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| ntroduction

We presenta methodobgy for control softwaredevelopmentasedon Giotto [2],
a domain-specifidigh-level programning languagefor control applications.A
Giotto programexplicitly specifiesthe exact real-time interaction of software
componentsvith thephysicalworld. TheGiotto compilerautomaticallygenerates
timing codethatensureshe specifiedoehaior on a givenplatform

This article illustratesthe Giotto methodobgy by reimplemening the con-
troller for an autononously flying model helicopteroriginally developedat the
SwissFederallnstitute of Technology(ETH) Zirich [3]. We demonstratehat
Giotto introducesa negligible overheadandat the sametime increasesherelia-
bility andreusabilityof the controlsoftware.

Thearticle beginswith a conceptuabverview of the Giotto methodolgy. We
explain how Giotto helpsto automatehe control software developmentprocess,
andto improve the quality of the resultingcode. We thenreporton the Giotto
helicopterproject. We usethe autopild softwarefor the helicopterto guidean
informal presentatiorof the Giotto language,and of the S/G translatoy which
extractsa Giotto programfrom a Giotto controlmodelspecifiedn Simulink. This
is followed by a brief discussiorof the compilaton andexecutionof the Giotto-
basedcontrol system.The article concludeswith a summaryof available Giotto
implementationsandpointersto relatedwork.

More detailson Giotto, aswell asa distribution of the Giotto softwaretools
usedin this article,canbefoundat http:/Aww.eecs.berley.edu/~fresco/giotto.

The Giotto M ethodology

The Giotto methoddogy presents systematiattemptto decomposehedifficult
taskof controlsystemslevelopment:domain-specifi§control) concernsaresep-
aratedfrom platform-specific(implementation)concernsandtime-relatedcon-
cernsareseparatedrom data-relatedfunctionality) concerns.

Separ ating reactivity from scheduling

Traditionally, a controlsystemis designedisingtoolsfor mathematicaimodeling
andsimulation,suchasMathWorks’ Simulink. Thecontrolmodelis implemenéd
manuallyor automattally, andthe codeis thentestedandoptimizedfor the given
platform until it exhibits satishctory timing behaior. In the processghe tight



correspondencbetweenmodel and codeis often lost. The resulting software
is brittle, difficult to reuseon a differentplatform anddifficult to enhancewith
additionalfunctionality.

Giotto addressethis problemby offering anintermediatdayer of abstraction
betweenthe mathematial modelandthe code. We call this layer an embedded
softwae model An embeddedsoftware model specifiesa solutionto a given
control problemindependentdf anexecutionplatform (i.e., operatingsystemand
hardware),but it is closerto executablecodethana mathematicamodel. While
the entitiesof a mathematicamodelare, typically, matrices,equationsandper
hapsstatediagramstheentitiesof a softwaremodelaredatastructuesandproce-
dures.For example,a software modelmay specifythe representatiofor storing
amatrix, andthealgorithmandprecisionfor evaluatinganequation.

Commonsoftwaremodelsarehigh-level programning languageshut for em-
beddedsoftware, the model needsto include constructsfor expressingconcur
reng/ andtiming. An embeddedoftwaremodelspecifieghelogical concurreng
andinteractionof softwareprocessesaswell asthetiming of processnteractions
with the physical environment. However, anembeddedsoftware modelmustnot
specifythephysicaldistribution of thesoftwareprocessesjoraschedulingnech-
anism,bothof whichrequireknowledgeabouttheplatform. In Giotto, we specify
whena sensoris read,which sensormreadingis usedfor computingan actuator
value,andwhentheactuatoris set,without specifyinga CPU or a priority for the
computatia.

In short, an embeddedsoftware model separateshe platformindependent
from the platform-dependenissuesn embeddedoftwaredevelopment.This fa-
cilitatescodegeneratiorby partitioning the taskinto two steps.In the first step,
called program geneation, a given mathematicamodelis transforned into an
embeddedoftwaremodel(i.e., a high-level embeddegbrogran). This stepis en-
tirely independenof any executionplatform; it specifiesonly thereactivity(i.e.,
real-time responsedf the systemrelative to a physical environment In the sec-
ond step,called compilation the software modelis transformednto executable
codefor atargetplatform. This stepmustensuregheschedulabilty (i.e., real-time
execution) of the systemin a specific executionenvironment. While program
generatiorprovidesa fully specifiedalgorithnic solutionto the control problem
athand,compilationis usuallyconcernedlsowith non-reactre propertesof the
solution,suchasresourcautilization andfaulttolerance.

The explicit useof a softwaremodelduring codegeneratioroffersimproved
flexibility in the verification, optimization, integration, and reuseof embedded
componentsAll of theseactwities areeasierto carry out at the level of anem-
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beddedsoftwaremodel,ratherthanat thelevel of platform-specificcode.

Separating timing from functionality

Giotto provides an embeddedsoftware model for control applications. Conse-
guently a Giotto-basedsystemsdevelopmentmethodobgy can separatehigh-
level controlconcernssuchassamplingratesandcontrollaws, which dependon
the given control problem,from low-level implementatbn concernssuchasout-
put jitter anddevice drivers,which dependon the chosernplatform In addition,
the Giotto methodobgy also separatesiming concernssuchas samplingrates
and outputjitter, from functionality concerns suchas control laws and device
drivers. A Giotto program supervisesheinteractionbetweersoftwareprocesses
andthe physicalworld, but doesnotitself transformdata.All computations en-
capsulatednsidethe supervisedoftware processesyhich canbewritten in ary
non-embeddd programming language suchasC. We referto a Giotto program
asatiming program, andto thesupervisegrocessesalledby the Giotto program
asfunctionalty programs

In this way, Giotto enforcesa progranming discipline—the strict separation
of timing andfunctionality— which is oftenviolatedin real-timeprograns, es-
peciallywhenthe programsare hand-optmizedto meettiming constraints.This
programmingdisciplineoffersadditionalbenefitan theverification,optimization,
integration, andreuseof embedded¢omponentsAll of theseactvities areeasier
to carry out independentlyfor timing andfunctionalty progams. Similarly, the
separatiorof timing andfunctiorality further facilitatescodegenerationthetim-
ing (Giotto) programcanbe compiledinto executabletiming code,independent
of the compilation of the functionalty (e.g.,C) progamsinto executablepieces
of functiorality code. After linking, the timing codesuperviseshe executionof
thefunctionality code.

It is importantto notethatthis schemeoffersgreatflexibility for thecompiler
A Giottoprogramspecifieonly thereactvity of thefunctionality prograns—i.e.,
whenthey areinvoked, andwhentheir outputsare read—abut not their schedul-
ing. Henceon thelevel of the Giotto softwaremodel,all functionality programs
are atomicexecutionunits, without priorities or internal synchronizatiorpoints.
In otherwords, the software processesupervisedy a Giotto programare sub-
routines (functions) ratherthan coroutnes(threads)[4]. This makesthe Giotto
software modeltransparentand particularly attractve for verification[5]. The
Giotto compiler on the otherhand,is free to producetiming codethat preempts
functiorality code,andwill generallydo sofor schedulingandoptimizationpur-
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temsdevelopmentprocess. temsdevelopmentprocess.

poses.Thus,on the level of platform code,the piecesof functionalty codethat
are superviseddy the timing codeareindeedcoroutires, not subroutines.This
illustratesstrikingly the main propertyof a good software model: the software
model shouldemphasizdranspareng (simplicity), andthusimprove reliability
andenablereuse whereaghe compiler shouldemphasizgerformance.

