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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 devel opment.

1. Intr oduction

In the lastyearsthe deploymentof embeddedndreal-
time systemshasincreasediramatically[13]. Theamount
of datathatneedsto be managedy the real-timesystems
is increasingthusrequiringanefficientandstructureddata
management.Hence,databasdunctionality is neededto
providesupportfor storageandmanipulatiorof datain real-
time andembeddedystemsbut it mustalsofulfill require-
mentsbothfrom embeddedystemsandfrom real-timesys-
tems.

Real-timesystemsaretypically constructedut of con-
currentprograms calledtasks. The correctnes®f a real-
time systemdependsoth on the logical resultof the com-
putation,and the time whenthe resultsare produced ex-
pressecxplicitly astemporalconstraintd12]. The most
commontypeof temporalkconstrainthatareal-timesystem
mustsatisfyis the completionof taskdeadlinesMoreover,
the datain the systemis normally associatedvith tempo-
ral constraintse.g.,absoluteandtemporabalidity intervals
[10]. Thus,areal-timedatabasenustensurghatthedatain
thedatabasés bothlogically andtemporallyconsistent.

*Thiswork is supportedy ARTES(A network for Real-timeandgrad-
uateeducatiorin Sweden).

1We distinguishbetweerembeddedndreal-timesystemssincethere
are someembeddedystemsthat do not enforcereal-timebehaior, and
therearereal-timesystemshatarenotembedded.
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In contrastto an application-embeddedatabasehid-
deninsideanapplication,a device-embeddedatabasés a
databas¢hatresidesn anembeddedystem.We focuson
device-embeddedatabasesndreferto thoseasembedded
databasesThe main objectvesfor anembeddediatabase
arelow memoryusagej.e., smallmemoryfootprint, porta-
bility to differentoperatingsystemplatforms, efficient re-
sourcemanagemente.g.,minimizationof the CPUusage,
andability to run for long periodsof time withoutadminis-
tration[9].

Two dimensionsare of interest when designing a
databasedor real-time and embeddedsystems: time and
space.This canbe furtherrefinedto include: (i) function-
ality vs sizetrade-ofs, (ii) effectsof the temporalrequire-
mentson the functionality, and(iii) the costof the produc-
tion.

Hence to copewith thesechallengesve proposeareal-
time databaselatformbasedntheconcepbf components
andaspectsCOMET (COMponent-baseEmbeddedeal-
Time databaseystem). To reducethe costof production,
reuseis the key word, and reuseof componentfrom a
componentibrary is the form of reusethatis gainingmo-
mentum,e.g.,COM, CORBA andJavaBeans.Having as-
pectsin additionto componentsmplies incorporatingba-
sic ideasof aspect-orienteggrogramming(AOP) [6] into
the databaselevelopment. Thus, in COMET we distin-
guish betweenfunctional and aspectual decomposition of
the databassystem.Functionaldecompositions a way of
decomposin@ databassysteminto componentsCompo-
nents arefunctionalunitsthatcontainthe primary structure
of the databasesystemand carry the core functionality of
thesystem Aspectuadecompositioris away of separating
cross-cuttingconcernsn the systeme.g.,codethatcannot
be encapsulatedvithin one functional unit but is tangled
over the entire system. Hence,aspects are non-functional
units that containthe secondarystructureof the database
andreferto componentandotheraspects.

The paperis organizedasfollows. Motivationfor com-



ponentizatiorof anembeddedeal-timedatabassystemis
givenin section2. Section3 presentsnajor challengedor
thedevelopmenbf acomponent-basesmbeddedeal-time
databasesystem. Relatedwork is discussedn section4.
The paperfinisheswith summarycontainingmain conclu-
sionsanddirectionsto our futureresearch.

2. Moti vation
2.1 Embeddedand Real-Time Databases

Existing commercialembeddediatabasesystemsg.g.,
Polyhedra,RDM, Velocis, Penasive.SQL, Berkeley DB,
and Timesen, have different characteristicaand are de-
signedwith specificapplicationsin mind. They support
differentdatamodels, e.g., relational vs object-relational
model, and different operatingsystemplatforms. More-
over, they have differentmemoryrequirementandprovide
differenttypesof interfacesfor usersto accesdatain the
databaseApplicationdeveloperanustcarefullychoosehe
embeddediatabaseheir applicationrequires,andfind the
balancebetweernrequiredandoffereddatabaséunctional-
ity. Hence,finding the right embeddedlatabasés a time
consuming,costly and difficult process,often with a lot
of compromises.Additionally, the designeris facedwith
the problemof databasevolution, i.e., the databasenust
be ableto evolve duringthe life-time of anembeddedys-
tem,with respecto new functionality However, traditional
databasesystemsare hard to modify or extend with new
requiredfunctionality, mainly becauseof their monolithic
structureandthefactthataddingfunctionalityresultsin ad-
ditional systemcompleity.

