design process where functional and non functional demands are
used to generate a budget proposal. The proposal could then be feed back for more
iterations or implemented.

• Energy

Note that resource budget assignments should be based on relative estimates of the
actual resource need since we are at early design stages.

1.2 Work Focus

In this paper we will assume that input data is present in the form of an acyclic task
graph describing the precedence constraints, where each task has an execution time
estimate and an estimate of the accuracy. The architecture will be modelled as ho-
mogenous resources connected by a single bus, which gives us the maximum number
of resources and the bus speed as parameters. When resource budgets are assigned
we will only address the assignment of allowed execution time and static processor to
reside on. To do this we will utilize each tasks estimated execution time in conjunction
with the end-to-end requirements for the system, in our case deadlines and release-
times. The result we look for is the task graph with the minimum tightness, where
"tightness" is equal to the path through the task graph with the most work to execute
in comparison to the length of the path. This will all sum up to a number of practical
methods oriented towards giving a system designer support in finding and evaluating
design alternatives. These methods does not necessary strive for optimality (in the case
that it would be possible to define), but rather a set of good estimates that will point us
in the right direction.
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1.3 Related Work

One solution for part of this problem was presented in [Zha99], where the author as-
sumes we have an allocated system in the form of a task graph with end-to-end timing
constraints and the only thing left is to try different execution orders for the tasks on
the different resources in the system. The measure of how good a specific "order" is
inversely proportional to the tightness. Based on this measure we can allocate more, or
if needed - less, time for each task in the system so the idle time is kept at a minimum,
but still budgeted in a "fair" fashion. A similar method that scales well with problem
size is presented in [AH98] that has the drawback that it sometime "misses" feasible
assignments.

The author of [Axe97] discusses resource budgets and their importance and calls
attention to that one great benefit of the resource budgets is that they localize the global
constraints. He also point out that [Mey88] introduced resource budgets under the
notation "programming by contract".

In [Eke01] the author describes how constraint programming can be applied to the
problem of scheduling and allocation and shows how this can be used for modelling as
well as for implementation.

In [GiKHS95] the authors present a method to break down end-to-end requirements
to task specific demands and, if this is not possible, to identify bottlenecks in the sys-
tem. This information is then used as input in a design tool where the system could be
restructured for another iteration step.

In [NS94] we find a similar method called slicing that does not address budgets
but focus on how to increase online schedulability in a distributed system with off-line
calculations. A discussion about the same method but under more relaxed forms (i.e.
at early design stages) is found in [JS97].

2 Solution Overview

As mentioned earlier, the assumption is that in-data is available as an acyclic task graph
with estimations of the execution time in each task and also end-to-end timing con-
straints for each possible trace. Besides the actually estimate of the workload we need
to describe the actual architecture, which for now is modelled as homogenous resources
connected with one single bus. The parameters for the architecture are thus maximum
number of resources and bus speed. With this raw data the budgeting tool is supposed
to try out all possible (or promising) solutions, or in other words generate budgets for
all possible allocations and execution orders in the graph. The budgets with the lowest
tightness are kept in a repository and finally returned to the user. The actual process
chain consists of the following stages:

Ordering Decides in which order the tasks in the task graph should be executed if
they were allocated on one single resource.

Allocation Decides on which resource a task should reside. After the actual allocation
communication overhead is added.

Budgeting Distributes the "slack" in the task graph among all nodes to make imple-
mentation easier.

3



2.1 Budgeting

The budgeting aims to distribute as much of the idle time in the processors as possible
in some "fair" fashion. The proposed scheme starts with an ordered and allocated graph
and distributes the slack in proportion to the estimated execution times in the tasks.
This will always render a valid solution if it is done with the path with least slack first
and then in ascending order. To do this we need to find the "tightest" path through the
graph. To do so, we find all possible paths through the graph, where a path is a number
of nodes that can be accessed in the given order (see Section 2.3), following the edges
in the graph. For each possible path we assign a "tightness" that is the total work on the
path, or the sum of all estimates on the path, divided with the length of the actual path,
or the deadline for the last node minus the release time for the first (see Equations 1 –
4).

P = [t1, t2, . . . , tN ] (1)

Wp =
N∑

i=1

ei (2)

Lp = Dp −Rp (3)

Tp =
Wp

Lp
(4)

The tightest path is the path with the largestTp-value. When found, time is distributed
over this tightest path proportional to the execution time estimate in each node. To
make the newWp fill all slack betweenRp andDp, each estimate is multiplied with
the inverse of the tightness (see Equation 5).