The Giotto tool chain

Fig. 1 shavsthe controlsystemsievelopmenfprocessvithout anembeddedoft-
waremodelthatseparateBming from functionalty; Fig. 2 shavs how theprocess
changesf Giottois used.The Giotto methodologypartitionsthe codegeneration
from controlmodelsinto four independenphasesThefour phasesresupported
by four differenttoolswith the following outputs:

1. Fromagiven Simulink model,the Simulinkcodegenemtion facilities, e.g.,
MathWorks’ Real-Time Workshop (RTW) EmbeddedCoder generateC
programdor thefunctionalentitiesof the design,suchascontrollaw com-
putations.OtherC programsthatimplementfunctionalunits,suchasdevice
drivers,maybetakenfrom libraries. Theindividualfunctionalty programs
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aresequentiabndindependentandtheir executionneedso be supervised
by atiming program.

2. Fromthe Simulink model,the S/Gtranslatorgenerates Giotto program,
which specifieghetiming behaior of a controlsystemin a platforminde-
pendentvay. The Giotto programsuperviseshe executionof the function-
ality programsn responséo the behaior of the physicalervironment.

3. Fromthefunctionality programstheC compilergeneratesxecutableieces
of codefor achoserplatform

4. Fromthe Giotto program the Giotto compilergenerateglatform codethat,
afterlinking, superviseshe executionof functionality codein a way that
guaranteethereal-timebehaior specifiedoy the Giotto program.In order
to generateodewith this propery, the Giotto compilerneedgo performa
schedulabilityanalysisandrejecta Giotto programif its timing constraints
cannotbe meton thetargetplatform.

In this code-generatiotool chain,therearetwo Giotto-specifictools,namely the
S/Gtranslatorandthe Giotto compiler

In addition Giotto offers a simulatian tool, the S/G simulator, which allows
thesimulatian of Giotto modelsthatarespecifiedn Simulink. The benefitsof us-
ing the S/G simulator ratherthanSimulink's own simulationfacilities, is thatthe
Giottotool chainguaranteethatthereal-timeandfunctionalbehaior of thegen-
eratedcodematchesxactly theresultof S/G simulaton. The S/G simulatorsup-
portstherapid prototypng andvalidationof Giotto control systemsn Simulink,
becausehe Giotto code-generatiotools arefully compliantwith the S/G simu-
lation semantics.

A Giotto-based Autonomous Helicopter System

We illustratethe Giotto methodobgy by reengineeringn existing complex con-
trol system:the autopilotsoftware of an autonomoasly flying modelhelicopter
We startedfrom a systemthatalreadymetthe desiredobjectives: afully working
systemwith a well-modularizedsoftware architecture.This madeit easyto iso-
late the functional componentgrom the existing code. A similar reengineering
approachhasbeenusedto assesshe feasibility of othermethodobgies,suchas
MetaH,in the contect of embeddednissilecontrolsystemg6].



Figure3. Themodelhelicopterandthe OLGA controlsystem(aluminumbox).

The helicopter system

The original helicoptercontrol system[3] wasdevelopedat ETH Zirich aspart
of aninterdisciplnary projectto build an autonomosly flying modelhelicopter
for researchpurposesThecontrolsystemhardwareis a custom-crafted¢omputer
boardwith a single200MHz StrongARMprocessoandspecialized/O devices.
All functionalcomponentareimplementedn the progmamminglanguageéOberon
[7], [8] on top of the custom-designedeal-time operatingsystemHelyOS [9].
The controlsystem(hardware,HelyOS,andautopibt software)is calledOLGA,
which standsfor Obeon Language GoesAirborne. OLGA is now sold by we-
Contmol, aspin-of compary of ETH Zirich, underthe nameof wePilot100(10].
The completehelicoptersystemconsistsof an aircraft (i.e., the model heli-
copter),the OLGA control system,anda groundsystem.Fig. 3 shawvs a picture
of the helicopter;Fig. 4 shavs the systemstructure. The groundsystem(bot-
tom of Fig. 4) supportsmissionplanning,flight commandactivation, andflight
monitaring. Sincethe ground systemis not relevant for the reimplenentation
of the OLGA autopilotsoftware, it is not discussedere. All sensorsaandcom-
putationalresourcesisedfor flight controlandnavigation areairbome (with the
exceptionof a secondaryGPSrecever usedfor the differential GPS).The sen-
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sorsusedon the helicopterarea GPSrecever, a compassa revolution sensora
laseraltimeter threeaccelerometershreegyroscopesandatemperaturesensar
The actuatorsaresix senosthatcontrolthe mainandtail rotor bladesaswell as
thethrottle of thetwo-strole comhustionengine.The OLGA controlsystemgen-
erategulse-widthmodulated PWM) seno commandsTake-off andlandingare
underremotecontrolof ahumanpilot. Thetransitionfrom manuako autononous
flight is donewhenthe helicopteris hovering. In orderto allow a smoothtransi-
tion, OLGA tracksthe commandgrom the humanpilot and,upontransiton, uses
themastheinitial operatingpoint of the controller In caseof anemegeng, the
humanpilot is ableto bypassOLGA atary time duringflight.

The complity of helicopterflight control resultsfrom the numberof dif-
ferent sensorsand actuatorsthe control systemhasto handleconcurrently the
difficulty of flying a helicopter andthe physicallimitationsof the controlsystem
(electricalconsumptim, limited computatiomal resourcesyibrations, jitter, etc.).
Sincethe helicopteris a dangerousindexpensve platform, a trial-and-errorap-
proachcannotbe used.The controlandnavigation algorithns arebasedon hard
real-time assumptionshat have to be guaranteedinderall circumstance$y the
implementation. In the OLGA control system,the controllerrunsat 40 Hz and



datafusion (sensing)at 200 Hz. The worst-casexecutiontime of the controller
anddatafusionimplementabn is 12 mswithin a singlecontrol cycle of 25 ms,
which resultsin a CPU utilization of morethen45%, leavzing not muchroom for
otheractuities suchasbookkeepingandmonitoring.

Researclefforts in unmannedaerial vehicles(UAVs), and more specifically
in autonomoushelicopters have progressvely shiftedfocusfrom a purecontrol
problemto aninterdisciplinary problem,wherethe software performance,relia-
bility, andquality hasbecomea major critical factor This is demonstratetdy the
academidelicoptemrojects[11]-[18]. In [19] anoverview of otherautononous
modelhelicopterprojectsis given.