Although a significantamountof researchin real-time
databasebasbeendonein the pastyears,it hasmainly fo-
cussedn variousschemedor concurreng control, trans-
action scheduling,and logging and recovery, and lesson
configurabilityof softwarearchitecturesResearclprojects
thatarebuilding real-timedatabaselatforms,suchasART-
RTDB [7], BeeHie [14], DeeDS[1] and RODAIN [8],
have monolithicstructure andarebuilt for aparticularreal-
timeapplication.Hence theissueof how to enabledevelop-
mentof an embeddedlatabasaystemthat canbe tailored
for differentembeddedndreal-timeapplicationsarises.

2.2 Customization by Composition

Having embeddedeal-timedatabassystemghatwould
allow addingor replacingfunctionalityin its architecturen
acomponent-basetiannemwould be beneficialfor several
reasons(i) compleity of thedatabaseystemandmainte-
nancecostwouldbereduced(ii) applicationglonothaveto
pay performancandcostpenaltyfor usingunneededunc-
tionality, sinceunnecessargomponentslo not have to be

addedto a system;and(iii) evolution of asystemwould be
simplified, sincenen componentsvith new requiredfunc-
tionality couldbe pluggedinto thesystem.

Although some major databasevendors(e.g., Oracle,
Informix, Sybase,and Microsoft) have recognizedthat
component-basedevelopmentoffers significant benefits,
their component-basesblutionsarelimited in termsof tai-
lorability with, in mostcasesno supportfor analysisof the
composedystem. To the bestof our knowledge,the only
existing researchaimedto build completelyconfigurable
databasenanagemengystem(DBMS) is KIDS [4]. KIDS
introducesa configurableDBMS composedut of compo-
nents(DBMS subsystems)e.g., object managemenand
transactiormanagement Customizatiorof this systemis
improvedby having reusablerchitecturesaswell ascom-
ponentsstoredin a library. KIDS hasa well-definedde-
velopmenfprocessavailableconfigurationsupportandop-
tionalanalysigools(whicharemissingin othercomponent-
baseddatabasesolutions, e.g., Garlic [3], Navajo [2]).
From a real-time point of view all approachesliscussed
do not enforcereal-time behaior. Issuesrelatedto em-
beddedsystemssuchaslow-resourceconsumptiorare not
addressedtall.

Tools to supportthe designerin the compositionand
analysisof the composedystemareessentialandmostof
thecomponent-baseslystemsliscussedio not provide ad-
equateconfigurationand especiallyanalysissupport(vital
for real-timesystems).

3.COMET
3.1 Methodology

The COMET platform consistsof two parts. The first
partis a componentibrary, which holdsa setof compo-
nentsand aspects. The secondpart are tools that, based
ontheapplicationrequirementssupportthe designemwhen
building an embeddediatabaseisingcomponentand as-
pectsfrom thelibrary. Our approachconsistsof extracting
relevantdatabaséeatureshy studyinga numberof applica-
tion casestudiesin the first phase followed by animple-
mentationin the next phase,and evaluationof the design
toolsanddatabasarchitectureon numberof casestudiesn
thefinal phase.

3.2 Challenges

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

1. How do we encapsulatéifferentdatabaséunctional-
ities/servicesnto componentsuitablefor embedded



andreal-timesystems?his alsoincludes:(i) defining
the databasecomponentmodel appropriatefor real-
time and embeddedsystems;(ii) specifyingcompo-
nentsreal-timeattributesasaspectsuchthatthecom-
posedsystenis predictableand(iii) definingrulesfor
connectingcomponentssuchthatcomposedaystenis
reliableandfulfills thesystems requirements.

2. How do we ensurepredictability of the composed
databasesystemwith respecto responséime, mem-
ory usageandCPU utilization? Furthermorethechal-
lengeis to ensureeasyintegration of the composed
databaseysteminto the run-time environmentof the
real-time systemensuringtemporal behaior of the
system.

Copingwith thesechallengess a difficult task,for sev-
eral reasons. First, the COMET databaseshouldbe suit-
ablefor low resourcesystemsprimarily systemswith con-
strainedmemoryandpower consumption.Thus,appropri-
ate decompositiorof the databasdunctionality shouldbe
made, suchthat the functionality most likely (not) to be
neededy mostembeddedystemss identifiedandencap-
sulatedinto components. Second,the COMET database
shouldensurepredictableransactiorexecution. Addition-
ally, most embeddedsystemsare implementedin main-
memory thusrequiringthe COMET databaséo beamain-
memorydatabase.

