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Abstract

In thelastyearsthedeploymentf embeddedeal-timesystem$asincreaseddramatically
At thesametime theamountof datathat needg¢o bemanagedby embeddedeal-timesys-
temsis increasing thusrequiring an efficientand structued data manajement. Hence
databasefunctionalityis neededo provide supportfor storage and manipulationof data
in embeddedeal-timesystems.However, a databasethat can be usedin an embedded
real-timesystenmustfulfill requirmentdothfroman embeddedystemandfroma real-
time systemij.e., at the sametime the databaseneedsto be an embedde@nd a real-time
database Thereal-timedatabasemusthandletransactionswith tempoal constaints, as
well as maintainconsistencyasin a corventionaldatabase The main objectivesfor an
embeddedatabasere low memoryusage, i.e., smallmemoryfootprint, portability to dif-
ferentopemating systenplatforms efficientresouce manajemente.g., minimizationof the
CPU usaye, ability to run for long periodsof time withoutadministation, and ability to
be tailoredfor differentapplications.In addition, developmentostsmustbe keptas low
as possible with shorttime-to-marlet and a reliable softwae. In this report we survey
embeddedndreal-timedatabaseplatformsdevelopedn industrial and reseach erviron-
ments. This survey representshe state-of-the-arin the area of embeddediatabasegor
embeddedeal-timesystems.The survey enablesus to identify a gap betweerembedded
systemsreal-time systemsand databasesystemsj.e., embeddediatabasessuitablefor
real-timesystemsre spaise Furthermoe, it is observedhatthere is a needfor a more
genericembeddediatabasethat can be tailored, sud that the applicationdesignercan
getan optimizeddatabasedor a specifictypeof an application. e considerintegration of
a modernsoftwae engineeringednique component-basesbftwae engineeringfor de-
velopingembeddedatabase$or embeddedeal-timesystemsThismeige providesmeans
for building an embeddedatabaseplatformthat canbetailoredfor differentapplications,
sud that it hasa small memoryfootprint, minimumof functionality andis highly inte-
gratedwith theembeddedeal-timesystem.
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Chapter 1

Intr oduction

Digital systemscan be classifiedin two cateyories: general purpose systemsand
application-specificystemg41]. Generalpurposesystemscan be programmedo run
avariety of differentapplicationsij.e., they arenotdesignedor ary specialapplicationas
opposedo application-specificsystems.Application-specificsystemscanalsobe part of
a largerhostsystemandperformspecificfunctionswithin the hostsystem[20], andsuch
systemareusuallyreferredto asembeddedystemsAn embeddedystenisimplemented
partly on software and partly on hardware. When standardmicroprocessorgnicrocon-
trollersor DSPprocessorareused,specializatiorof anembeddedystemfor a particular
applicationconsistgrimarily on specializatiorof software.In thisreportwefocusonsuch
systemsAn embeddedystemis requiredto be operationaturingthelifetime of the host
systemwhich mayrangefrom a few years,e.g.,alow endaudiocomponentto decades,
e.g.,an avionic system. The natureof embeddedystemsalsorequiresthe computerto
interactwith the externalworld (ervironment). They needto monitor sensorandcontrol
actuatorgor awide variety of real-world devices. Thesedevicesinterfaceto thecomputer
via input andoutputregistersandtheir operationatequirementsredevice andcomputer
dependent.

Most embeddedystemsarealsoreal-timesystemsij.e., the correctnessf the system
dependsoth on the logical resultof the computationandthe time whenthe resultsare
produced101]. We referto thesesystemsasembeddedeal-timesystems Real-timesys-
temsaretypically constructeautof concurrenprogramsegalledtasks. Themostcommon
type of temporalconstrainthat a real-timesystemmustsatisfyis the completionof task
deadlinesDependingon the consequencdueto a misseddeadline real-timesystemsan
be classifiedashardor soft. In a hard real-timesystenconsequencesf missinga dead-
line canbe catastrophice.g.,aircraft control, while in a soft-real-timesystemmissinga
deadlinedoesnot causecatastrophicdamageto the system,but may affect performance
negatively. Below follows a list of exampleswhereembeddedeal-timesystemscanbe
found.

Vehiclesystemdor automobilessubways,aircrafts,railways,andships.

Traffic controlfor highways,airspacerailway tracks,andshippinglines.

Procesgontrolfor power plantsandchemicalplants.

Medicalsystemdor radiationtheragy andpatientmonitoring.

Military usessuchasadwancediring weaponstracking,andcommancdandcontrol.

Manufacturingsystemsawith robots.

1we distinguishbetweerembeddedndreal-timesystemssincetherearesomeembeddedystemshatdo not
enforcereal-timebehaior, andtherearereal-timesystemghatarenotembedded.
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Telephoneradio,andsatellitecommunications.

Multimediasystemshatprovide text, graphic,audioandvideointerfaces.

Householdsystemdor monitoringandcontrollingappliances.

Building managershatcontrolsuchentitiesasheat lights, doors,andelevators.

In the lastyearsthe deploymentof embeddedeal-timesystemdhasincreasediramat-
ically. As canbe seenfrom the examplesthesesystemsarenow virtually embeddedn
every aspecbf our lives. At the sametime the amountof datathatneedsto be managed
is growing, e.g.,embeddedeal-timesystemshatareusedto controla vehicle,suchasa
moderncar, mustkeeptrack of severalhundredsensowalues.As theamountof informa-
tion managedy embeddedeal-timesystemsncreasest becomesncreasinglyimportant
thatdatais manageandstoredefficiently andin auniformmanneiby thesystem Current
techniquesadoptedfor storingand manipulatingdataobjectsin embeddedndreal-time
systemsare ad hoc, sincethey normally manipulatedataobjectsas internal data struc-
tures. Thatis, in embeddedeal-timesystemsdatamanagemernis traditionally built asa
part of the overall system. This is a costly developmentprocesswith respectto design,
implementationandverificationof the system. In addition, suchtechnigueslo not pro-
vide mechanismshat supportporting of datato otherembeddedystemsor large central
databases.

Databasdunctionality is neededo provide supportfor storageand manipulationof
data.Embeddinglatabasemto embeddedystemsave significantgains: (i) reductionof
developmentostsdueto thereuseof databassystems(ii) improvementof quality in the
designof embeddedystemssincethe databasrovides supportfor consistentand safe
manipulationof data,which makesthetaskof the programmesimpler;and(iv) increased
maintainabilityasthe softwareevolves. Consequentlythis improvesthe overall reliability
of thesystem.Furthermoreembeddediatabaseprovide mechanismghatsupportporting
of datato otherembeddedystemsr largecentraldatabases.

However, embeddedeal-timesystemgut demandon suchembeddediatabase¢hat
originatefrom requirement®n embeddedndreal-timesystems.

Mostembeddedystemseedto be ableto run without humanpresencewhich means
thata databasén sucha systemmustbe ableto recover from the failure without external
intervention[80]. Also, theresourcdoadthe databasémposeson the embeddedystem
shouldbe carefully balancedijn particulay memoryfootprint. For example,in embedded
systemausedto control a vehicle minimizationof the hardware costis of utmostimpor-
tance. This usuallyimplies that memorycapacitymustbe kept aslow as possible,i.e.,
databasessedin suchsystemsnusthave smallmemoryfootprint. Embeddedystemsan
beimplementedn differenthardwareervironmentssupportingdifferentoperatingsystem
platforms,which requireshe embeddediatabas¢o be portableto differentoperatingsys-
templatforms.

Ontheotherhand real-timesystemgputdifferentsetof demand®nadatabassystem.
Thedatain the database&isedin real-timesystemanustbe logically consistentaswell as
temporallyconsisten{50]. Temporalconsisteng of datais neededn orderto maintain
consisteng betweertheactualstateof theervironmentthatis beingcontrolledby thereal-
time system,andthe statereflectedby the contentof the databaseTemporalconsisteng
hastwo components:

¢ Absoluteconsistencybetweerthe stateof the ervironmentandits reflectionin the
database.

¢ Relativeconsistencyamongthe datausedto derive otherdata.

We usethenotationintroducedby Ramamrithanf50] to give aformal definitionof tempo-
ral consisteng.
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Figurel.1: An examplesystem.On the left sidea watertankis controlledby the system
on theright side. The PID-taskcontrolsthe flow out by the valve (y) sothatthe level in
tank(x) is the sameasthe level setby the user(r). An alarmtaskshutsthe systermdown if
thelevel alarm(a)is activated.

A dataelement,denotedd, which is temporallyconstrainedjs definedby threeat-
tributes:

e valued, e, i.€.,thecurrentstateof datad in thedatabase,
e time-stampl,,, i.e.,thetime whenthe obsenationrelatingto d wasmade,and

e absolutesalidity intenal d,.;, i.e.,thelengthof thetimeintenal following d; s during
whichd is consideredo be absoluteconsistent.

A setof dataitemsusedto derive a new dataitem forms a relative consisteng set, de-
notedR, andeachsuchsetis associatedavith arelative validity interval, R,,;. Datain the
databasesuchthatd € R, hasa correctstateif andonly if [50]

1. dyaiue islogically consistentand
2. d istemporallyconsistentpoth

e absolute(t — d;s) < dgy;, and
e relatveVd' € R, |ds — d},| < Rpyi.

A transaction,.e., a sequenceof read and write operationson dataitems, in corven-
tional databasemust satisfy following properties:atomicity, consistenyg, isolation,and
durability, called ACID properties. In addition, transactionghat processreal-time data
must satisfy temporalconstraints. Someof the temporalconstraintson transactionsn
a real-time databasecome from the temporalconsisteng requirement,and somefrom
requirementsmposedon the systemreactiontime (typically, periodicity requirements)
[50]. Theseconstraintgequiretime-cognizantransactiomprocessingo thattransactions
canbeprocessetb meettheir deadlinesbothwith respecto completionof thetransaction
aswell assatisfyingthetemporalcorrectnessf thedata.
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Figurel.2: Theend-to-endleadlineconstraintfor the alarmsystem.Theemegeng shut-
down mustbe completedwithin a giventimedl,;qrm implying thatt2 — t1 < dlgigrm -

An exampleapplication

We describeoneexampleof a typical embeddedeal-timesystem.The exampleis typical
for alarge classindustrialprocessontrolsystemhathandledargevolumeof data,where
datahavetemporalconstraintsin orderto keepthe exampleasillustrative andassimpleas
possiblewe limit our exampleto a specificapplicationscenarionamelythe controlof the
waterlevel in awatertank(seefigure1.1). Throughthisexamplewe illustratedemandgut
on datamanagemerih suchasystem.Our example-systencontainsa real-timeoperating
systemadatabasean!/O managemergubsystenanda userinterface.

A controllertask (PID-regulator)controlsthe level in the watertank accordingto the
desiredevel setby theuser i.e., thehighestallowedwaterlevel. Theervironmentconsists
of thewaterlevel, thealarmstate the settingof thevalve andthevalueof theuserinterface.
The environmentstateis reflectedby the contentof the databasddenoteda’, ', v, v’ in
figure 1.1). FurthermorepPID variablesthatreflectinternal statusof the systemarealso
storedin the database.The I/O manager(l/O MGNT) is responsibldor dataexchange
betweerthe ervironmentandthe databaseThus,the databasetoresthe parameterfrom
the ervironmentand to the ervironment, and configurationdata. Datain the database
needgo betemporallyconsistenthothabsoluteandrelative. In this case absolutevalidity
interval candependnthewaterflow. Thatis, if thethetankin figurel1.lis verybig andthe
flow is small,absolutevalidity interval canbegreateithanin thecasewherethewaterflow
is big andthe dataneedgo be sampledmorefrequently Therelative consisteng depicts
thedifferencebetweerthe oldestdatasampleandthe youngessampleof data. Hence,if
thealarmin our systemis activated,dueto highwaterlevel, andx’ indicatesalower level,
thesetwo valuesarenotvalid eventhoughthey have absolutevalidity.

For this applicationscenariognadditionatemporalconstrainimustbe satisfiedby the
databaseandthatis anend-to-endleadline Thistemporalkonstrainis importantbecause
the maximumprocessingime for the alarmevent mustbe smallerthanthe end-to-end-
deadline. Figure 1.2 shavs the whole end-to-endprocessfor an alarmevent. Whenan
alarmis detectedanalarmsensoisendghesignalto the A/D corverter Thissignalis read
by thel/O managerecordingthe alarmin the databaseThe alarmtaskthenanalyzeghe
alarmdataandsendsa signalbackto indicateanemegeng shutdavn.

In our example the databaseanbe accessethy the alarmtask,the PID task,the user
interface,andthel/O managerThus,anadequat&oncurreng controlmustbe ensuredn
orderto serializetransactiongomingfrom thesefour differentdatabaselients.

Let us now assumehat the waterlevel in the tank is just below the highestallowed
level, i.e., the level whenan alarmis triggered. The waterflowing into the tank creates
rippleson the surface. Theseripplescould causethe alarmto go on and off with every
ripple touchingthe sensorand consequenthsendingburstsof alarmsto the system. In
this case pnemoretemporalconstrainimustbe satisfied a delayedresponseThe delayed
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responses a periodof time within which the waterlevel mustbe higherthanthe highest
allowedlevelin orderto activatethealarm.

As we can see, this simple applicationscenarioputs different requirementson the
database.A completeindustrial processcontrol system,of which this exampleis part
of, would putavariety of additionalrequirement®sn adatabaseg.g.,logging.

Note that requirementsplacedon the databasedy the embeddedeal-time system
areto someextent generalfor all embeddedind real-timeapplicationsbut at the same
time, thereare requirementghat are specificto an applicationin question(e.g.,delayed
response)Thus,anembeddediatabassystemmust,in a sensepetailored(customized)
for eachdifferentapplicationto give an optimizedsolution. Thatis, giventhe resource
demand®f theembeddedeal-timesystema databasenustbetailoredto have minimum
functionality, i.e., only functionalitythata specificapplicationneeds.

In recentyears,a significantamountof researchhasfocusedon how to incorporate
databaséunctionality into real-timesystemswithout jeopardizingtimeliness,andhow to
incorporatereal-timebehaior into embeddedystems.However, researctfor embedded
databasessedin embeddedeal-timesystemsexplicitly addressinghe developmentand
designprocessandthelimited amountof resourcetn embeddedystemss sparseHence,
the goal of our reportis to identify the gapbetweerthe following threedifferentsystems:
real-timesystemsembeddesystemsanddatabaseystems Further we investigatehow
component-basezbftwareengineeringvould provide afeasibleapproacHor bridgingthis
gapby enablingdevelopmenbf a customizablembeddediatabassuitablefor embedded
real-timesystems,jn a shorttime with reduceddevelopmentcosts,and high quality of
software.

Therearemary embeddediatabasesnthemarket, but, aswe show in this report,they
vary widely form vendorto vendor Existing commercialembeddediatabasesystems,
e.g.,Polyhedrg91], RDM andVelocis[70], Penasive.SQL[88], Berkeley DB [99], and
TimesTen[109], have differentcharacteristicendaredesignedwith specificapplications
in mind. They supportdifferentdatamodels,e.g., relationalvs object-orientednodel,
andoperatingsystemplatforms. Moreover, they have differentmemoryrequirementand
provide differenttypesof interfacesfor usersto accesslatain the database.

Application developersmust carefully choosethe embeddedatabasdheir applica-
tion requiresandfind thebalancébetweerthefunctionalityanapplicationrequiresandthe
functionalitythatanembeddedatabaseffers. Thus,findingtheright embeddedatabase,
in additionof beinga quitetime consuminggostly anddifficult processis a processwith
lot of compromisesAlthough a significantamountof researchn real-timedatabasebas
beendonein the pastyears,it hasmainly focussedon variousschemegor concurrenyg
control,transactiorschedulingandloggingandrecovery. Researclprojectsthatarebuild-
ing real-timedatabasglatforms,suchasART-RTDB [52], BeeHie [103], DeeDS[9] and
RODAIN [61], mainly addresgeal-timeperformancehase monolithic structure andare
built for a particularreal-timeapplication.Hence theissueof how to enabledevelopment
of anembeddedlatabassystemthatcanbetailoredfor differentembeddedeal-timeap-
plicationsarises.Thedevelopmentostsof suchdatabassystenmustbekeptlow, andthe
developmentustensureggoodsoftwarequality. We shav thatexploiting component-based
softwareengineeringn the databaselevelopmentseemto have a potential,andexamine
how component-basesbftware engineeringcanenabledatabassystemso be easilytai-
lored, i.e., optimized,for a particularapplication. By having well-definedreusablecom-
ponentsasbuilding blocks,notonly developmentostsarereducedput moreimportantly
costsrelatedo verificationandcertificationarereducedsincecomponentsvill only needo
bechecledonce.AlthoughsomemajordatabasgendorsuchasOracle Informix, Sybase,
andMicrosofthave recognizedhatcomponent-basetdkvelopmenbfferssignificantbene-
fits, theircomponent-basesblutionsarelimited in termsof tailorability with, in mostcases,
inadequatesupportfor developmentof suchcomponent-basediatabasaystems Further
more,commercialcomponent-basedatabasedo not enforcereal-timebehaior andare
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not,in mostcasessuitablefor ervironmentswith limited resourcesWe arguethatin order
to composeareliableembeddedeal-timesystemout of componentscomponenbehaior
mustbe predictable. Thus,componentsnusthave well definedtemporalattributes. How-
ever, existing component-basedatabassystemsio not enforcereal-timebehaior. Also,
issuesrelatedto embeddedystemssuchaslow-resourceconsumptiorare not addressed
atall in thesesolutions.We shav thatreal-timepropertiesare preseredonly in a few of
the existing component-baseebal-timesystems.In additionto temporalpropertiescom-
ponentsin component-baseembeddedystemanusthave explicitly addressednemory
needsand power consumptiorrequirements At the endof this report, we outline initial
ideasfor preservingeal-timeandembeddegropertiesn componentsisedfor building an
embeddedlatabasglatformthatcanbetailoredfor differentapplications.

The reportis organizedas follows. In chapter2 we survey commercialembedded
andresearcheal-timedatabassystemsWe thenexaminethe component-basesbftware
engineeringaradigmandits integrationwith databasefor embeddedeal-timesystemsn
chapte3. In chaptert wediscussapossiblescenaridor developinganembeddedatabase
platformthatcanbetailoredfor differentapplicationsandgive conclusions.



Chapter 2

Databasesystems

2.1 Traditional databasesystems

Databaseareusedto storedataitemsin a structuredvay. Dataitemsstoredin adatabase
shouldbepersistenti.e., adataitem storedin the databasshouldremainthereuntil either
removedor updated Transactiongremostoftenusedto read,write, or updatedataitems.
Transactionshouldguaranteeserialization. The so-calleddatabasenanageiis accessed
throughinterfaces andonedatabasenanagercansupportmultiple interfacedike C/C++,
SQL, or ActiveX interfaces.

Mostdatabasenanagemergystemsonsistof threelevels[27]:

e Theinternallevel, or physicallevel, dealswith the physicalstorageof the dataonto
amedia.lts interfaceto the conceptualevel abstractall suchinformationaway.

e The conceptualevel handlestransactionsand structuresof the data, maintaining
serializatiorandpersistence.

e The externallevel containsinterfacesto users,uniforming transactiondeforethey
aresentto theconceptualevel.

Oneof the main goalsfor mary traditionaldatabaseystemsaretransactiorthrough-
put andlow averageresponsdime [50], while for real-timedatabasethe maingoalis to
achieve predictabilitywith respecto responséimes,memoryusageandCPU utilization.
We cansaythatwhena worstcaseresponsgime or maximummemoryconsumptiorfor
a database&anbe guaranteedthe systemis predictable.However, therecanbe different
levelsof predictability For a systenthatcanguarantee certainresponsgime with some
definedconfidenceis saidto have a certaindegreeof predictability

2.2 Embeddeddatabasesystems
2.2.1 Definitions

A device embeddediatabassystemis a databassystenthatresidesn anembeddedys-
tem. In contrast,an application-embeddedatabasés hiddeninside an applicationand
is not visible to the applicationuser Application-embeddedatabaseare not addressed
furtherin this surwey. This suney focusesonly on databasesmbeddedn real-timeand
embeddedystems.The main objectvesof atraditionalenterprisedatabasasystemoften
is throughputflexibility, scalability functionalityetc.,while size,resourcaisageandpro-
cessousagearenotasimportant,sincehardwareis relatively cheapIn embeddedystems
theseissuesaremuchmoreimportant. The mainissuesor anembeddediatabassystem
canbesummarizeds[96, 80, 94:
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¢ Minimization of the memoryfootprint: The memorydemandor anembeddedys-
temaremostoften,mainlyfor economicateasonskeptaslow aspossible A typical
footprintfor anembeddediatabasés within therangeof somekilobytesto a couple
of megabytes.

¢ Reductiorof resourcallocationsin anembeddedystemthedatabasenanagement
systemandtheapplicationaremostoftenrun on the sameprocessaqrputtinga great
demandon the databasgrocesgo allocateminimum CPU bandwidthto leave as
muchcapacityaspossibleto theapplication.

e Supportfor multiple operatingsystemsin anenterpriselatabassystemthe DBMS
is typically run on a dedicatedsener usinga normaloperatingsystem.The clients,
thatcouldbe desktopcomputersptherseners,or evenembeddedystemsconnect
to the sener usinga network connection.Because databasenostoftenrun on the
samepieceof hardwareastheapplicationin anembeddedystemandthatembedded
systemsften usespecializedperatingsystemsthe databaseystemmustsupport
theseoperatingsystems.

¢ High availability: In contrastto a traditional databasesystem, most embedded
databassystemslo nothave asystemadministratopresenturingrun-time. There-
fore,anembeddediatabasenustbe ableto run onits own.

Dependingonthekind of systenthe databasshouldresidein, someadditionalobjec-
tivesmight be moreemphasizedyhile othersarelessimportant. For example,Penasie,
which manuficturesPenasive.SQLDBMS system hasidentifiedthreedifferenttypesof
embeddedystemsandhasthereforedevelopeddifferentversionsof their databaséo sup-
portthesesystemg89]:

e Penasve.SQLfor smartcardsis intendedfor systemswith very limited memory
resourcestypically atenkilobytes. This versionhastradedoff sophisticatedoncur
reng/ controlandflexible interfacesfor size. Typical applicationsnclude banking
systemdik e cash-cardgdentificationsystemshealth-careandmobilephones.

e Penasve.SQLfor embeddedystemss designedor smallcontrolsystemdik e our
examplesystemin figure 1.1. It canalsobe usedasa datapump,which is a sys-
temthat readsdatafrom a numberof sensorsstoresthe datain a local database,
and continuously“pumps” datato a large enterprisedatabasén an unidirectional
flow. Importantissuesherearepredictability with respecto bothtiming andsystem
resourcesaswe are approaching real-timeervironment. The interfacesare kept
rathersimpleto increasespeedand predictability Sincethe numberof usersand
therate of transaction®ften canbe predicted the needfor a complex concurreng
controlsystemmight notbenecessary

e Penasie.SQLfor mobile systemss usedin mobile deviceslike cellular phonesor
PDAs, wherethereis a needfor higherdegreeof concurreng control. Consider
that a userbrowsesthroughe-mailson a PDA while walking into his/hersoffice,
thenthesynchronizeupdateshee-maillist usingawirelesscommunicatiowithout
interruptingthe user The interfacessupportmorecomple ad-hocqueriesthanthe
embeddedrersion. The interfacesare modularandcanbeincludedor excludedto
minimize memoryfootprint.

2.2.2 An industrial casestudy

In 1999,ABB Roboticswho developsandmanufcturesobotsfor industrialuse,wanted
to exchangethe existing in-housedevelopedconfigurationstoragemanagemensystem
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into a moreflexible andgenericsystem preferablysomecommercial-of-theshelf(COTS)
embeddedlatabase.

An industrialrobotis a complex and computercontrolledsystem,which consistsof
mary sub-systemsln eachrobot someconfigurationinformationaboutits equipmentis
stored.Today this amountgo about600kilobytesof data. This dataneedgo be storedin
astructurecandorganizedway, allowing easyaccess.

ThecurrentsystemcalledCFG, is a custom-madapplicationandresemblesn mary
waysto a regular databasepplication. However, it is nowvadaysconsideredo be too
inflexible and the userinterfaceis not userfriendly enough. Furthermore the internal
structuresandthe choiceof index systemhave leadto muchlongerresponsdimesasthe
amountof datahasincreased.

ABB Roboticsdecidedto investigatehe market for an existing suitabledatabaseys-
tem thatwould fulfill their demands.The following requirementsvere consideredo be
important[63:

e Connectvity. It shouldbe possibleto accesghe databaséoth directly from the
robotcontrollingapplicationandfrom anexternalapplicationvia a network connec-
tion. Furthermorehe databasshouldsupportviews so datacould be queriedfrom
acertainperspectie. It would be preferablaf somekind of standardnterface,e.qg.,
ODBC, couldbeused.If possiblethedatabasshouldbebackwardcompatiblewith
the querylanguageusedin the CFG system. The databasehouldalso be ableto
handlesimultaneous$ransactionsindqueriesandbe ableto handleconcurreng.

e Scalability Theamountof dataitemsin the systemmustbe allowedto grow asthe
systemevolves. Transactiortimes and databasdehaior mustnot changedueto
increasen datasize.

e Security It shouldbepossibleto assigrdifferentsecuritylevelsfor differentpartsof
thedatain thedatabaseThatis, someform of useridentificationandsomesecurity
levelsmustexist.

¢ DatapersistenceThe databaseshouldbe ableto recover safelyafter a systenfail-
ure. Thereforesomeform of persistenstoragemustbe supportedandthe database
shouldremaininternally consistengfterrecovery.

¢ MemoryrequirementsTo keepthe sizeof the DBMS systemlow is akey issue.

2.3 Commercial embeddedDBMS: a survey

In this sectionwe discussandcomparea numberof commercialembeddediatabaseys-
tems.We have selected handfulof systemswith differentcharacteristicsThesedatabases
arecomparedvith eachotherwith respecto asetof criteria,whichrepresenthe mostfun-
damentalssuegelatedto embeddedlatabases.

2.3.1 Criteria investigated

e DBMS model,which describeshearchitectureof the databassystem.Two DBMS
architecture$or embeddediatabasearethe client/serer modelandthe embedded
library model.

e Datamodel,which specifieshow datain thedatabasés organized. Commonmodels
aretherelational the object-orientecdindthe objectrelational.

e Dataindexing, which describediow the dataindexesareconstructed.
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Memory requirementswhich describeshe memoryrequirementdor the system,
bothdataoverheadandthe memoryfootprint,whichis thesizeof the databasenan-
agemensystem.

Storagemedia,whichspecifieghedifferentkindsof storagenediaghatthedatabase
supports.