The structure of the autopilot software

The autopilotsoftware hassix differentmodesof operation(seeFig. 5). In each
modedifferenttasksare actve. The modesarel ni t, | dl e, Mot or, Take-
O f,Control O f,andCont r ol On. In all modesexceptfor theCont r ol On
mode thehumanpilot controlstherotor bladeswhereagherotor speeds always
controlliedby OLGA. Thefirst threemodesareneededo handletheinitialization
procedurecorrectly In particulay the Mot or modehandlesthe transitionfrom
a 0 rpm rotor speedo a safespeedof 300 rpm. At this speedthe helicopteris
guaranteedhot to takeoff, andonly an actve commandfrom the groundstation
allows thetransition to modeTake O f . Whenthetakeoff proceduras finished,
the helicopteris in modeCont r ol O f . In this mode,therotor is at a nomiral
speedof 1200 rpm andthe pilot hasfull control over the rotor blades. At this
point, thepilot is ableto switch,atary time, to theCont r ol On mode,activating
theautopild. For simplicity, we will hencefortifocusonly ontheCont r ol O f
andCont r ol On modes.

In theCont r ol O f mode,the autopilotsoftwarereadsthe commandgrom
the humanpilot receved via the wirelesslink and forwardsthemto the senos.
TheCont r ol O f modeconsistsf the 200Hz taskADFi | t er andthe40Hz
taskNavPi | ot . The ADFi | t er taskdecodesandpreprocessesensomalues
(datafusion). The NavPi | ot taskkeepstrack of the position andvelocity of
the helicopterusing the preprocessedatafrom the ADFi | t er task, and for-
wardsthepilot commandso thesenos. TheCont r ol OF f modeswitchego the
Cont r ol On modeif the pilot pushesa buttonontheremotecontrol In addition
to the200Hz taskADFi | t er , theCont r ol On modehasthe 40 Hz taskNav -
Cont r ol , whichreplacesheNavPi | ot task.Besidekeepingtrackof position
andvelocity, this taskimplemens the controller that stabilizesthe helicopterau-
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Figure6. Thehelicoptermodelin Simulink.

tonomausly. The Cont r ol On modeswitchesbackto the Cont r ol O f mode
if the pilot pushesatake-over buttonontheremotecontrol.

The Giotto model of the autopilot softwarein Simulink

A Giotto modelspecifieghereal-timeinteractionof a setof componentsvith the
physicalworld, aswell asthe real-time interaction betweerthe componentsAll
componentof a Giotto model executeperiodically For this purpose,a Giotto
model hasa parametercalled hyperperiod, which is the leastcommonmulti-
ple of all componenperiods.Fig. 6 shavs the Simulink specificatiorof a Giotto
modelcalledhel i copt er control | er,whichis connectedo acontinuots-
time modelof the helicopterdynamics.The dynamicsblock containsonly stan-
dardcontinuousditme Simulink blocks. The controller block is a so-calledGiotto
modelblodk, which exhibits a specialsemanticglescribedelon. The helicopter
controller hasa hyperperiodof 25 ms.

Fig. 7 shaws the contentsof the hel i copt er control | er block. The
block labeledADFi | t er is a Giotto taskblodk, which representa singleGiotto
task. A Giotto taskis a periodically executedfunction. The ADFi | t er block
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Figure7. The Giotto helicoptercontrollerin Simulink.

containsonly standarddiscrete-timeSimulink blocksthatimplementthe decod-
ing andpreprocessingf sensowvalues.Thefunctionalty programassociatevith

a Giotto taskblock might be obtainedn a numberof ways. In our casestudy the
functionality programis writtenin Oberonandtakenfrom thelegacy OLGA soft-

ware. Alternatively, functionality programsthat implement Giotto task blocks
might be hand-writen or automaticaly generatedising Simulink's codegenera-
tion facilities.

The secondblock in the Giotto modelis an exampleof a Giotto caseblod,
which may containmultiple Giotto tasks.Like ataskblock, a Giotto caseblock
is invoked periodically Upon eachinvocation,the caseblock selectsone of its
tasksfor execution.In theexample the caseblock containghe Giotto taskblocks
NavPi | ot andNavControl . TheNavPi | ot taskcomputeghe helicopter
positionandvelocity, andreadspilot commandgrom which it produceghe cor-
rectseno values.ThuseverytimetheNavPi | ot taskexecutesthehumanpilot
hasfull control of the helicopter The NavCont r ol task, by contrast,imple-
mentsautononous flight; it producesthe seno valuesbasedon a control law
computatio. EachGiotto caseblock hasafrequencywhichis givenasaninteger
valuerelative to the hyperperiodof the Giotto model. The caseblock of the ex-
amplehasthefrequeng 1, thatis, it is invokedwith aperiodof 25 ms. Both tasks
in the caseblock inherit the frequeny. Note thatthe ADFi | t er taskblock of
the Giotto modelis actuallyan abbreviation for a caseblock containinga single
task.In fact,Giotto modelblockscontainonly caseblocks. Thevirtual caseblock
aroundthe ADFi | t er taskhasthefrequenyg 5, which meanghatthetaskruns
fivetimesper25ms(i.e., with aperiodof 5 ms).

Fig. 8 shawvsthe contentof the caseblock. Besideghetwo taskblocks,there
is a Giotto switch blodk, labeledi sControl OF f/ On. A Giotto switch block
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Figure8. The Giotto caseblockin Simulink.

may containary standardiscrete-timeSimulink blocksin orderto select,based
onits inputvalues,at mostoneof thetasksfor execution.If notaskis choserfor
execution,thenall previous outputvaluesareheld. Thei sContr ol O f/ On
block readsthe pilot commando switch from manualto autonomousnodeand
back,andaccordinglychoosedetweenthe NavPi | ot taskandthe NavCon-
t rol task. The switch block is evaluatedoncefor eachinvocationof the sur
roundirg caseblock atthebeginningof its period. Thusit is evaluatedonceevery
25 ms. The block labeledQut put Por t is necessarpnly for multiplexing the
outputsof thetwo tasksinto a singleoutput Thetasksandthe switchblockin a
caseblock may only readfrom the inputsof the caseblock but not from ary task
outputswithin thatblock. To dothis, it is necessaryo establisha feed-bacKink
outsideof the caseblock from anoutputto aninput.

Generally a Giotto model may consistof multiple caseblocks that all run
concurrently More precisely a setof tasks—at mostone per caseblock— run
concurrently and eachsuchcombiration of tasksis called a Giotto mode For
example,the ADFi | t er andNavPi | ot tasksimplementthe Cont r ol O f
modeof the helicoptersystemwhereaghe ADFi | t er andNavCont r ol tasks
implement the Cont r ol On mode. Thusary caseswitching during execution
implementsa Giotto modeswitch.

Giotto semantics

Thekey propery of the Giotto semanticss thefixedlogical executiontime(FLET)
assumptionwhich assumesghat the executiontimesassociateavith all compu-
tation and commurication actwities arefixed and determinedoy the model, not
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the platform In Giotto, thelogical executiontime of a taskis alwaysexactly the
periodof thetask(i.e., the periodof the surrounding caseblock), andthelogical
executiontimesof all otheractvities (switch blocks, datatransferacrosslinks,
etc.) arealwayszero[2]. Notethatthe FLET assumptiorhasall concurrentask
executionswithin a Giotto moderunlogically in parallel.

