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Introduction

We presenta methodology for controlsoftwaredevelopmentbasedon Giotto [2],
a domain-specifichigh-level programming languagefor control applications.A
Giotto programexplicitly specifiesthe exact real-time interaction of software
componentswith thephysicalworld. TheGiottocompilerautomaticallygenerates
timing codethatensuresthespecifiedbehavior onagivenplatform.

This article illustratesthe Giotto methodology by reimplementing the con-
troller for an autonomously flying modelhelicopteroriginally developedat the
SwissFederalInstitute of Technology(ETH) Zürich [3]. We demonstratethat
Giotto introducesa negligible overhead,andat thesametime increasestherelia-
bility andreusabilityof thecontrolsoftware.

Thearticlebeginswith aconceptualoverview of theGiotto methodology. We
explain how Giotto helpsto automatethecontrolsoftwaredevelopmentprocess,
andto improve the quality of the resultingcode. We thenreporton the Giotto
helicopterproject. We usethe autopilot softwarefor the helicopterto guidean
informal presentationof the Giotto language,and of the S/G translator, which
extractsaGiottoprogramfrom aGiottocontrolmodelspecifiedin Simulink. This
is followedby a brief discussionof thecompilation andexecutionof theGiotto-
basedcontrol system.Thearticleconcludeswith a summaryof availableGiotto
implementations,andpointersto relatedwork.

More detailson Giotto, aswell asa distribution of the Giotto softwaretools
usedin thisarticle,canbefoundathttp://www.eecs.berkeley.edu/~fresco/giotto.

The Giotto Methodology

TheGiotto methodology presentsa systematicattemptto decomposethedifficult
taskof controlsystemsdevelopment:domain-specific(control)concernsaresep-
aratedfrom platform-specific(implementation)concerns,and time-relatedcon-
cernsareseparatedfrom data-related(functionality) concerns.

Separating reactivity from scheduling

Traditionally, acontrolsystemis designedusingtoolsfor mathematicalmodeling
andsimulation,suchasMathWorks’ Simulink. Thecontrolmodelis implemented
manuallyor automatically, andthecodeis thentestedandoptimizedfor thegiven
platform until it exhibits satisfactory timing behavior. In the process,the tight
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correspondencebetweenmodel and codeis often lost. The resultingsoftware
is brittle, difficult to reuseon a differentplatform, anddifficult to enhancewith
additionalfunctionality.

Giotto addressesthis problemby offeringanintermediatelayerof abstraction
betweenthe mathematical modelandthe code. We call this layer an embedded
software model. An embeddedsoftware model specifiesa solution to a given
controlproblemindependentof anexecutionplatform(i.e.,operatingsystemand
hardware),but it is closerto executablecodethana mathematicalmodel. While
theentitiesof a mathematicalmodelare,typically, matrices,equations,andper-
hapsstatediagrams,theentitiesof asoftwaremodelaredatastructuresandproce-
dures.For example,a softwaremodelmayspecifytherepresentationfor storing
amatrix,andthealgorithmandprecisionfor evaluatinganequation.

Commonsoftwaremodelsarehigh-level programming languages,but for em-
beddedsoftware, the model needsto include constructsfor expressingconcur-
rency andtiming. An embeddedsoftwaremodelspecifiesthelogicalconcurrency
andinteractionof softwareprocesses,aswell asthetiming of processinteractions
with thephysicalenvironment.However, anembeddedsoftwaremodelmustnot
specifythephysicaldistributionof thesoftwareprocesses,noraschedulingmech-
anism,bothof whichrequireknowledgeabouttheplatform. In Giotto,wespecify
whena sensoris read,which sensorreadingis usedfor computingan actuator
value,andwhentheactuatoris set,without specifyingaCPUor apriority for the
computation.