Connectiity, which describeghe differentinterfacesthe applicationcanuseto ac-
cessthe database Network connectity is alsospecified,i.e. the ability to access
thedatabaseemotelyvia a network connection.

Operatingsystemplatforms,which specifieghe operatingsystemsupportedy the
databassystem.

Concurreng control, which describeshow concurrentransactionsre handledby
thesystem.

Recaorery, which specifieshow backup/restoratiois managedby a systemin caseof
failures.

Real-timepropertieswhich discusseslifferentreal-timeaspect®f the system.

2.3.2 Databasesnvestigated

In this surey we have selecteda handfulof systemghattogetherepresents someavhat
completepictureof thetypesof productscurrentlyonthe market.

Penasive.SQLby Penasie Softwarelnc. This databaséasthreedifferentversions
for embeddedsystems: Penasive.SQL for smart-card Penasive.SQL for mobile
systemsandPenasive.SQLfor embeddedystemsAll threeversiondntegratewell

with eachotherandalsowith their nonembeddedersionsof Penasive.SQL.Their

systenview andthefactthatthey have,comparedo mostembeddedatabasesery
smallmemoryrequirementsvasonereasorfor investigatinghis databas¢s8].

Polyhedraby PolyhedraPlc. This databasevasselectedor threereasonsfirst of all
it is claimedto be a real-timedatabasesecondlyit is amainmemorydatabaseand
third, it supportsactive behaior [91].

Velocisby MbraneLtd. This systems primarily intendedfor e-CommercandWeb
applicationsput hassomesupportfor embeddeaperatingsystemg70].

RDM by MbraneLtd. Like PolyhedraRDM alsoclaimsto beareal-timedatabase.
It is however fundamentallydifferentfrom the Polyhedrasystem by, for example,
beinganembeddedibrary and,thus,doesnotadoptthe client/serer model[70].

Berkeley DB by Sleeycat SoftwareInc. This databaseywhich alsois implemented
asallibrary, wasselectedor the surwey becausét is distributedasopensourceand
thereforeinterestingirom aresearchpoint of view [99].

TimesTenby TimesTen Performanceéoftware. This relationaldatabasés, like the
Polyhedrasystema mainmemoryreal-timedatabassystem109].

2.3.3 DBMS model

Therearebasicallytwo differentDBMS modelssupportedseetable2.1). Thefirst model
is theclient/serer model,wherethedatabassener canbeconsideredo beanapplication
runningseparatelyrom thereal-timeapplication gventhoughthey runonthesameproces-
sor The DBMS is calledusinga request/responggotocol. The sener is accesseeither
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DBMS system | Client/server | Library
Penasive.SQL X

Polyhedra X

Velocis X

RDM X
Berkeley DB X
Timesen X

Table2.1: DBMS modelssupportedy differentembeddediatabassystems.

throughinter-processcommunicatioror somenetwork. The secondmodelis to compile
the DBMS togethemwith the systemapplicationinto oneexecutablesystem.Whena task
wantsto accesghe databasé only performsfunction callsto make therequest.Transac-
tions executeon behalfof their tasks’'threads gventhoughinternalthreadsn the DBMS
might be used. Thereare advantagesand dravbackswith both models. In a traditional
enterprisedatabasethe sener mostoftenrun on a dedicatedsener machineallowing the
DBMS to usealmost100%of the CPU.Howeverin anembeddedlient/serer systemthe
applicationandthe sener processften sharethe sameprocessar This implies that for
every transactiorat leasttwo context switchesmustbe performed,seefigure 2.1. More
compl transactiondjk e anupdateransactiommightrequireevenmorecontext switches.
Considerfor examplea real-timetaskthat executesan updatetransactiorthat first reads
the dataelementz, thenderivesa new valueof z from the old valueandfinally writesit
backto the databaseThis transactionwould generatdour contect switches. Two while
fetchingthevalueof  andtwo while writing z backto the database.

Thesecontext switchesaddsto the systemoverheadandcanfurthermoremake worst
caseexecutiontime estimationsof transactionsmore comple to predict. The network
messag@assingor inter-procesommunicatiorbetweerthesenerandtheclientalsoadd
to the overheadtost. A dravbackwith anembeddedibrary is thatthey lack standardized
interfacedike ODBC [80].

The problemwith messaggassingoverheachasbeenreducedn the Velocissystem.
They allow the processto be compiledtogetherwith the application,thus reducingthe
overheadsincesharedmemorycanbeusedinstead.

DBMS Context DBMS
requestT switches response
L DBMS server [PApplication task
Application task task continued N

Figure2.1: In anembeddedlient/serer DBMS atleasttwo context switchesarenecessary
for eachtransaction.

2.3.4 Data model

The datamodel concernshow datais logically structured. The mostcommonmodelis
the relationalmodelwheredatais organizedn tableswith columnsandrows. Databases
implementingrelationaldatamodelarereferredto asrelationaldatabase€RDBMS). One
adwantagewith arelationalmodelis thatcolumnsin the tablecanrelateto othertablesso
arbitrarycomplex logical structuresanbe created Fromthis logical structurequeriescan
be usedto extracta specificselectionof data,i.e. aview. However, onedisadwantagewith
therelationalmodelis addeddatalookup overhead Thisis becausehatdataelementsare
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DBMS system | Relational | Object-oriented | Object-relational | Other
Penasive.SQL X

Polyhedra X x)

Velocis X

RDM X

Berkeley DB X
TimesTen X

Table2.2: Datamodelssupportedy differentembeddediatabassystems.

organizedwith indexesin which pointersto the datais stored,andto performthe index
lookup cantake significantamountof time, especiallyfor databasestoredon harddrives.
This canbe a seriousproblemfor databasethatresidesin time critical applicationdike
ourexampleapplicationin figure1.1.

The relationalmodel, which was developedby Codd, only supportsa few basicdata
types, e.g., integers, floating point numbers,curreng, and fixed length arrays. This is
nowadaysconsidered limitation which hasleadto the introductionof databasesvhich
supportsmore complex datatypes,e.g., Binary Large Objects(BLOBs). BLOB is data,
which is treatedas a set of binary digits. The databasedoesnot know what a BLOB
containsandthereforecannotindex anythinginsideof the BLOB.

The object-orienteddatabasd ODMBS) is a differentkind of datamodel, which is
highly integratedwith object-orientednodelingandprogramming,The ODBMS is an ex-
tensionto the semantic®f anobject-orientedanguageAn object-orientediatabasstores
objectsthat canbe sharedby differentapplications.For example,a compaty which deals
with e-Commercédasa databaseontainingall customersTheapplicationis writtenin an
object-orientedanguageanda customelis modeledas an object. This objecthasmeth-
ods,likebuy andchangeAdr ess, associatedavith it. Whenanew customenarrives,an
instanceof the classis createdandthenstoredin the databaseThe instancecanthenbe
retrievedat ary time. Controlledaccesss guaranteedueto concurreng control.

A third datamodel,which hasevolvedfrom boththerelationalandthe object-oriented
model, incorporatesobjectsin relations,thusis called object-relationaldatabase$OR-
DBMS).

Asshovnin table2.2,all systemsn thesurwey exceptBerkeley DB arerelational.Fur-
thermorethe Polyhedrahassomeobject-relationabehaior throughits control language
describedbelon. However it is not fully object-relationakinceobjectsitself cannotbe
storedin the database.To our knowledge, no pure object-orientecembeddediatabase
exists on the markettoday Therearehowever somelow requirementslatabasethatare
object-orientedsuchasthe Objectiity/DB [79] system Furthermoresomeobject-oriented
client-librariesexist that canbe usedin anembeddedystem suchasthe PowverTier [87]
andthe PoetObjectsystem[90]. Theseclient-librariesconnectto an external database
sener. SincetheactualDBMS andthe databasés locatedon a non-embeddedystemwe
do notconsidethemembeddediatabasem this surey.

Mostsystemdrave waysto “shortcut”accesso data,andthereforebypassingheindex
lookup routine. Penasve, for example,can accessdatausing the Btrieve transactional
enginethatbypasseshe relationalengine.Mbraneusesa differentapproactin the RDM
system.In mary real-timesystemglataitemsareaccesseth a predefinedrder(think of
acontrollingsystemwheresomesensowvaluesarereadfrom thedatabasendtheresultis
written backto the database)BYy insertingshortcutsbetweendataelementsuchthatthey
aredirectly linkedin the orderthey areaccessedastaccessesanbe achieved. As these
shortcutgpoint directly to physicallocationsin memory reorganizationof the databasés
muchmorecomple sincea large numberof pointerscanbecomestalewhenasingledata
is droppedor moved.
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Figure2.2: Thestructureof a Bt -treewith fanoutof 3. Theinnernodesareonly usedto
index down to the leave nodecontainingthe pointerto the correctdata. Figure partially
from [58].

The PolyhedraDBMS systemis fundamentallydifferentcomparedo the restof the
relationalsystemsn this suney, becausef its active behaior. Thisis achiezedthrough
two mechanismsactive queriesandby the controllanguaggCL). An active querylooks
quitelike anormalquerywheresomedatais retrievedand/orwritten, but insteadthe query
staysin the databasentil explicitly aborted. Whena changen the dataoccursthatwould
altertheresultof the query the applicationis notified. The CL, which is a fully object-
orientedscript languagethat supportsencapsulationinformation hiding andinheritance,
candeterminethe behaior of datain the database This meansthat methods private or
public, canbe associatedvith dataperformingoperationson themwithout involving the
application. In our exampleapplication,the CL could be usedto derive the valve setting
y' from thelevel indicatorz’ andthe PID parametersghusremoving the needfor the PID
task. The CL hasanotherimportantusage sinceit canbe usedin the display manager
(DM) to make a graphicalnterface. TheDM, whichis implementedisa PolyhedraClient,
togethemwith the controllanguagés ableto present graphicalview on alocal or remote
userterminal. This is actuallyexactly the userinterfacein our exampleapplication since
DM alsocantake userinputandforwardthatto thedatabaseActive databasenanagement
will befurtherdiscussedh section2.4.4.

As mentionedabove, Berkeley DB is the only non-relationalsystemin this suney.
Insteadit usesa key-datarelationship.Onedatais associatedavith a key. Therearethree
waysto searchor data from key, partof key or sequentiabearch Thedatacanbearbitrary
large and of virtually ary structure. Sincethe keys are plain ASCII stringsthe datacan
containotherkeys so complex relationscanbe built up. In factit would be possibleto
implementa relationalengineon top of the Berkeley DB databaseThis approachclaims
for averyintimaterelationshipbetweerthe databas@ndthe programmindanguageused
in theapplication.

2.3.5 Dataindexing

To beableto efficiently searcHor specificdata,anefficientindex systemshouldexist. To
linearly searchthroughevery singlekey from anunsortedist would notbeagoodsolution
sincetransactiomesponséimeswould grow asthenumberof dataelementsn thedatabase
increasesTo solwe this problemtwo majorapproacheareused treestructureandhashed
lists. Both approachesupplysimilar functionality; but differ somevhatin performance.
Two major tree structuresare used,B ™ -treeindexing, which suits disk baseddatabases,
andT-treeindexing, whichis primarily usedin main-memorydatabases.
Themainissuefor Bt -treeindexing is to minimize disk I/0, thustradingdisk I/O for
addedalgorithmcomplexity. B*-treeindexing sortsthe keysin a treestructurein which
every nodehasa predefinechumberof children,denotedp. A large valueof p resultsin
awide but shallav tree,thusthetreehasa largefanout. A smallvalueof p resultsin the
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Figure2.3: Thestructureof a T-tree. Eachnodecontainsa numberof entriesthatcontains
thekey anda pointerto thecorrespondinglata.All key valuesthatarelessthenthebound-
ary of this nodeis directedto theleft child, andkey valuesthatareabove the boundaryare
directedto theright. Figurefrom TimesTenWhite paper

opposite.For p = 2 treeis abinarytree.Sinceall dataindexesresidein theleave nodesof
thetree,while only the innernodesareusedto navigateto the right leave, the numberof
visited nodeswill befewer for a shallav tree. This resultsin fewer nodesthathave to be
retrievedfrom disk, thusreducingdiskI/O. In figure2.3.5we seeanexampleof aB™*-tree.
Therootdirectsrequestgo all keys thatarelessthansix to theleft child andkeys from six
to its middle child. As thevalueof p increasesthelongertime it takesto passtherequest
to the correctchild. Thus,whendecidingthe fanoutdegree,the time it takesto fetch a
nodefrom disk mustbein proportionto thetime it takesto locatewhich child to redirect
to. Proposal®n real-timeconcurreng controlfor B*-treeindexing have beenmade[58].

DBMS system | BT-tree | T-tree | Hashing | Other
Penasive.SQL X

Polyhedra X

Velocis n/a n/a n/a n/a
RDM X

Berkeley DB X X X
Timesen X X X

Table2.3: Dataindexing stratgiesusedby differentembeddedlatabassystems.

For main-memorydatabases differenttype of tree canbe used,the T-tree structure
[60]. TheT-treeusesa deepetreestructurethanthe Bt -treesinceit is a balancedinary
tree,seefigure2.3.5,with amaximumof two childrenfor everynode.To locatedata,more
nodesare normally visited, comparedo the B*-tree, beforethe correctnodeis found.
Thisis notaproblemfor amain-memorydatabassincememoryl/O is significantlyfaster
thandisk I/0. Theprimaryissuefor T-treeindexing is thatthe algorithmsusedto traverse
a T-treehave a lower compleity andfasterexecutiontime thancorrespondinglgorithms
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for the B-tree. However, it hasbeenpointedout that a T-tree traversalcombinedwith
concurreng control might performworsethan B-tree indexesdue to the fact that more
nodesn theT-treehadto belockedto ensurdreeintegrity duringtraversal[65] . They also
proposedan improvementcalled T-tail, which reduceshe numberof costly re-balancing
operationseeded Furthermorethey proposedwo concurreng algorithmsfor T-tail and
T-treestructurespneoptimisticandonepessimistiqfor a moredetaileddiscussiorabout
pessimisti@andoptimisticconcurreng control,seesection2.3.10).

The secondapproachhashing,usesan hashlist in which keys areinsertedaccording
to avaluederivedfrom the key itself (differentkeys canbe assignedhe samevalue)[62].
Therefore,eachentryin thelist is a bucket that cancontaina predefinechumberof data
keys. If abucketis full arehashoperatiormustbeperformed.Theadwantagewith hashing
is thatthe time to searchfor certaindatais constantindependenof the amountof data
entriesin the databaseHowever, hashingoften causemoredisk I/0O thanB-trees.Thisis
becausalatais often usedwith locality of referencej.e., if dataelementd; is usedi,it is
moreprobablethatdataelementd, will be usedshortly. In a B-treeboth elementsvould
be sortedcloseto eachother andwhend; is retrieved from disk, thenit is probablethat
alsods will beretrieved. However in a hashlist d; andd, arelikely to bein different
buckets, causingextra disk I/O if both dataareused. Anotherdisadwantagewith hashing
comparedo tree-basedhdexing is that non-exactqueriesis time consumingo perform.
For example,considera queryfor all keys greatethanz. After thatz hasbeenfound,all
keys arefoundto theright of z in a Bt-tree. For ahashedndex, all bucketsneedto be
searchedo find all matchingkeys.

We cannoticethatmain-memoryatabasesiamelyPolyhedraandTimesTenusehash-
ing (seetable2.3). Additionally, TimesTensupportsl-trees.Penasive, RDM andBerkeley
DB useB-treeindexing.

It is alsonoteworthy that Berkeley DB usesboth B+ -tree and hashing. They claim
thathashings suitablefor databasechemeshatareeithersosmallthattheindex fits into
main memoryor whenthe databasés so large that Bt -treeindexing will causedisk I/O
uponmostnodefetchingdueto thatthe cachecanonly fit a smallfraction of the nodes.
Thusmakingthe BT -treeindexing suitablefor databaseschemeswith a sizein between
theseextremes.FurthermoreBerkeley DB supportsa third accessnethod,queuewhich
is usedfor fastinsertsin thetail, andfastretrieval of datafrom the headof thequeue.This
approachs suitablefor thelarge classof systemghatconsumedargevolumesof data.e.g.,
statemachines.

2.3.6 Memory requirements

Memoryrequiremenbf thedatabasé animportantissuefor embeddediatabasesesiding
in ervironmentsvith smallmemoryrequirementsiFor mass-produceeémbeddedomputer
systemdike computemodesin a car, minimizing hardwareis usuallya significantfactor
for reducingdevelopmentcosts. Therearetwo interestingpropertieso considerfor em-
beddeddatabasedijrst of all the memoryfootprint size,which is the size of the database
without ary dataelementsn it. Seconddataoverheads of interest,i.e., the numberof
bytesrequiredto storea dataelementapartfrom the size of the dataelementitself. An
entryin theindex list with a pointerto the physicalstorageaddresss typical dataover
head. Typically client/serer solutionsseemdo requiresignificantlymore memorythan
embeddedibraries,with Penasive.SQLbeingtheexception(seetable2.4). Thisexception
could partially be explainedby Penasie’s Btrieve native interfacebeinga very low-level
interface(seesection2.3.8),andthatmuchof thefunctionalityis placedin the application
instead. In the caseof Berkeley DB, thereis a similar explanationto its small memory
footprint. Additional functionality (not provided by the vendor)canbe implementedon
top of thedatabase.

1Thevaluesgivenin thetablearethe “footprint”-valuesmadeavailableby databaseendors.



CHAPTERZ2. DATABASE SYSTEMS 18

DBMS system Memory requirements
Penasve.SQLfor smartcards 8kb
Penasive.SQLfor embeddedystems 50kb
Penasie.SQLfor mobilesystems 50- 400kb
Polyhedra 1.5-2Mb
Velocis 4Mb
RDM 400- 500kb
Berkeley DB 175kb
TimesTen 5Mb

Table2.4: Differentmemoryneedsf investigatecembeddediatabassystems.

DBMS system | Hard-dri ve | Flash | Smartcard | FTP
Penasive.SQL X X X

Polyhedra X X X
Velocis X

RDM X

Berkeley DB X X

TimesTen X

Table2.5: Storagemediasusedby investigatedembeddediatabassystems.

Regardingdataoverhead Polyhedrahasa dataoverheacdbf 28 bytesfor everyrecord.
Penasve’s dataoverheads not aseasily calculatedsinceit usespaging. Dependingon
recordand pagesizesdifferentamountof fragmentationis introducedin the datafiles.
Therearehowever formulasprovidedby Penasive for calculatingexactrecordsizes.The
othersystemsnvestigatedn thissurwey suppliemoinformationaboutactualdataoverhead
costs.

For systemavherelow memoryusageis considerednoreimportantthanprocessing
speedthereis an option of compressinghe data. Datawill thenbe transparently}com-
pressedainddecompresseduring runtime. This, however, requiresfree working memory
of 16timesthesizeof therecordbeingcompressed/decompressed.

2.3.7 Storagemedia

Embeddedomputersystemsupportdifferentstoragemedias.Normally, datausedon the
computeris storedon a hard-drve. Hand-heldcomputeruse Flashor other non-wlatile
memoryfor storageof bothprogramsanddata.Sincedatain a databas@eeddo be persis-
tentevenupona power loss,someform of stablestoragetechniquemustbe used.As can
be seenfrom table2.5, mostsystemssupportFlashin additionto a hard-drive. The Poly-
hedrasystemalsosupportsstoragevia a FTP-connectionThis impliesthatthe Polyhedra
systemcanrun without persistenstorage sincedatacan be loadedvia FTP-connection
uponsystemstartup.

2.3.8 Connectvity

Databaseénterfacesarethe users’'way to accesshe databaseAn interfacenormally con-
tainsfunctionsfor connectingo the sener, makingqueries performingtransactionsand
makingchangego the databasschema.However differentinterfacescanbe specialized
on specifictypesof operationsge.g., SQL is usedmainly for schemamodificationsand
guerieswhile a C/C++ API normally arespecializedor transactionahccess.Figure2.4
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Figure 2.4: Figure shawing the architectureof applicationsthat usesdifferenttypes of
databasénterfaces. The shadedoxesarecomponentshat normally are provided by the
databaseendor

shavs a typical interfaceconfiguratiorfor anembeddediatabassystem.

The mostbasicinterfaceis the native interface. This interface,which is for a specific
programminglanguageg.g., C or C++, is often usedby the applicationrunning on the
embeddedystem.In ourexamplein figurel1.1,tasksandl/O managemenwouldtypically
usethe native interfaceto performtheir transactions.

Microsofthasdevelopedthe OpenDatabasé€onnectity (ODBC)interfacein thelate
80’s. ThisinterfaceuseshequerylanguagesQL, andis todayoneof thelargeststandards
of databas@nterfaces Theadwantagevith ODBCis thatary databas¢hatsupportsODBC
canconnectwith any applicationwritten for ODBC. ODBC is a low-level interface,that
requiresmoreimplementatiorperdatabasaccesshena high-level interfacelik e ActiveX
DataObject(ADO) interface explainedbelow in moredetail. The ODBC interfacecannot
handlenon-relationabatabasesery well. Main benefits besidethe interchangeabilityis
thatthe performances generallyhigherthanhigh-level interfacesandtheinterfacegives
thepossibility of detailedtuning.

A newer standardalsodevelopedby Microsoft,is theOLE DB interfacewhichis based
on the Microsoft COM technology(for more detaileddescriptionof OLE DB’s function-
ality seesection3.2.5). OLE DB is, asODBC, a low-level interface. The functionality of
OLE DB is similarto ODBC, but object-orientedHowever, oneadvantages the possibil-
ity to useOLE DB on non-relationabatabassystems.Therearealsodriversavailableto
connectthe OLE DB interfaceon top of an ODBC driver. In this casethe ODBC driver
would actasa senerfor the applicationbut asaclientto the DBMS.

Ontop of OLE DB, the high-level ADO interfacecould be used.SincebothOLE DB
andADO arebasedn Microsoft COM, they canbereachedrom almostary programming
language.

For Javaapplicationsthe JDBCinterfacecanbeused.It builds on ODBC but hasbeen
developedwith the samephilosophyasthe OLE DB andADO interfaces.For databases
that do not directly supportJDBC, an ODBC driver can be usedas intermediateayer,
justlike OLE DB. Penasive.SQLusestheBtrieve interfacefor fastreadingandupdating
transactionsBtrieve is very closelyconnectedo the physicalstorageof data. In Btrieve
datais written asrecords.A recordcanbe describedasa predefinedsetof dataelements,
similarto astructin theC programmindanguageBtrieveis notawareof thedataelements



CHAPTERZ2. DATABASE SYSTEMS 20

DBMS system| C/C++ | ODBC | OLE DB | ADO | JDBC | Java | Other

Penasive.SQL X X X X Btrieve
RSI

Polyhedra X X X X X

Velocis X X X Perl

RDM X

Berkeley DB X X X TCL
Perl

TimesTen X

Table2.6: Interfacessupportedy differentembeddediatabassystems.

DBMS system | Network connectvity
Penasive.SQL X
Polyhedra X

Velocis X

RDM X

Berkeley DB

Times’en X

Table2.7: Network connectity in investigatecembeddediatabassystems.

in therecord,but treatsdataelementsasstring of bytesthatcanberetrievedor stored.An
index key is attachedo every record.Recordscanthenbe accesseth two ways,physical
orlogical. Whenarecordis locatedogically, anindex containingall keysis usedto lookup
thelocationof thedata.Theindexesaresortedin eitherascendingr descendingrderin a
B-tree. Somemethodgso accesslata,exceptby keyword, areget first,get | ast,
get greater than, etc. However for very fastaccessthe physicalmethodcanbe
used. Thenthe datais retrieved usinga physicallocation. This techniques usefulwhen
datais accesseth a predefinedrder, this canbe comparedo the pointernetwork usedby
RDM discussegreviously. Physicalaccesss performedusingfour basicmethodsst ep
first,step |l ast,step next,andstep previous.

Onelimitation with the Btrieve interfaceis thatit is notrelational.Penasive hasthere-
foreintroducedheir RowSetinterface(RSI)thatcombinesomefunctionalityfrom Btrieve
andsomefrom SQL. Every recordis a row andthe dataelementsn the recordscanbe
consideredcolumnsin therelation. This interfaceis availablefor the smartcardversion,
embeddedrersion,andmobile version,but it is not availablefor non-embeddesersions
of Penasve.SQL.

The Btrieve andRSl interfacesare quite differentfrom the native interfacein Polyhe-
dra, which doesnot requirethe sameunderstandingf the physicaldatastructure. The
PolyhedraC/C++ interfaceusesSQL, thus operatingon a higherlevel. Basically three
differentwaysto accesshe databasareprovidedin theinterface:queriesactive queries,
andtransactionsA queryperformsaretrieval of datafrom thedatabasenmediatelyusing
theSQLsel ect commandandthequeryis thereaftedeleted An active queryworksthe
sameway asan ordinaryquerybut will not be deletedafterthe resulthasbeendelivered,
but will be reactvatedassoonasary of theinvolveddatais changed.This will continue
until the active queryis explicitly deleted.Oneproblemwith active queriesis thatif data
changeweryfast,thenumberof activationsof the querycanbe substantialthusrisking to
overloadthe system.To preventthis a minimuminter-arrival time canbe set,andthusthe
guerycannotbereactiateduntil thetime specifiedhaselapsed Fromareal-timeperspec-
tive, theactivationcouldthenbetreatedasa periodicevent,addingto the predictabilityof
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thesystem.

Using transactionss the only way to make updatego the databasegueriesare only
for retrieval of data. A transactiorcan consistof a mixture of active updatequeriesand
directSQL statementsiNotethata querymightupdatethe databasé it is placedinsideof
atransaction Active updatequeriesinsertor updatea singledataelementandalsodelete
on singlerow. Transactionsre,asalways,treatedasatomic operationsandare aborted
upondataconflict. To further speedup transactiorexecutiontime, SQL proceduresan
beusedbothin queriesandtransactionsTheseproceduresrecompiledonceandcannot
be changedafterthat, only executed.This eliminatesthe compilationprocessandis very
usefulfor queriesthatrun often. However, procedureslo not allow schemachanges.

Noteworthyis thatTimesTenonly support$ODBCandJDBC,andit hasnonativeinter
facelike therestof thesystemsTo increasahespeedf ODBC connectionsanoptimized
ODBC driver is developedthat connectonly to TimesTen. Like the PolyhedraDBMS,
TimesTlenusesprecompiledqueriesbut in additionsupportgparameterizedueries A pa-
rameterizedjueryis aprecompiledjuerythatsupportarmgumentpassedo it. For example
theparameterizeduery

query( X))
SELECT * from X

would returnthetablespecifiedby X.