The logical executiontime of a taskis an abstractnhotion which is possibly
very differentfrom the actual,physical executiontime of thetaskon a particular
CPU,which mayvary from taskinvocatim to taskinvocation. The power of the
FLET assumptiorstemsfrom the fact thatlogical, not physical executiontimes
determinevhensensorsareread,whenactuatorsarewritten, andwhendatatrav-
elsacrosdinks. For example,the ADFi | t er tasklogically executesfor 5 ms,
which impliesthat (1) it readsits input at the beginning of its period,and(2) its
outputis not availableto othertasksbefore5 ms, evenif the actualexecutionof
thetaskon the CPU finishesearlier Similarly, the caseblock with the two tasks
NavPi | ot andNavCont r ol logically executedor exactly 25 ms.

TheFLET hastwo importantconsequences.irst, sensorarereadonly atthe
beginning of atask’s period,andactuatorsareupdatedonly atthe endof atasks
period. This minimizesjitter. In theexample thesensorsaresampledoy the AD-
Fi | t er taskata frequeng of 200 Hz, andthe sernwos are updatedby the case
block atafrequeng of 40 Hz, preciselyat the endof eachhyperperiod. Second,
all interrtaskcommunicatiorhappensat periodboundaries.This eliminatesrace
conditiors betweentasks. In the example,the caseblock canonly readthe out-
putfrom the ADFi | t er taskinvocationattheendof the previoushyperperiod,
but not from ary ADFi | t er invocatian during the currenthyperpeiiod. Con-
sequentlywhile the NavCont r ol taskdoesnot alwaysusethe latestavailable
datafrom ADFi | t er , theuseddatais independenof varyingexecutiontimesof
ADFi | t er invocatians,andindependenodf the schedulingschemehatchooses
betweenthe NavCont r ol andADFi | t er taskswhenbotharereadyto be ex-
ecutedon the sameCPU. We have not encounterea “stale data” problemin the
helicoptercontrol system;on the contrary this small penaltyincurredby the use
of Giotto is morethancompensatebly theimproved predictabilityof the overall
system.In particular asa consequencef the FLET assumptiona Giotto model
is environmentdetermined20]: for ary given behaior of the physical world
seenthroughthe sensorsthe modelcomputesa uniquetrace,thatis, predictable
actuatorvaluesat predictabletime instants. In otherwords, the only sourceof
nondeternmismin a Giotto systemis the physical environment This makesthe
validationof the systemconsiderablyeasier
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Simulating Giotto modelsin Simulink

To simulateGiotto modelsin Simulink, we have developedthe S/G simulator,

which implemens the Giotto semantics.In practice,the S/G simulatorreadsa
Simulink specificatiorof aGiottomodelandtransfornsit into astandardliscrete-
time multi-rate Simulink modelthat malkesthe Giotto semanticgi.e., the FLET

assumptiongxplicit in Simulink. Thenthe S/G simulatorusesSimulink's simu-
lation facilities to simulatethe transformednodel. We referto simulationof the
transforned modelasS/Gsimulationof the original Giotto model.

Fig. 9 shavs theresultof S/G simulatng a stripped-davn versionof the he-
licopter controllerfor a durationof 140 mswith modeswitchesatthe 50 msand
100 mstime instants. The simulatian illustratesonly the timing of the inter-task
communcation of the original Giotto modelon trivial data. For simplicity, we
have replacedhe implementaion of the ADFi | t er taskwith a pulsegenerator
thattogglesthe outputof thetaskbetweerD andl. Thesimplifiedimplementation
of theNavPi | ot taskreadghatoutputandaddsl; thesimplified NavCont r ol
taskinsteadadds3. All taskoutputsareinitially 0. In this simplified example,
whereno sensowaluesareread,ervironment determinednessnsureghatthere
is a unique(infinite) traceof the program i.e., thereare no raceconditions be-
tweenthetwo tasks.

Fig. 9 shavsthe prefix of thetraceupto 140ms. At the 5 mstime instant,the
first invocationof the ADFi | t er taskis finished,andthusthe outputof thetask
changedrom 0 to 1. At the 10 msinstant,the secondnvocationis finishedand
the outputchangedackto 0, andsoon. Note thatthe pulsegeneratoinsidethe
ADFi | t er taskimplemens a 0/1 toggleindependenof any physical execution
times: it is thetaskblock frequeng thatmalkesit a 5 mspulsegeneratar At the
25msinstant.thefirstinvocationof theNavPi | ot taskis finished.Thistaskwas
chosenby the surrourting caseblock to executeat the 0 msinstant. As it read
its input alsoat the 0 msinstant,its input wasthe initial outputvalueO from the
ADFi | t er task. Thusthe outputof theNavPi | ot taskatthe 25 msinstantis
0+1,thatis, 1. Thesecondnvocationreadsl from the ADFi | t er task,andthus
outputs2 at the 50 msinstant. Now the caseblock chooseghe NavCont r ol
task to execute,which reads0O from the ADFi | t er task. The NavCont r ol
task outputsO+3, thatis, 3, atthe 75 msinstant. For its secondinvocation,the
taskreadsl from the ADFi | t er taskandthusoutputs4 at the 100 msinstant.
Now the caseblock again choosesheNavPi | ot taskto execute whichreadsO
from the ADFi | t er task.Henceits outputis 1, whichis availableatthe 125ms
instant.
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Figure9. A traceof thesimplified Giotto helicoptercontrollerwith modeswitch-
ing at50 msand100ms.

The time-tiggeredsemanticof Giotto enablesefficient reasoningaboutthe
timing behaior of aGiottomodel,in particular whetherit conformsto thetiming
requiremenrd of the control design. Moreover, Giotto modelsare compositioml
in thesenseahatany numberof Giotto modelsmaybe addedsideby sidewithout
changingtheir individual semanticsFor example,additionalfunctionality canbe
addedto the helicoptercontroler without changingthe real-timebehaior of the
tasksthatpresentlymake up thecontroler. This, of courseassumesheprovision
of sufficientcomputatonalresourceswhichis checledby the Giotto compilerfor
aspecifiedplatform (seebelow).

From Giotto modelsto Giotto programs

Thecodegeneratiorfrom Giotto modelsproceedsn several steps(recallFig. 2).
First the S/G translator takes a Giotto model block specifiedin Simulink and
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generateshe correspondingdsiotto programin textual form, which is then pro-
cessedy the Giotto compilerfor schedulabilityanalysisandto generateiming
code. Here we discussthe Giotto programthat resultsfrom S/G translatinga
givenGiotto modelin Simulink; the Giotto compilerwill bediscussedn the next
section.

A Giotto programdefinegheexacttiming andcommunicatio betweerGiotto
tasks.andbetweertheprogmamandthe physicalervironment.All communication
happensxplicitly acrosslinks that connectthe blocksin a Giotto model. The
sourcesanddestination®f thesdinks areimplemenedasGiotto ports, whichare
locationsin aglobalnamespacehatcarryvalues.TheGiotto portsarepartitioned
into taskinput andtaskoutputports sensorports andactuatorports In Fig. 7,
the ADFi | t er taskblock hasanincominglink from sensorportsto the task
input ports, and an outgoinglink from the task output portsto task input ports
within the caseblock; the caseblock hasanoutgoing link from taskoutputports
to actuatorports. Sensorportsarewritten outsideof the Giotto model,andread
inside; actuatorports are written inside of the Giotto model, and read outside.
In particular from the perspectie of the Giotto model,it makesno differenceif
a sensorport obtainsits valuefrom the physical ervironment, or from software
outsideof the Giotto model.

