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Abstract ronmentfor composingembeddedpplications

. . fromcomponentsyalidatingfunctional(e.g., in-
ThePECOSprojectaimsto enablecomponent- 4 - casandnon-functionatompositionaton-
basedsoftwae developmenfor embeddedys-

tems,specificallyfor field devices. The project
addresseghe major technological deficiencies
of state-of-the-artcomponenttechnolagy with
respectto embeddedystemsy developing(l)
a ComponenModelfor embeddedystentom-
ponentsaddressingbehavior specificationand

straints (e.g., powerconsumption,code size),
generting the application executablefor the
embeddedievice and monitoring their execu-
tion, (IV) an Ultra-light ComponentEnviron-
mentto install, run, test,and tune component-
basedapplicationson resouce limited embed-

dedsystemsind enabletheir management.
non-functionalpropertiesand constrints, (I1)

a ComponentRepositoryutilizing this model, In this paper we discussthe requirementsof
supportinga compositionervironmentand in- field deviceswith focuson resouce constains
terfacingto a componenspecificatiorerviron- and it’s implicationson the componenmodel,
ment, (Ill) an interactive CompositionEnvi- the compositionervironment,and the run-time
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ervironment. PECOSis an EC project start-
ing in Septembef000. The participants are
ABB, OTI NetherlandsJForschungszentrunin-
formatik Karlsruhe and University of Berne

1 Intr oduction

ABB developsa large numberof differentfield

devices, e.g. temperaturepressureand flow

sensorsactuatorspositionersgetc. The market

demandsor additionalfunctionalityin field de-
viceslik e assetmanagemengupport,diagnosis,
and seamlessgntegration into automationsys-
tems. This alsomeansthatsoftwarewill dom-
inate the developmentand maintenancecosts
of field devices. However, todays field de-
vice softwareis mostlymonolithicsoftware,de-
velopedspecificallyfor eachfield device type.

Monolithic software makesit hardto sene the
field device marketwith value-addedeaturesn

acost-eficientway:

e Samefunctions neededby different field
devicesareimplementedepeatedlyat dif-
ferent developmentlocationsin different

dardizednterface.
e Longdevelopmentime

e Regression-€stsafter software modifica-
tion are often large scaledbecausef non
deterministicsideeffects.

e Monolithic softwarehasafixedfunctional-
ity thatis hardto maintain,to extend,and
to customize.

Component-basedsoftware engineering can

bring a numberof adwantagesto the embed-
ded systemsworld suchas (l) fasterdevelop-

menttimes,(ll) theability to securanvestments
throughre-useof existing, well tried, compo-
nents, (ll) the ability for domain experts to

interactvely composeembeddedsystemssoft-

ware andto adaptthe softwareto specificcus-

tomersneeds.

The state-of-the-arin software engineering
for embeddedystemss far behindotherlIT ap-
plication areas. This is especiallytrue for em-
beddeddevices with hard resourceconstraints
suchasfield devices.

ways (e.g. adaptersto communication 2 Requirementsfor

stackspersistennemorymanagercontrol
algorithms).

Field Devices

e Functionsand modulesare implemented Therequirement®sf field deviceswill beshovn

for a specific ervironment with no stan-
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at an example: a pneumaticpositioner(TZID)



Figurel: Pneumatid?ositionerTZID

asdevelopedby ABB (seeFigurel). Pneumatic
positionersareusedto controlpneumatiactua-
torsattachedo valves.

The following requirements,resourcecon-
straintsand typical implementationtechniques
have to betakeninto accountwhendiscussinga
component-basedpproachfor the field device
implementation:

e The available power is limited from the
fieldbus physicallayerspecification.

e Softwarearchitecturénasto fulfill thefield-
bus architecturg(e.g., function block con-
cept).

e Partsof the softwarerequirereal-timeexe-
cution.

e The implementationlanguagetoday is C;
C++ may becomean option, possiblyin a
specialdialectlike EmbeddedC++. How-

ever, such C++ or EC'++ compilersare
not available today for relevant micro-
controllers.