N∑
i=1

ei

Tp
=

∑N
i=1 ei

Wp
· Lp = Lp (5)

To make a distinction between the original estimate and the new proposal, the new
value is named "Allowed Execution Time" or for short AET. The nodes on the tightest
path is now removed and replaced with deadlines or release times where so is needed.
The procedure is now repeated until no more nodes are left in the graph.

Unfortunately this method will render a lot of possible paths to search through for
each budget and it seems to not be especially scalable for many nodes. What is even
worse is that this algorithm is the kernel in the system and will be executed millions
and millions of times for each run. We have to come up with something better than the
naive "search-all" method.

Budgeting Based on Uncertainty

One interesting variation of the standard budgeting algorithm, where execution time
estimates is base for the budget allocation, is to assign a relative uncertainty value to
each of the tasks to describe how sure you are of your execution time estimate. The
new budgeting algorithm would divide the available slack in proportion to the execution
estimate and the uncertainty. In other words, the task which we know the least about
will get the largest extra allocation.
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Figure 2: Allocation of three ordered tasks on two resources. After allocation we add
communication penalties for tasks on different resources and have to use the bus.

2.2 Resource Allocation

The aim of the allocator is to test all possible allocations for a given order of the tasks
in our system. The only limit we have for this is a maximum number of processors
allowed in the system. Since it is a rather big (and unnecessary) task to testall possible
allocations it is useful to introduce some expert knowledge. One simple rule we could
apply would be that if there is a precedence constraint between two nodes (e.g. due
to data flow) these two nodes should be placed in same resource. The reason for this
is that it is impossible for these tasks to run in parallel, and to distribute them will
only result in increased communication (i.e. not considering load balancing). If we
consider a simple graph of three nodes where one node is the parent for the other two,
this could be allocated on two resources in a 1-2 or a 2-1 configuration. If we name
the parentA and the childrenB andC, we will see that the interesting allocations will
be{{A,B}, {C}} or {{A,C}, {B}} (see Figure 2). The case with three processors
is not interesting at this stage since this only will generate overhead communication as
well as for the allocation{{A}, {B,C}}.

Communication

After the system is allocated we need to add communication penalties for tasks com-
municating between resources. For each data flow between two tasks, the number of
bytes is specified. This translates into a communication delay and is finally represented
as task locked on the bus resource (see Figure 2). To determine a schedule (or an or-
der) for the bus traffic, the communication tasks inherits the order of their "parent".
Since all tasks in the system first of all is ordered in a global order this will result in an
unambiguous bus schedule (see Section 2.3).
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Figure 3: Based on the precedence constraints (e.g. data dependencies) an execution
"path" is decided through the graph. This path shows the execution order of the tasks
if they were to be executed on a single processor.

2.3 Ordering

To decide in which order to execute two parallel tasks if they end up in (or sharing)
same resource due to allocation (see Section 3) we have to order all tasks. Our sug-
gestion is to order all tasks (see Figure 3) in the same way as they would have been
ordered if merely one processing element had been used (and therefore no communi-
cation is added at this stage). The example in the Figure 3 shows how the graph is
put in the orderN2, N1, N3, N5, N4. To find all possible orders for a large system is
also a huge task so we need some narrowing criteria. One suggested criteria is that the
tasks with "latest possible finishing time" earlier than other tasks "earliest possible start
time" should be put in the mentioned order. The reason for this is that if we try to do it
in the other way and these two tasks end up on the same resource we will not be able
to find a solution (see Section 3.1).

3 Handling Complexity

Elementary analysis shows that the suggested algorithm scales very badly why we need
to isolate the reasons for this and try to find ways to reduce complexity.

Ordering

The complexity in the system originates from different sources. When we address the
ordering of the task graph the number of nodes is not the main issue; but how they
are connected. The more independent tasks, the higher complexity (see Figure 4).
Complexity will probably increase with the number of tasks anyway, since the general
case is loosely coupled. This is unfortunately the case for many regulator systems. The
"fix" for this was suggested to make graphs more connected by inserting edges (or pre
ordering so to say) where time limits show that other solutions would be pointless.
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Figure 4: All three graphs have three tasks, but the first one has just one order, the
second has two orders, and finally the third has six possible orders.