A Giotto programneedsto make explicit detailsthatareleft implicit or un-
specifiedn the Simulink specificatiorof a Giotto model,suchasportdeclarations
aswell asdeclaration®f functionalty prograns for readingandwriting portval-
ues.To transportvaluesbetweerportsandto interfacewith the hardware,Giotto
usegheconcepbf drivers.We distinguishbetweerGiottolink drivers andGiotto
devicedrivers. (Therearealsoinitializationandport drivers, which will be dis-
cussedater) The Giotto link driversimplementthe switchblocksanddatalinks
in the Simulink specificsion of a Giotto model; they canbe further partitioned
into task actuator, andmodedrivers. The purposeof taskandactuatordrivers
is to transportvaluesfrom sensomortsandtaskoutputportsto taskinput ports
andactuatomorts,respectiely; amodedriver evaluatesa mode-switchcondition
and,if it evaluatego true,transpors initial valuesto taskoutputportsof thetar-
getmode. A Giotto device driver transpors valuesfrom a hardwaredevice or a
non-Gidto taskto a Giotto port, or vice versa.For example,a device driver may
readsensorvaluesandwrite the resultsto a sensorport of the Giotto model; it
may write valuesproducedby anasynchronougevent-tiggered)taskto a sensor
port of the Giotto model; or it may updatean actuatorsettingusingthe value of
anactuatorport of the Giotto model. In additionto transportingdata,driversmay
performsomepreprocessingf the datasuchastype conversion.In the Simulink
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specificationof a Giotto model,taskandactuatordriversexist only implicitly as
links, modedrivers correspondo switch blocks, and device drivers are absent
entirely,

The Giotto program for the autopilot software

From a Giotto model block in Simulink, the S/G translatorgenerates Giotto
program, which is a collectionof Giotto modes.EachGiotto modehasa hyper
period,a setof taskinvocationswith specifiedfrequenciesa setof actuatorup-
dateswith specifiedfrequenciesanda setof modeswitcheswith specifiedfre-
guencies. A taskinvocatian executesthe task driver followed by the task, an
actuatorupdateexecuteghe actuatordriver, anda modeswitch evaluatesa mode
driver, possiblyfollowed by a switch to the target mode. The following exam-
pleshavstheGiottoprogramhel i copt er contr ol | er, whichspecifieghe
Cont rol O f andCont r ol On modesof the controlsystem:

node Control OFf () period 25 {
actfreq 1 do ServoUpdate;
actfreq 1 do DataPool Updat e;
exitfreqg 1 when SwitchOn do Control On;
taskfreq 5 do ADFilter;
taskfreq 1 do NavPilot;}
node Control On() period 25 {
actfreq 1 do ServoUpdate;
actfreq 1 do DataPool Updat e;
exitfreqg 1 when SwitchO'f do Control O f;
taskfreq 5 do ADFilter;
taskfreg 1 do NavControl;}

The hyperperiod of both modesis 25 ms. The frequenciesf the tasksinvoca-
tions, actuatorupdates,and mode switchesare specifiedrelative to this period
usingthe keywordst askf r eq, act f r eq, andexi t f r eq, respectrely. For
example,the ADFi | t er taskrunsin both modesfive timesper 25 ms (i.e., at
200Hz). The helicoptersenos andthe datapool,which containsmessagethat
aresentto the groundstation,areupdatedonceevery 25 ms by invoking the ac-
tuatordrivers Ser voUpdat e andDat aPool Updat e, respectiely. In mode
Cont r ol O f, aswitchto modeCont r ol On is contemplatedvery 25 ms by
executingthemodedriver Swi t chOn, which evaluatesamode-swith condition
Fig. 10 shaws the logical executionof a single hyperperiod of the Con-
t r ol On mode (a possiblephysical executionis shavn in Fig. 13 andwill be
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Figurel10. The logical executionof the Giotto autopilot programin the Con-
t r ol On mode.

discussedater). The logical executionsatisfiesthe FLET assumptionithe AD-
Fi | t er taskrunsfive timesexactly for 5 ms, whereaghe NavCont r ol task
runsonceexactly for 25 ms. Both tasksrunlogically in parallel. All Giotto link
anddevice driversareexecutedin logical zerotime. In practice link anddevice
driversareboundedcodethat satisfiesghe syndirony assumptiorj21] (asdrivers
cannotdependon eachother no issuesf fixed-pointsemanticarisein Giotto).

Inter-taskcommunicationaswell ascommuricationwith the environmentof
the Giotto program,worksthroughGiotto ports.In the Giotto programwe declare
all sensoportsglobally asfollows:

sensor
GPSPor t gps uses GPSGet ;
Laser Port | aser uses Laser Cet ;
ConmpassPort conpass uses ConpassCet ;
RPMPor t rpm uses Rot or Cet ;
Ser voPort pi l ot uses ServoGet ;
Anal ogPort accel eroneters uses AccGet;
Anal ogPort gyroscopes uses GyrosCet;
Anal ogPort tenperature uses TenpCet ;
Bool Port startswitch uses StartSwit chGet;
Bool Port stopswi tch uses St opSwi t chCet ;

Besidesa type name,we declarea Giotto device driver for eachsensorport. For
example,the sensomort gps hasthe type GPSPor t andusesthe device driver
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GPSCet to getnew sensowvaluesfrom the GPSdevice. Typesanddevice drivers
areimplemenedexternallyto Giotto. Herethey areOberontypesandprocedures.
In Fig. 10, at the 0 msinstant,thefirst actionis to readthe latestsensowalues
by calling the Giotto device driversfor all Giotto sensorports. Subsequently
every 5 msuntil the end of the hyperperiod, the device driversare called only
for the sensorportsthatarereadby the ADFi | t er task. Giotto device drivers
are always called in a time-triggeredfashion. However, somedevices require
immedateattentionusingan asynchronousginterrupt-driven) task. For example,
the GPSGet device driver doesnot accesshe GPSdevice directly, but readsa
buffer into which the asynchronousask (interrupthandler)thatis boundto the
GPSdevice placesthe latestGPSreadings.The asynchronousaskis externalto
the Giotto program. The oppositedirectionfor communcationfrom a portto a
deviceis donein asimilarway, andwill bediscussedbelow.

At the 0 ms instant, right after executingthe Giotto device drivers for the
sensorports,themodedriver Swi t chCf f is calledto determinewhetheror not
to switchinto theCont r ol O f mode.Themodedriveris declaredasfollows:

driver SwitchOf(stopswitch) output () {
switch isControl O f(stopswitch)}

Thedriver hasasingleinput,st opswi t ch, whichis asensoportwhoseGiotto
devicedriver St opSwi t chGet hasjustbeencalled. Thedevice driverreadshe
valueof avariablethatrepresentthetake-over button,whosevalueis transmited
asynchronouslyi.e., externally to Giotto) via the wirelesslink from the remote
controlto the airbome control system.Basedon the valueof thest opswi t ch
port, the Oberonimplementationof thei sCont r ol OfF f predicatereturrs true
or false,determiningwhetheror notto switchto theCont r ol Of f mode.