The device hasa staticsoftwareconfigura-
tion, i.e. the firmwareis updated/replaced
completely no dynamicloadablefunction-
ality (thismaychangan future).

e Field Device hasto provide threemain ar
easwith increasingfunctionality: Local

Userlinterface,Fieldlus,Process

3 Component-basedarchitec-

tur e for field devices

This sectionoutlines our first attempthow to
componentizéhesoftwarefor afield device. As
statedabove, one main driver for this software
architecturas thefieldbusarchitecture The ex-
ampleis basedon a TZID for Profibtus PA. In
the following, the main componentstheir re-
sponsibilities,their compositionrelations,and
themainmotivation,why to packacertainfunc-
tion ascomponentarediscussed.

1EC++is a subseif C++ omitting templatesgxcep-
tions, RTTI, multiple inheritance,etc. in favor of high
performanceJow memory consumptionand ROM-able
code;see[EMC++]



3.1 Block, Sub-Block, and Parame- sub-blocks Thisis especialljimportantfor

ter transduceblocks becausdhe sametrans-
ducerblock algorithm shouldbe reusable
betweena FF and a Profitus PA device
althoughthe transduceblocksthemseles
may have a differentinterfacein termsof
parameters.

From a fieldbus point of view, blocks are the
most natural componentsfor a field device.
They provide the building blocks of the field-
bus application. As an abstactionfor a sim-
ple device we took an Analog Output Func-

tion Block representingheautomatiorfunction o |t supportsnfrastructurefunctionsthatare

of the device within the control systemand a beyond the scopeof the fieldbus applica-
TransducerBlock representinghe parameters  tjon like accesscontrol for parameteror
and functionsof the connectionto the process persistenparametestorage.

(i.e. positionmeasuremerdandcontrol of pneu-
matic corverter). The interface of a block is e It provides an optimal memory use for

definedby its parameters. Parametersrepre- the parametersand their attributes (ROM
sent processand configurationdata and have andRAM). This requiressupportfrom the
a numberof attributeslike: the actualvalue, componentmodel to specify and imple-
datatype,storageclass(constantdynamic,non- mentdifferentmemoryclasses.

volatile), accessights, default value,parameter
type (in, out, contained)etc. Block andParam-
etershouldprovide a modelfor the implemen-
tation of Function-and TransduceBlockswith  The Block Containemprovidesthe run-time en-

thefollowing features: vironmentfor Blocks. The mainideasare(l) to
provide an architecturefor the field device ap-
plication that is independenbf the usedcom-
municationstackand (ll) to provide an execu-

3.2 Block Container

e It is independentof the particular field-
bus. This may be possiblefor Profitus PA
andFieldbusFoundation(FF) becauséoth
busseshave a similar block model (they
sharethe sameroots).

tion modelfor blocks, that relievesthe blocks

from dealingwith the detailsof schedulingpa-

rametertransferbetweerblocks,andparameter

e It shouldsupporta component-basenin- accessynchronization.The responsibilitiesof
plementationof the block algorithm by theBlock Containerare:



Schedulingthe executionof blocks. The 4 Implications on component
schedulingstratey alsoimplies a strateyy
for synchronizingparameteraccessy dif-

ferentthreads(e.g. agclic parameteac- while componentechnologypromisesan es-
cessfrom fieldbus, block execution, sub-  capefrom monolithicsoftwarethatis expensie
blockshaving anown thread). andhardto maintainfor commonpurposdT so-
lutions, it is questionablef it doestoo for pro-
grammingof embeddedevices. Moreover it
is unlikely thatstate-of-the-artomponentech-

. _ . nology like COM, Corba, JavzaBeans/EJBand
Interfacingto the fieldbus andhandlingof L ,
componenttechnologyas it is currently dis-

clic (procesgdata)andagyclic (configu-
cy. (P . ) _cy ( g_ cussedn literature(e.g.,[4], [1]) canbeapplied
ration data)fieldbus servicesthat resultin

asis tofield devices.In thefollowing, aspect®f
parameteaccesses. . :
componentechnologyarediscussedn thecon-
text of the requirementdor field devices. We
start with the componentdefinition postulated
by Szyperski4]:

technology

Handling the parametertransfer between
blocks.

Enforcing an accesspolicy for block pa-
rameterqread,write, passverds,etc.)

3.3 Summary

The proposedarchitecturedividesthe field de-
vice softwareinto two layers: (I) aninfrastruc-
ture layer consistingof Block Containey Block
andParameteconceptSchedulerAccessMan-
ager PersistenStoragel ocal OperationField-
bus Stackand Mapper and (II) an application
layer containing Function Blocks and Trans-
ducerBlocks.

