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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.
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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
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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
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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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