Supposdhatwe stayin the Cont r ol On mode. The next stepis to loadthe
taskinput portsof the ADFi | t er andNavCont r ol taskswith thelatestvalues
of the sensorandtaskoutputportsto which the tasksare connectedasspecified
in thetaskdeclarationdelow. Beforedeclaringthetasks all taskoutputportsare
declaredylobally asfollows:

out put
Anal ogPort filter = Filterlnit;
Ser voPor t control := Servolnit;

Dat aPool Port dat a Dat aPool I nit;

Thefilter portwill betheonly taskoutputport of the ADFi | t er task;the
cont r ol anddat a portswill beusedastaskoutputportsby theNavCont r ol
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task.For eachtaskoutputport,in additionto atypename aninitialization driveris
specifiedwhichis invokedonceatstart-uptimeto initiali zetheport. For example,
the taskoutputportfi | t er hasthe type Anal ogPort andis initialized by
thedriver Fi l terl nit. As usual,the initialization drivers are implemenéd
externally to Giotto, hereasOberonprocedureslnitial valuesfor all taskoutput
portssufiiciently describea uniquestartconfigurationof a Giotto program. The
ADFi | t er andNavCont r ol tasksaredeclaredasfollows:

task ADFilter(accel eroneters, gyroscopes, tenpera-
ture, filter)
output (filter) {
schedul e ADFilterl npl ement ati on(accel eroneters, gyro-
scopes,
tenperature, fil-
ter, filter)}
task NavControl (gps, |aser, conpass, filter, rpm pi-
| ot, data)
output (control, data) {
schedul e NavControl | npl ement ati on(gps, |aser, conpass,
filter, rpm pilot,
control, data)}

The ADFi | t er task readsfrom the accel eroneters, gyroscopes,
tenperature,andfilter ports.Thefil ter portisalsoataskoutputport,
whichmalkestheportastatevariableof thetask. Priorto theinvocationof thetask,
the valuesof all four portsarecopiedby the taskdriver for ADFi | t er to some
localmemory whichis only accessibléo thetaskitself. Thetaskdriver doesnot
have to bedeclaredxplicitly in the Giotto program TheprocedureADFi | t er -

I mpl enent at i on, whichimplemensthefunctiorality of the ADFi | t er task,
is externalto Giotto. In our casejt is an Oberonprocedurehatis takendirectly
from theoriginal OLGA controlsoftware. TheNavCont r ol taskisdeclaredn a
similarway. Now theGiotto programis readyto invokethe ADFi | t er andNav -

Cont r ol tasks.TheNavCont r ol taskrunslogically for 25 ms;the ADFi | -

t er taskrunslogically concurrenyy andfinishesafter5 ms. In practice theout-
put of
ADFi | t er | npl enent at i on is keptin local memorywhenit becomesvail-
able,andloadedinto the taskoutputportfi | t er atthe5 msinstant. Thisis
accomplishedy an (undeclaredport driver for fi | t er. Portdriversareused
to maintainthe FLET assumptiorby makingtask outputsvisible in task output
portsonly attheendof logical taskexecution,which maybelaterthanthe endof
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physical taskexecution. Then,still at5 ms, new sensowaluesarereadandthe
taskinputportsof the ADFi | t er taskareloaded beforeinvoking thetaskagain.

This procesgepeatantil the 25 mstime instantis reached At thattime, new
valuesin the cont r ol anddat a output ports of the NavCont r ol taskare
available. The new values are now transferredby the actuator drivers
Ser voUpdat e and Dat aPool Updat e to the ser vos anddat apool ac-
tuatorports, respectrely. Beforedeclaringthe actuatordrivers,we first needto
declarethe actuatomortsglobally asfollows:

act uat or
ServoPort servos uses ServoPut;
Dat aPool Port dat apool uses Dat aPool Put ;

Besidesa type name,we declarea Giotto device driver for eachactuatorport.
For example,the actuatorport ser vos hasthetype Ser voPor t andusesthe
Giotto device driver Ser voPut to transfemew actuatorvaluesto the helicopter
senos. Again, typesanddevice driversareimplementedexternallyto Giotto. Be-
fore thedevice driversarecalled,the actuatordriversSer voUpdat e andDat -
aPool Updat e areexecuted.Theactuatordriversaredeclaredasfollows:

driver ServoUpdate(control) output (servos) {

call ServoUpdat el mpl enentati on(control, servos)}
driver DataPool Updat e(data) output (datapool) {

cal I Dat aPool Updat el npl enent ati on(data, datapool)}

In Fig. 10, at the 25 ms instant after the NavControl task
finishes, the helicopter servos and datapool are updated by
first executing the Oberon ServoUpdatel nplenentation and
Dat aPool Updat el npl enent at i on, which transportthe valuesfrom the
control anddat a portsto the ser vos anddat apool actuatorports, re-
spectvely. Then,the Ser voPut device driver is called, which takes the new
valuefrom theser vos portandupdategsheseno devices. TheDat aPool Put
device driver is also called, but insteadof accessing device, it putsthe value
from thedat apool portinto a buffer, which getstransmittedover the wireless
link assoonasthe Giotto systembecomesdle. The actualtransmissioris done
by a backgroundnontime-critical) taskof the original OLGA control software.
The backgroundaskis externalto the Giotto program. The 25 ms hyperperiod
is now finished.
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Figurell. TheGiotto tool chainfor codegeneration.

Giotto Compilation and Execution

Beforewe discusghe compilaton andexecutionof the Giotto autopild program
onthe OLGA hardware,we considerthe Giotto tool chainin slightly greaterde-
tail, asshavnin Fig. 11. FromagivenSimulink modelthatcontainsGiotto model
blocks, the S/G translatorgeneratesa timing (Giotto) program for the Giotto
model blocks, while we may use MathWorks’ Real-Time WorkshopEmbedded
Coderto generatehe functionality (C) programsthatimplementthe Giotto task
and switch blocksinside the Giotto model blocks. Functionality (C) programs
that implementthe Giotto drivers needto be provided as well, typically from
driver libraries. In the next step,the Giotto compilergeneratesiming codefrom
the Giotto program and a C compiler generategunctionalty codefrom the C
prograns. The Giotto compilertargetsa virtual machinecalled the Embedded
Machine[20]. The compilergenerateso-calledE code which is interpretedby
the EmbeddedMachinein real time. Thereare E codeinstructonsto call or
schedulehefunctionality code,andto invoke the Embeddedachineat specific
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time instantsor occurrence®f events. In the last step,beforeE codecanbe ex-
ecuted,it is linked through a commonsymboltablewith the functionality code
generatedby the C compilerfrom thefunctionality prograns. Theexecutionervi-
ronmentfor Giotto consistof animplementatn of the Embeddedviachineand
a platform (i.e., operatingsystemandhardware),which includesa scheduleifor
functiorality code.