The Berkeley DB, as mentionedearlier, is not a client/serer solution, but is imple-
mentedasan embeddedibrary. It is, furthermore not relationalbut uses,similar to the
Btrieve interface,a key thatrelatesto arecord. The similaritiesto Btrieve go furtherthan
that; datacanbeaccesseth two ways,by key or by physicallocation,justasBtrieve. The
methodsget () andput () accesglataby thekey, while cursormethodscanbe usedto
getdataby physicallocationin thedatabaseAs in Btrieve, thefirst, last,next, current,and
previousrecordnumbercanberetrieved. A cursoris simply a pointerthat pointsdirectly
to arecord. The functionalityandmethodnamesaresimilar to eachotherindependentf
whichof thesupportegprogrammindanguagéehatis used.Therearethreedifferentmodes
thatthedatabaseanrunin:

e SingleuserDB. This versiononly allows oneuserto accesghe databasatatime,
thus,removing the needfor concurreng controlandtransactiorsupport.

e ConcurrenDB. This versionallows multiple usergo accesshe databassimultane-
ously, but doesnot supporttransactions.This databases suitablefor systemghat
hasvery few updatesut multiple read-onlytransactions.

e TransactionaflatabaseThis versionallows bothconcurrentusersandtransactions.

The RDM databasewhich is implementedasa library, hasa C/C++ interfaceasits
only interface. This library is, in contrastto Berkeley DB, relational. The interfaceis a
low-level interfacethatdoesnot complywith ary of theinterfacestandardsAs mentioned
earlier one problemwith databasethat doesnot usethe client/sener modelis the lack
of standardnterfaces. However, sinceRDM is relational,a separateSQL-like interface
dbqueryis developed.lt is a supersebf the standardibrary, which makesuseof a subset
of SQL.

2.3.9 Operating systemplatforms

Differentembeddedystemsnight run on variousoperatingsystemsueto differencesn

the hardware ervironment. Also the natureof the applicationdeterminesvhat operating
systemamight be mostuseful. Thus, mostembeddediatabasesnustbe ableto run on

differentoperatingsystenplatforms.
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DBMS system DesktopOS
Windows | UNIX | Linux | OS/2 | DOS

Penasive.SQLfor smartcards
Penasie.SQLfor embeddedystems

Penasive.SQLfor mobilesystems X

Polyhedra X X X

Velocis X X X

RDM X X X X X
Berkeley DB X X X

TimesTen X X X

Table2.8: Desktopoperatingsystemssupportedoy investigatecembeddedlatabaseys-
tems.

DBMS system Real-Tme OS Hand-heldOS SmartcardOS
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Penasive.SQLE X X X

Penasve.SQL? | x X X

Penasie.SQLS X X

Polyhedra X X X X

Velocis

RDM X X

Berkeley DB X

Timesen X X

Table2.9: Real-timeandembeddedperatingsystemsupportedy investigate@mbedded
databassystems.

Tables2.8 and2.9 give an overview of differentoperatingsystemssupportedby em-
beddedlatabasewe investigatedTherearebasicallyfour cateyoriesof operatingsystems
thatinvestigatedembeddediatabasesupport:

e Operatingsystemgraditionallyusedby desktopcomputersin this cateyoryyoufind
the mostcommonoperatingsystemdik e, Microsoft Windows, differentversionsof
UNIX andLinux.

e Operatingsystemdor hand-heldcomputersin this category you find Palm OSand
Windows CE/PocletPC. Theseoperatingsystemsdemandsmall memoryrequire-
mentsbut still have mostof thefunctionalityof the ordinarydesktopcomputermper
atingsystemsA goodinteractionandinteroperabilitypetweertheoperatingsystems
on the hand-heldcomputeranda standarddesktopis alsoimportant. This is recog-
nizedby all databasesf you considerthe completePenasive.SQLfamily asone
databassystem.

¢ Real-timeoperatingsystems.In this cateyory you find systemdike VxWorks and
QNX.

¢ SmartcardoperatingsystemsThesesystemslike Java CardandMultOS, aremade
for very smallervironmentstypically no morethan32kh The Java Cardoperating

OSmartcardoperatingsystenfor Windows.
1penasive.SQLfor smartcards.
2pPenasive.SQLfor embeddedystems.
SPenasive.SQLfor mobilesystems.
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systemis simply anextendedJava virtual machine.

Most commerciakmbeddedlatabassystemsn this surwey supporta real-timeoper
ating system(seetable 2.9). Additionally, Penasive.SQLsupportsoperatingsystemdor
hand-heldcomputersand smartcardoperatingsystemsjn the Penasive.SQLfor mobile
systemsyersionandthe Penasive.SQLfor smartcardversion respectiely.

2.3.10 Concurrencycontrol

Concurreng control (CC) serializedransactionsietainingthe ACID properties All trans-
actionsin adatabassystemmustfulfill all four ACID propertiesTheseare:

e Atomicity: A transactionis indivisible, eitherit is runto completionor it is notrun
atall.

¢ Consistentenc It mustnot violate logical constraintenforcedby the system.For
example,a banktransactiormustfollow the law of conseration of money. This
meansthat after a money transfer the sumof the recever andthe sendemustbe
unchanged.

e Isolation: A transactionrmust not interferewith arny other concurrentiransaction.
Thisis alsoreferredto asserializationof transactions.

¢ Durability: A transactions, oncecommitted written permanentlyto thedatabase.

If two transactionhave somedataelementsn commonand are active at the same
time, a dataconflict might occut Thenit is up to the concurreng control to detectand
resole this conflict. Thisis mostcommonlydonewith someform of locking mechanism.
It substitutegshe semaphorguardinga global datain a real-timesystem. Therearetwo
fundamentallydifferentapproacheen achieving this serializationanoptimisticanda pes-
simisticapproach.

The mostcommonpessimisticalgorithmis two-phase-lockingd2PL) algorithm pro-
posedin 1976by Eswaranetal. [34]. This algorithmconsistsasthe nameindicates,of
two phasesln thefirst phaseall locksarecollected,no readingor writing to datacanbe
performedbeforealock hasbeenobtained.Whenall locks are collectedandthe updates
have beendone thelocksarereleasedn the seconghase.

Optimisticconcurreng control (OCC)wasfirst proposedy KungandRobinson57]
in 1981. This stratg)y takesadvantageof the factthatconflictsin generalareratherrare.
Thebasicideais to readandupdatedatawithout regardingpossibleconflicts. All updates
are,however, doneon temporarydata. At commit-timea conflict detectionis performed
andthe datais written permanentiyto the databaséf no conflict wasdetected.However
theconflictdetection(verificationphasepndthe updatephaseneedto beatomic,implying
someform of locking mechanism.Sincethesetwo phasesake muchshortertime thana
whole transactionjocks that involves multiple data,or the whole databaseganbe used.
Sinceit is an optimistic approachperformancedegradeswhencongestionn the system
increases.

For real-timedatabasea numberof variantsof thesealgorithmshave beenproposed
thatsuitthesedatabasebetter[114, 10]. Thesealgorithmstry to find a goodbalancebe-
tweenmisseddeadlinesand temporallyinconsistentransactions.Songand Liu shaved
that OCC algorithmsperformedpoorly with respectto temporalconsisteng in real-time
systemghat consistof periodic actwities [100], while they performedvery well in sys-
temswheretransactiondadrandomparameterse.g., event-driven systems.However, it
hasbeenshawn thatthe stratgiesandthe implementatiorof the locking andabortional-
gorithmssignificantlydeterminethe performanceof OCC[46]. All databasesxceptthe
PolyhedraDBMS usepessimistiadCC (seetable2.10). SincePolyhedras anevent-driven
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DBMS system | PessimisticCC | Optimistic CC | NoCC
Penasive.SQL X
Polyhedra X
Velocis
RDM
Berkeley DB
Timesen

X|X| X[ X

Table2.10: Concurreng controlstratgiesusedin differentembeddediatabassystems.

systemQCCis a naturalchoice.FurthermorePolyhedras a main-memorydatabasevith
very fastexecutionof queriestherisk of a conflictis thusreduced.

Penasive.SQLhastwo kind of transactionsexclusive and concurrent.An exclusive
transactionocksacompletedatabaséle for theentiredurationof thetransactionallowing
only concurrentnon-transactionatlientsto performread-onlyoperationson the file. A
concurrenttransaction however, usesreadand write locks with much finer granularity
e.g.,pageor singledatalocks.

TheBerkeley DB hasthreeconfigurations(i) Thenon-concurrentonfiguratiorallows
only onethreadatatimeto accesshedatabaseemaoving theneedfor concurreng control.
(ii) Theconcurrenwersionallows concurrentreadersaandconcurrentvritersto accesshe
databaseimultaneously (iii) The concurrenttransactionalrersionallows for full trans-
actionalfunctionality with concurreng control, suchasfine grain locking and database
atomicity,

Similar to Berkeley DB, TimesTenalsohasa “no concurreng” option,in which only
a singleprocesanaccesghe databaseln addition, TimesTen supportswo lock sizes:
data-stordevel andrecordlevel locking.

2.3.11 Recoery

Oneimportantissuefor databasess persistencei.e., datawritten and committedto the
databasshouldremainuntil it is overwrittenor explicitly removed,evenif thesystenfails

andhave to berestarted Furthermorethe stateof all ongoingtransactionsnustbe saved

to be ableto restorethe databaséo a consistenstateuponrecovery, sinceuncommitted
datamight have beenwrittento the databaseThereis basicallytwo differentstrateiesfor

backuprestorationroll-backrecovery, androll-forwardrecovery, normallycalled“forward

errorrecovery”. Duringoperatiorcontinuousackuppointsoccurswherea consistenstate
of the databasés storedon a non-\olatile media,like a hard-drive. Thesebackuppoints
arecalledcheckpoints.

In roll-backrecovery you simply restartthe databaseisingthe latestcheckpointthus
guaranteein@ consistentlatabasatate. The advantagewith this approachs thatit does
not requirealot of overheadput the disadwantagds thatall changesnadeto thedatabase
afterthecheckpointarelost.

Whenroll-forwardrecoveryis used checkpointsrestoredregularly, but all intermedi-
ateevents lik e writes,commitsandabortsarewrittento alog. In roll-forwardrecovery, the
databasés restoredo thelastcheckpointandall log entriesareperformedn the sameor-
derasthey have beenenterednto thelog. Whenthedatabasd@asbeenrestoredo thestate
it wasat the time of the failure,uncommittedransactionsreroll-backed. This approach
requiresmorecalculationsatrecovery-time,but will restorethe databaséo the stateit was
in beforethefailure. Penasive.SQLoffersthreedifferenttypesof recorery mechanisms,
aswell asthe optionto ignorerecovery (seetable2.11). This canalsobe selectedparts
of the databaselgnoring check-pointingfor somedatacanbe usefulfor systemswvhere
somedatamustbe persistentwvhile otherdatacanbe volatile. Goingbackto our example
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DBMS system | Roll-forward | Roll-back | Journalling | Norecovery
Penasive.SQL X X
Polyhedra X X
Velocis X

RDM X

Berkeley DB X

TimesTen X X

Table2.11: Stratgiesfor recovery usedin differentembeddediatabassystems.

in sectionl.1, the desiredlevel given by the userinterface,andthe regulatorparameters
needto be persistentwhile the currentreadingfrom the level indicatormustnot, sinceby
the time the databasés recoveredthe datawill probablybe stale. The secondoptionis
shadaev-paging,which simply makesa copy of the databasdile and makesthe changes
there,andwhenthetransactions completethe datais written backto the original page.A
similar approachs thedelta-pagingwhich createanemptypagefor eachtransactionand
only writesthe changegdelta-\alues)to it. At the endof a transactiorthe datais written
backto the original, justasfor shadav-paging.With bothof theseechniquesthedatabase
is consistenatall times. Thelastoptionis to useloggingandroll-forwardrecovery.

The default configurationfor Polyhedrais non-journalling,which meansthat no au-
tomatic backupis performed,but the applicationis responsibleor sarsing the database
to non-wolatile memory This is particularlyimportantsincethis systemis a main mem-
ory databaseandif no backupss taken all datais, of course|ost. Whenjournallingis
used theusercanselectwhichtablesthatshouldbe persistenandthejournallerwill write
anentry in the log whena transactiorinvolving persistentatais committed. Thereare
two approachew/hendatais persistentlywritten, directjournallingandnon-blockingour-
nalling. Thedirectjournallingapproachwrites datato persistenstoragevhentheloadon
the DBMS is low. However, the databasés blocked duringthis processandthis cancause
problemsfor systemswith time-critical data. The secondapproactcanthenbe used,and
thatis to usea separatgournallingprocessesponsibldor writing entriespersistent.

TimesTensupportghreedifferentlevels of recovery control. The moststringentguar
anteedransactioratomicity anddurability uponrecovery, in which casethe transactions
notcommitteduntil thetransactioris writtenontodisk. Thesecondevel of controlguaran-
teestransactioratomicitybut notdurability. Uponcommit,thelog entryis putinto aqueue
andis laterwritten to disk. Uponrecovery the databasevill be consistentput committed
transactionghat have not yet beenwritten to disk might be lost. The lowestlevel of re-
covery controlis no recovery control. Neitheratomicity nor durability is guaranteedT his
optionmightnotbe asinappropriateasit might seematafirst glance sinceTimesTenis a
main-memonydatabasepftenusedin systemswith datathatwould be staleuponrecovery,
e.g.,aprocesgontroller

2.3.12 Real-time properties

Eventhoughnoneof the commercialdatabasesystemsn this survey canbe classifiedas
a real-timedatabasdrom a hardreal-timesystemsperspectie, mostof the systemsare
successfullyusedin time-critical systemgto differentextent). EricssonusesPolyhedran
their 3G platform for wirelesscommunication.DelcanCorporationusesVelocisDB in a
traffic controlsystenthathandlesabout1200traffic lights simultaneouslgventhoughthis
databas@rimarily is usedin webande-Commercapplications Thedatabassystemsare
simply so fastand efficient and have so mary optionsfor fine tuning their performance
that the applicationsystemswork, even thoughthe DB systemscannotitself guarantee
predictability
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A questioronecouldaskis: How wouldwe useoneof thesesystemsn ahardreal-time
system?Are thereary waysto minimize the unpredictabilityto sucha degreethata pes-
simistic estimationwould fulfill hardreal-timerequirements2n our opinionit is. For an
eventtriggeredreal-timesystempPolyhedravouldfit well. Let ususeourexampleapplica-
tion again.Whennew sensowraluesarrivethel/O managementhe databasés updated|f
thereis achangen thealarmdatathe CL codethatis connectedo thatdatais generating
aneventto triggerthe alarmtask. Built into the systemis alsothe minimum inter-arrival
interval mentionedn the interfacessection. So by usingthe Polyhedradatabaseo acti-
vatetasks,thatwill thenbe scheduleddy a priority basedreal-timeoperatingsystem,an
acceptablelegreeof predictabilityis achieved. To furtherincreaseguaranteethatcritical
datawill beupdateds to usea so calledwatchdog thatactivatesa taskif it hasnot been
activatedfor a predefinedime. The memoryandsizepredictabilitywould be no problem
sincethey have specifiedthe exactmemoryoverheador every type of object. However,
temporalvalidity is notaddressewith this approach.

For staticallyscheduledeal-timesystemshe RDM “Network access'touldbeableto
runwith predictableresponsdimes. This becausé¢he orderof the dataaccesseis known
a priori and canthereforebe linked togetherin a chain,andthe recordlookup index is
bypassed.

2.4 Curr ent state-of-the-artfrom reseach point of view

Thereexists a numberof database¢hat could be classifiedas pure real-timedatabases.
However thesedatabaseareresearctprojectandare not yet on the commercialmarket.
We have selectedh numberof real-timedatabassystemsandcomparedhemwith respect
to thefollowing criteria:

¢ Real-timeproperties.Thecriteriaenablesisto discusgeal-timeaspectof the sys-
temsandhow they areimplemented.

e Distribution. Thecriteriaenablesisto elaborateaboutdifferentaspectsvith respect
to distributing the database.

e Transactionsvorkload characteristics.The criteria enablesus to discusshow the
transactiorsystemis implemented.

¢ Active behaior. The criteria enablesus to elaborateaboutthe active aspectdor
someof the systems.

The systemsselectedin this surwey representsome of the more recentreal-time
databaselatformsdeveloped. Thesesystemsare representate of the ongoingresearch
within thefield.

STRIP The STanford Real-timelnformation Processof(STRIP)[6] is a soft real-time
databassystemdevelopedat StanfordUniversity US. STRIPis built for the UNIX oper
atingsystemjs distributedandusesstreamdor datasharingbetweemodes.lt is anactive
databas¢hatusesSQL3-typerules.

DeeDS The Distributed active, real-time DatabaseSystem(DeeDS)[9] supportsboth

hardandsoft real-timetransactionslt is developedat the University of Skévde,Sweden.
It usesextendedECA rulesto achieve an active behaior with real-timeproperties.lt is

built to take advantageof a multiprocessoernvironment.
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BeeHive TheBeeHve system[103] is a virtual database&levelopedat the University of
Virginia, Charlottesville US, in which the datain the databaseanbe locatedin multiple
locationsandforms. The databaseupportsfour differentinterfacesnamely a real-time
interface,a quality of serviceinterface afault-toleraninterface,andasecurityinterface.

REACH TheREACH systen{116], developedatthe TechnicalUniversityof Darmstadt,
Germaly, is anactive object-orientedlatabasémplementedn top of the object-oriented
databasepenOODB.Their goal is to archive active behaior in an OO databasaising
ECA rules. A benchmarkingnodeis supportedo measuresxecutiontimes of critical

transactionsThe REACH systemis intendedfor softreal-timesystems.

RODAIN The RODAIN system[108] developedat the University of Helsinki, Finland,
is a firm real-timedatabaseystemthat primarily is intendedfor telecommunicationit is
designedor high degreeof availability andfault-tolerance.lt is tailoredto fit the char
acteristicsof telecommunicatiotransactionsdentifiedasshortqueriesand updatesand
long massve updates.

ARTS-RTDB The ARTS-RTDB system[52], developedat the University of Virginia,
Charlottesville, US, supportsboth soft and hardreal-timetransactions It usesimprecise
computingto ensuretimelinessof transactions.It is built on top of the ARTS real-time
operatingsystem110].

2.4.1 Real-timeproperties
STRIP

The STRIP[6] systemis intendedfor soft real-timesystemsn which the ultimategoalis
to make asmary transactionss possiblecommit beforetheir deadlines.It is developed
for the UNIX operatingsystemwhich might seemodd, but since STRIP is intendedto
runin opensystemdJNIX wasselected.EventhoughUNIX is not areal-timeoperating
systemit has,whenusedin theright way, turnedoutto bea goodoperatingsystentor soft
real-timesystemssincea real-timeschedulingemulatorcanbe placedon top of the UNIX
schedulemwhich setsthe priorities accordingto somereal-time schedulingalgorithm, a
real-timebehaior canbe achieved. However, therehave beensomeproblemsthatneeded
to beovercomewhile implementingSTRIPthatis relatedto real-timeschedulingn UNIX.
For exampleto forcea UNIX schedulenot to adjustthe priorities of processeasthey are
running. Non-real-timeoperatingsystemsoften have mechanismso dynamicallyadjust
theprioritiesof processeduringruntime to addto throughputandfairnessn the system.
By usingPosixUNIX, anew classof processesvhoseprioritiesarenot adjustableby the
schedulewasprovided. In [4] versionsof the earliestdeadlineandleastslackalgorithms
wasemulatedntop of aschedulem atraditionaloperatingsystemandtheresultsshoved
thatearliestdeadlineusingabsoluteleadlineandleastslackfor relative deadlingperformed
equalor betterthantheir real-timecounterpartswhile the emulatedearliestdeadlinefor
relative deadlinemissedmoredeadlineghanthe original EDF algorithmfor low systems
load. However, duringhighloadtheemulatedalgorithmoutperformedheoriginal EDF In
STRIPEDF highestvaluefirst, highestdensityvaluefirst or acustomschedulinglgorithm
canbeusedto scheduldransactionsTo minimize unpredictabilitythe STRIPsystemis a
main-memorydatabasehusremaoving disk I/0.

DeeDS

DeeD9g9] is intendedor bothhardandsoftreal-timesystemsit is built for the OSEdelta
real-timeoperatingsystendevelopedoy ENEA DATA [31]. Thisdistributedhardreal-time
operatingsystemis designedor bothembeddediniprocessoandmultiprocessosystems.
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If usedin a multiprocessoervironmentthe CPUsare loosely coupled. A moredetailed
descriptionof OSEdeltacanbe foundin [43]. The DeeDSsystemconsistsof two parts,
one part that handlesnon critical systemservicesand one that handlesthe critical. All
critical systemsservicesare executedon a dedicatedprocessoto simplify overheacdcost
andincreasdgheconcurrenyg in thesystem.The DeeDSsystems, asthe STRIPsystema
mainmemorydatabase.

BeeHie

BeeHue utilizes the conceptof datadeadline,forced-wait and the datadeadlinebased
schedulingalgorithms[113]. Theseconceptsassurahattransactionsrekepttemporally
consistenby assigninga morestringentdeadlineto a transactiorbasedon the maximum
allowedageof the dataelementghatareusedin the transactionthusthe namedatadead-
line. Thekey concepiof forcedwait is to, if atransactiorcannotcompletebeforeits data
deadline,postponet until dataelementsget updated thus giving the transactiora later
datadeadline. Thesetransactionganthenbe scheduledising, for example,the earliest
data-deadlindirst (EDDF) or datadeadlinebasedleastslackfirst (DDLSF) algorithms
[113).

For real-timedatastoragea four level memoryhierarchyis assumedmain memory
non-wlatile RAM (e.g., Flash), persistentdisk storage,and archival storage(e.g., tape
storage)[103]. The main memoryis usedto storedatathatis currentlyin useby the
system. The non-wlatile RAM is usedas a disk-cachefor dataor logs that are not yet
written to disk. Furthermoregystemdatastructuredik e lock tablesandrule basesanbe
storedin non-wlatile RAM. Thediskis usedto storethe databasgustlike ary disk-based
databaseFinally, thetapestorages usedto make backupsof the system.By usingthese
four levelsof memorymanagemera higherdegreeof predictabilitycanbe achievedthan
for entirelydisk-basedlatabasesincethe behaior canbe somevhatlike amain-memory
databaseventhoughit is a disk-basedystem.

REACH

REACH is built ontopof TexasInstrument©©penOODBsystemwhichis anopendatabase
system. By an opensystemwe refer to a systemthat canbe controlled, modified, and
partly extendedby developersandresearchefl12]. The OpenOODBsystemis by itself
not a real-timedatabaseystem,but an object-orienteddatabase Someefforts hasbeen
donein the REACH projectto aid the userwith respecto systempredictability[18] such
asmilestonescontingeny plans,abenchmarkindgool, andatracetool.

Milestonesareusedto monitor the progresof transactionslf a milestoneis missed,
thetransactiorcanbeabortedandacontingeng planis releasednstead.This contingeng
planshouldbe implementedo handlea misseddeadlinesituationby eitherdegradingthe
systemin a safeway, or producea good-enoughesultbeforethe original transactiors
deadline.Onecouldsaythata contingeng planin cooperatiorwith milestonesvorksasa
watch-doghatis activatedwhena deadlineis aboutto be missed.

The REACH systemhasa benchmarkingool that canbe usedto measuresxecution
timesfor methodinvocationsand eventtriggering. The REACH tracetool cantracethe
executionorderin thesystem.If thebenchmarkingool is usedtogethemwith thetracetool,
systembehaior andtimelinesscouldbe determined.

RODAIN

The RODAIN systemis a real-timedatabaseystemintendedfor telecommunicatiorap-
plications. The telecommunicatiorervironmentis a dynamicand comple ervironment
that dealswith both temporaldataand non-temporadata. A databasén sucha system
must, supportboth soft andfirm real-timetransactiong108]. However, the beliefis that
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hardreal-timedatabasewill notbeusedn telecommunicatiom thenearfuturesincethey
generallyareto too expensve to developor useto suitthe market [108].

Oneof thekey issuedor RODAIN is availability, thusfault-tolerancés necessaryThe
RODAIN systenis designedo have two nodesthusgiving full databaseeplication.This
is especiallyimportantsincethe databasés a main-memorysystem.It usesa primaryand
a mirror node. The primary databassenddogs to the mirror databasevhich in turn ac-
knowledgesall calls. The communicatiorbetweerthe nodess assumedo bereliableand
have a boundedmessageransferdelay A watchdogmonitor keepstrack of ary failing
subsystenandcaninstantlyswapthe primarynodeandthemirror nodein caseof afailure,
seefigure 2.5. The failed nodealwaysrecover asa mirror nodeandloadsthe database
imagefrom permanenstorage.Furthermorethe UserRequestnterpretersystem(URIS)
cankeeptrackof all ongoingtransactionandtake appropriatexctionsf atransactiorfails.
Sinceboththe primaryandthe mirror nodehave a URIS no active transactionsvill belost
if afailurein theprimarysystemeadsto a nodeswapbetweerthe primaryandthe mirror.
Figure2.5shavsthearchitectureof RODAIN. ThesubsystenOODBMShandlesall tradi-
tional databaseactiities, like concurreng control, physicalstorage schemananagement
etc. Therearethreeinterfacesto the databasethe traditionaluserinterface,referredto as
the Applicationsinterface ,the DBMS nodesinterface,andthe Mirror interface.Notewor-
thy is the distinctionbetweermirror nodesanddistributedDBMS nodes.The purposeof
themirror nodesis to ensurea fault-tolerantunning,while the distribution nodesareused
for normaldatabaseistribution.

Database Management Node

. . User request
Applications interpreter

subsystem \

Distributed Watchdog OO DBMS
DBMS nodes database subsystem

subsystem

) Fault-tolerant
Mirror node and recovery
subsystems

Figure2.5: RODAIN DBMS node.Figurefrom [108]

ARTS-RTDB

Therelationaldatabas@&RTS-RTDB [52] incorporatesninterestingeaturecalledimpre-
cisecomputing.If a query whenits deadlineexpires,is not finished,the resultproduced
sofarcanbereturnedo theclientif theresultcanbeconsideredneaningful.For example,
a querythatcalculateghe averagevalueof hundredsf valuesin arelationcolumn. If an
adequatemountof valueshasbeencalculatecat the time of deadline theresultcould be
consideredneaningfulbut impreciseandit is thereforereturnedo theclientanyway.

ARTS-RTDB is built on top of the distributedreal-timeoperatingsystemARTS, de-
velopedby Carngie Mellon University[110]. ARTS schedulesasksaccordingto atime-
varying value function, which specifiesboth criticality and importance. It doessupport
bothsoftandhardreal-timetasks.