We illustrate thesechallengeswith an exampleof data
managemenissuesin a classof automotve control appli-
cations.Discussionin the exampleis primarily basedon a
casestudywithin the projectperformedat Volvo Construc-
tion EquipmentComponent#B, Swedenwherewe ana-
lyzed datamanagemenin existing real-timesystemsused
to controlwheelloadersandarticulatechaulers.

Example \ehicle Control Systems

Typically, controlsystemsn theautomotve industryare
hardreal-timesafety-criticalsystemsconsistingof several
distributed nodes. Each node implementsspecific func-
tionality andcanbe viewed asa stand-aloneeal-timesys-
tem, e.g.,nodescanimplementtransmissionengine,or in-
strumentalfunctions. The size of 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 node and the available
memory different databasémplementationsare needed.
For example,in safety-criticalnodestasksare often non-
preemptve and scheduledoff-line, avoiding concurrenyg
by allowing only onetaskto be active at ary giventime.
This, in turn, influencesfunctionality of a databasen a
given node with respectto concurreng control. At this
point we needto clarify the relationshipbetweenthe task
andthe transaction. In control applications,suchas this
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Figure 1. COMET functional decomposition

one, tasksare performingall updateson data. Therefore,
from a databas@oint of view, a taskperforminganupdate
canbetreatedasa databasdransactionasit encapsulates
(oneor more)transactionsLesscritical nodeshaving pre-
emptabletasks,would requireconcurreng control mech-
anisms. Furthermore somenodesrequirecritical datato
belogged,e.g.,warninganderrors,andrequirebackupon
startupand shutdavn, while other nodesonly have RAM
(main-memory)anddo not requirenon-\latile backupfa-
cilities from the database.

The discussioron differentfunctionality neededrom a
databaséy differentnodescould be continuedfurther, but
our goalwith this shortdiscussioris to shov thatintroduc-
ing acomponent-basethtabas@aspremisesinceit would
allow the databas¢o betailoredto suitthe needf areal-
time applicationin eachnodewith respecto memorycon-
sumptionconcurreng control,recovery, differentschedul-
ing techniquestransactiorandstoragemodels. This helps
to optimizememoryconsumptiorin every nodeandallows
databaset beintegratedmoreeasilywith therun-timeen-
vironment.

3.3 Functional and AspectualDecomposition

In orderto meetthedemandsor customizatiorandfine-
tuning of the COMET databasdor specificreal-timeand
embeddedapplications,the decompositionof a database
systemmustbe doneboth on a functionallevel (functional
decomposition)andonanaspectevel (aspectualecompo-
sition). Usingaspectasseparatiorof concernsallows de-
signingfunctionalcomponentshatarecross-cuwith real-
time-specificand database-specifiaspectse.g., real-time
aspectandtransactioraspectyespectiely. For example,a
componenthat controlsaccesdo the datain the memory
will not only have to manageretrieval and storageof data
in aparticularmemorytype (memorytypecouldbeviewed
asan aspect),but also managereal-timepropertiesof the
dataobjectsstoredin memory(real-timeconstraint®ndata
couldalsobeviewedasanaspect).

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

pectualdecompositioralso implies that componentsised
for systemcompositionareno longertraditionalblack box
component$ ratherthey are grey in that we can modify
theirinternalbehaior by applyingdifferentaspects.

Sinceaspectareconsideredo beapropertyof asystem
thataffectsits performancer semanticsandthatcross-cuts
thesystems functionality[6], aspectshatcanbeidentified
in anembeddedeal-timedatabassystemcouldbe numer
ous. Thus,we mustcarefully defineboth componentsm-
plementingcertainfunctionality and differentaspectghat
cross-cuthesecomponents.

3.4. COMET Functional Decomposition

In theinitial designof the COMET we have identified
six componentgseefigure 1): (i) userinterface,a compo-
nentthatenablesuserto accesslatain the databasandis
doing query processing{ii) serializationmanagera com-
ponentthatis in chage of ensuringserializationof trans-
actions,and performsschedulingand concurreng control
(CC); (iii) locking managera componenthat dealswith
locking of data;(iv) index manageracomponenthatdeals
with theindexing of thedata;(v) recorerymanageracom-
ponentthatis in chagedof recorery andloggingof datain
the databaseand(vi) memorymanagera componenthat
allows accesgo datapossiblystoredin differentmemory
media.

The principle thatleadus to this functionaldecomposi-
tion of the COMET databasés primarily the needto have
functionally exchangeableaunits that are loosely coupled,
but with strongcohesionj.e., internalstrength.