The Giotto compiler

Themaintaskof the Giotto compileris to producetiming (E) codethatis consis-
tentwith the FLET assumptiorof the Giotto program.To this end,the generated
E codemustbe shavn to be time safe[20] on the chosenplatform, which in-
tuitively meansthat all tasksmeetthe logical deadlinesprovided by the Giotto
semantics.If the E codeis time safe,thenthe executionbehaior of the Giotto
controlsystem(i.e., timing andfunctionality code)is guaranteetio conformwith
the S/G simulatian behavior of theoriginal Giotto model. Becausésiottois ervi-
ronmentdeterminedthis conformances precisen bothtiming andfunctiorality:
for ary given sequenc®f sensoreadingsthe S/G simulationandthe behaior
of the generatedodeoutputthe samesequenc®f actuatorsettings,andupdate
the actuatorsettingsat the samepointsin time. In otherwords,a Giotto control
systemexhibits no internalraceconditions which makesits behaior predictable
andverifiable.

TheGiotto compilercheckgime safetyof the E codeby performirg aschedu-
lability analysison the Giotto programfor given worst-casesxecutiontimes of
thefunctionality code.For single-CPUplatforms, the schedulabilityanalysiscan
be donein polynamial time by checkinga utilization equationfor eachGiotto
mode[22] (the analysisis exact underthe reasonablessumptiorthatall modes
of the Giotto programcan be reachedduring program execution; otherwisethe
analysisis conserative). The schedulabilityanalysisrequiresworst-casesxecu-
tion time assumptiongor C code,which maybe provided by non-Gioto-specific
tools[23].

Thecode-generatioprocesss perhapdestunderstoodf we considemwhich
partsneedto beredoneif the platform changes.In orderto run a Giotto control
systenonanew platform, we must(1) provide C programshatimplementGiotto
device driversto interfacethe new hardware; (2) recompilethe functiorality (C)
prograns for the new platform; (3) have the Giotto compilerredothetime-safety
checkfor the new worst-casexecutiontimes;and(4) implementthe Embedded
Machineon the new platform In particular if the new platform offers sufficient

24



performance thenthe generatediming (E) codecanberunalsoonthenew plat-
form. Indeed,oncethe EmbeddedMachinehasbeenported,the nenv execution
ervironmentcanrun ary Giotto controlsystenthatpasses time-safetycheck.

The Giotto compiler hasa greatdeal of freedomwhen generatingé code.
This is becausea Giotto programdoesnot specifywhere,how, andwhentasks
arescheduled.For example,the helicoptercontrol programcanbe compiledon
platforms with asingleCPU (by time sharingbetweerthe datafusionandcontrol
tasks),or on platforms with two CPUs(by parallelism) it canbe compiledon
platforms with preemptve priority scheduling(suchasmostreal-timeoperating
systems)or onplatformswith time-slicescheduling Roughly all theGiottocom-
piler needgo ensureis that (1) the sensorsandactuatorsarereadandwritten as
closeaspossibleto thetimesspecifiedoy the Giotto semanticsand(2) whenever
in the Giotto semanticshelogical completionof onetaskprecedesheinvocation
of anothertask,thenthe sameprecedencés presered during the actualexecu-
tion [2]. Thefirst requirenentreduced/O jitter; thefreedomgivenby the second
requirementanbe usedby the compilerto optimize performanceln particulr,
aswe will seenext, the helicoptersystemexecutegwo logically concurrent]og-
ically atomic(i.e., non-preempd) tasksthrough time sharingandpreempton on
asingleCPU.

As the Giotto compilermaintainscomplianceof the codewith thelogical se-
mantics,Giotto systemsanbe composedTheexisting /0 behaior of a Giotto
control systemdoesnot changewhennew Giotto tasksare added,provided the
compilersucceed# showving thattheresultingE coderemainstime safedespite
theadditional load.

The Giotto-based autopilot control system

The systemarchitectureof the Giotto-basedhelicoptercontrol systemis shovn
in Fig. 12. The upperleft portion shows the Giotto programandthe correspond-
ing functionality programsnamely Oberonimplementationof the Giotto device
andlink driversandGiotto tasks. The non-Gidto tasksshavn in the upperright
portion of Fig. 12 implementasynchronougevent-triggered)tasksor background
(non-ime-critical) tasks,which areinterfacedto the Giotto systemthroud sen-
sor and actuatorports via Giotto device drivers. Asynchronos tasksmustbe
taken into accountby the schedulabilityanalysisperformed by the Giotto com-
piler; backgroundasksare executedonly whenthe Giotto systemis idle. In the
middle of Fig. 12, the original OLGA systemsoftware is extendedby an im-
plementatio of the EmbeddedViachinein the kernel of the HelyOS real-time
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operatingsystem.Theunderlyirg hardwareis unchanged.

Fig. 13 shaws the actual,physical executionof the Giotto autopilotprogram
in the Cont r ol On mode,which correspondso the logical executionshavn in
Fig. 10. Sincethe OLGA hardware hasa single CPU to run the Giotto system
aswell asnon-Gbtto tasks,at any point in time during the actualexecution,at
mostoneof the Giotto or non-Gioto taskscanberunning. Thisis in contrasto
thelogical execution,wherethetwo Giotto tasksADFi | t er andNavCont r ol
run logically in parallel. In orderto checkthe schedulabilityof the Cont r ol On
mode, the Giotto compiler must verify that on the OLGA CPU, five timesthe
worst-caseaxecutiontime of ADFi | t er, plusthe executiontime of NavCon-
t rol , plus worst-caseassumptiongor Giotto overhead(i.e., driver execution)
and asynchronousion-Giotb tasksare lessthanthe hyperperiod of the mode
(25ms).

The scheduleof tasksduringthe actualexecutionis determinedy the gener
atedE codeaswell asthe scheduleof the operatingsystem(OS), which is part
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of the platform. The E codegovernsthe timing behaior of the Giotto system:
it triggerstheimmediate(synchronousgxecutionof the drivers,andhandstasks
thatarereadyto be scheduledo the OS. The HelyOSschedulesiotto tasksus-
ing a rate-monabnic schedulerandrunsbackgroundaskswheneer the Giotto
systemis idle. Thereis atrade-of betweerE codeschedulingandschedulingoy
the OS.In thetwo extremecasesthe E codemay give the OS maximalfreedom
by handingover tasksassoonasthey arereadyto be scheduledn conformance
with the Giotto semanticsor it may make its own schedulingdecisionsandhand,
atall times,only oneof thereadytasksto the OS.Many intermediatesolutiors are
alsopossible.E codeschedulings explicit, determinedoy the Giotto compiler;
schedulingby the OSis implicit, dependingon the schedulingstratgly usedby
the OS. Note, however, that E codeschedulings not necessarilystatic, because
schedulingdecisionsmay dependon the stateof the program.E codeis compat-
ible with ary schedulingstrategy of the OS, but the schedulingstratgly mustbe
known whenthe Giotto compilerchecksthe generatedt codefor time safety