Tablel summarizeshecomponentstheir re-
usability, andvariationpointsto adaptthe com-
ponentgo the specificfield device.

"A softwae componenis a unit of
compositionwith contractually speci-
fiedinterfacesand explicit context de-
pendencieonly. A softwae compo-
nent can be deployedindependently
andis subjectto compositiorby third
parties."

4.1 Contractually specified inter-

faces

State-of-the-artomponentechnologiespecify
interfacesaspurecollectionof methodgevents



| Component | Reusability | Variation Points
Block Container | Throughall field devices UsedSchedulerAcessManager
Block (concept| Throughall field devices -

andinterface)

FunctionBlocks | Throughall field devices

Transducer
Blocks

Within onefamily of devices

Implementationof transducerblock al-

gorithm composedf sub-blocks. Same
transducemblock algorithm composedf

sub-blockscanbe paclkedinto FF andPA

TransduceBlocks having differentinter-

facein termsof parameters.

Local Operation | Throughall field devices

Display Type,Conneciton(local, remote)

Persistent Stor
age

Throughall field devices

Variationsbecauseof differentpersistent
memorytypes

Communication
Stack and Map-
per

ing onebustype

Throughall field devicesus- | -

Tablel: Componentandtheir expectedre-usability

and attributes are finally modeledas interface
methodsaswell). However, for embeddedoft-

ware and especiallyembeddedreal-time soft-

ware,non-functionakpecificationsike memory
consumptionof a component,worst-caseexe-
cution time of a method,and expectedpower
consumptiorof acomponentindera certainex-

ecutionscheduleare an equally importantpart
of the contract. The first declarewhich func-

tionality is providedthelaterhow it is provided,
which expressthe non-functionabpartof the se-
manticbehaior of this methodexecution. The
currently progressingJML profile for schedul-
ing, performanceandtime [2] may provide a

specificationmeans,which doesthe first step
towards expressve interface declarations. For
example having specifiedheworst-casexecu-
tion time of functionblockswouldallow thever-
ification thatthe overall scheduleof all function
blockscanbe met.

Component interfaces are usually imple-
mentedasobjectinterfacessupportingoolymor
phism by late binding. While late binding al-
lows connectingof componentghat are com-
pletely unavare of eachother besidethe con-
nectinginterface, this flexibility comeswith a
performancepenalty A componentimodel for
embeddeddevices should allow for procedu-



ral interfaces,objectinterfaceswith and with-
out polymorphism. Proceduralinterfacescan
be usedfor statelesomponentinstancesand
componensingletons. Objectinterfaceswith-
out polymorphismcan be appliedif the target
componentimplementationcan alreadybe de-
terminedatdesigntime. Suchoptimizationgain
in alower calling overheadthatsumsup in the
caseof fine-graineccomponents.

Semantic specificationlike pre- and post-
conditionsare of greatvalue for the software
quality especiallyif they are checled during
run-time.However, for embeddedlevicesthese
additionalrun-time checksmay turn out not to

be feasibledue to the limited CPU resources.

An approachcould be to distinguishbetween
delugandreleaserersionof acomponen{sim-
ilar to C++ assertions). The releaseversion
runs without run-time checksmeetingthe per

formanceandpowerconsumptiomequirements.

The delug versionruns with run-time checks
enabledrequiring higher CPU clock (= higher
power consumption). Alternatively, design-
time checkingusinga compositionernvironment
which eithersimulatesor calculateghe correct-
nessof connecteccomponentswith given pre-
andpost-conditiongouldbeaviable way.

4.2 Unit of compositionand
independentdeployment

State-of-the-arcomponenttechnologiesallow
for componenicompositionat design-timeand
at run-time. Both [4] and [1] take the posi-
tion thatcomponentsirebinaryunitsof deploy-
ment that should be deplgyable to a compo-
nentsystematrun-time.To fulfill theserequire-
ments supportfrom the componentnodel(e.g.
late binding), supportfrom the run-time ervi-
ronment(e.qg.,life-cycle managementlynamic
loading, garbagecollection or referencecount-
ing), anddynamiccommunicatiormechanisms
like the JavaBeans’eventsor COM connection
pointsareneeded.