Allocation

When it comes to the complexity of the allocation algorithm the main factor here is the
maximum number of resources allowed. For the moment, only homogenous systems
are allowed, but heterogeneous systems will be supported, and this will increase the
complexity of the search.

Budgeting

For the moment, budgeting is done by finding all possible paths through the system.
The complexity for this search is dependent on the number of possible paths through
the graph. The number of paths through the ordered allocated graph is based on the
number of edges, which will increase in the step between allocation and budgeting.
This is therefore important to keep the number of edges at a minimum.

3.1 Reducing Complexity

During the construction of the development tool it showed clearly that the runtime
would scale very badly with the problem size (the problem is just a special case of
multiprocessor scheduling). Due to this fact a number of expert methods were devel-
oped to shrink the search space and get reasonable computation loads for searches.

Virtual Edges

To describe a precedence constraint, between two tasks, not present because of a data
dependence, we insert a virtual edge. In other words, virtual edges is to be inserted
in the graph for tasks that clearly have a natural order due to their timing constraints
(e.g. LFTa < ESTb ⇒ Na y Nb). This means that two nodes, where one node
has to finish before the second one is allowed to start, are pre-ordered in that way. The
pre-ordering will result in less possible total orders, without imposing any restrictions
on the feasible part of the search space.
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In the example setup "SimpleBaseStation" a run without pre-ordering results in
840 generated orders that are budgeted in approximately 230 seconds. If pre-ordering
is turned on 504 orders were generated and budgeted in less than 160 seconds.

Clustering

One way to reduce calculation complexity is to make the graph data less complex.
This could be done by clustering nodes that probably would end up in the same re-
source anyway. A typical case for this is a straight sequence of tasks where we do not
gain anything by executing them on separate resources. As an example we clustered
the "BaseStation" example and got the "SimpleBaseStation" example. In the clustering
the number of tasks reduces from 17 to 8 nodes and this in turn reduces the number of
orders to search through from 12 612 600 down to 540. The drawbacks of this process
is that we do not get as good schedules as possible with the original graph; the optimal
tightness in the "BaseStation" example is 0.4514 meanwhile the "SimpleBaseStation"
has 0.5013, a deviation of approximately 10 percent. Despite this, clustering is espe-
cially suitable since it follows the typical project development cycle, where you start
with large functions that are derived into finer grained modules during the iterations.

Expert Knowledge of Resource Allocation

Some of the tasks in the system have a natural place to reside, for example inputs or
outputs have physical layout demands, and some tasks may have demand for large
memory space or specific demands on instruction setup. To be able to make these
restrictions the following operators are added:

SET Describes the set of allowed processors for this node to reside on.

GROUP Describes the set of tasks that we are allowed to share resource with.

UNGROUP Describe the set of tasks that we are not allowed sharing resources with.

Early Stopping

An interesting notation made during the tests is that we will find a solution as good
as the best one among the first 10-20 thousand budgets for examples of size close
to "BaseStation" (i.e. around 17 nodes, medium connected). If we assume that the
tightness suddenly will make a "jump" close to the optimum (see Figure 5) we can
introduce an early stopping criterion to get quicker results or indications. Examples of
stopping criteria could be a predefined level of the tightness that is sufficient for our
designers or a maximum numbers of iterations until we need the tightness estimate.
Since iterations are quite correlated to time the second criteria could be expressed in a
number of seconds we are willing to wait for the answer.

4 Preliminary Conclusion

The article presents an implemented method that fulfills the goal to evaluate proposed
solutions in a number of aspects. Complexity is still an important problem to tackle;
optimality is impossible to assign but how close will we be? Indications show that
despite the complexity of finding optimal solutions it is still possible to achieve a prac-
tically and useful design support using the various heuristics.
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Trace of tightness for "BaseStation" example
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Figure 5: It would be suitable to choose an early stopping level by indicating a criterion
for the tightness itself or the run time in seconds or iterations.

5 Future Work

For future evaluation we see more heuristics coming up to reduce the work load of
searching. Related to this is to define new optimization criteria such as utility and
cost. One very important part of the problem, barely touched, is the analysis of budget
dependencies which is of importance for the design iterations (i.e. when we actually
want to alter things). Since only basic homogenous architectures are supported we need
to add support for heterogeneous architectures. When it comes to the restricted task
graph representations we need to allow periodic tasks in the task graph, allow periods
smaller than the deadline and find a way to do general task graph transformations.
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