Thetop row of Fig. 13 shaws the executionof the ADFi | t er taskandthe
driversfrom the top row of Fig. 10. The middle row shavs the executionof the
NavCont r ol taskandthedriversfrom the bottomrow of Fig. 10. The bottom
row shaws the executionof backgroundnontime-critical) tasks. At 0 ms, the
ADFi | t er taskstartsbeforetheNavCont r ol task,eventhoughbothareready
accordingto the Giotto semanticsbecauséDFi | t er runsata higherrateand
thus hasa higherpriority. For the samereasonNavCont r ol is preemptecht
5 mshby thesecondnvocationof ADFi | t er . Notethatin orderto conformwith
thedataflow specifiedby the Giotto semanticstheNav Cont r ol taskmustread
the outputof the lastinvocatian of the ADFi | t er taskfrom the previous con-
trol cycle even thoughthe first invocaton of ADFi | t er in the currentcycle is
alreadycompletedwhenNavCont r ol starts,andthusa fresheroutputof AD-
Fi | t er would be available. The benefitof this strict adherenceo the Giotto
semanticss thatthe sameoutputvalue—namelythe oneof definedby the FLET
assumption—is usedin all implemenations,independenof the schedulingstrat-
egy andperformancef the platform

In thehelicoptersystemjn orderto implementthe Giotto semanticstheinput
for theNavCont r ol taskis loadedat 0 msandthenbufferedfor 25 msuntil the
endof thetask’s period. Similarly, task outputsare bufferedand madeavailable
only atthe endof a taskperiod. Buffering taskinputsandoutputsis a sufficient
but conserative techniqueto implementthe FLET assumptiorof the Giotto se-
mantics. Othertechniquessuchas schedulingwith precedenceonstraintsare
possibleg2].
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Conclusions

Giotto is a domainspecifichigh-level progranming language:domain-specific,
asit addresseesmbeddedontrolapplicationshigh-level, asit abstractplatform-
dependentmplemenation details. Giotto increaseshe transpareng of control
software,andautomateschedulingandoptimizationthrough compilatian.

The successfuleengineeringpf the OLGA autopilot software using Giotto
demonstratethe feasibility of the Giotto approactfor high-perbrmancecontrol
systems.The Giotto compilerautomaticaly generatesiming codefor a control
systemwith multiple modesof operation,multiple levels of task priorities, and
time-triggeredaswell asevent-triggeredaskactivation. Giotto incursan over-
headthrough E codeinterpretatio, predicatechecksfor modeswitching,andthe
copying of ports. Measurementsn the helicopterimplementatn have shovn
thatthis overheadamountgo lessthan2% of a 25 msperiod.

Giotto-baseccontrolsystemsenefitirom thedualseparatiorof concerngre-
actvity vs. scheduling;timing vs. functionality) in mary ways. First, andfore-
most, the timing behaior of the control systemis guaranteedo conform with
the simulationbehaior of the correspondingsimulink model. Indeed,for ary
given behaior of the physical environment, the responsef the Giotto systemis
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unique,andthereforepredictable Secondthe developmenteffort is significantly
reduced,as the tediousprogramnmng of the timing codeis handedover to the
Giotto compiler Also, theautomatiorof thetiming codegeneratioreliminatesa
commonsourceof errors. Third, the high degreeof modulaizationandsoftware
transpareng facilitatesthe easyexchangeand addition of functiorality, aswell
asthe easymodificationof timing requirements Functionalityprograns canbe
packagedas software componentsandreused;timing (Giotto) programscanbe
composedvithout changingheirindividual behaiors. Fourth,the systemcanbe
portedto all platformsfor which animplementatio of the Embeddedvachineis
available. An implementationof the Embeddedviachineon top of HelyOSwas
accomplishedn oneweek,andits sourcecodeis only 6 KByte.

Current Giotto implementations

Thereare severalimplemenationsof executionenvironmens for Giotto besides
the oneusedfor the helicoptercontrol systemdescribedn this article. Thefirst
implementationof Giotto was a simplified Giotto execution ernvironmenton a
distributed platform of Lego Mindstormns [24] robots. The robotsuseinfrared
transcerersfor communcation. Thenwe implementeda full Giotto execution
ervironment on a distributed platform of Intel x86 robotsrunningthe real-time
operatingsystemVVxWorks [25]. The robotsusewirelessEthernetfor commu-
nication. We alsowrote a Giotto program that runs on five robots,threeLego
Mindstorms andtwo x86-basedobots,to demonstratéhe applicabilty of Giotto
for heterogeneoyslatforms. For adiscussiorof thiswork, andembeddedontrol
systemsdevelopmentwith Giotto in generalwe referto the earlierreport[26].

We have implementeda Giotto-basedautomotve electronicthrottle controller
on a singleMotorolaMPC 555 processorunningthe real-timeoperatingsystem
OSEKWbrks[27]. The Giotto programspecifieshreetasks:a 1 KHz contmwoller
taskthatimplemens variousthrottle controlers,a 33 Hz monita taskthatmon-
itors the systemstatus,anda 66 Hz manayer taskthat determinesbasedon the
systemstatuswhich throttle controlleris executedoy the controller task.

TheBerkeley Aerial Robot(BEAR) helicoptercontrolsystem16] is alsobe-
ing reimplementedn Giotto. In contrasto the OLGA helicoptercontrol system,
wherethe functionality progamshave beenreusedrom the original project,the
secondyeneratiorof the BEAR helicoptercontrol systemis a completeredesign
of the softwareimplementation[28].

Exceptfor the one usedin the OLGA helicoptercontrol system(which is
written in Oberon),all currentversionsof the EmbeddedVvachine are written
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in C andare POSIX-compliant. Non-real-tme implementatns of the Embed-
dedMachinearealsoavailablefor Linux andWindows. The Giotto compileris
writtenin Java. All Giottosoftwaretoolsareavailablefor downloadathttp://www.eecsberkeley.edu/~fre:

Related work

Giottowasoriginally inspiredby thetime-triggeredarchitecturé TTA) [29], which
firstrealizedthetime-triggeredparadignfor meetinghardreal-timeconstraintsn
safety-criticaldistributed settings.Whereaghe TTA encompasseshardwarear-
chitectureand communcation protoco| Giotto providesa platformindependent
progranmer’s modelfor time-triggeredapplications.

The inter-task communicationsemanticsof Giotto is similar to the MetaH
languagg30], which is designedor real-time, distributed avionics applications.
Giotto canbe viewed ascapturinga time-triggeredfragmentof MetaH in an ab-
stractandformalway. In particulay unlike MetaH, Giotto specifiesotonly inter-
task communcation but also mode switchesin a time-triggeredfashion,and it
doesnot constraintheimplementabn to a particularschedulingscheme.

Marny objectvesof Giotto are sharedby the synchronouseactve program-
ming language$21], including Esterel[31], Lustre[32], andSignal[33]. Giotto
emphasizethe useof scheduleccomputation(i.e., the executionof tasks,which
consumenon-ngligible amountsof CPU time) at the expenseof synchronous
computatia (i.e., the executionof drivers,which areconstrainedo be bounded,
independenton-interactingprocesses)Consequentlywhile the compilatian of
synchronouseactve languagedocuseson fixed-pointanalysis,the compilation
of Giotto focuseson schedulabilityanalysis.A moredetailedcomparisons given
in [34].

Acknowledgments. We thankNiklaus Wirth andWalter Schaufelbegerfor their
adviceandsupportof the reengineeringffort of the ETH Zurich helicoptercon-
trol systemusingGiotto.
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