Having the low resourcef field devicesin
mind, we argue that such a run-time infras-
tructureis too expensve in termsof process-
ing power. Embeddedievicesof the discussed
classcan not afford the overheadof garbage
collection or referencecounting, the overhead
of late binding for every interface methodes-
pecially for fine-grainedcomponentsand the
memoryoverheadequiredfor theinfrastructure
itself andfor eachcomponenheededo support
theinfrastructure Thereforecompletestripping
of this functionality or sensibledegradationis
required.

In addition, design-timecompositionallows
for optimization: in a static componentcom-



positionknown at design-time connectionde- objectmodelor by differentlanguagebindings.
tweencomponentgould be translatedinto di- We amue that abandoningprogramminglan-
rect function calls instead of using dynamic guageindependencén favor of higher perfor
event notifications. Suchoptimizationsproba- manceis acceptabldor embeddedlevices. In
bly requirecomponentso beavailablein source the caseof sourcelanguagecomponentasdis-
codeor atleastintrospectiorabilitiesatdesign- cussedn 4.2, the compositionsupportin form
time. Compositiontools are requiredthat can of meta-informatiorand scriptsto be executed
inspectand adaptsuch components. On the in thecompositionervironmentcomesn asad-
other hand, sourcecode componentscan pro- ditional context dependeng
vide supportfor compositiontools in form of
meta-informatiorand scriptsto be executedby 4.4 Reuse
the compositiontool.

Finally, design-timecompositiorcouldbethe Black-boxcomponenteuseseemdo bethebest
instanceof specific adaptationof components Solutionsinceit hidescomponenimplementa-

and generatectodetowardsspecificmicrocon- tion completelyfrom the client. Sourcelan-
troller familiesandRTOS APIs[3]. guagecomponentsas discussedn 4.2 require
to open parts of their implementationleading

to grey-box or even white-box reuse. Accord-
ing the [4], grey-box andwhite-boxreusevery

Beside other interfacesand componentsthat likely prevents the substitutionof the reused
are required for a componentto work, con- componenby othercomponentsHowever, es-
text dependencieslsoincludetherequiredrun- tablishingclearcorventionsaboutthe available
time ernvironmentsuch as CPU, real-time op- knowledge of the implementationand the al-

eratingsystem,andcomponenimplementation lowed changesof the implementationshould
languaggwith respecto the binary interface). help to overcomethis problem. If this knowl-

Fromtheviewpointof a state-of-the-artompo- edgecanbecaptureccompletelyin architectural
nenttechnologythis run-timeervironmentcan styles(e.g.componentonnectorsprin compo-
becomequite basicfor embeddedievicesdue sition scriptsbelongingto the componentone
to the resourceand real-time constraints. Be- couldreacha grey-box reusefrom the composi-

4.3 Explicit contextdependencies

sideJavtaBeansgcomponenmodelsprovide pro- tion ervironmentspointof view but ablack-box
gramminglanguageindependencéy a binary reusefrom the componenusers point of view.



Only thecompositionenvironmentwould be al-
lowedto useknowledgeaboutthe componens
implementation.

4.5 Portability , platform
independence

The demandfor reusablesoftware components
directly leadsto the requirementof platform
independencand portability becausesoftware
componentasabstraction®f applicationfunc-
tionswill have a longerlifetime thanthe hard-
ware and the used microcontroller But that
leadsdirectly to aneitherconceptuallyprovided
abstractiorlayerin termsof programmingstan-
dardsor animplementatiorbasedsolutionlike
virtual machine.

We amue that sourcelevel portability will
be sufficient (or better: must be sufficient).
Sourcelevel portability requiresagreemenbn
the implementationanguage(e.g. ANSI C or
C++). Microcontrollerspecificlanguageexten-
sionsprovided by mary compilersfor the em-
beddeddomainpreventsourcelevel portability,
requiremanualportingeffort, andfinally leadto
a versionexplosion of the component. Source
level portability alsorequiresagreemenon the
availablelibrarieslike ANSI C run-timelibrary,
operatingsystemAPI, hardware accessdevice
driversetc. Onewayto achievethisis to provide

properabstraction®.g. for the RTOS API, that
are specifiedaccordingto the usedcomponent
model.