In ARTS-RTDB themostcritical dataoperationdasbeenidentifiedto bethe INSERT,
DELETE, UPDATE, and SELECT operations. Specialcarehasthereforebeenmadeto
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optimizethe systemto increasehe efficiengy for the four basicoperationsinsert,delete,
update,andselect. Accordingto [52] mary real-timeapplicationsalmostonly usethese
operationsatrun-time.

2.4.2 Distribution

To increaseconcurreny in the system distributed databasesanbe used. Distributedin
a sensehat the databaseopiesresideon differentcomputernodesin a network. If the
datais fully replicatedover all nodes applicationscanaccessany nodeto retrieve a data
element.Unfortunately maintainingdifferentdatabas@odesconsistenwith eachotheris
notaneasytask,especiallyif timelinesss crucial. Onemighthaveto tradeconsisteng for
timeliness.A mechanisnthatcontinuouslytries to keepthe databas@odesasconsistent
with eachother as possibleis needed. Sincethe systemis distributed all updatesto a
databaseodemustbepropagatedia messagpassingpr similar, thusaddingsignificantly
to the databas@verheadecausef the addedamountof synchronizatioriransactionsn
the system. Oneof the mostcritical momentsfor a transactiordeployedin a distributed
databasés the point of commit. At this point all the involved nodesmust agreeupon
committingthetransactioror not.

Oneof themostcommonlyusedcommitprotocolsfor distributeddatabasess thetwo-
phasecommitprotocol[39]. As the nameof thealgorithmsuggestshealgorithmconsists
of two phasesthe prepare-phasandthe commit-phaseln the preparephasethe coordi-
natorfor thetransactiorsendsa pr epar e messag¢o all othernodesandthenwaits for
all answers.The nodesthenanswerswvith ar eady messagé they canacceptthe com-
mit. If thecoordinatoreceivesr eady from all nodesaconmi t messagés broadcasted,
otherwisethe transactioris aborted. The coordinatorthenfinally waitsfor af i ni shed
messagérom all nodesto confirmthe commit. Herebyis consisteng guaranteetbetween
nodesn thedatabase.

DeeDS

The DeeDS[9] systemhasa lessstrict criteriafor consistenyg, in orderto enforcetimeli-
ness.They guarante¢ghateachnodehasalocal consisteng, while the distributeddatabase
might be inconsistendueto differentviews of the systemon the differentnodes. This
approachmight be suitablefor systemshat mostly rely on datathatis gatheredocally,
but sometimesisesdataimportedfrom othersubsystemsConsideran enginethathasall
enginedata,e.g.,ignition control,enginespeedandfuel injection,storedin alocal nodeof
adistributeddatabaseThetimelinesof theseocal dataitemsareessentialn orderto run
the engine. To furtherincreasehe efficiengy of the engine,remotelygathereddata,like
datafrom thetransmissiorbox, with lesscritical timing requirementganbedistributedto
thelocal node.

STRIP

The conceptof streamscommunicatingoetweennodesin a distributed systemhasbeen
recognizedn STRIP[6]. Nodescanstreanviews or tablesto eachotheron aregularba-
sis. Theusercanselectif wholetables/vievs or deltatables,which only reflectschanges
to thetables/vievs, shouldbe streamed Furthermoret is selectabléf the datashouldbe
streamedperiodicallywhensomedatahasreacheda predefinedageor only after an ex-
plicit instructionto stream. In figure 2.6 we can seethe processarchitectureof STRIP
Themiddle partof thefigure shavs the executionprocessthetransactiomqueuetheresult
gueueandtherequesprocessThis partmakesthe querylayerof thedatabas@andcanbe
comparedo anordinarydatabas¢hatprocesseransactionandqueriesfrom theapplica-
tion. Remoteapplicationaddressegueriesor transaction$o therequestingrocesswhich
in turn placesthe transactionin the transactionqueue. However, local applicationscan
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accesshe transactiorgueuedirectly via a client library, thusminimizing overhead.Each
executionprocessesanexecuteatransactiorirom thetransactiorgueueor anupdaterans-
actionfrom oneof theupdatequeuesTheupdatequeuesrefed from theincomingupdate
streams.Whenatable/viav needso be sentto an outgoingstream,one of the execution
processegnqueue# to the updatequeuereadby the export process.It hasbeenshovn
thatwhenthe updatefrequeny is low, theimport andexport processesanrun at a high
priority without significantlyaffecting transactiorresponséimeshbut whenthe frequeny
increaseghe needfor a differentupdateschedulingpolicy is necessary6], seesection
2.4.3.

Update
Queues

Update

Stream
Updates

Export
Process

Stream
Updates

Process

Transaction

Queue Queue

Process

Requests

Figure2.6: Theprocesarchitecturef the STRIPsystem.Figurefrom [6].

BeeHwve

Unlike mostdatabaseBeeHve s avirtual databasen thesensehatin additionto its own
datastoragefacility it canuseexternal databaseand incorporatethemas one database.
Thesedatabasesanbelocatedeitherlocally or on anetwork, e.g.,thelnternet.

A virtual databasés definedas a databasehat organizesdatascatteredhroughthe
Internetinto a queriabledatabasg40]. Considera web servicethat comparesricesof
productsonthelnternet.Whenyouenterthedatabasgou cansearcHor aspecificproduct,
andtheservicewill returnalist of Internetretailersandto whatprice they aresellingthe
product.The databassystemconsistof four parts[40]:

e Wrappers. A wrapperis placedbetweena web-pageor databaseand the virtual
database.In the web-pagecase,the wrappercorverts the textual contentof the
web-pageinto a relationalformat understandabl®y the virtual database.When
usingawrapperin thedatabaseasethewrappercorvertsthedatarecevedfromthe
databasénto thevirtual databaséormat. Suchawrappercanbeimplementedising
ahighlevel descriptionanguagee.g.,Javaapplets.

e ExtractorsTherelationsrecevedfrom thewrappemostoftencontainaunstructured
textual datain which theinterestingdataneedgo beextracted.

e Mappers.Themappemapsextractedrelationsinto acommondatabassechema.

e Publishers.The publisheris usedto presenthe databasédo the user it hassimilar
functionalityasatraditionaldatabase.
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Figure2.7: The BeeHive virtual databaseFigurefrom [103]

BeeHive cancommunicatavith othervirtual databasesyeb-bravsersor independent
databasegsingwrappersThesewrapperareJasaappletsandmayusetheJDBCstandard,
seefigure2.7.

RODAIN

RODAIN systensupportglatadistribution. Thenodescanbearythingbetweerfully repli-
catedto completelydisjoint. Theirbeliefis thatonly afew requestsn telecommunications
needaccesgo morethanone databaseodeandthatthe requestdistributionsamongthe
databasem thesystemcanbearrangedo be almostuniform[108].

ARTS-RTDB

ARTS-RTDB hasbeenextendedto supportdistribution. The databas@odesusea shared
file that containsinformation binding all relationsto the sener responsibleor a partic-

ular relation. Sincethe file is sharedbetweenthe nodes,it is to be treatedas a shared
resourceandmustthereforebe accessedsinga semaphorelt is believedthatif relations
areuniformly distributedbetweernthe nodesandif no hot-spotrelationsexist, anincrease
in performancewill be seen.A hot-spotrelationis a relationthat mary transactionsise,
andsucharelationcanleadto a performancéottleneckn the system.

2.4.3 Transactionworkload characteristics
DeeDS

DeeDSsupportshoth sporadic(event-triggeredpndperiodictransactionsTherearetwo
classef transactionscritical (hardtransactionsandnon-critical (soft transactions)To
ensurethat a deadlineis keptfor a critical transactionmilestonemonitoringand contin-
geny plansareused.A milestonecanbe seenasa deadlinefor a partof the transaction.
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If amilestoneis passedit is clearthatthetransactiorwill not make its deadlinea contin-
geng plancanbe activatedandthe transactioris aborted.A contingeng planshould,if
implementectcorrectly dealwith the consequencesf a transactioraborting. Oneway to
computdessaccurateesultandpresentt in time, similarto imprecisecomputingusedby
ARTS-RTDB (seesection2.4.1).Milestonesandcontingeng plansarediscussedurtherin
[32]. Thetiming requirementgor atransactioris passedo the systemasa parameterized
valuefunction, this approachreduceghe computationatostandthe storagerequirements
of thesystem.

Theschedulingf transactiongs madeonlinein two steps First,asufiicientschedulés
produced.This scheduleneetshe minimumrequirementsfor exampleall harddeadlines
and 90 percentof the soft deadlinesare met. Secondly the event monitorsworst-case
executiontime is subtractedrom theremainingallowedtime for the scheduleduringthis
time slot, andthis time is usedto refineandoptimizethetransactiorscheduld72].

STRIP

STRIPsupportdirm deadline®ntransaction§/], thuswhenatransactioomissests dead-
line it will beaborted.Therearetwo classe®f transactionsn STRIR low valueandhigh
valuetransactionsThetime whentransactionsrescheduledor executionis determined
by transactiorclass,valuedensity andchoiceof schedulingalgorithm. The valuedensity
is theratio betweerthetransactionsalueandtheremainingprocessingime. In the STRIP
systenthereis adistinctionbetweernransactionandupdatesTransactionareconsidered
to be read,write and updateoperationdnitiated by the useror the application,whereas
updatesare consideredo be updateoperationgnitiated from other databasenodesin a
distributed system. The schedulingof transactionss in competitionwith the scheduling
of updatesthereforeupdatesalsohave the samepropertiesastransactionsvith respecto
classesyalues,andvaluedensity STRIP hasfour schedulingalgorithms,UpdatesFirst
(UF), Transactiongirst (TF), Split UpdateqSU), andApply Updateson DemandOD).

¢ Updatedrirst schedulesll updatedeforetransactionsiegardlesf the valueden-
sity of the transactionslt is selectabléf a runningtransactioris preemptedy an
updateof if it shouldbe allowedto commitbeforethe updates executed For asys-
temwith a high load of updateghis policy cancausdong andunpredictablexecu-
tion timesfor transactionsHowever, for systemsvhereconsisteng betweemodes
andwheretemporaldataconsisteng is moreimportantthantransactiorthroughput,
this canbe a suitablealgorithm. Further this algorithmis alsosuitablefor systems
whereupdatesare prioritized over transactions Considera databaseunning stock
exchangeéransactionsA changen pricefor a stockmustbe performedbeforeary
pendingtransactiongn orderto getthecorrectvalueof thetransaction.

e Transactiongirstis the oppositeof updatefirst. Transactionsrealwaysscheduled
in favor of updates However a transactiongannotpreempta runningupdate. This
becausepdatesnostoftenhave shortexecutiontime comparedo transactionsThis
algorithmsuitssystemshat valuesthroughputof transactionfigherthantemporal
consisteng betweenthe nodes. Transactiong~irst might be usefulin a industrial
controllingsystem.If, in anoverloadedsituation,the mostrecentversionof a data
elementis not available, the systemmight gainin performancdrom beingableto
runits controlalgorithmsusinganoldervalue.

¢ Split Updatesmake useof thedifferentclasse®f updateslit schedulesipdatesand
transactionsiccordingto the following order: high valueupdatestransactionsand
low valueupdatesThis algorithmcombineghetwo previousalgorithmsandwould
suita systemwhereonepartof the dataelementss crucialwith respecto temporal
consistenyg, atthe sametime astransactiorthroughpuis important.
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¢ Apply Updateson Demandexecutetransactiondeforeupdatesbut with the differ-
encethatwhenatransactiorencounterstaledata theupdatequeuds scannedor an
updatethatis waiting to updatethe staledataelement.This approactwould enable
a highthroughputof transactionsvith a high degreeof temporalconsisteng. How-
ever, calculatingthe executiontime for a transactions moredifficult sincetheworst
caseis thatall dataelementsisedin the transactiorhaspendingupdates Applying
updaten demandesemblesibouttheideasof triggeredupdated8].

Sincetransactiondeadlinesare firm, thustransactionsare valuelessafter their dead-
line hasexpired,a mechanisntalledfeasibledeadlinesanbe usedfor transactionsThe
mechanismabortstransactionshathasno chanceof committingbeforetheir deadline.

BeeHwve

Thefactthatthe databasés virtual andmay consistof mary differentkindsof underlying
databasess transparent.The useraccessethe databasehroughat leastone of the four
interfacesprovidedby BeeHve: FT API, RT API, SecurityAPI, andQoSAPI (seefigure
2.8). FT API is the fault-tolerantinterface. Transactiorcreatedwith this interfacewill
have someprotectionagainstiprocessofailuresandtransienfaultsdueto power glitches,
softwarebugs,raceconditions,andtiming faults. RT API is thereal-timeinterface,which
enablegshe userto specifytime constraintsand typical real-timeparameterslong with
transactionsThe securityinterfacecanbe usedby applicationthat for instancedemands
authorizationfor usersandapplications. Furthermoreencryptioncanbe supported.The
Quality of Service(QoS)interfaceis primarily usedfor multimediatransactionsThe user
canspecifytransactionslemand®n quality of service.

Whena transactiorarrivesfrom ary interface,it is sentto the servicemappeywhich
transformsit to a commontransactiorformat usedfor all transactionsn the system,re-
gardlessf its type, e.g.,real-timetransactionlt is thenpassean to theresourceplanner
which determinesvhatresourcesvill be needed.Furthermoreijt is passedo the admis-
sion controller which in cooperatiorwith the resourceplanner decidesf the systemcan
provide asatisactoryservicefor thetransactionlf thatis thecasejt is sentto theresource
allocationmodule,which globally optimizesthe useof resourcein thesystem Finally the
transactions sentto the correctresourcee.g.,anetwork or theoperatingsystemetc.

RODAIN
Five differentareador database telecommunicatiois identified[93]:
1. Retrieval of persistentustomedata.
2. Modificationsof persistentustomedata.
3. Authorizationof customerse.g.,PIN codes.
4. Sequentialog writing.
5. MasscallingandTelevoting. This canbeperformedn largeblocks.

Fromthesefive areasthreedifferenttypesof transactionganbe derived [77]: short
simplequeries simpleupdatesandlong massve updates.Shortsimplequeriesare used
whenretrieving customerdataand authorizingcustomers.Simplapdatesare usedwhen
modifying customerdataandwriting logs. Long massie updatesareusedwhentelevoting
andmasscallingis performed.

Theconcurrenyg controlin RODAIN supportglifferentkindsof serializatiorprotocols.
Oneprotocolis the r -serializationin which atransactiormaybeallowedto readold data
aslong astheupdateis notolderthanapredefinedime [10§].
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Figure2.8: Theresourcananagein BeeHie. Figurefrom [103]

Apartfrom atransactiordeadlineanisolationlevel canalsobe assignedo a transac-
tion. A transactiorrunningon a low isolationlevel acceptghattransactionsunningon
a higherisolation level are accessindgocked objects. However, it cannotaccesobjects
belongingto atransactiorwith a high degreeof isolation.

ARTS-RTDB

ARTS-RTDB usesapessimisticconcurreng control,stricttwo phasdockingwith priority
abort[52]. This meansthatassoonasa higherprioritized transactiorwantsa lock that
is ownedby a transactiorwith low priority, the low-level transactioris aborted.To avoid
the costly procesf rolling backthe abortedransactionall datawriting is performedon
copies.At the point of commit, the transactiorasksthe lock-manageif a commitcanbe
allowed. If thisis the casethetransactionnvokesa subsystenthatwritesall datainto the
database.

2.4.4 Activedatabases

Active databasesanperformactionsnot explicitly requestedrom the applicationor en-
vironment. Considera dataelementz, which is derived from two otherdataelements;
andy. Thetraditionalway to keepz updatedwould be to periodically poll the database
to determineif z or y have beenaltered. If thatis the case,a new valueof z would be
calculatedandthe resultwritten backto the databasePeriodicpolling is oftenperformed
at a high costwith respecto computationacostandwill increasehe compleity of the
applicationtaskschedule A differentapproactwould beto introducea triggerthatwould
causeaneventassoonaseitherz or y hasbeenchangedTheeventwouldin its turn start
atransactioror similar thatwould updatez. This functionalitywould be usefulfor other
purposeghanto updatederived dataelements.It could, for example,be usedto enforce
boundarie®f dataelements.If a dataelement,e.g.,datathatrepresents desiredwater
levelin ourexampleapplicationin figure 1.1, hasamaximumandminimumallowedvalue
thanthisrestrictioncanbeappliedin thedatabas@steadof in theapplication.An attempt
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to setaninvalid valuecouldresultin somekind of action,e.g.,anerrorexceptionor a cor-
rectionof thevalueto the closestvalid value. By applyingthis restrictionin the database
it is abstractedway from the application thusreducingtherisk of programmingerrorsor
inconsisteng betweertransactionshatusethis dataelement.

Oneway to handlesuchactive behavior is throughthe useof ECA rules[35], where
ECA is anabbreiation of Event-Condition-Action-ruls, seefigure 2.9. Theeventsin an

ON <event B>
| F <condition &
THEN <action A>

Figure2.9: Thestructureof anECA rule.

active databaseeedto be processedby an eventmanagerwhich sendsthemto therule
managerTherule managein its turnlocatesall ECA rulesthatareaffectedby the newly
arrivedeventandchecksheir conditions.For thoseECA ruleswhoseconditionsaretrue,
theactionis activated. Thereare,however, threedistinctapproachesn whenandhow to
executetheactions[32]:

¢ ImmediateWhenaneventarrives,theactive transactions suspendedndcondition
evaluationandpossiblyactionexecutionis doneimmediately Uponrule completion,
thetransactions resumedThisapproaclaffectstheresponséime of thetransaction.

¢ Deferred:Whenaneventarrives,theactive transactions runto completionandthen
conditionevaluationandpossiblyactionexecutionis done. This approactdoesnot
affecttheresponseime of thetriggeringtransaction.

e DecoupledWhenusingthis approachconditionevaluationandpossiblyactionex-
ecutionareperformedn oneor severalseparatéransactionsThis hastheadwantage
thattheseupdateswill beloggedevenif thetriggeringtransactioraborts.

Onedisadwantagewith active databasess that the predictability with respectto re-
sponsdimes,is decreaseth thesystem.Thisis becaus@f the executionof therules. For
immediateor deferredrulesthe responsdime of the triggeringtransactioris prolonged
becausef the executionof rulesprior to its point of commit. To be ableto calculatea
responseime for sucha transactionthe executiontime of all possiblerulesthatthetrans-
actioncaninvoke. Theserulescanin their turn activaterules,so called cascadingwhich
cancreatearbitrarycomple calculationsWhendecoupledulesareused transactionsan
generatanew transactionsn the system. Thesetransactionsndtheir priorities, response
times,andpossiblerule invocationamustbetakenin accountwhencalculatingtransaction
responséime, resultingin very pessimistiovorst-case-eecutiontimes.

Someextensiongo ECA ruleswhichincorporatesime constrainthave beenstudiedn
[50]. ForamoredetaileddescriptioraboutE CArules,active databaseandactivereal-time
databasesee[32, 98]

STRIP

The STRIPrule systenchecksor eventsat commit-timeof eachtransactiorl”, andfor all
eventswhoseconditionis trueanew transactio” is createdyhichexecutegheexecution
clauseof therule. Thus,the STRIP systemusesa decoupledapproach.T” is activated
for executionafter the triggering transactiorhas committed. By default 7" is released
immediatelyafter commit of the triggering transactionput it can be delayedusing the
optionalaf t er statementseefigure2.10.

Theaf t er statemengnablesll rule executionclausesactivatedduringthetime win-
dow betweerrule evaluationandthe executionclausespecifiedoy theaf t er statementio
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VWHEN <eventli st>
[ F <condition>]
THEN
EXECUTE <acti on>
[ AFTER <ti ne-val ue>]

Figure2.10: A simplifiedstructureof a STRIP-rule. The optionalAFTER -clauseenables
for batchingof severalrule-executiondn orderto decreaseomputationatosts.

| | Sequential | Parallel |
Independent T, independenof T't
Dependent || T, cannot start until Tt | T, cannot complete until
commitsotherwisat isdis- | Tt commits otherwiseit is
carded aborted
Exclusve T, cannot start until Tt | T, cannot complete until
aborts otherwiseit is dis- | Tt aborts otherwiseit is
carded aborted

Table2.12: Tableshaving all decoupledxecutionmodessupportedy the DeeDSsystem.
Tt is thetriggeringtransactiorandT. is therule transaction.Tablefrom [33].

bebatchedogether If multiple update®nasingledataelemenexistin thebatch,only the
onesnecessaryo derive theresultingvalueof thatdataelementareexecuted thussaving
computationatost[5]. To have the executionclausein a separatdransactiorsimplifies
rule processing.Thetriggeringtransactiorcancommitregardlesof the executionof the
executionsclausessincethe conditionclauseof therulescannotalterthe databasstatein
aryway. Possibleside-efectsof therulesarethendealtwith in aseparatéransactionOne
disadantagewith decoupledexecutionclauseds thatthe conditionresultsandtransition
dataaredeletedwhenthetriggeringtransactiorcommits thus,datais not availablefor the
triggeredtransaction.This hasbeensolvedin STRIPby thebi nd as statement.This
statemenbindsa createdableto arelationthatcanbe accesselly the executionclause.

DeeDS

SinceDeeDSsupportdardreal-timesystemsherule processingnustbedesignedo retain
asmuchpredictabilitywith respecto timelinessaspossible.Thisis achievedby restricting
rule processing.Cascadingfor example,is limited so that unboundedule triggeringis
avoidedwhena rule is executed. The usercan definea maximumlevel of the cascade
depth.If thecascadingoesdeepethanthatanexceptionis raised.Furthermoregondition
evaluationis restrictedo logical expression®n eventsandobjectparametersandmethod
invocations. DeeDSusesextendedECA rules[72] that also allows for specifyingtime
constraintgo rules,e.g.,deadlines.

Event monitoring hasalso beendesignedfor predictability Both synchronousand
asynchronousnonitoringis available. In synchronousnodethe eventmonitoris invoked
on time-triggeredbasisandresultshave shavn thatthroughputs higherthanif theasyn-
chronous(event-triggered)}event monitoring is used,but at the costof longer minimum
eventdelays. Whensynchronousnodeis used,eventburstswill not affect the systemin
anunpredictablavay[72]. In DeeDS theimmediateanddeferredcouplingmodesarenot
allowed. Insteadwhena rule is triggeredandthe conditionstatesthatthe rule shouldbe
executeda new transactioris createdwhich is immediatelysuspendedlf a contingenyg
planexistsfor thisrule, a contingeng transactioris alsocreatecandsuspendedAll com-
binationsof decoupledexecutionis supportedn DeeDS[33], seetable2.12. Depending
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on which modethatis selectedthe schedulemlctivatesthe rule transactiongccordingto
themode.Theexclusive modeis usedto scheduleontingeng plans.

REACH

REACH allows ECA rulesto betriggeredin all modes,mmediate,deferredand decou-
pled. Decoupledulesaredependentr independentfurthermorethey canbe executedn

parallel, sequentialpr exclusive mode. The exclusive modeis intendedfor contingenyg

plans.The ECA rulesusedin REACH have no real-timeextensions.

Therearehoweversomerestrictionsonwhento usethedifferentcouplingmodes Rules
triggeredby a single methodevent canbe executedin ary couplingmode,while a rule
triggeredby a compositeaventonly cannotbe run in immediatemode. This is becausef
theeventsthatmake up compositeventoriginatein multiple transactionsjoidentification
of the spavning transactionss possible[116]. Rulesthatareinvoked by temporalevents
(time-triggered)can only be run in an independentiecouplednode, sincethey are not
triggeredby atransactiorj19].

To simplify the creationof the rule-basea tool, GRANT, hasbeendeveloped. This
graphicaltool promptstheuserfor necessarinformation,providescertaindefaultchoices,
create<C++ languagestructuresandmapsrulesto C functionsstoredin a sharedibrary
[18].

Theeventmanagein REACH consumesventsaccordingto two policies: chronolog-
ical or mostrecent.Thechronologicabpproactexecutesall eventsin theorderthey arrive
while themostrecentstratey only executeshe mostrecentinstanceof every event. What
policy to useis dependentf the semantic®f the application.Considerthe examplewith
the stock market databasegain. If, in an overloadsituation,the databases not ableto
immediatelyexecuteall stockprice updatespnly the mostrecentupdateof a stockis inter-
estingsincethis updatecontainsthe currentprice of this stock. For a systemlik e this, the
mostrecentapproactwould be sufiicient, while in atelephonebilling systemit might not.
In a systemlike that, all updatego the databaseonsistof a valueto addto the existing
record thereforemostrecentis not sufficienthere.

2.5 Obserwvations

The databasepresentedepresent setof systemghat basicallyhave the samepurpose,
i.e.,to efficiently storeinformationin embeddedystem®r real-timesystemsThey mainly
consistof the samesubsystemse.g., interfaces,index system,and concurreng control
system.But yet the systemsehave so differently Somesystemsare primarily intended
for event-drivensystemwhile othersuit staticallyschedulegdystemsnore. Somesystems
arerelationalwhile other are object-oriented.Somesystemsare intendedfor a specific
application e.g.,telecommunicatiorprocessontrolor multimediaapplication.

Furthermoreaninterestingpbsenationcanbe madeaboutthesesystemsTheresearch
platformsfocus more on functionality while the commercialsystemsare moreinterested
in userfriendliness adaptability and standard€ompliance While the researctplatforms
have detailedspecificationon new internalmechanismshatimprove performancaunder
certaincircumstancedike new concurreng controlsor schedulingpolicies,the commer
cial systemssupportanultiple interfacesto easentegrationwith the applicationandsup-
portsstandarddike ODBC, OLE DB, andJDBC. Looking backat the criteriamentioned
by ABB in section2.2.2,we canseethatmostof thecriteriaarefulfilled by thecommercial
products.To beableto combinethesecriteriawith thetechnologydeliveredby theresearch
platformswould be a contribution.

Oneimportantissuethatarisess: Whichembeddedatabaseystenshouldonechoose
for a specifictype of application? The task of choosingthe bestdatabaseystemcanbe
a long and costly processand probablynot without compromises.A differentapproach
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would be to have a moregenericdatabasé¢hat canbe customizedpossiblywith aid of a
tool, to fit a specificapplication.Thiswill befurtherdiscussedh the next chapter



Chapter 3

Component-basedsystems

Businessnterprisesndsocietyin generalarebecomingncreasinglydependenbn com-
putersystemsAlmosteveryapplicationrdomainis facedwith thechallengeof ensuringhat
datain the systemis managedn a uniform mannerandstoredefficiently by the system,
e.g., telecommunicationsg-commercepusinessenterprise vehicle industry embedded
andmobilesystemsAs aresult,databassystemsareusedin awide varietyof application
areasandarerequiredto provide efficientmanagementf heterogeneoudataof all shapes
andsizes.