Somevhatnaturalis thechoiceto have auserinterfaceas
a componentsincedifferentapplicationsmay requiredif-
ferentwaysof accessinglatawithin the system.

In thecontrolapplicationsliscussegreviously, thereare
scenariosnot requiring sophisticatedransactionschedul-
ing and concurrenyg control, e.g., the hard real-time sys-
temallows only onetransactiorto accesshe databasata

2The internalbehaior andattritutesof the black box componentire
stronglyencapsulateendcannotbe changedr modified.
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Figure 3. Classification of aspects in an em-
bedded real-time database system

time. Thereforejt would be helpfulto have this functional-
ity asaflexible partof the databasarchitecture Giventhat
schedulingand concurreng control are databasdunction-
ality thataretightly coupled,we chooseto encapsulatéhe
two into one componenta serializationmanager On the
otherhand,we mustdecouplethesetwo functionality into
two distinct sub-componentwithin the serializationman-
agerto allow flexible exchangeof schedulingmechanisms
and/orconcurreng controlmechanismsvhenapplicable.

As COMET storesdatain main-memorythereis aneed
for differentrecovery and logging techniquesdepending
on the type of the storage e.g.,non-wlatile EEPROM or
Flash. Thus, enablingthe exchangeof differentrecovery
stratgiesthroughthe recovery managecomponentvould
be beneficialfor differentapplications.Similarly, memory
managemeris requiredto beaflexible partof thearchitec-
ture sincethereis a needfor a componenthat would take
careof theaccesdo differenttypesof memory Samerea-
soningcouldbe appliedto decisionson index managerand
locking manageyrsinceindexing andlocking areperformed
by the databasdairly independenbf, for example,serial-
izationandrecovery.

3.5 COMET AspectualDecomposition

In orderto classify the compleity of requirementsn
the databaselesign,andaddresghemin the designof the
COMET in asystematiavay, we classifyaspectasfollows
(seefigure 3):

e applicationaspectswhich areaspectf the database
towardstheapplication,

e run-timeaspectswhich areaspect®f thedatabas¢o-
wardstherun-timesystemand

e compositionaspect,which are aspectghat influence
compositiorof thesystem.

Application aspectscan changethe internal behaior of
componentasthey cross-cuthemin the databaseystem
(asshowvnin figure 2). Theapplicationin this context refers



to the embeddedand real-timeapplicationtowardswhich
thedatabasshouldbetailored. Applicationaspectsanbe
dividedinto: memorymanagementgeal-time,securityand
transactioraspects.We view memorymanagemends an
applicationaspectof a databaseystem sincesizeandal-
locationof memoryinfluenceshe systems structure.Ad-
ditionally, real-timepropertiesareviewedasanapplication
aspechsthey influencethe overall structureof thedatabase
system.Real-timepropertiescould be further divided into
catgories,e.g., absoluteandrelative validity. Securityis
anothempplicationaspecthatinfluenceghesystenmbeha-
ior andstructure g.g.,userinterfacemustbe ableto distin-
guish userswith different security clearance. Depending
on the applicationrequirementsACID (atomicity, consis-
teng, isolation,anddurability) propertiesof a transaction,
for someapplicationspeedo berelaxed. Thus,thetransac-
tion propertiescouldbe viewedasa transactiorapplication
aspect.

Run-time aspectsare the most critical as they refer to
aspectof the monolithic databasesystemthat needto be
consideredvhen integrating the databasesysteminto the
run-timeernvironmentof a real-timesystem. Run-timeas-
pectsgiveinformationwhichis neededy therun-timesys-
tem to ensurethat integrating a databasevould not com-
promisetimeliness,or memoryconsumptiorof the overall
system.Thereforegachcomponentouldhave declarede-
sourcedemandsn its resourcedemandaspect,and could
have informationof its temporalbehaior, containedn the
temporalconstraintaspecte.g.,worst-casexecutiontime
(WCET), deadlineand period. Additionally, eachcompo-
nentmustcontaininformation of the platform with which
it is compatibleg.g.,real-timeoperatingsystemsupported,
and otherhardware relatedinformation. This information
is containedasa portability aspectlt is imperatve thatthis
informationis provided,to ensuregpredictabilityof thecom-
poseddatabaseystem gasetheintegrationof the database
into areal-timesystemandtheunderlyingrun-timesystem,
andensureportability to differenthardwareand/orsoftware
platforms.

Compositioraspectsionotcross-cutomponentsather
they are descriptve. Compositionaspectsdescribewith
which componentsa componentcan be combined(com-
patibility aspect),version of the component(version as-
pect),andpossibilitiesof extendingthecomponentith ad-
ditional aspectgflexibility aspect).