Binary platform independences provided
e.g.bytheJavaplatformis notarequirementor
the discussectlassof field devices. However,
thismaychangean thefutureif run-timecompo-
nentcompositioranddeploymentwill becomea
requirementAlso, from a developmenfproduc-
tivity perspeciie, it would be very desirableto
have a Java platformavailable.

4.6 Componentwiring (scripts,
connections)

Componentwiring gets an emphasizedrole.
Oncethe componentsre presentefficient and
flexible composition of new application out
of existing componentsgets the first priority.
Therefore,composingan applicationin drag&
drop manney while preservingthe consisteng
of thenew composedpplicationpopsup asone
of the most challengingthings. On one hand
it requestsan advancedcomponentmodel and
at the sametime supportfor expressionof ar
chitecturalstylesin orderto provide prescrip-
tion how to constructaccordingto given do-
mainrules. On the otherhandit givesthe abil-
ity to optimizecomponentnteractionby source
codeadaptationor interweaing of component



glue code. For performancaeasonswe argue
thatcomponengluecodehasto begeneratedh
the implementationlanguage(e.g. C or C++).
Scriptlanguagesisgluecodeknown form state-
of-the-artcomponentechnologiesvon’t be af-

describecomponentonnectionsand contain-
mentrelationand (IV) allows for codegenera-
tion andcontrolledcomponentadaptatiorwhen
architecturalstyles are appliedto components
(sourcdanguageor generatre components).

fordable. Component-basedrchitectue for field de-

vicesexpressedn aframewvork specifyingstan-
dard interfaces,componentsand architectural
styles.

4.7 Conclusionand dir ection

In this paperwe have discussedat the exam-
ple of a pneumatigpositionerthe requirements
of field devices with focus on resourcecon-

Repositoryfor (I) storageand retrieval of
componentsluringanalysisdesign,andimple-
mentation(ll) storingcomponentandarchitec-
tural stylesaccordingto the componentmodel
including interfacedescriptionspon-functional
properties,implementation,supportscripts for
compositionervironment, test casesand (ll1)
supportfor componentsersioning.

strains, a possiblecomponent-basedrchitec-
ture for field devices, andit’s implicationson
the componenttechnology In orderto make
component-basesoftware engineeringhappen
for field devicesandto achieve a reductionof

developmentcostandtime by reuseof proven
componentsit is not enoughto solve only one
of the presentedbstaclesAn overall approach Sual compositiontechniques(ll) checkscom-
for the developmentof component-basedm- positionrulesattachedo architecturaktylesin

beddedsoftwareis needed.W believe this ap- orderto verify thata componentonfigurations
proachhave to compriseseveral main features meetstheir constraintsaand (Ill) performscom-

asdepictedin Figure4, which we have cateyo- POnentadaptationand codegeneratiorfor the
application.

CompositionEnvironmentsupporting(l) vi-

rizedin fife groupsanddescribebelow.

Componentmodel that (I) addressesion-  Run-time Environmentproviding (I) an ef-

functional propertiesand constraintssuch as
worst-caseexecution time and memory con-
sumption,(ll) allows to specify efficient func-

ficient implementationmodel for components,
(II) addressinghe constraintdfor field devices
stemmingirom low-power designandreal-time

tional interfaces(e.g. proceduralinterfaces), execution and (lll) support the approachto
(1) allows to specify architecturalstylesthat compile a component-basedlesign into a
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Figure2: Componentechnologyfor embeddedlevices

monolithic firmware for the embeddedevice, tems. In EmbeddedSystemsConfeence
thushaving norun-timeervironmentbesidethe Fall, 1999.
RTOS.

[4] C. Szyperski. Component Softwae
- Beyond Object-Oriented Programming

PECOS, a 2 year EC project starting in .
Addison-Weslegy, 1998.

SeptembeR000,addressethesassuesandwill
prove this conceptby a casestudy

References

[1] F Griffel.  Componentwar: Konzepte
und Tedhniken eines Softwaeparadigmas
dpunkt-\erlag,1998.

[2] ObjectManagemenGroup.Uml profile for
schedulingperformanceandtime - request
for proposal. OMG documentd/99-03-13
1999.

[3] JonathanLarmour Simon Fitz Maurice.
Sourcdevel configuratiorin embeddedys-

11