Databaséndustryis today morethanever, facedwith requirementsor rapidapplica-
tion developmentanddeplogyment,delivery of datain the right form to theright placeat
theright time and,mostimportantly minimizedcompleity for bothendusersanddevel-
opers. Rapid developmentwith low costs,high quality andreliability, which minimizes
systemcompleity canbe achieved if component-basesbftware developmentparadigm
is introducedin databaselevelopment. This hasbeenrecognizedand exploited by some
major databaserendors,e.g., Oracle,IBM, Informix and Sybasehave all developedex-
tensibledatabaseystemswhich allow addingnon-standardeaturesand functionality to
the extensibledatabasesystem. However, existing component-basedatabasesolutions
mainly focus on solving one problem, e.g., the Microsoft UniversalData Accessarchi-
tectureprovides uniform manipulationof datafrom differentdatastores,the extensible
Oracle8 senerenablesnanipulatiorof non-standardatatypes.

It has beenrecognizedthat embeddedand real-time systemscould benefit from
component-basedevelopmentaswell. Generally by having well-definedreusablecom-
ponentsasbuilding blocks,notonly developmentostsarereducedput moreimportantly
verificationandcertificationof componentsvill only needto be doneonce. However, to
efficiently reusecomponent$or composinglifferentsystemsgoodcompositionrulesfor
the systemassemblymustbe provided, ensuringreliability of the composedsystem.Ex-
isting component-baseembeddedindreal-timesystemsare mostly focusedon ways of
preservingreal-timebehaior of the systemand/orenablinguse of componentsn low-
resourcesystems.A databaseystemthat canbe tailoredfor differentapplicationssuch
thatit providesnecessaryunctionality but requiresminimum memoryfootprint, and is
highly integratedwith the systemwould mostlikely be a preferablesolutionfor integrat-
ing databased embeddedeal-timesystems.However, database$or real-timeandem-
beddedsystemssupportingfastdevelopmentthroughreuseof componentsdo not exist,
which makestheseapplicationdomainsdeprivedof the benefitshatcomponent-basedke-
velopmentcouldbring. Thus,in this chaptemwe identify andcontrastmajorissuesn two
component-baseslystemsgdatabasend embeddedeal-time,andinspectpossibilitiesof
combiningthesetwo areas.

Component-basedystemscan be analyzedonly if certain knowledge of general
component-basesbftwareengineeringandits conceptsuchascomponentsarchitecture,
andreuseare understood.Therefore basicconceptsof component-basesbftware engi-

40
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neeringare introducedin section3.1, andthey are necessaryn orderto identify issues
in differentcomponent-baseslystemsandto obtainuniform criteria for surweying exist-

ing component-basedatabasendembeddedeal-timesystemsln section3.2 we review

componentsandcomponent-basegblutionsin databassystemsThisis followedby real-

time componentandsolutionsin embeddedeal-timesystemsn section3.3. Section3.4

concludesghis chapterwith a takular overview of investigateccomponent-baseslystems
andtheir characteristics.

3.1 Component-basedsoftware development

The needfor transitionfrom monolithic to openand flexible systemshasemeged due
to problemsin traditional software development,suchas high developmentcosts,inade-
guatesupportfor long-termmaintenancend systemevolution, and often unsatisctory
quality of software[17]. Component-basesbftwareengineeringCBSE)is anemeging
developmentparadigmthat enableshis transitionby allowing systemsto be assembled
from a pre-definedsetof componentexplicitly developedfor multiple usage Developing
systemsout of existing component®ffers mary advantageso developersandusers. In
component-basesyystemg17, 25, 26, 36]:

e Developmentcostsaresignificantlydecreasedecauseystemsare built by simply
pluggingin existing components.

e Systenevolutionis easedecaussystembuilt on CBSEconceptss opento changes
andextensionsj.e., componentsvith new functionality canbe pluggedinto an ex-
isting system.

¢ Quality of softwareis increasedinceit is assumedhatcomponentsrepreviously
testedin differentcontets and have validatedbehaior at their interfaces. Hence,
validationeffortsin thesesystemsave to primarily concentraten validationof the
architecturatlesign.

e Time-to-marletis shortenedincesystemslo nothaveto bedevelopedrom scratch.

¢ Maintenanceostsarereducedsincecomponentaredesignedo be carriedthrough
differentapplicationsandchangesn acomponenare,therefore peneficiato multi-
ple systems.

As aresult,efficiengy in thedevelopmentor thesoftwarevendoris improvedandflexibility
of deliveredproductis enhancedor the user[59].
Component-basedivelopmentlsoraisesmary challengingoroblems suchas[59]:

¢ Building goodreusableeomponentsThis is notaneasytaskanda significanteffort
mustbeusedto producea componenthatcanbeusedin differentsoftwaresystems.
In particular componentsnustbetestedandverifiedto beeligible for reuse.

e Composinga reliablesystemout of componentsA systembuilt out of components
is in risk of beingunreliableif inadequateomponentare usedfor the systemas-
sembly Thesameproblemariseavhena new componenheedgo beintegratedinto
anexisting system.

¢ Verification of reusablecomponents. Componentsare developedto be reusedin
mary differentsystemsywhich makesthe componenverificationa significantchal-
lenge. For every componenuse,the developerof a new component-basesystem
mustbe ableto verify the componentj.e., determineif the particularcomponent
meetghe needwof the systemunderconstruction.
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¢ Dynamicandon-line configurationof components.Componentsanbe upgraded
andintroducedat run-time;this affectsthe configurationof the completesystemand
it is importantto keeptrackof changesntroducedn the system.

3.1.1 Software component

Software componentsare the core of CBSE.However, differentdefinitionsandinterpre-
tationsof a componentexist. Within a software architecturea componenis considered
to be a unit of compositionwith explicitly specifiedinterfacesandquality attributes,e.qg.,
performancereal-time,reliability [17]. In systemavhereCOM is usedfor a component
framework, a components generallyassumedo be a self-containedgonfigurablebinary
packagewith preciselydefinedstandardizednterfaces[76]. A componentcan be also
viewed asa software artifact thatmodelsandimplementsa well-definedsetof functions,
and haswell-definedcomponeninterface (which do not have to be standardnterfaces)
[29].

Hence thereis no commondefinitionof acomponenfor every component-basesys-
tem. The definition of a componentlearly dependn the implementationarchitectural
assumptionsand the way the componentis to be reusedin the system. However, all
component-baseslystemshave one commonfact, andthatis: componentsre for com-
position[107].

While frameworks and standardgor componentgoday primarily focuson CORBA,
COM, or JavaBeanstheneedfor component-basedkvelopmentasbeenidentifiedin the
areaof operatingsystemgOSs).Theaimis to facilitateOSevolutionwithoutendangering
legag applicationsandprovide bettersupportof distributedapplications[73].

Commontfor all typesof componentsindependensf their definition,is thatthey com-
municatewith its ervironmentthroughwell-definedinterfacesge.g.,in COM andCORBA
interfacesaredefinedn aninterfacedefinitionlanguagdIDL), MicrosoftIDL andCORBA
IDL. Componentganhave morethanoneinterface.For example,acomponenmayhave
threetypesof interfaces:provided, required,and configurationinterface[17]. Provided
andrequiredinterfacesare intendedfor the interactionwith othercomponentswhereas
configurationinterfacesare intendedfor useby the userof the componentj.e., software
engineeildeveloper)whois constructinganapplicationout of reusablecomponentsEach
interfaceprovided by a components, uponinstantiationof the componentboundto one
or moreinterfacesrequiredby othercomponents.The componenproviding aninterface
mayservicemultiplecomponents, e.,therecanbeone-to-may relationbetweerprovided
andrequiredinterfaces Whenusingcomponent& anapplicationtheremightbesyntactic
mismatchbetweenprovided and requiredinterfaces,even whenthe semanticf the in-
terfacesmatch. This requiresadaptatiorof oneor both of the component®r anadapting
connectoto be usedbetweercomponents$o performthetranslationbetweercomponents

Connector
ﬂ—’_| Component
Component
. Requir:(!if
U Provided interface
interface

Figure3.1: Componentsindinterfaces
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(seefigure3.1).

Independentlpf applicatiorareaasoftwarecomponenis normallyconsideredo have
black box propertieqd36, 29]: eachcomponenseesonly interfacesto othercomponents;
internalstateandattributesof the componenarestronglyencapsulated.

Every componenimplementsomefield of functionality, i.e.,adomain[17]. Domains
canbehierarchicallydecomposethto lowerlevel domainsg.g.,the domainof communi-
cationprotocolscanbe decomposethto severallayersof protocoldomainsasin the OSI
model. This meanghatcomponentsanalsobeorganizecdhierarchicallyi.e.,acomponent
canbe composedaut of subcomponentdn this context, two conflictingforcesneedto be
balancedvhendesigninga componentFirst, smallcomponentgover smalldomainsand
arelikely to bereusedasit is likely that suchcomponentwould not containlarge parts
of functionality unneededy the system. Second large componentgjive more leverage
thansmallcomponentsvhenreusedsincechoosingthe large componenfor the software
systemwould reducethe costassociatedvith the effort requiredto find the component,
analyzeits suitability for a certainsoftware product,etc[17]. Hence,whendesigninga
componenta designershouldfind the balancebetweenthesetwo conflicting forces, as
well asactualdemand®f the systemin the areaof componengapplication.

3.1.2 Software architecture

Every softwaresystemhasanarchitecturealthoughit maynotbeexplicitly modeled71].
Thesoftwarearchitectureepresentahighlevel of abstractiorwhereasystems described
asa collectionof interactingcomponent$3]. A commonlyuseddefinition of a software
architecturas [11]:

Thesoftwarearchitecturef a programor computingsystems thestructureor
structuresof the systemwhich comprisesoftwarecomponentsthe externally
visible propertieof thosecomponentandtherelationshipamongthem.

Thus,thesoftwarearchitecturenableslecompositiof thesystemninto well-definedcom-
ponentsandtheirinterconnectionsandconsequentlprovidesmeandgor building complex
software systemg71]. Designof the software architecturds the first stepin the design
procesof a software product,right after the specificationof the systems requirements.
Hence,it allows early systemtesting,thatis, aspointedout by Bosch[17] assessmeruf
designandquality attributesof a system.Quiality attributesof a systemarethosethatare
relevant from the software engineeringoerspectie, e.g., maintainability reusability and
thosethat representjuality of the systemin operation,e.g., performancereliability, ro-
bustnessfault-toleranceThesequality attributesof a systemcouldbefurtherclassifiedas
functional(seetable3.1) andnon-functionalquality attributes(seetable 3.2),andusedfor
architecturabnalysig111]. Thesoftwarearchitecturadesignprocesgesultsin compo-
nentquality requirementsaswell asseveral constraintsaanddesignrulescomponenmust
obey, e.g.,meanf communicatiorjl7]. Hencedevelopingreusabl&eomponentslepends
onthesoftwarearchitecturebecausehe softwarearchitectureo alarge extentdefinesthe
way a components to be developed its functionalityandrequiredquality [17]. Thus,the
software architecturerepresentshe effective basisfor reuseof component486]. More-
over, thereareindicationsthatsoftwareevolution andreusds morelik ely to receve higher
payof if architecturesinddesignscanbereusedandcanguidelow level componenteuse
[67, 75].

In thesystendevelopmentheissueof handlingconflictsin qualityrequirementsluring
architecturatlesignmustbe explicitly addressedThatis becausa solutionfor improving
onequality attribute affectsotherquality attributesnegatively, e.g.,reusabilityandperfor
manceare consideredo be contradictingasarefault-toleranceandreal-timecomputing.
E.g., considera software systemfine-tunedto meetextreme performanceequirements.
In sucha system,it could be costlyto addnew functionality (components)sinceadding
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Performance The systems$ capacityof handlingdataor events.

Reliability Theprobability of a systemworking correctlyoveragiven
periodof time.

Safety The propertyof the systemthatwill not endangehuman

life or theervironment.
Temporal constraints | Thereal-timeattributessuchasdeadlinesijitter, response
time, worstcaseexecutiontime, etc.

Security The ability of a software systemto resistmaliciousin-
tendedactions.

Availability The probability of a systemfunctioning correctly at ary
giventime.

Table3.1: Functionalquality attributes

Testability Theability to easilyprove systems correctnessgy testing.
Reusability Theextentto which thearchitecturecanbereused.
Portability The ability to move a software systemto a differenthardware

and/orsoftwareplatform.

Maintainability | Theability of a systemto undego evolution andrepait
Modifiability Sensitvity of the systemto changesn one or several compo-
nents.

Table3.2: Non-functionalquality attributes

new partscould resultin degradedperformanceof the upgradedsystem. In sucha sce-
nario,additionalefforts would have to be madeto ensurethatthe systemmeetsthe initial
performanceequirements.

3.1.3 The futur e of CBSE: from the componentto the composition

So far we have examinedsoftware componentsand software architecturesas they are
the core of the component-basedoftware development. However, the researchin the
component-basesbftware engineeringcommunityincreasinglyemphasizesomposition
of thesystemasthewayto enabledevelopmenbf reliablesystemsandthewayto improve

reuseof components.In this sectionwe give anintroductionto new techniquesealing
with the problemof systemcomposition.Figure3.2 provideshierarchicaklassificatiorof

component-basesl/stemg69].

Component-basesistemson thefirst level, e.g., CORBA, COM andJavaBeansrep-
resentthefirst generatiorof component-baseslystemsandarereferredto as“classical”
component-basesystemsFramevorksandstandard$or componentsf todayin industry
primarily focuson classicalcomponent-basesystems.Componentsre black boxesand
communicatehroughstandardnterfaces providing standardserviceso clients,i.e., the
componenis standardizedStandardizatioeasesddingor exchangingcomponenté the
softwaresystemandimprovesreuseof componentsHowever, classicacomponent-based
systemdack rulesfor the systemcompositionj.e., compositiorrecipe.

Thenext level representarchitecturesystemse.g.,RAPIDE[66] andUNICON [115].
Thesesystemgrovide anarchitecturatlescriptionanguaggADL). ADL is usedto spec-
ify architectureof the softwaresystem.n anarchitecturesystemcomponentgncapsulate
application-specifidunctionality, and are also black boxes. Componentommunicate
throughconnector$3]. A connectois aspecificmodulethatencapsulatesommunication
betweenrapplication-specificomponentsThis givessignificantadvancemenin the com-
positionascomparedo classicakomponent-baseslystemssincecommunicatiorandthe
architectureeanbevariedindependentlpf eachother Thus,architecturesystemseparate
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Composition languag

[¢]

Composition systems

Systemswith compaosition operators

Grey box component
Aspect systems

Architecture systems

Black box component

Classical component-basedsystems

Figure3.2: Classe®f component-basesl/stems

threemajoraspectof the softwaresystem:architecturecommunicationandapplication-
specificfunctionality. Oneimportantbenefitof anarchitecturesystenis possibilityof early

systentesting.Testsof thearchitectureanbeperformedvith “dummy” componenttead-

ing to the systemvalidationin the early stageof the development. This alsoenableghe

developerto reasonaboutthe software systemat an abstractevel. Classicalcomponent-
basedsystemsadoptedn theindustry canbe viewed asa subsebf architecturesystems
(whicharenotyetadoptedoy theindustry),asthey arein factsimplearchitecturesystems
with fixedcommunication.

The third level representsaaspectsystems,basedon aspect-orientegorogramming
(AOP) paradigm[51]. Aspectsystemsseparatenoreaspectf the softwaresystemthan
architecturesystems.Besidearchitecturegpplication,andcommunicationaspectof the
systemcanbe separatedurther: representationf data,control-flov, and memoryman-
agement. Temporalconstraintscan also be viewed as an aspectof the software system,
implying thata real-timesystemcould be developedusing AOP [13]. Only recently ses-
eral projectssponsoredy DARPA (DefenseAdvancedResearchProjectsAgency), have
beenestablishedvith anaim to investigatepossibilitiesof reliablecompositionof embed-
dedreal-timesystemaisingAOP[92]. Aspectsareseparatefrom thecorecomponenand
arerecombinedcautomaticallythroughprocessalledweaving. In AOR acorecomponent
is consideredo be a unit of systems functionaldecompositioni.e., application-specific
functionality[51]. Weaversarespecialcompilerswhichcombineaspectsvith corecompo-
nentsat so-calledoint pointsstatically i.e., at compiletime, anddynamicallyat run-time.
Wearing brealesthe corecomponen{atjoint points)andcross-cut@spectsnto the com-
ponentandtheweaving processesultsin anintegratedcomponent-baseslystem.Hence,
corecomponentarenolongerblackboxes,ratherthey aregrey boxesasthey arecross-cut
with aspectsHowever, aspectveaverscanbeviewedasblackboxessincethey arewritten
for a specificcombinationof aspect@andcorecomponentsandfor eachnew combination
of aspectsand core componentsa new aspectweaver needsto be written. Comparedo
architecturesystemsaspectystemsaremoregeneralandallow separatiorof variousad-
ditional aspectsthus,architecturesystemsanbeviewedasa subsebf the classof aspect
systems.Having differentaspectsmprovesreusabilitysincevariousaspectsanbe com-
bined (reused)with differentcore components.The main dravbackof aspectsystemss
thatthey arebuilt on speciallanguagedor aspectsrequiringsystemdevelopersto learn
thesdanguages.

At the fourth level are systemsthat provide compositionoperatorsby which com-
ponentscan be composed. Compositionoperatorsare comparableo component-based
weaver, i.e.,aweaverthatis nolongerablackbox, but is alsocomposabl®ut of compo-
nents,andcanbe, in a sensere-composedor every combinationof aspectandcompo-
nents furtherimproving thereuse.Subject-orientegprogramming SOP)[83], anexample
of systemswith compositionoperatorsprovide compositionoperatorgor classessuchas
merge (mergestwo views of a class),equate(memgestwo definition of classesnto one),
etc. SOPis a powerful techniquefor compositionakystemdevelopmentsinceit provides
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asimplesetof operatordor weaving aspect®r views, andSOPprogramssupporthe pro-
cessof systemcomposition.However, SOPfocuseson compositionanddoesnot provide
ary specialcomponentComponentin SOPareC++ classes.

Finally, at the last level are systemsthat containfull-fledged compositionlanguage,
andare called compositionsystems.A compositionlanguageshouldcontainbasiccom-
positionoperatordo composeglue,adopt,combine extendandmerge componentsThe
compositionlanguageshouldalsobe tailorable,i.e., component-base@nd provide sup-
port for composing(different) systemsjn the large. Invasive software composition[69]
is oneapproachhataimsto provide alanguagdor the systemcomposition.Components
in the invasive compositiontechniqueare more general. The componenimay consistof
a setof arbitraryprogramelementsandis calleda box [69]. Boxesareconnectedo the
environmentthroughvery generalconnectionpoints, called hooks. Compositionof the
systemis encapsulateth compositionoperatorgcomposers)which transformthe com-
ponentwith hooksinto a componentvith code. The procesof systemcompositionusing
composerss moregeneralthanaspectveaving andcompositionoperatorssinceinvasie
compositionallows compositionoperatorgo becollectedin librariesandto beinvokedby
thecompositiorprogramgrecipes)n acompositionanguageComposergsanberealized
in ary programmingr specificatiodanguagelnvasive compositiorsupportssoftwarear-
chitecture separatiorof aspectsandprovidescompositionreceipts,allowing production
of familiesof variantsystem¢68]. Reusas improved,ascomparedo systemsn thelower
levels, sincecompositionrecipescanalsobe reused)eadingto easyreuseof components
andarchitecturesAn exampleof the systemthat supportinvasive compositionis COM-
POST[23]. However, COMPOSTappeargo be moresuitablefor complex non-real-time
software systemsyratherthansystemshat have limited amountof resourcesandenforce
real-timebehaior. Also, the systemis not generalenough,sinceit only supportslava
source-to-sourcgansformations.

The given overview illustratescurrentefforts to enableefficient systemcomposition.
In particulay techniquesat the last threelayersin figure 3.2 focus on the composition
process. Component-basegystemsthat we investigatein more detail in the following
sectiongdonotcoverall classe®f component-basesystemshavn in figure3.2. Systems
weinvestigateepresenturrentcomponentizatioeffortsin thedatabasandtheembedded
real-timecommunity andaremainly subset®f component-baseslystemsn thefirst two
layersin figure 3.2.

3.2 Component-baseddatabasesystems

A databassystenconsistof asoftwarecalleddatabasenanagemergystem(DBMS) and
oneor moredatabasemanagedy the DBMS [97]. Essentiapartof thedatabassystem
istheDBMS.

In this sectionwe focuson databaseystemghatcanbe partially or completelyassem-
bledfrom apre-definedetof components, e., thatexploit component-baseatkbvelopment.
Wereferto thesesystem@ascomponent-basathtabassystemsFirst,themaingranularity
level of acomponentsedfor the compositionof a databaseystemis establishedThen,
in sectionsthatfollow, the classificationand detail analysisof existing component-based
databasesystemss given. Of a particularinterestis to shov how andto which degree
differentcomponent-basedatabaseystemsllow customizationj.e., to which degreea
designercantailor the databassystentor a particularapplication.

3.2.1 Granularity level of a databasecomponent

In generaltwo maingranularitylevels of a databaseomponentn component-baseslys-
temsexist:

¢ DBMS (databassystem)asacomponentand
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e partof the DBMS asacomponent.

The formercomponentypeis not exactly a component-basesblutionof a databaseys-
tem,ratherDBMS usedasa componentn largercomponent-baseslystemsFor example,
adatabaseystenmmaybeviewedasa componentn afederatedlatabassystem(FDBS),
which is a collection of cooperatingbut autonomousiatabasesystemg97]. Database
systemsarecontrolledandmanagedy a softwarecalledfederatedlatabasenanagement
system(FDBMS) (seefigure 3.3). Hence the databassystemis not madeout of compo-
nentsbut is rathera componenof a larger component-baseféderateddatabaseystem.
In this respectCORBA canbe usedto achieve interoperabilityamongDBMSsin a mul-
tidatabasepproach.CORBA enableghe basicinfrastructurethat canbe usedto provide
databaseénteroperability[30]. Whenusing CORBA asa middlevarein a multidatabase
systemthe DBMS itself is not customizableratherthe DBMS is a componen{CORBA
object)registeredto the CORBA infrastructure. Anotherexampleof a databaseystem
usedasa components anactive real-timedatabassystem(ARTDBMS) thatcanbe used
asa componentn an architecturewith standardizedcomponents[76] (seefigure 3.4).
In this solution, infrastructureof the componentechnology(in this caseCOM) is used
for separatinghe exchangeof controlinformationbetweencomponentanddatatransfer
via the statusdatabasesystem. The statusdatabasesystemis implementedas an active
real-timedatabaseystemand containsall the informationaboutthe currentstatusof an
applicationthatis usedby at leasttwo differentcomponents.This architecturesupports
applicationcompositionout of componentsandaimsto enableaddingor removing com-
ponentswithout additionalprogramming.A componentn this systemis assumedo bea
self-containedconfigurablebinary software packagewith preciselydefinedstandardized
interfacesthat canbe combinedwith othercomponentsTime consisteng of saved data,
in additionto thelogical consistenyg, is ensuredn the composedystenby having areal-
time databaseHowever, this type of component-basesblutionis applicablefor tailoring
component-baseslystemsvheretime consisteng of datais neededandnot for tailoringa
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databassystem A databassystemin this solutionis amonolithicsystemandchangeso
thattype of systemsarenoteasilydone.

It is our opinion that more emphasisand detailedanalysisis neededfor the second
catgyory of database&eomponentsi.e., a componenteing a part of the DBMS. DBMS
madeoutof componentsvouldindeedbeanactualcomponent-basesblutionof adatabase
system We motivatethis furtherin thefollowing section.

3.2.2 Componentvs. monolithic DBMS

Databasesystemsare today usedin variousapplicationareas,such as telecommunica-
tions[1], e-commercd37, 2], embeddedystemdq80], real-timesystemg44], etc. Ex-
pansionof databasesystemsto new applicationdomainsunaroidably resultsin new re-
guirementsa databaseystemmustfulfill [29]. Considernternetapplicationswheredata
is accessetffom avarietyof sourcesuchasaudio,video, text, imagedata,etc. Therefore,
mary web-basedpplicationgequirea databas¢hatcanmanagevide variety of different
typesof data. Also, new application-specifidatatypeshave emegedthat are not sup-
portedby traditionaldatabasesExamplesof non-standardiatatypesaretemporaldata,
spatialdata,multimediadata.Hence DBMSsarerequiredto provide supportfor modeling
andstoringthesenew, non-standardjatatypes[82]. Broadvariety of datafrom different
datasourcesmakes heterogeneoudatamanagemend very importantchallenge sincea
large numberof applicationsrequirea databasehat providesthemwith the uniform and
homogeneousiew of the entiresystem[21]. Businessomputingenvironmentposesad-
ditional setof requirement®n databaseystemssuchasrapid applicationdevelopment,
andminimizedcompleity bothfor endusersanddeveloperg81]. In addition,it is com-
monthata compary needsto producea databaseystemfor a biggerspectraof different
applicationareas.Suchscenariogequirecost-efective solutionsof DBMSs. During the
developmentof a DBMS, it is very hardto exactly predictin which directionsystemwill
evolve, i.e., which additionalfunctionalitythe databaseystemwill have to providein the
future. Thus,a DBMS mustbedevelopedsuchthatit is opento new, future,uses.Having
a databasé¢hat canbe extendedwith new functionality or modifiedduringits life-time is
beneficialbothfor usersanddatabas&endors.

Meetingnew requirementempliesthattraditional,monolithicDBMS mustbeextended
to include new functionality However, addingfunctionality to a monolithic DBMS has
severaldravbackg29]:

¢ Partsin the monolithicDBMS areconnectedo oneanotheranddependenbn one
anotherto suchadegreethatchangesnadein onepartof the DBMS structurewould
leadto a dominoeffectin otherpartsof the monolithic system,.e., extensionsand
modificationsarenot easilydone.

¢ Adding new functionalityin the monolithic systemwould resultin increasedcom-
plexity of aDBMS andin turn,increasednaintenanceostsof the system.

e Applicationswould have to pay performanceand costpenaltyfor usingunneeded
functionality.

¢ Systemevolutionwould be morecomple, sincea DBMS vendormight not have the
resource®r expertiseto performsuchextensionsn areasonabl@eriodof time.