While conventionalAOP hasfocusedpredominantlyon
applicationaspectshaving separatiorof aspectsn differ-
ent catejories easesreasoningabout different embedded
andreal-timerelatedrequirementsaswell asthe compo-
sition of the databaseand its integrationinto a real-time
system. For example,a run-time systemcandefinewhich
(run-time) aspectthe databasenust fulfill, so that proper
databaseomponentsanbe chosenfrom the library, and
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Figure 4. COMET unified component model

composednto a monolithic system. This approactoffers
a significant flexibility, since additional aspecttypescan
be addedto componentsand therefore,to the monolithic
databasesystem,further improving the integration of the
databas@to arun-timesystem.

3.6. COMET Unified ComponentModel

Having describedcomponentsand catgorizedaspects
that cross-cubr describea componentwe presenta more
uniform view of a componentusing a unified component
modelthatunifiesfunctionalandaspectuatlecomposition.
A unifiedcomponentanbeviewedasacomponentolored
with aspectsbothinside (applicationaspects)andoutside
(run-time and compositionaspects).Due to spacelimita-
tions of this paper in the unified componenmodelwe do
not considercompositiomaspects.

A unifiedcomponentonsistf therun-timesystende-
pendentpart, and the functional part (seefigure 4). This
simplified view of a uniform componenpresentsapplica-
tion aspectasvertical layerson the functionality, whereas
run-time aspectsare horizontalparallellayersto the func-
tionality. Every componenprovidesa setof databasep-
erationsto the real-timeapplication. Theseoperationsare
containedn the functionallayer of the unified component
model. If neededthe functional part could be separated
further on the policy layer, in the higherlevel, the mech-
anismlayer, in the lower level. This is useful, for exam-
ple, in caseswhen different scheduling(or CC) policies
mustbeexchangedhatwork onthesamemechanisms.g.,
SetPriority().

When a transactionentersthe databasesystem,it will
executea numberof operationgprovidedby differentcom-
ponents.To ensurepredictabilityof transactiorexecution,
WCET (run-timetemporaklspectpf eachoperatiomeeded
by the transactiormustbe known. Thetotal WCET of the



transactioncould then be determinedby aggreyating the
WCETSsof differentoperations.WCET informationfor a
specificoperatiorwithin the components containedn the
run-timelayer, asit depend®n the operatingsystemused,
andthe hardwareplatform on which the operationis to be
executedj.e.,it depend®ntheplatformaspect®f thecom-
ponent. Of course,the scenarioexplainedis a simplified
one. In a more realistic situationwe mustconsidercom-
positionaspectsandthe compleity of all categoriesof as-
pects,i.e.,the WCET is only oneof the run-timetemporal
aspects.

4. RelatedWork

In this sectionwe recognizethe researchin the areaof
component-baseeimbedde@dndreal-timesystemsandthe
databasendreal-timeresearctprojectsthat are using as-
pectsto separateoncerns.

The focus in existing component-baseckal-time sys-
temsis enforcemenof real-timebehaior. In thesesystems
acomponents usuallymappedo atask,e.g.,passie com-
ponent[13], binary componen{5], and port-basedbject
componen{15]. Therefore,analysisof real-timecompo-
nentsin thesesolutionsaddressethe problemof temporal
scopesat a componentevel astaskattributes [5, 13, 15]:
worstcaseexecutiontime, releasdime, deadline.

While thereare someprojectsin the areaof real-time
systemsand databaseystemshat usethe aspect-oriented
programmingparadigmto the bestof ourknowledge there
is no projectthat looks on both theseissues. Normally,

theseprojectseitherfocus on providing component-based

platformsfor developmenbf real-timesystemsut without
databasdunctionality [13], or focus on providing a non-
real-timedatabasevith limited tailorability usingonly as-
pects(i.e.,nocomponents)11].

5. Summary

Designinganembeddedlatabas¢hatcanbetailoredfor
differentreal-timeapplicationamplies carefulbalancebe-
tweenapplicatiorrequiremenandrun-timesystenrequire-
ments.TheCOMET databasaimsto balancegheserequire-
ments,by having exchangeableomponent&ncapsulating
differentfunctionalities,and usethreedistinct typesof as-
pects.Thedesignof COMET is flexible, sinceinitial classi-
ficationof aspectsould be,if neededextendedto 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) definingrulesfor composingthesecomponentsnto a
real-timedatabasseystemand(iii) developingasetoftools

to supportthe designemwhencomposingandanalyzingthe
databassystem.
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