One approachto solve theseproblemscould be componentizatiorof a DBMS [29]. A
componenDBMS (CDBMS), alsocalledacomponent-basedhtabassystemallows new
functionality to be addedin a modularmanner thatis, systemcanbe easily modified or
extendedby addingor replacingnew componentsComponentsindtheirinterconnections
shouldbe well-definedin the CDBMS architecture The architecturedefinesplacesin the
systemwherecomponentgsanbeaddedthus,specifyingandrestrictingthewaysin which
DBMS canbe customizedldeally, applicationsvould no longerhave to pay performance
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andcostpenaltyfor usingunneededunctionalitybecause@innecessargomponentslo not
have to be addedto a system.However, it hasto be notedthatcomponentseededy the
applicationmight containsomeunnecessarfunctionalitythemseles. Also, complexity of
the systemandmaintenanceostwould bereducedf the systemcould be composednly
out of componentgfunctionality) applicationneeds.Finally, evolution of sucha system
would besimplified,sincenawv componentsanbe pluggedinto the systemwithout having
to recompile(or shutdown) theentiresystem.Of coursethisimpliesthatnew components
have previously beentestedandhave a verifiedbehaior.

Notethatcomponent-basediatabassystemsarefacedwith the samechallengessa
component-basadchnologyin generalsuchasperformanc@egradatiorof acomponent-
basedsystemas comparedtio a monolithic system,complex developmentprocessof a
reusablecomponentetc.

3.2.3 Componentsand architecturesin different CDBMS models
Four differentcategoriesof CDBMSshave beenidentifiedin [29]:

e ExtensibleDBMS. The purposeof systemsfalling into this category is to extend
existing DBMS with non-standardunctionality, e.g.,Oracle8 [82], Informix Uni-
versalSener with its DataBladetechnology{48], SybaseAdaptive Sener[81] and
DB2 UniversalDatabas¢21].

¢ Databaseniddlevare. The purposeof systemdalling into this category is to inte-
grateexisting datastoresinto a databaseystemandprovide usersandapplications
with a uniform view of the entiresystemge.g.,Garlic[22] andDiscoveryLink [42],
andOLE DB [74], .

e DBMS service. The purposeof systemsfalling into this cateyory is to provide
databasdunctionality in standardizedorm untundledinto services,e.g., COR-
BAService[84].

¢ ConfigurableDBMS. The purposeof systemdalling into this category is to enable
compositiorof anon-standar®BMS out of reusableeomponentse.g.,KIDS [38].

Sectionsthat follow focus on characteristicof systemsin eachof thesefour different
catgyories.

3.2.4 ExtensibleDBMS

The coresystemin this groupis formedfrom fully functionalDBMSsthatimplementall
standarddBMS functionality [29]. Non-standardeaturesandfunctionality not yet sup-
portedcanbe pluggedinto this DBMS (seefigure 3.5). Componentsn this category of
CDBMSsarefamiliesof baseandabstractatatypesor implementation®f someDBMS
functionsuchasnew index structuresThearchitecturelefinesanumberof plugsthatcom-
ponentscan useand formulatesexpectationsconcerninginterfacesthat componenimust
meetin orderto beintegratedsuccessfully

Oracle8i

Oracle8 allows developerdgo createtheir own application-domain-specifitatatypes[82].
Capabilitiesof the Oracledatasener canbe extendedby meansof datacartridgeswhich,
in this case representomponentsn the Oracle8 architecture Datacartridgesarestored
in anappropriatdibrary for reusability A datacartridgeconsistsof oneor moredomain-
specifictypesandcanbe integratedwith the sener. For example,a spatialdatacartridge
may provide comprehensie functionalityfor a geographicatiomainsuchasbeingableto
storespatialdata,performproximity/overlapcomparison®n suchdata,andalsointegrate
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Figure3.5: Theprinciple of systemdalling into anextensibleDBMS category
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spatialdatawith the sener by providing the ability to index spatialdata.In additionto the
spatialcartridge text, imageandvideodatacartridgecanbeintegratedin the architecture.
Datacartridgescanbe integratedinto a systemthroughextensibility interfaces.Thereare
threetypesof theseinterfaces: DBMS and datacartridgeinterfaces,usedfor communi-
cationbetweercomponentsindthe DBMS, andserviceinterfacesusedby the developers
of acomponentin the Oracle8 architecturedatacartridgescanprovide their own imple-
mentationof databaseservicessuchasstorageservice,queryprocessingervice,services
for indexing, query optimization,etc. Theseservicesare extendedby the datacartridge
implementatiorandarecalleddatabasextensibility servicegseefigure 3.6). Extensibility
of adatabasservicecanbeillustratedwith theexampleof the spatialdatacartridge which
providesthe ability to index spatialdata,andconsequentlgxtendsindexing serviceof the
sener. Configurationsupportis providedfor the developmentpackaginganddeployment
of datacartridgesasillustratedin figure 3.7. The OracleDesignerfamily of productshas
modelingand code generatiortools which enabledevelopmentof datacartridges. The
CartridgePackagemodule,part of the OracleEnterpriseManagerfamily, assistdevel-
operin packagingdatacartridgednto installableunits. Componentgdatacartridges)re
theninstalledinto thesener by endusersusingthe Oraclelnstaller

The architectureof the Oracle8 is fixed and definesthe placeswhereextensionscan
be made,i.e., componentsadded,as well asinterfacesto thesecomponents.Designer
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is allowed to customizedatabasesener only by plugging-innew componentsj.e., the
systemhaslow degreeof tailorability. Provided configurationsupportis adequatesince
the systemalreadyhasa fixed architectureandpre-definedxtensionsandthatextensions
areallowedonly in well-definedplacesof thearchitectureThistype of systememphasizes
on satisfyingonly onerequirement handlingnon-standardiatatypes. If a systemneeds
to provide another(non-standardfervice beside managingabstractdata types, or if
someinternalpartof the infrastructureneedsto be changedwe are facedwith the same
difficultiesaswhenusingmonolithicsystemgseesection3.2.2). Also, thistype of system
cannot easilybe integratedin all applicationdomains.e.g.,real-timesystem sincethere
is no analysissupportfor checkingtemporalbehaior.

The conceptof the Informix DataBladetechnology DB2 Universal Database,and
SybaseAdaptive Sener is the sameas the above describedconceptof the extensible
Oracle8 sener architecturefor manipulationof non-standarddata types. Moreover,
conclusionsmadefor the Oracle8 with respectto configurationtools, tailorability for
satisfyingonly onerequirementhandlingnon-standardiatatypes),andlack of real-time
propertiesand analysistools, are applicablefor all systemsthat fall in this cateory,
i.e., extensibleDBMS. Therefore,analysisof the Informix DataBladetechnology DB2
UniversalDatabaseandSybaseAdaptive Seneris keptvery short.

Informix DataBladetechnology

DataBlademodulesare standardsoftware modulesthat can be pluggedinto the Informix
UniversalSener databasdo extendits capability [48]. DataBlademodulesare compo-
nentsin the Informix UniversalSener. Thesecomponentsre designedspecificallyto
enableuserdo store retrieve, update andmanipulateary domain-specifitypeof data.In-
formix allows developmenbf DataBlademodulesn Java, C, C++, J++or storedorocedure
languagg(SPL) by providing the applicationprogrammingnterface (API) for thoselan-
guagesSameasOracle,Informix hasprovidedlow degreeof tailoring, sincethe database
can only be extendedwith standardizeccomponentghat enablemanipulationof non-
standarddatatypes. Configurationsupportis provided for developmentand installation
of DataBlademodulesg.g.,BladeSmithBladeRick,andBladeManager
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DB2 Universal Database

As previously describeddatabaseseners, DB2 Universal Database[21, 28] also al-

lows extensionsin the architecturdo provide supportfor comprehensie managemenbf

application-specifidlatatypes. Application-specificdatatypesand new index structures
for thatdatatypesareprovided by DB2 RelationalExtendersreusablecomponentsn the
DB2 UniversalDatabasearchitecture.Therare DB2 RelationExtenderfor text (text ex-

tender),image(imageextender),audioandvideo (extender). Eachextenderprovidesthe
appropriatefunctionsfor creating,updating,deleting,and searchinghroughdatastored
in its datatype. An extenderdeveloperskit with wizardsfor generatingand registering
extendersprovidessupportfor the developmentandintegrationof newv extendersn DB2

UniversalDatabase.

SybaseAdaptive Server

Similarto otherdatabassystemsn this catgory, the SybaseAdaptive Sener[81] enables
extensionsn its architecturecalledSybases Adaptive Componenfrchitecture(ACA), to
enablemanipulationof application-specificatatypes.Componentshatenablemanipula-
tion of thesedatatypesarecalledSpecialityDataStoresg.g.,specialitydatastoredor text,
time seriesandgeospatiablata. The SybaseAdaptive Sener differs from otherdatabase
systemsn the extensibleDBMS categoryin thatit providesa supportfor standarccompo-
nentsin thedistributedcomputingervironment,asthe nameof the ACA architecturendi-
cates.Throughopen(Java) interfacesSybases Adaptive Componenfrchitecture(ACA)
providesmechanism$or communicatiorwith otherdatabaseseners. In additionof pro-
viding the interoperabilityof databasesener, Sybaseenablesnteroperabilitywith other
standardizedomponenté the network, suchasJavaBeans.

3.2.5 Databasemiddleware

Theaimof systemdalling into this categyory s to integrateexisting datastoresjnto acom-
mon DBMS-styleframework [29]. A CDBMS actingasa middlevare betweendifferent
datastoresandtheapplicationof integrationprovidesusersandapplicationswith auniform
andintegratedview of the entire system(seefigure 3.8). In this modelthe architecture
introducesa commonintermediatdformatinto which the local dataformatscanbe trans-
lated. Componentsn this category of CDMSsperformthis kind of translation.Common
interfacesand protocolsdefinehow the databaseniddlevare systemandthe components
interact. Componentsalsoknown aswrappersarelocatedbetweerthe DBMS andeach
datasource. Eachcomponentmediateshetweenthe datasourceandthe DBMS, i.e., it
wrapsthedatasource.

Garlic

Garlic [22] is anIBM researchprojectthataimsto integrateand unify datamanagedy
multiple, disparatedatasources.Theprimarily goal of the Garlic projectis to build a het-
erogeneoumultimediainformationsystemcapableof integratingdatafrom a broadrange
of datasources.Eachdatasource(alsoknown asa repository)hasits own datamodel,
schemaprogrammingnterfaceandquerycapability Datamodelsfor thesesourcesvary
widely, e.g.,relational,object-orienteda simplefile-system,anda specializednolecular
searchdatamodel. The Garlic datamodelis basedon the ObjectDatabaséManagement
Group (ODMG) standard.Garlic canprovide accesgo a datasourceonly if appropriate
wrapperfor thatdatasourceexists. Thus,associateavith eachdatasourceis awrappera
reusablecomponentn the Garlic architecturgseefigure 3.9). In additionto datasources
containinglegag data,Garlic allows userdo createtheir own datasourcej.e.,datasource
for Garlic comple objects. Wrappersfor new datasourcescanbe integratedinto an ex-
isting Garlic databasevithout disturbinglegag/ applications,otherwrappersand Garlic
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applications Garlic applicationsnteractwith queryservicesandrun-timesystenthrough
Garlic'sobjectquerylanguageanda C++ API. Thequeryprocessodevelopsplansto effi-

ciently decomposejueriesthat spanmultiple datasourcesnto piecesthatindividual data
sourcexanhandle.As shown in figure 3.10wrapperprovidesfour major serviceso the

Application

Application

GARLIC
‘ Query processor ‘
‘ Wrapper ‘ ‘ Wrapper ‘ ‘ Wrapper‘ ‘ Wrapper‘
T Image Complex
Data Data i
; - archive objects
repository repositor repository repjository

Garlic system[95]:

Figure3.9: TheGarlicarchitecture

1. A wrappemodelsthecontentf its datasourceasGarlic objects,andallows Garlic
toretrievereferenceso theseobjects.The Garlic DataLanguag€GDL), avariantof
the ODMG'’s ObjectDescriptionLanguaggODMG-ODL), is usedto describethe
contentof a datasource. Interfacesthat describethe behaior of objectsin a data
source(repository)areknown collectively asa repositoryschemaRepositoriesare
registeredaspartsof the Garlic databasandtheir individual repositoryschemasre
mergedinto theglobalschemahatis presentedo Garlicusers.

2. A wrapperallows Garlic to invoke methodson objectsandretrieve their attributes.
Methodinvocationcan be generatedy Garlic’s executionengine,or by a Garlic
applicationthathasobtaineda referenceeitherasaresultof a queryor by looking
uprootobjectby name).

3. A wrapperparticipatesn queryplaningwhena Garlic queryprocessorangesover
multiple objectsin the repository The goal of the query planningis to develop
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alternatve plansfor answeringa query andthento choosehe mostefficientone.

4. A wrappers finale serviceis to participatein plantranslationandqueryexecution.
A Garlic queryplanis presentedsa treeof operatorssuchasFILTER, PROJECT
JOIN, etc. The optimizedplan mustbe translatednto a form suitablefor execu-
tion. During every execution,the wrappercompleteghe work which wasassigned
toit in thequeryplaningphase Operatoraremappednto iterators andeachwrap-
perprovidesa specialized t er at or subclasghat controlsexecutionof the work
describedy oneof its plans.

Modeling data Method uery Query
as objects invocation planning execution

Query plan Execution plan
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Figure3.10: Servicegrovidedby thewrapper

Having definedservicesthata wrapperprovidesto the Garlic architecture simplifies
thedevelopmentprocesf thewrapper A designeiof thewrappemeedgo performspe-
cific tasksto ensurethata wrapperprovidesa certainservice. After definingthe wrapper
servicesj.e., performingtasksspecificto eachservice,the wrapperdesignerasa final
taskof packagingvrittenpiecesn acompletenrapper To keepthecostof communication
betweertheGarlicandawrappetdow, thewrappercodeis packagedsadynamicallyload-
ablelibrary andresidesn the sameaddresspace.Every wrapperincludesinterfacefiles
that containoneor moreinterfacedefinitionswritten in GDL, ernvironmentfiles thatcon-
tainname/aluepairsto encodeaepository-specifimformationfor useby thewrapperand
librariesthatcontaindynamicallyloadablecodeto implementschemaegistration,method
invocation,andthe queryinterface. Decomposing wrappetinto interfacefiles, libraries,
andervironmentfiles givesthe designerof a wrapperadditionalflexibility whendesign-
ing awrapperfor a particularrepositoryor family of repositories.For eachrepositoryan
interfacefile describeghe objectsin the correspondinglatabaseandan environmentfile
encodeshenameof thedatabas#o whichthewrappemustconnectthenamef theroots
exportedby therepositoryandthetablesto which they arebound,etc. Wrapperdesigners
areprovidedwith alibrary of schemaegistrationtools,query-plan-constructiomutines a
facility to gatherandstorestatisticsandotherusefulroutinesin orderto automatewriting
wrappersasmuchaspossible.

To conclude the well-definedGarlic wrapperarchitecturewith wrapperservicesand
tasksfor a wrapperdesignerassociatedvith eachservice,enableseasyand fast (cost-
effective) developmenif wrappers.Thearchitecturealsoprovidesstability in a sensehat
new wrapperscan be easilyinstalledinto an existing systemwithout effecting the other
wrappersor the systemitself. The Garlic systemis suitablefor large distributeddatabase
systems. In termsof tailorability, one can obsere that the Garlic wrapperarchitecture
providesamoderatalegreeof customizationandcanbetailoredfor differentapplications,
providedthatappropriatevrappersneededy the applicationexist or aredeveloped.
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However, the Garlic cannotbe usedwith easean every applicationdomain,e.g.,areal-
time domainwherecorrectnessf asystendepend®nthetime whenresultsareproduced.
The Garlic wrapperarchitecturaunifiesaccesgo differentdatasource put it is not clearif
suchaccessanbeguaranteeih atimely predictablenanner

DiscoveryLink

DiscoveryLink [42] is a commercialmiddlevare DBMS, completelybasedon the Garlic
technology andincorporatednto the IBM’s DB2 databasesener. Discovery Link inte-
grateslife sciencedatafrom heterogeneoudatasources.As in Garlic, componentsi.e.,
wrappers,n the DiscoveryLink are C++ programs packagedas sharedibraries. Wrap-
perscanbe createddynamically allowing a numberof datasourcedo grow (andshrink)
on the fly. Most of the wrappersin DiscoveryLink arerequiredto have only minimum
functionality. In particular the wrappermustbe ableto returnthe tuplesof ary relation
thatit exports. The wrapperarchitectureandthe notion of having reusablecomponents
thatcanbeaddedor exchangednakesDiscoveryLink uniqgueamongcommerciabdatabase
middlewaresystemghat provide queryacrossnultiple relationalsourcese.g.,DataJoiner
[24] andSybasd47].

OLE DB

OLE DB [14, 15 is designedasa Microsoft ComponenObjectModel (COM) interface.
COM providesa framework for integratingcomponents.This framevork supportsnter-
operabilityandreusabilityof distributed objectsby allowing developersto build systems
by assemblingeusableeomponentérom differentvendorsvhich communicateria COM.
COM definesanapplicationprogrammingnterface(API) to allow for the creationof com-
ponentgor usein integratingcustomapplicationsor to allow diversecomponentso inter-
act. However, in orderto interact,componentsnustadhereo a binary structurespecified
by Microsoft. As long ascomponentsadhereto this binary structure,componentawrit-
tenin differentlanguageaninteroperate COM supportsconceptsuchasaggreation,
encapsulationnterfacefactoring,inheritancegtc.

OLE DB is aspecificatiorfor asetof dataaccessnterfacesdesignedo enableavariety
of datastoresto work togethe{74]. OLE DB providesaway for ary type of datastoreto
exposeits datain a standardandtatular form, thusunifying dataaccesandmanipulation.
In Microsoft's infrastructurefor component-basecbmputing,a components thoughtof
as[74]:

". ..thecombinatiorof bothprocessanddatainto asecurereusablebject...”

andasa result,both consumersindprovidersof dataaretreatedascomponents A data
consumercanbe ary pieceof the systemor the applicationcodethat needsaccesso a
broadrangeof data.ln contrastdataprovidersarereusable&eomponentshatrepresentlata
sourcesuchasMicrosoft ODBC, Microsoft SQL sener, Oracle,Microsoft Accesswhich
areall standardOLE DB providers. Thus, OLE DB enablesbuilding component-based
solutionsby linking dataprovidersanddataconsumershroughproviding serviceghatadd
functionality to existing OLE DB dataandwherethe servicesare treatedascomponents
in the system(seefigure3.11). Thearchitecturan figure 3.11is calledthe UniversalData
AccesqUDA) architecturelt is possibleto developnew, custom dataprovidersthatreuse
existingdataprovidersastheunderlyingcomponenbr acomponenbuilding block of more
comple (dataprovider) componentsThis enableslevelopersto exposecustomviews of
dataandfunctionality without rewriting the entire datastoreor the accessnethods.Note
that only reusablecomponentsn this systemare dataproviders. Thesecomponentan
be viewed aswrappersin the UDA architecture.Note thatarchitecturakequirementget
more complex ascomparedo the systemsn the extensiblecategory. In contrastto the
Garlic wrapperarchitectureOLE DB allows the UDA architecturego have morevariable
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partsandmorecustomizatiorof the systemis allowed. The UDA architectureprovidesa
commonformatinto which all local dataformatscanbetranslatecaswell asstandardized
interfacesthat enablecommunicatiorbetweenthe applicationsand differentdatastores,
i.e.,OLE DB interface.

AlthoughOLE DB providesunifiedaccesso dataandenableslevelopergo build their
own dataproviders,thereis nocommonimplementatioron eithertheprovideror consumer
side of the interface[16]. Compatibility is provided only throughthe specificationand
developersmustfollow the specificationexactly to make interoperablecomponentsi.e.,
adequateconfigurationsupportfor this is not yet provided. To make up for inadequate
configurationsupport,Microsoft hasmadeavailable,in Microsoft's Software Developers
Kit (SDK), teststhat validateconformanceof the specification.However, analysisof the
composedystemis missing.

OLE DB is not applicablefor areal-timedomain,sincetemporalbehaior is not of an
importance.Additionally, OLE DB is limited with respecto softwareplatforms,sinceit
canonly beusedin Microsoft softwareervironments.

3.2.6 DBMS sewice

In this type of a CDBMS, the DBMS andrelatedtasksare unbundledinto serviceq29],
andasaresultthe monolithicDBMS is transformednto a setof stand-aloneerviceqsee
figure3.12). Applicationsno longeroperateon full fledgedDBMSs, but insteadusethose
servicesasneeded.Servicesaredefinedin a commonmodelor languageandareimple-
mentedusingacommonplatformin orderto renderthe serviceimplementationsxchange-
ableandfreely combinable.Systemsn this catggory have componentshat are database
servicesandtheirimplementationsCORBA with its CORBAservicescould be an exam-
ple of a systemfalling into this cateyory. Althoughthereareno DBMS servicesystems
thatareimplementedsolutions the objectivesof this category canbeillustratedthrougha
CORBAservicesaxample-system.
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CORBAselvices

Onesingle DBMS could be obtainedby gluing togetherCORBAserviceswhich arerele-
vantfor databasesuchastransactiorservice backupandrecovery service,concurreng
service.CORBAservicesareimplementednthetop of theObjectRequesBroker (ORB).
Serviceinterfacesaredefinedusingthe InterfaceDefinition Languagg(IDL) [30]. In this
scenarica componentvould be oneof the databaseelevant CORBAservices.This would
meanthatapplicationscouldchooserom a setof stand-alonaerviceghoseservicesj.e.,
componentswhich they need. However, this approachis (still) not viable becauset re-
quireswriting significantamountof glue code. In addition, performanceoverheadcould
beaproblemdueto theinability of anORB to efficiently dealwith fine-granularityobjects
[84]. Also, anadequatevalue-addedramework that allows developmentof components
anduseof thesecomponentin otherapplicationds still missing.Configurationaswell as
analysigoolsto supportthis processaremissing.

3.2.7 Configurable DBMS

Onestepfurtheraway from the DBMS servicecateyory of CDBMSs,wherethe setof ser
viceshave beenstandardize@ndfixed, is a configurableDBMS cateyory thatallows new
DBMS partsto bedevelopedandintegratednto aDBMS (seefigure3.13)[29]. Here,com-
ponentsare DBMS subsystemslefinedin the underlyingarchitecturenvhich is no longer
fixed.

KIDS

The KIDS (Kernel-basedmplementationof Databasemanagemengystems) [38] ap-
proachto constructingCDBMSs is an interestingresearchproject at the University of
Zirich, sinceit offersa methodicalppen,andcost-efective constructiorof aDBMS. The
approactoffershigh level of reusability wherevirtually ary resultobtainedn a previous
systemconstructioris reuseddesignsarchitecturesspecificationsetc.). Thearchitecture
is well-defined,andoncecreatedt canbe savedin alibrary andreused.The DBMS ar-
chitectureis basedon the broker/servicemodel,i.e., it consistsof brokers, servicesand
responsibilities. A servicerepresenta specifictaskto be provided by the DBMS, and
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eachserviceis providedby at leastonecomponentn the systemandcanbe requestedby
raisingevents. Servicesareprovided by reactve processinglementsalledbrokers(bro-
kersarecomparabléo objectsin object-orienteghrogramming) Componentén KIDS are
DBMS subsystemshat are collectionsof brokers. Brokersare responsibldor a related
setof tasks.e.g.,0bjectmanagementransactiormanagemengndintegrity management.
For example,the transactiormanagemensubsystentan consistof a transactiorbroker,
schedulerlog managementroker, andrecovery broker. Transactiorbrokeris responsible
for startingandterminatingtransactionsi.e., servicessuchasbegin transactioncommit,
andabort. The scheduletis responsibldor serializingconcurrentransactionsi.e., vali-
dateservicewhich checkswhetherthe databasaccesss legitimatewith therespecto the
executionof concurrentransactionsA structuralview of the KIDS architecturds shovn
in figure 3.14. The DBMS architectureconsistof two layers. Thefirst layeris the object
sener componentwhich supportghe storageandretrieval of storageobjects.The object
sener providesa fixedinterface which hidesimplementatiordetailsandoperatingsystem
characteristic§rom upperlayers. The objectsener componenis reusedin its entirety
andbelongsto the fixed part of the DBMS architecturgthis is becausdhe objectsener
implementsfunctionality neededoy ary DBMS). The secondayer is variableto a large
extent, and canbe decomposedhto varioussubsystemsin the initial decompositiorof
KIDS, threemajorsubsystemsxist in thesecondayer:

e The object managemensubsystem(OMS), which implementsthe mappingfrom
datamodel objectsinto storageobjects,retrieval of datamodel objects,and meta
datamanagement.

¢ Thetransactiormanagemengubsysten{TSM), which implementghe conceptof a
transactionincludingconcurreng control,recovery, andlogging.

e The integrity managementubsystem(IMS), which implementsthe (DBMS-
specific) notion of semanticintegrity, and is responsiblefor checking whether
databasstatetransitionsresultin consistenstates.

Eachof thesesubsystemis implementedisingdedicatedanguagesndreusetechniques.
ThesethreesubsystemgOMS, TMS, and IMS) implementbasicdatabasdunctionality.
Additional functionality canbe provided by addingnew subsystem#n the secondayer
of the KIDS architecturej.e., expandingdecompositiorof this layerto morethanthree
subsystems.

KIDS is composeaut of componentgsubsystemsyarefullydefinedin anunderlying
architecture.The constructionprocessof the CDBMS is well-defined,and startsafter a
requiremenanalysisof the desiredDBMS, for a specificdomain,hasbeenperformedand
relevantaspectsi.e., functionalitythatDBMS needgo provide, have beendeterminedsee
figure3.15). The procesof DBMS constructioris donein phases:
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e Theselectiorof anarchitectureskeletonfrom thelibrary, or adevelopmenbf a new
architectureskeleton,i.e.,a (possiblystill incomplete)collectionof partially defined
subsystems.

e The subsystemievelopmentwhich consistsof subsystendesign,implementation,
andsubsystenintegration. At this phasethe processbranchesn a senseof paral-
lelismfor adesignandimplementatiorof eachsubsystemlntegrationof subsystems
into previously definedarchitecturakkeletonis thenperformed.Sinceit might not
alwaysbe possibleto integratethe subsystenaftertheimplementatiorof all subsys-
temshasbeencompletedit is possibleto performintegrationasfarasnecessargand
continuewith the subsystentevelopment,.e., this phases iterative andincremen-
tal.

¢ Testingandoptimizationfollow thesubsystendevelopment.TheKIDS construction
procesgocusenthedevelopmenbf subsystemandtheirintegration. Analysisof
the systemis notinvestigatedn greaterdetails.

KIDS allows new componentgo be developedand integratedinto the system,thus,
enablegailoring of aDBMS for differentapplications Expandingheinitial setof compo-
nentsin the KIDS architecturawith thefunctionality (componentsheededy a particular
application,onecould be ableto design“plain” object-orientedBMS, a DBMS video-
sener, or a real-timeplant control DBMS. Of course,in the proposednitial designof
KIDS, real-timepropertiesof the systemor componentsrenot consideredFor areal-time
applicationtheproposedonstructioprocessouldbeusedif acomponentis constructed
suchthatits timing behaior is known, andthe consumptiorof memoryby eachcompo-
nentis takeninto account.KIDS offersgoodbasisfor the early systenmtesting;in thefirst
phaseof the constructiorprocessat the architecturdevel of the system.

A definedprocessof a DBMS construction reusabilityof componentsand architec-
tures, and high degree of componentizatior{tailorability) of a systemdifferentiatethis
CDBMSfrom all others.
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3.3

Component-basecembeddedand real-time systems

Embeddedeal-timesystemsarebeingusedwidely in today’s modernsociety Thus,agile
andlow-costsoftwaredevelopmentfor embeddedeal-timesystemsasbecomecritically
important. Successfutieploymentof embeddedeal-timesystemsdependon low devel-
opmentcosts,high degreeof tailorability and quicknesso market. Thus,the useof the
component-basesoftware developmentparadigmfor constructingandtailoring embed-
dedreal-timesystemshaspremise. We elaboratehis in moredetail by listing the major
benefitsof using component-basedoftware engineeringfor developmentof embedded
real-timesystemg106, 64:

Rapiddevelopmentanddeplgymentof the system.Component-basesbftwarede-
velopmengimsto reduceheamountof new codethatmustbewritteneachtime new
applicationis beingdeveloped.Many softwarecomponentsf properlydesignednd
verified,canbereusedn differentembeddedeal-timeapplicationsEmbeddedeal-
time systemsbuilt out of componentsnay be readily adoptedand tunedfor new
ervironmentsasopposedo monolithicsystems.

Changingsoftware“on-the-fly”. Embeddedeal-timesensoibasedcontrol systems
may be designedo have software resourceghat canchangeon the fly, e.g.,con-
trollers,device drivers. This featureis desirablan autonomousndintelligentcon-
trol applicationsaswell.

Evolutionary design. In a component-basedystemsoftware componentsan be
replacedor addedin the system. This is appropriatefor complex embeddedeal-
time systemghatrequirecontinuoushardwareandsoftwareupgradesn respons¢o
technologicabhdvancementservironmentalkchangepr alterationof systemgoals.

Productines. It is commonthatmanufcturerscreateseveral different,but still sim-
ilar, embeddedeal-timeproducts.Having reusablecomponentstoredin a library
would enablethe entire productline to usesamesoftware componentfrom the li-

brarywhendevelopingproducts.This eliminatesthe needto develop andmaintain
separatsoftwarefor eachdifferentproduct.

Increasedeliability. It is easierto develop,testandoptimizeindividual components
of limited functionalitythanwhenthe samefunctionalityis embeddedvithin alarge
monolithicsystem.In addition,individual componentganbe specifiedandverified
more easily and provided that the rulesfor the compositionof a systemare well-
defined safety-criticalapplicationscanbe composedrom suchcomponents.

Fine-tuning. Having componentsn the systemthat canbe replacedoffers consid-
erableflexibility for fine-tuningof anembeddedeal-timeapplication,e.g.,compo-
nentscanbeintroducedhatenableswitchingbetweerstaticanddynamicscheduling
algorithms.

Reducedsystemcompleity. Componentaredesignedo have differentfunction-
ality. Choosingcomponentgrom the library that provide functionality needecdby
the systemshouldreducesystems compleity. This is true sinceit is likely thata
componenias comparedo the monolithic system)will not containlarge partsof
functionalityunneededby the system.

In the remainderof this sectionwe give analysisof existing component-baseembedded
real-timesystemsHowever, someof the component-baseslystemsanalyzeconly embed-
dedor only real-timesystems.To obtaina goodunderstandingf how component-based
softwaredevelopmentanbesuccessfullyntegratedn theareaof embeddedeal-timesys-
tems,it is necessario investigatédothreal-timeandembeddedystemjn additionto those
systemthat canbe classifiedas embeddedeal-time (definitionsof embeddedreal-time,
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andembeddedeal time systemsaregivenin chapterl). In orderto keepthe notationas
simpleaspossibleand,atthe sametime, easilyunderstandableyhenreferringto multiple
systemghatcanbe classifieceitherasreal-timeor asembeddedr asembeddedeal-time,
we usethenotationembeddedeal-timesystems.

3.3.1 Componentsand architecturesin embeddedreal-time systems

We have identifiedthreedistincttypesof component-basesimbeddedeal-timesystems:

¢ ExtensiblesystemsAn exampleof thistypeof thesystems SPIN[12], anextensible
microkernel. Extensionsn the systemarepossibleby pluggingcomponentswhich
provide non-standardeaturesor functionality, into an existing system. Extensions
areallowedonly in well-definedplacesof the systemarchitecture.

¢ Middleware systems. Theseare characterizedy their aim of providing efficient
managemendf resourcesn dynamicheterogeneousrvironments,e.g., 2K [53]
is a distributed operatingsystemthat is specificallydevelopedfor managementf
resourcesn a distributed ernvironment,which consistsof a differentsoftware and
hardwareplatforms.

¢ ConfigurablesystemsAn architectureof a configurablesystemallows new compo-
nentsto be developedandintegratedinto the system.Componentsn suchsystems
aretruebuilding partsof the system.A variety of configurablesystemsxists, e.g.,
VEST [102], Ensemblg64], the approachto systemdevelopmentwith real-time
componentsntroducedby Isovit [49], andsystemsbasedon the port-basedbject
(PBO)model[105].

3.3.2 Extensiblesystems
SPIN

SPIN [12, 85] is an extensibleoperatingsystemthat allows applicationsto define cus-
tomizedservices.Hence,SPIN canbe extendedto provide so-calledapplication-specific
operatingsystemserviceq12]. An application-specifiserviceis onethatpreciselysatis-
fiesthefunctionalandperformanceequirementsf anapplicatione.g.,multimediaappli-
cationsimposespecialdemand®ntheschedulingcommunicatiorandmemoryallocation
policiesof anoperatingsystem.SPIN providesa setof coreservicegshatmanagememory
and processoresourcessuchas device accessdynamiclinking, and events. All other
servicessuchasuserspacahreadsandvirtual memoryareprovidedasextensions.Thus,
SPIN provides possibility to customizej.e, tailor, the systemaccordingto the needsof
a specificapplication. However, the systemhasa low degreeof tailorability, sincethe
architecturecanonly be extendedwith components;alledextensions.

A reusablecomponentan extension,is a codesequencehatcanbe installeddynam-
ically into the operatingsystemkernel by the applicationor on behalfof it. Thus, an
applicationcan dynamicallyadd codeto an executingsystemto provide a new service.
The applicationcanalsoreplaceor augmentld codeto exchangeexisting servicesij.e.,
componentganbe added replacedor modifiedin the system.E.g.,anapplicationmay
provide a new in-kernelfile system,replacean existing pagingpolicy, or add compres-
sionto network protocols. Extensionsarewritten in Modula-3,a modular ALGOL-like
programmindanguage.The mechanisnthatintegratesextensiongcomponentsyvith the
coresystemareevents,i.e.,communicatiorin SPINis event-basedAn eventis amessage
thatis raisedto announcea changein the stateof the systemor a requestfor a service.
Eventsareregisteredin aneventhandler which is a procedurehatrecevesanevent. An
eventdispatchenverseesvent-basedommunication.The dispatcheiis responsibldor
enablingservicesuchasconditionalexecution,multicast,asynchrog, andaccesgontrol.
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An extensioninstalls a handlerwith the event thorougha centraldispatcherthat routes
eventsto handlers.Event-basedommunicatiorallows considerabldlexibility of thesys-
temcomposition All relationshipdetweerthecoresystemandcomponentaresubjectto
changedy simply changingthe setof eventhandlersassociateavith ary givenevent.

The correctnes®f the composedsystemdependsonly on the languages safetyand
encapsulatiomechanismsspecificallyinterfacestypesafety andautomaticstorageman-
agement.Analysisof the composedystemis not performed sinceit is assumedhatthe
configurationsupportprovided within the Modula-3languagés enoughto guarante¢he
correctandsafesystem.SPINallows applicationgo implementtheir own schedulingpoli-
cies.Providedtheright extensionfor real-timeschedulingoolicy this operatingsystemcan
be usedfor softreal-timeapplicationssuchasmultimediaapplications.

3.3.3 Middlewar e systems
2K

2K [55, 53] is an operatingsystemspecificallydevelopedfor manipulationof resources
in a distributedheterogeneousrvironment(differentsoftware systemson differenthard-
wareplatforms). 2K is basedon a network-centricmodeland CORBA componentnfras-
tructure. In the network centricmodelall entities,i.e., userapplications(labeledas 2K
applications) software componentanddevices,exist in the network andarerepresented
asCORBA objects(seefigure 3.16). Whena particularserviceis instantiatedthe entities
that constitutethat serviceare assembled Software component§ CORBA objects)com-
municatethroughIDL interfaces.As shawn in figure 3.16,2K middlevarearchitecturds
realizedusingstandardCORBA servicesuchasnaming trading,securityandpersistence,
and extendingthe CORBA servicemodel with additionalservices,suchas QoS-avare
managemengutomaticconfigurationandcodedistribution. The 2K automaticconfigura-

Video-conferencing Video-on-demand app%iléations
User " 3
~ Component ; Security :
Automatic re%%?cgmrﬁz;ﬁa o repository ERIEIIEIE 2K
configuration g Trading : middleware
o . . Naming :
Distributed operating system services Persistency :
dynamic TAq ‘ dynamic TAq ‘ LegORB‘ LegORB LegORB
Solaris Windows Windows Palm OS Solaris
CE
hardware ‘ ‘ hardware ‘ ‘ hardware ‘ ‘ hardware ‘ ‘ hardware

Figure3.16: The 2K middlevarearchitecture

tion servicesupportdoadingcomponentsnto run-timesystem.A CORBA object,called
ComponentConfiguratpstoresinter-componentdependenciethat must be checled be-
fore componentsanbe successfullynstalledinto a systenmby theautomaticconfiguration
service.An Internetbrowser, for example,could specifythatit dependsiponcomponents
implementingan X-Windows systemalocalfile service the TCP/IPprotocol,andthe Java
virtual machineversionl.0.2or later. TheautomaticconfiguratiorserviceandComponent-
Configuratorenableautomatednstallationandconfigurationof nev componentgrovided
thesystemrhasaccesso therequirementsgor installingandrunninga softwarecomponent,
i.e, inter-componentlependencies.

Integration of componentsnto the middlevareis donethrougha componentcalled
dynamicTAO (The Adaptive CommunicatiorEnvironmentORB). ThedynamicTAO is a
CORBA compliantreflectve ORB asit allowsinspectiorandreconfiguratiorof its internal
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engingf54]. Thisis importantsincethe middlevaremustbe configurableandableto adopt
to dynamicchangen resourcevailability andin thesoftwareandhardwareinfrastructure.

However, the dynamic TAO componenthasa memoryfootprint greaterthan a few
megabyteswhich makesit inappropriatefor usein ervironmentswith limited resources.
A variantto thedynamicTAO, a LegORBcomponentis developedby the 2K groupandit
hasa smallfootprintandis appropriatdor embeddeenvironmentsge.g.,6 Kbyteson the
PalmPilotrunningon PalmOS.DynamicTAO andLegORB componentgrenot reusable,
but arethe key enablerfor reuseof otherCORBA objects. Eventhoughthis systempro-
videsautomatednstallationandconfigurationof nev componentsit doesnot specifythe
developmenbf new componentsThedevelopmenbf new componentss doneonly based
on CORBA componenimodelspecifications Softwarecomponentsn this systemcanbe
reused However, thosearecomponentsvhich alreadyexist in thenetwork, andarereused
in thesensehatthey canbedynamicallyinstalledinto the systemwhenerer someapplica-
tion needsa specificcomponentAlso, it is is assumedhatintercomponentlependencies
provide goodbasisfor the systemintegration,andguaranteeorrectsystembehaior (other
guaranteesf thesystembehaior, obtainedby appropriateanalysisdo not exist).

As figure 3.16 shavs, 2K provides servicesfor the applicationssuch as video-on-
demandandvideo-conferencingyhich canbeviewedassoft real-timeapplications Con-
sideringthat2K usesSCORBA componeninfrastructurewvith real-timeCORBA extensions,
i.e., TAO ORB, impliesthat hardreal-timeapplicationscanalso be supportedoy the 2K
middlewarearchitecture.

3.3.4 Configurable systems
Ensemble

Ensemblés a high performancenetwork protocolarchitecturedesignedo supportgroup
membershimndcommunicatiorprotocols[64]. Ensembledoesnot enforcereal-timebe-
havior, but is neverthelessnterestingoecaus®f the configurablearchitectureandthe way
it addressethe problemof configurationand analysisof the system.Ensemblencludes
alibrary of over sixty micro-protocolcomponentshat canbe stacled, i.e, formedinto a
protocolin a variety of waysto meetcommunicatiordemandof an application. Each
componenhasa commonevent-driven Ensemblemicro-protocolinterface,and usesthe
message-passingay of communication. Ensembles micro-protocolsimplementbasic
sliding window protocols,andfunctionality suchasfragmentatiorandre-assemblyflow
control, signingandencryption,group membershipmessag®rdering,etc. The Ensem-
ble systemprovidesanalgorithmfor calculatingthe stack,i.e., composingprotocolout of
micro-protocolsgiventhesetof propertieghatanapplicationrequires.This algorithmen-
codesknowledgeof protocoldesignerandappearso work quitewell, but doesnotassure
generatiorof a correctstack(the methodologyfor checkingcorrectnesss not automated
yet). Thus,Ensembleanbeefficiently customizedor differentprotocolsj.e.,it hasahigh
level of tailorability. In addition,Ensemblegivesthe possibility of formal optimizationof
the composedrotocol. This is donein Nuprl [64] andappeardo give goodresultsasfar
astheoptimizationof a protocolfor a particularapplicationgoes.

Systemdevelopmentwith real-time components

Isovic et al. [49] defineda developmentmethodspecificallytamgetedtowardsreal-time
systemgegardles®f its compleity. Thedevelopmentmethodthey proposés anextension
of themethodusedfor developingreal-timesystemsadoptedy Swedishcarindustry[78].
In this developmenmmethodit is assumedhat:

e The componentibrary containsbinariesof components-of-the-shefCOTS), and
descriptiorof them,e.g.,memoryconsumptionidentification,environmentassump-
tions(processofamily on which componenbperates)andfunctionaldescription.
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e Thecomponentibrary alsocontainsdependencie® othercomponents.
o Componentaremappedo tasks,or multiple tasksfor morecomplex components.

¢ Componentommunications donethroughsharednemoryandinterfacesarecalled
ports.

The developmentprocesdor real-timesystemss divided in several stagesas shaovn in
figure3.17,andstartswith a systemspecificatiorasaninputto thetop-level design.At the
top-level designstagedecompositiomf asystenminto componentss performed A designer
browsesthroughthe library and designsthe systemhaving in mind possiblecomponent
candidates At the detaileddesignstagetemporalattributesare assignedo components:
period,releasdimes,precedenceonstraintsdeadline mutualexclusion,andtime-tudget
(acomponents requiredto completeits executionwithin its time-budget). At the follow-
ing stagechecksare performedto determineif selectedcomponentsre appropriatefor
thesystemopr, if the adaptatiorof componentss required,or new componentseedto be
developed. Also, at this stage,componeninterfacesarechecledto seeif input portsare
connectedandif their type matchesandthatway systemintegrationis performed.If this
stageshows that selecteccomponent@re not appropriatefor the systemunderconstruc-
tion, thena new componenheedso be developed. Developedcomponentsare placedin
librariesfor futurereuse.Thedetaildesignstagethescheduling/intedcecheckstage and
thetop-level designstagecanbe repeatedintil propercomponentgor systemintegration
arefound (or designed) Whenthe systenfinally meetsherequirementfrom the specifi-
cation,thetemporabehaior of componentsnustbetestedon thetargetplatformto verify
if they meettemporalconstrainglefinedin thedesignphasei.e., verificationof worstcase
executiontime is performed.The methoddescribegrovidesa high degreeof tailorability

System specification
Top-level design <.

Detailed design

_“Component libra

Timing behaviol

System verification

Figure3.17: Designmodelfor real-timecomponents

for the developer sincethe architectureof the systemis not fixed,andcomponentsn the
systemcanbe exchangedluringthe designof the systemin orderto obtainthe mostsuit-
ablecomponentgor that particularsystem.The developerdoeshave somesupportwhile
choosingthe appropriatecomponentor reuse,given the checkstagesof the designand
dependengchecksamongcomponentshatarestoredin libraries. However, suchprocess
is notautomated.

This methodsupportsanalysisof temporalbehaior of componentg¢focusis onworst-
caseexecutiontime checks)put how thetemporabehaior of the entiresystenis checled
is notclear Also, this approachs constrainedy the assumptiorthatthe componentsn
library canbe COTS andthattemporalbehaior of componentss not known beforehand.
Thisallowstemporalconstraint®f thecomponento bedefined(or betterto saypredicted)
only atthe designtime of the system.
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VEST

While previously describedlesignmethodis targetedtowardssystemsghat,in mostcases,
needto be composedout of COTS, and suitablefor more complec real-time systems,
VEST [102] aimsto enablethe constructionof the OS-like portion of anembeddedeal-
time systemwith strengthenedesourceneeds.The VEST developmentprocesss fairly
well-definedwith anemphasi®n configuratiorandanalysistoolsis recognizedn VEST.
The developmentprocessoffers moreflexibility thanthe one presentedy Isovic et. al.
[49], sincecomponentsn the library are passve andreal-timeattributesof components
areknown. Systemdevelopmentstartswith the designof the infrastructurewhich canbe
savedin a library andusedagain(seefigure 3.18). The infrastructureconsistsof micro-
componentsuchasinterrupthandlers,nidirection tables,dispatchersplug and unplug
primitives, proxiesfor statemapping,etc. Theinfrastructurerepresents framework for
composinga systemout of componentsConfigurationtools permitsthe userto createan
embeddedeal-timesystemby composingcomponentsnto a system,i.e., mappingpas-
sive componentinto run-timestructuregtasks).After a systemis composeddependeng
checksareinvokedto establisttertainpropertieof thecomposedystem.If theproperties
aresatisfiedandthesystendoesnotneedo berefined theusercaninvoke analysigoolsto
performreal-time,aswell asreliability analysis.As canbeseenVEST offershigh degree
of tailorability for the designeyi.e., a specificsystemcanbe composedut of appropriate
componentaswell asinfrastructurefrom thecomponentibrary. Notethatcomponentsn

components

/ infrastructure

- dependencies

Infrastructure creati

Component selection/desiga

Integrated syste

Dependency checl

Analysis

Figure3.18: Embeddedystemdevelopmenin VEST

VEST are passie (collectionof codefragments functionsand objects),andare mapped
into run-timestructuregtasks).Eachcomponentanbe composeaut of subcomponents.
For example thetaskmanagementomponentanbe madeof componentsuchascreate
task,deletetask,andsettaskpriority. Componentsiave real-timepropertiessuchasworst
caseexecutiontime, deadlineandprecedencandexclusionconstraintswhichenablereal-
time analysisof the composedystem.In additionto temporalpropertieseachcomponent
hasexplicit memoryneedsandpower consumptiorrequirementsneededor efficientuse
in an embeddedsystem. Selectingand designingthe appropriatecomponent(s)s fairly
comple processsinceboth real-timeandnon-real-timeaspectof a componenmustbe
consideredaindappropriateconfigurationsupporthasto be available. Dependeng checks
proposedn VEST areonegoodway of providing configurationsupportandthe strength
of theVEST approachDueto its compleity dependengchecksarebrokeninto 4 types:

e factual: component-by-comptert dependeng checks(worst caseexecutiontime,
memory importancedeadlinegtc.),

¢ inter-componentpairwisecomponenthecks(interfacerequirementsyersioncom-
patibility, is acomponenincludedin anotheretc.),
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¢ aspectscheckghatincludeissueavhichaffectthe performancer semantiof com-
ponentgreal-time,concurreng synchronizatiorandreliability issues)and

e generalchecksf globalpropertieof the system(the systermshouldnot experience
deadlockshierarchicalocking rulesmustbefollowed,etc.).

Having well defineddependeng checksis vital sinceit minimizespossibleerrorsin the
systemcomposition.Interfaceproblemsn VEST areonly identifiedbut arenotaddressed
atall; thusit is not obvioushow componentganbe interconnectedAlso, analysisof the
systemis proposedput somemore concretesolutionsare not presented.Finally, VEST
is anongoingprojectdevelopingthe platformfor configurationandanalysisof embedded
real-timesystems.

PBO model

A component-baseslystembasedn the port-basedbject(PBO) modelcanbe classified
asconfigurable andis suitablefor developmentof embeddedeal-timecontrol software
system105]. Componentérom thecomponentibrary, in additionto newly creatednes,
canbe usedfor the systemassembly A components the PBOthatis implementedasan

independentoncurrenprocess.Componentareinterconnectedhroughports,andcom-

municatethroughsharednemory The PBO definesmodulespecificcode,includinginput

andoutputports, configurationconstantgfor adoptingcomponentdor differentapplica-
tions), the type of the procesqperiodicand aperiodic),andtemporalparametersuchas
deadline frequeng, andpriority. Supportfor composinga systemout of componentss

limited to generalguidelinesthat are given to the designerfor composinga systemout

of PBO componentsandis not automatecht all. This approachto componentizations

someavhat uniquesinceit givesmethodsfor creatinga framework that handlesthe com-

munication,synchronizatiorand schedulingof eachcomponent. Any C programming
ervironmentcan be usedto createcomponentsvith minimal increasdn performanceor

memoryusage. Creatingcode using PBO methodologyis an “inside out” programming
paradigmas comparedo a traditional coding of real-timeprocesses.The PBO method
providesconsistenstructurefor every processand OS systemservices suchascommu-
nication, synchronizationscheduling. Only when necessaryOS calls PBO’s methodto

executeapplicationcode.Analysisof the composedystemis not considered.

3.4 A tabular overview

This chapterconcludeswith a tatular summaryof investigateccomponent-baseslystems
andtheir characteristicsThetables3.3and3.4 provide anadditionalinstrumentfor com-

paringandanalyzingcomponent-baseathtabasandcomponent-basesmbeddedeal-time
systems.

Thefollowing symbolsareusedin thetable:

x — featureis supportedn/truefor thesystemand

x/lp — featureis partially supportedn/truefor the system,
i.e, thesystenfulfills thefeatureto amoderatesxtent.

Below follows adescriptionof thecriteria.

1The systemaimsto supportthe feature,but only the draft of how the featureshouldbe supportecby the
systemexists, i.e., thereis no concretémplementation.



67

CHAPTER3. COMPONENTBASED SYSTEMS

swiaIsAsawn-{ealpupappaquiseseqergmseg-lusuodwod jeansualoeiey) :g'eajgqel

X ogad (0t
X anssed (6
X Areuiq (8
X j020104d0JoIW (2
X X X 193[q0 va402 (5
X waisAsqns snga (v
X X 99I1MBS (E
X X X Jaddeim (g adA
X X X X »opul meu e JoadArerepuioads-urewop (T [usauodwo)
X X X X X a|qelnbyuod (¥
X 99IMBS (E WalIsAs
X X X X arene|ppiw (g ayl jo
X X X X X ajqisuare (T Aoren
X X X X X X X X X X X X X X X walsAsayy joued (z | Auenuelb
X X X walsAs (T |wauodwo)d
X X X X X X X X 1onpoideIdsswwod (g
X X X X X X X X X wJope|djoseasal (T snieis
X X X X awn-respappaqua (i
awn-jeal (g Wwa1sAs
X X pappaqwsa (g ayljo
X X X X X X X X X X X aseqelrep (T adAL
v ~ m n ) X o v o ~ ~ swJoge|d jgansualoeleyd
5§ 0§ CF|IF EFS S E LN RS
SIS & Y® Sy E TR FR
Q > = A c 2 Y
® ) 3 $
&z x
L Q@
swJofie|dawin-fealpupappagwy swiofreld swga




68

CHAPTER3. COMPONENTBASED SYSTEMS

swiaIsAsawn-{ealpupappaquiseseqergmseg-lusuodwod jeansualoeiey) iv'eajgqel

X X X X X yby (v
X X X X aresapouwl (g
X X X X X Mol (2 Aunge
X X X auou (T Buliojre
X X aimoanyase (g
X X X X X X X X X X X X X X X X X jusuodwoa (T Aljigesnay
Ld/x X | dx | dx d/x a|qe|ene ( s|00}
X X X X X X X X X X X X a|qe|rereou (T sisAjeuy
d/x X | dix X dyx X d/x | dix | dx X X X X a|ge|rere (g S|00]
X X X X a|qejrerelou (T | uoneinbyuod
X X paJagun/syuod (g
X X X X X X X X X o10adawaIsAs (z  |uonesiunwiwod
X X X X X pazipiepuels (T JCRLIIEIT|
d/x X X d/x paJasalid (g saiuadoid
X X X X X X X X X X X X X paJasaidiou (T awil-[eay
o N m N v X o 0 o N =~ swJoye|d jeonsuareeyd
55§ YFF EFS S S LR FE
SO 3 I R A A G
< > 3 A ly 2 L
x %/4 X )
N
L &
swJoje|dawi-jealpupappagwg swJoped swaa




CHAPTER3. COMPONENTBASED SYSTEMS 69

A. Type of the system We investigatedntegrationof the component-basesbftwareen-
gineeringfor the systemdevelopmenin thefollowing areas:

1. database,

2. embedded,

3. real-time,and

4. embeddedeal-time.

This criteriaillustrateslack of component-basesblutionsin the areaof embeddedeal-

time databaseystemsAs canbeseenfrom table3.3,therearefew component-basesl/s-

temsthatcanbe classifiedasembeddedeal-time;all component-basesl/stemsareeither

embeddedndreal-timesystemsor databassystems.Theredoesnot exist acomponent-
baseddatabassystemthatcanbe classifiedasembeddedeal-time.

B. Status Analyzedcomponent-basegglatformsare:
1. researciplatforms,and
2. commerciaproducts.

As canbe seenfrom the table 3.3, mostcomponent-basedatabassystemsare commer
cial productswhile embeddedeal-timeplatformsareall researclprojects.lt is important
to noticethatthedatabas@dustryhasembracedhe component-basesbftwareparadigm
and that the needfor componentizations increasinglyimportant, since almostall ma-
jor databasevendorsprovide somecomponent-basesolution of their databaseseners.
Also, it is clearthat real-timeandembeddedssuesare not integratedin the commercial
component-basetkvelopmentthus,implying thatthereis still alot of openresearchyjues-
tionsthatneedto beansweredeforecomponent-baseembeddedeal-timesystemsould
becommericalized.

C. Componentgranularity Therearetwo majorgranularitylevelsof components:
1. systemasacomponentand
2. partof thesystemasa component.

It is noticeableghata databaseomponentanbe arnything from a databassystemacom-
ponentof large granularity to lightweight componentghat are composingpartsof the
DBMS. In contrastmostembeddedeal-timesystemsave lightweightcomponentsi.e.,
partsof the system,andare building an operatingsystem-lile portion of embeddedeal-
time systemsAn exceptionis 2K wherea componen{CORBA object)is of largergranu-
larity andcanbeanembeddedystemitself.

D. Category of the system If we emphasiz¢hata databasesa componentannotrep-
resenta real component-basesblution of a databaseystem,thenour view is narroved
to a componentDBMS (CDBMS) and partsor extensionsof the databasesystemas a
component. Samecan be statedfor embeddedeal-time systems. Hence,investigated
component-basesystemsareclassifiedasfollows:

1. extensible,
2. middleware,
3. serviceand
4. configurable.

Notethatserviceis the categgory of CDBMSs,andnot of embeddedeal-timesystems.
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E. Component type A componentin a component-basediatabasesystemand a
component-baseeimbeddedeal-timesystemis oneof thefollowing:

1. domain-specifidatatype or anew index,
. wrapper

. service,

. DBMS subsystem,

. CORBA object,

. microprotocol,

. binarycomponent,

. passie componentand

© 00 N oo o b~ w DN

. PBO(port-baseabbject).

Thefirst four componentypesaretypically componentfoundin databaseystems.We
referto theseasdatabaseomponentsThelastfive typesof componentaremostlyfound
in embeddedeal-timesystems.

CDBMSsmainly consisiof componentshatimplementacertaindatabaséunctionality
(or extendexisting functionality),usuallymappednto services.Thus,a databaseompo-
nentprovidescertaindatabaseerviceor function. For example,in Oracle8 thespatialdata
cartridgecomponentmplementsnon-standarddBMS functionality suchasspatialindex.
Also, in KIDS, the DBMS subsystentomponenttransactiormanagementzan provide
several relatedservicessuchas transaction serializationand validation services,and in
CORBAservicesonecomponents onedatabasservice.

Componentsn embeddedeal-timesystemsaremorediverse.In somesystemscom-
ponentsare not explicitly defined, and can only be classifiedas passie components
(VEST) or asbinary componentgin developmentmethodologyintroducedby Isovic et
al. [49]). SystemsuchasSPINandEnsembléhave morespecificcomponentsextensions
for application-specifioperatingsystemserviceg SPIN) andmicroprotocold Ensemble).
Only 2K hasstandardizedomponent$CORBA objects).

Note that almostevery systemhasits own notion and a definition of a component,
which suitesthe systems purposeandrequirements.

F. Real-time properties Component-basedatabaseand embeddedeal-time systems
may:

1. notpresere,or
2. presere

realtime properties.Component-basedatabassystemsdo not enforcereal-timebeha-
ior (seetable3.4). In addition,issueselatedto embeddedystemssuchaslow-resource
consumptiorare not addresseat all. Accentin a databaseomponenis on providing
a certaindatabasdunctionality. In contrast,a componentin existing component-based
embeddedeal-timesystemss usuallyassumedo be mappedo atask,i.e., passie com-
ponentg102], binary component§49] and PBO component$105] areall mappecto a
task. Thiscomesaturallyin thereal-timeresearcltommunitybecausataskis thesmall-
estschedulablenit in areal-timesystem.Therefore analysisof real-timecomponentsn
thesesolutionsaddressethe problemof managingemporakttributesatacomponentevel
by consideringhemastaskattributes[49, 102, 56]:
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¢ worst-casexecutiontime (WCET) - thelongestpossibletime it takesto completea
task,

e releasetime - the time at which all datathat are requiredto begin executingare
available,

¢ deadline- thetime by which ataskmustcompleteits execution,

e precedenceonstraintandmutualexclusion- specifyif ataskneedgo precedeor
excludeothertasks,and

e period- if ataskis periodic.

Componentsn the PBO model[105] have only two temporalattributes, frequeny and
deadline Componentsn thedevelopmenmethodfor component-basegal-timesystems
introducedby Isovi€ et al. [49], are assumedo have all of the above listed temporal
attributes,andtheseattributesarepredictedn thedesignphaseof the systemdevelopment.
VEST includesfull list of temporalattributesin its componentsndexpandsthatlist with
attributesessentiafor correctbehaior of componentén anembedde@rnvironment:

e power consumptiommequirementsand

¢ memoryconsumptiomrequirements.

Thismakesthe VEST approachihemostflexible embeddedeal-timeapproachsincecom-
ponentattributesincludereal-timeandembeddecheedsandareknown for every compo-
nentin thelibrary (this wasnot the casein the developmentmethodfor component-based
real-timesystemsntroducedby Isovic et al. [49]).

A componentn anembeddedeal-timesystemmusthave well definedtemporalprop-
erties, i.e., componentbehaior must be predictable,in orderto be ableto composea
reliableembeddedeal-timesystem.Hence,to be ableto develop a databaseuitablefor
an embeddedeal-timesystemout of componentssuchcomponentsvould have to have
well-definedtemporalpropertiesandresourceequirementseg.g.,memoryandpower con-
sumptionjssuesot addresseth currentdatabaseomponentsThus,we concludethata
databaseomponenusedin anembeddedeal-timesystemwould have to be a real-time
componentandassuch,mappedo ataskin orderto ensurepredictabilityof the compo-
nentandof thecompose@mbeddedeal-timesystem|.e., we needto know, for example,
worst-casexecutiontime for a databaseomponento be ableto ensurepredictability of
thecomponentand,in turn, of the databassystemcomposeaut of suchcomponents.

G. Interfaces / communication The componentcommunicateswvith its ernvironment
(othercomponents)hroughwell-definedinterfaces.Generally existing component-based
databas@andembeddedeal-timesolutionsuse:

1. standardnterfaces,
2. systemspecific,and

3. unhufferedinterfaceg(ports),in which casethey usecommunicatiorthroughshared
memory

For example,standardizednterfacesdefinedin the IDL areusedin CORBAservicesand
in 2K. Also, OLE DB interfaceis usedin the Microsoft's UniversalDataAccessarchitec-
ture. Interfacesdevelopedwithin the systemareusedin othersystemseg.g.,Oracle8 has
extensibilityinterfacesandKIDS hascomponent-specifiniterface.Systemshataimto al-

low moreflexible compositioruseevent-basedommunicatione.g.,KIDS, SPIN,Ensem-
ble,and2K. Inter-componentommunicationn databaseystemsindembeddedeal-time
systemsave differentgoals. Interfacesin embeddedeal-timesystemanustbe suchthat
inter-componentommunicatiorcanbe performedn atimely predictablemanner There
aretwo possiblewvaysof areal-timecomponentommunication:
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¢ Buffered communication. The communicationis donethrough messageassing,
e.g., [64].

¢ Unhufferedcommunication.Unbuffered datais accessedhroughsharedmemory
e.g.,[104, 49].

Notethatmostcomponent-basedhtabassystemsisebufferedcommunicatiorsincepre-
dictability of communicationis not of importancein suchsystems. Systemsenforcing
real-time behaior use untuffered communication(an exceptionis VEST where inter
facesof componentsare not defined),dueto several disadwantagef buffered commu-
nication[45, 49:

¢ Sendingandreceving messagescur significantoverhead.
e Taskswaiting for datamight block for anundetermineémountof time.

¢ Crucialmessagesangetlostasaresultof thebuffer overflow if tasksdonotexecute
atthesamefrequeng.

¢ Sendingmessage controlsystemsyhich have mary feedbacKoops,creategisk
for deadlock.

¢ The upperboundon the numberof produced/consumeghessagesnust be deter
minedto enableguarante®f temporalproperties.

Generally a real-time systemusing buffered communicationis difficult to analyzedue
to dependencieamongtasks. Unbufferedcommunicatioreliminatesdirectdependencies
betweentasks,sincethey only needto bind to a single elementin the sharedmemory
Communicationthroughsharednemoryincursfeweroverheadascomparedo amessage-
passingsystem.Also, it is easierto checksystems temporalbehaior if unbufferedcom-
municationis used[49]. Hence,unhufferedstyle of communicatioris preferredstyle of
communicationn embeddedeal-timesystems. |t is suggestedhatinterfacesin (hard)
real-timesystemsshouldbe untuffered[49].

H. Configuration tools The developmentprocessnustbe well definedto enableeffi-

cient systemassemblyout of existing componentgrom the componentibrary or newly

createdones. Adequateand automatecdconfigurationsupportmustexist to help system
designemwith this processe.g.,rulesfor composinga systemout of componentssupport
for selectionof anappropriatecomponenfrom the componentibrary, andsupportfor the
developmentof new components However, in somesystemsconfigurationtools are not
available. Hence we identify thatconfigurationtoolsin a component-basediatabasand
embeddedeal-timesystemare:

1. notavailable,and
2. available.

Obsenre (table 3.4) that most extensibleCDBMSs have available configurationsupport.
Sinceextensiblesystemsalreadyhave fixed architectureand pre-definedextensions pro-
vided configurationtools are sufficient to enabledevelopmentandintegrationof compo-
nentsinto anextensiblesystem.The Garlic middlevaretechnologyprovidesa simpleand
fairly easydevelopmentof new componentgwrappers),but thesecomponentsare with
simple functionality and structure. The situationgets more complicatedif we consider
OLE DB middlevare,wherenot only componentsdataproviders, canbe addedor ex-
changedn the architecturebut the architecturecanalsobe extendedto usecustomizable
dataproviders. Hence,adequateonfigurationsupportis neededo ensureinteroperabil-
ity of differentdataproviders. However, whendevelopinga dataprovider componenthe
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developeris only encouragedo follow specificationexactly in orderto ensureinteroper
ability with otherdataproviders,i.e, limited configurationsupportavailable. OLE DB is
alsolimited in termsof use,it canonly be usedin Microsoft's computingervironments.

Ontheotherhand,extensibleandmiddlevareembeddedeal-timesystemslo not pro-
vide good configurationsupport. 2K, for example,doesnot have reusablecomponents
in its architectureand providesautomatedtonfiguration(andreuse)of componentgrom
differentsystems.The correctnes®f integrated2K middlevareis only assumedbased
on checksof inter-componentlependencies)Also, SPIN offers very little configuration
supportsincecorrectness;onfigurationandintegrationof componentin thecoresystem
is basedon featuresof the extensionlanguagan which componentsre developed. The
rulesfor compositionof a systemarenot definedin 2K andSPIN, andthesesystemsan
beviewedasthefirst generatiorof acomponent-baseeimbeddedeal-timesystems.

In generaldemand®n developmentsupportin configurablesystemsarehigh. KIDS
hasmetthesedemandso someextent, with a well-defineddevelopmentprocessIn most
configurableembeddedeal-timesystemssomeconfiguratiorsupportis alsoprovided. For
example PBOmodelgivesgoodguidelinego helpdesignewhencomposingystenoutof
components.Thdevelopmentmethodfor component-basegkal-timesystemsntroduced
by Isovi€t et al. [49] providesconfigurationsupportfor choosingappropriatecomponent
for systemcomposition,i.e., checksof temporalpropertiesandinterfacesof components
areperformedo ensurethatthe componenfrom thelibrary is suitablefor the systemun-
derdevelopmentin VEST, the necessityof having goodconfiguratiortoolsis recognized.
Compositiorrulesaredefinedthroughfour typesof dependengchecks.Notethatthe de-
velopmentntroducedby Isovit etal. [49] and2K have only inte-componentlependeng
checkswhich arejust oneout of four typesof checksproposedn VEST. This makesthe
VEST approachthe mostappropriateonewith respecto the correctsystemcomposition,
becaus¢he moredependenciearechecledin the systemwithin componentsthe proba-
bility of errorsin thecomposedystemj.e.,compositionakrrors,is minimized.

I. Analysistools Sincethe reliability of the composedsystemdependson the level of
correctnessf thecomponentanalysisoolsareneededo verify the behaior of thecom-
ponentandthecomposedystem.In particular real-timesystemsnustmeettheirtemporal
constraintsandadequat@nalysigo ensurghata systemhasmeettemporalconstraintss
required.Thus,analysisoolsare:

1. notavailable,and
2. available.

The problem of analysisof the composedcomponent-basedatabasesystemis rather
straightforvard, in mostcasesanalysisof the composedystemis unavailable (seetable
3.4). Importanceof having goodanalysisof the composedystemis recognizedn KIDS,

but is notpursuedbeyondthat,i.e., analysistoolsarenot provided. Component-basesim-
beddedreal-timesystemsdo not provide analysisof the composedsystemaswell. That
is true for SPIN, 2K, andsystemdasedon the PBO model. VEST introducesnotion of

reliability andreal-timeanalysisof the systemput doesnot give moredetaileddescription
of suchanalysis.In the developmenimethodintroducedby Isovic et al. [49] checksof the
WCET of componentsireperformed.

G. Reusability Systemsarecomposeaut of reusablecomponent$rom thelibrary. Ar-
chitectureof the systemcan be reusedin the system$ developmentaswell. Thus, in
component-basethtabasandembeddedeal-timesystemsartsthatcanbereusedare;

1. componentand

2. architecture.
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As canbe seenfrom thetable 3.4, the partthat canbe reusedn all systemss the com-
ponent.KIDS andVEST canalsoreusethe architectureasopposedo othersystems.If
we considerthatreusabilityof architectureasa way to receve a higherpay-of [67, 75|,
KIDS andVEST have significantlyhigherdegreeof reusabilityascomparedo others.The
factthatanarchitecturef a systemcanbereuseds alsoimportantfrom a differentaspect,
early systemtesting. For example,eventhoughit doesnot have ary analysistools,KIDS
offersgoodbasisfor theearly systentesting,in thefirst phaseof the constructiorprocess,
atthearchitecturdevel of the systemdevelopment.

H. Tailoring ability Thebenefitof usingcomponent-basedkvelopmenin databassys-
temsis customizatiorof the databaséor differentapplications.Therearefour degreesof
tailorability in component-basedbtabasandembeddedeal-timesystems:

1. none,

2. low,

3. moderateand
4. high.

It is noticeablehat extensiblesystemdave low tailorability, middlevaremoderatewhile
configurablesystemshave high tailorability (seetable3.4). Sincethegoalis to provide an
optimizeddatabaséor a specificapplicationwith low developmentcostsandshorttime-
to-marlet, it is safeto saythatconfigurablesystemsarethe mostsuitablein thisrespectin
particular VEST andKIDS, sincethey allow architecture$o be saved andreused.At the
sametime, the methodologyintroducedn KIDS andVEST shouldenabletailoring of one
genericsystentor avarietyof differentapplications.



Chapter 4

Summary

Thisfinal chapterstartswith asummaryof themainissuesve have identifiedin thereport
with respectto currentstate-of-the-arin the areaof embeddediatabasefor embedded
real-timesystemgsection4.1). In the lastsection(section4.2) we identify challengegor
futurework.

4.1 Conclusions

Embeddedsystemsreal-timesystemsand databaseystemsareresearchareashat have
beenactively studied.However, researcton embeddediatabasefor embeddedeal-time
systemsegxplicitly addressinghe developmentanddesignprocessijs sparse.A database
thatcanbe usedin anembeddedeal-timesystemmusthandletransactionsvith temporal
constraintsand must, at the sametime, be suitablefor embeddedystemswith limited
amountof resources, e., thedatabasshouldhave smallfootprint, be portableto different
operatingsystemplatforms, have efficient resourcemanagementandbe ableto recover
from afailurewithout externalintervention.

As we have shovnin thisreport,therearea varietyof differentembeddediatabasesn
the market. However, they vary significantlyin their characteristicsDifferencesn prod-
uctsaretypically theway dataareorganizedn the databasédatamodel),the architecture
of thedatabas¢DBMS model),andmemoryusage Commerciaembeddedatabasealso
provide differentinterfacesfor applicationsto accesghe databaseand supportdifferent
operatingsystemplatforms. Application developersmustchoosecarefully the embedded
databasdheir applicationrequires. This is a difficult, time consumingand costly pro-
cesswith alot of compromisesOnesolutioncould beto have a moregenericembedded
databaselatform that can be tailored and optimizedsuchthatit is suitablefor different
applications.Existing real-timedatabaseesearctplatformsareunsuitablen this respect,
sincethey aremainly monolithicsystemsandassuch,they arenot easilytailoredfor nen
applicationshaving differentor additionalrequirements.

Satisfyingrequirementput on the embeddediatabasén an embeddedeal-timesys-
temcallsfor anew way of designinganddevelopinganembeddedatabaséor application
specificsystem. For this purposewe have examinedthe component-basesoftware en-
gineeringparadigmsinceit hasbeensuccessfullyappliedin conventionalnon-real-time
ervironments.

Traditionalcomponent-baseslystemseg.g.,systemsasedon COM or CORBA com-
ponentiramewnork, normallyview anentiredatabaseystemasonecomponentWe empha-
sizethatthe component-basedhtabassystemis the databassystemwherethe building
partsare componentsand refer to suchbuilding partsas databaseomponents.Com-
ponentsn a databassystemusuallyimplementcertaindatabasdunctionality (or extend
existing functionality), andtheseare normally mappednto services.In contrastcompo-

75
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nentsin embeddedeal-timesystemsaredevelopedto have well-definedtemporalproper
ties,e.g.,worst-casexecutiontime, deadlineandreleasdime, andaremappedo oneor
multiple tasks.We have shovn thata real-timedatabaseomponenti.e., a databaseom-
ponentwith temporalconstraintghat representshe intersectingtype of the databasend
real-timecomponentdoesnot exist. Existingcomponent-basedatabaseystemsdo not
enforcereal-timebehaior, andissuesrelatedto embeddedystemssuchaslow-resource
consumptiorare not addressedat all in thesesolutions. However, in orderto composea
reliableembeddedeal-timesystemout of componentsgeachcomponens behaior must
be predictable. Thisis the reasonvhy components$n existing component-basegbal-time
systemsare usuallyassumedo be mappedto a taskwith well-definedtemporalproper
ties. To ensurepredictabilityandreliability of adatabasé anembeddedeal-timesystem,
suchdatabas&ould haveto becomposedutof componentsyith well-definedandknown
temporalpropertief a componenmustbe well-definedandknown. This, in turn, would
requiresuchacomponento be mappedo atask.

We have obsenredthat the architectureof component-baseslystemsvary from fairly
fixed (extensiblesystems)to completelyconfigurable.In the extensiblesystemswhich
have fixed architecture gxtensionsare allowed only in well-definedplacesof the archi-
tecture.In the configurablesystemscomponentganbe freely addedor exchangedn the
architecture Configurablesystemsallow significantamountof flexibility to the developer
andthe user in comparisorto othersystems.Hence,configurablesystemgepresenthe
preferredtype of component-baseslystemsasthey allow the embeddediatabasdo be
tailoredfor new applicationswith differentrequirementsSinceconfigurablesystemsffer
thehighestdegreeof tailorability, andarethemostflexible oneswefocusonthesesystems;
in particularkKIDS (component-basedhtabasesystem)andVEST (component-baseeim-
beddedeal-timesystem).Higher pay-of andquicknesso marketcanbe achievedif the
architecturecanbe storedin alibrary andreusedaswell ascomponentgthis featurecan
alsobe found in configurablesystemssuchasKIDS and VEST). Moreover, to have an
architecturabbstractiorof a systemwould enableearly systemtesting. Temporalanalysis
of systemsand componentsould be donein an early stageof the systemdevelopment,
thus, reducingdevelopmentcosts,and enhancingeliability andpredictability of the sys-
tem. For example,in KIDS the architecturds reusableandeventhoughit doesnot have
ary analysigools,KIDS offersgoodbasisfor the early systemtesting;in thefirst phaseof
the constructiorprocessatthearchitecturdevel of the system.

To ensureminimum errorsin the systemcomposition,the mostefficient existing ap-
proachis to have a large numberof dependeng checks,asin VEST, wherefour types
of dependeng checksareintroducede.g.,factual,intercomponentaspectandgeneral.
Notethatsomesystemssuchas2K, have only onetype of dependengchecksij.e., inter
componentlependengchecks.Othersystemslo nothave dependengchecksatall, which
makesthemmorevulnerablefor compositionakrrors.

Whencomposinganembeddedlatabassystemout of componentsthe issueof inter-
componentommunicatiorshouldbe carefully handled. Componentsn embeddedeal-
time systemsmustcommunicaten atimely predictablemanneyandfor thatreasormost
embeddedeal-time systemsuse untuffered communication. In contrast,most existing
component-basedatabasesystemaave bufferedcommunicationimessaggassing) and
are not concernedvith predictability of inte-componentcommunication. Furthermore,
mostcomponent-basediatabassystemaisestandardizedéhterfacese.g.,IDL, OLE DB,
whichmalesthemsuitablefor easielexchangeandadditionof new componentéthey must
conformto a standard)while embeddedeal-timesystemamostly have system-specific
interfacesj.e., interfacesdefinedwithin the system.

We have studiedcomponentsand their definitionsin component-basesoftware en-
gineeringin particulay aswell asin component-basedatabas@nd embeddedeal-time
systems.We found that every component-baseslystemhasits own notion and a defini-
tion of a component. Thus, the components to a large extent an arbitrary notion, and
is practicallyre-definedandre-irventedin eachsystem.However, thereareat leastthree



CHAPTER4. SUMMARY 77

commonrequirementshat a componenmmustsatisfyin arny component-baseslystem(i)
to be a composingpartof the system{ii) to be reusablewith well-definedconditionsand
waysof reuseand(iii) to have well-definednterfacedor inter-connectiorwith othercom-
ponentsFurthermorerulesfor compositionof a systemmustbe defined,and(automated)
tools to assistthe developermustbe available. Although mostof the component-based
databas@ndembeddedeal-timesystemdocuson componentstheir solutionslack good
compositiorrules,andautomatedievelopmensupport.

4.2 Futurework

It is evidentthatresearchor embeddediatabasethatexplicitly addresse§) development

anddesignprocessand(ii) limited amountof resourcesnheritschallenge$rom thetradi-

tional real-timesystemsembeddedystemsandcomponent-basesbftwareengineering.
Key challengesn component-basesbftwareengineeringnclude:

¢ developinga componenthat canbe reusedas mary timesas possible,andwould
conformto a standard,

¢ determininghow a componenshouldbe verifiedto obtainappropriaténformation
in orderto determinesuitability of acomponenfor a specificsystem,

¢ definingrulesfor the compositionof a reliablesystem which satisfiesspecification
requirements,

¢ analyzinghebehaior of thecomposedystemaswell asensuringrade-of analysis
betweerconflictingrequirementén the earlydesignstage and

e providing adequate&onfigurationsupportfor developmentprocessin particularde-
terminingwhatis doableby toolsandwhatneedgo beleft to the designer

Theaboveresearclthallengesn acomponent-basesbftwareengineeringrefurtheraug-
mentedfor embeddedeal-timesystemsTheadditionalchallengesnclude:

¢ defininga componentvith predictablebehaior,

e determininghow inte-componenttommunicationshouldbe performed,and what
areappropriaténterfacedor real-timecomponents,

¢ managingesourcesuchasmemoryusageandrequiredorocessingimefor different
operation®of a componentpossiblyon differenthardware platformsandoperating
systenplatforms,and

¢ determiningwhatarethe appropriateanalysistools for analysisof systemresource
demandsandanalysisof thetiming propertiesof the composedystem.

Embeddinga databasén areal-timesystemalsobringsa setof challenges:

e determiningwhat type of the DBMS architectures appropriatglibrary vs client-
sener)to ensurepredictabilityin areal-timesystem,

e determininghe mostappropriatadatamodelfor theembeddediatabaseand

e determiningwhichtype of interfacesthroughwhich useris accessing databaseis
themostsuitable.

Finally, fundamentakesearchquestionswhen developing an embeddediatabasdor an
embeddedeal-timesystemusingcomponent-basesbftwareengineeringnclude:
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¢ definingareal-timedatabaseomponenti.e., functionalityandserviceghata com-
ponentshouldprovide, andtemporalconstrainta componenshouldsatisfy

¢ determiningwhich componeninterfacesareappropriateandhow inter-component
communicatiorshouldbe performedmessag@assingss sharedmemory),and

¢ integratingthe composediatabasénto anembeddedeal-timesystem.

Our researctis focusedon providing an experimentalresearciplatform for building
embeddediatabasefor embeddedeal-timesystems.At a high-level, the platform con-
sistsof two parts.First,weintendto developacomponentibrary, holdingasetof methods,
which canbeusedwhenbuilding anembeddediatabaselnitially, we will developa setof
componentshatdealwith concurreng control,schedulingandmain-memornytechniques.
At the next step,we developtoolsthat,basedntheapplicationrequirementsyill support
the designemwhenbuilding anembeddediatabaseisingthesecomponentsMore impor-
tantly, we wantto developapplicationtoolsandtechniqueshat: (i) supportthedesignein
the compositionandtailoring of anembeddediatabaséor a specificsystemusingthe de-
velopedcomponentsyheretheapplicationrequirementaregivenasaninput; (ii) support
thedesignemwhenanalyzingthetotal systenresourcelemandf thecompose@mbedded
databaseystem;and (iii) helpthe designerby recommendinggomponentsand methods
if multiple componentganbe used,basedon the applicationrequirementsFurther such
atool will helpthe designerto make trade-of analysisbetweenconflicting requirements
earlyin thedesignphase.

The componentshould carry property descriptionsof themseles with information
about(i) what serviceandfunctionality the componenprovides; (i) whatquality of ser
vice guaranteeg$acilitatedby the componentg.g.,techniquesnay be applicableto soft
real-timeapplicationsbut not hardreal-timeapplications;(iii) their systemresourcede-
mand,e.g, memoryusageandrequiredprocessingime for differentoperationsand ser
vicesprovided by a componentpossiblyon differenthardwareplatformsin orderto sim-
plify interoperability;and(iv) compositiorrules,i.e., which specifieshow, andwith which
componentsacomponentanbecombined.

Our researchshouldgive betterunderstandingf the specificationof componentso
be usedin an embeddedand real-timesetting. This includesfunctionality provided by
thecomponenttheresourcelemandequiredby a componentvhenexecutedon different
platforms,andrulesfor specifyinghow componentganbe combinedandhow the overall
systemcanbe correctlyverifiedgiventhateachcomponenhasbeenverified.
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