In short, an embeddedsoftware model separatesthe platform-independent
from theplatform-dependentissuesin embeddedsoftwaredevelopment.This fa-
cilitatescodegenerationby partitioning the taskinto two steps.In thefirst step,
calledprogram generation, a given mathematicalmodel is transformed into an
embeddedsoftwaremodel(i.e.,ahigh-level embeddedprogram). Thisstepis en-
tirely independentof any executionplatform; it specifiesonly the reactivity(i.e.,
real-time response)of thesystemrelative to a physicalenvironment. In thesec-
ond step,calledcompilation, the softwaremodel is transformedinto executable
codefor a targetplatform. Thisstepmustensuretheschedulability (i.e., real-time
execution)of the systemin a specificexecutionenvironment. While program
generationprovidesa fully specifiedalgorithmic solutionto thecontrolproblem
athand,compilationis usuallyconcernedalsowith non-reactivepropertiesof the
solution,suchasresourceutilizationandfault tolerance.

Theexplicit useof a softwaremodelduringcodegenerationoffers improved
flexibility in the verification, optimization, integration, and reuseof embedded
components.All of theseactivities areeasierto carry out at the level of an em-
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beddedsoftwaremodel,ratherthanat thelevel of platform-specificcode.

Separating timing from functionality

Giotto provides an embeddedsoftware model for control applications. Conse-
quently, a Giotto-basedsystemsdevelopmentmethodology can separatehigh-
level controlconcerns,suchassamplingratesandcontrol laws,which dependon
thegivencontrolproblem,from low-level implementation concerns,suchasout-
put jitter anddevice drivers,which dependon the chosenplatform. In addition,
the Giotto methodology alsoseparatestiming concerns,suchassamplingrates
and output jitter, from functionality concerns,suchas control laws and device
drivers.A Giotto programsupervisestheinteractionbetweensoftwareprocesses
andthephysicalworld, but doesnot itself transformdata.All computationis en-
capsulatedinsidethesupervisedsoftwareprocesses,which canbewritten in any
non-embeddedprogramming language,suchasC. We refer to a Giotto program
asa timingprogram, andto thesupervisedprocessescalledby theGiottoprogram
asfunctionality programs.

In this way, Giotto enforcesa programming discipline—thestrict separation
of timing andfunctionality— which is often violatedin real-timeprograms, es-
peciallywhentheprogramsarehand-optimizedto meettiming constraints.This
programmingdisciplineoffersadditionalbenefitsin theverification,optimization,
integration,andreuseof embeddedcomponents.All of theseactivities areeasier
to carryout independentlyfor timing andfunctionality programs. Similarly, the
separationof timing andfunctionality further facilitatescodegeneration:thetim-
ing (Giotto) programcanbe compiledinto executabletiming code,independent
of the compilation of the functionality (e.g.,C) programsinto executablepieces
of functionality code. After linking, the timing codesupervisestheexecutionof
thefunctionality code.

It is importantto notethatthisschemeoffersgreatflexibility for thecompiler.
A Giottoprogramspecifiesonly thereactivity of thefunctionality programs—i.e.,
whenthey areinvoked,andwhentheir outputsareread—but not their schedul-
ing. Hence,on thelevel of theGiotto softwaremodel,all functionality programs
areatomicexecutionunits, without priorities or internalsynchronizationpoints.
In otherwords,the softwareprocessessupervisedby a Giotto programaresub-
routines(functions) ratherthancoroutines(threads)[4]. This makesthe Giotto
softwaremodel transparent,andparticularlyattractive for verification [5]. The
Giotto compiler, on theotherhand,is free to producetiming codethatpreempts
functionality code,andwill generallydo sofor schedulingandoptimizationpur-
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poses.Thus,on the level of platform code,thepiecesof functionality codethat
aresupervisedby the timing codeare indeedcoroutines,not subroutines.This
illustratesstrikingly the main propertyof a goodsoftwaremodel: the software
modelshouldemphasizetransparency (simplicity), and thus improve reliability
andenablereuse,whereasthecompiler shouldemphasizeperformance.

The Giotto tool chain

Fig. 1 shows thecontrolsystemsdevelopmentprocesswithout anembeddedsoft-
waremodelthatseparatestiming from functionality; Fig.2 showshow theprocess
changesif Giotto is used.TheGiotto methodologypartitionsthecodegeneration
from controlmodelsinto four independentphases.Thefour phasesaresupported
by four differenttoolswith thefollowing outputs:

1. Froma givenSimulink model,theSimulinkcodegeneration facilities, e.g.,
MathWorks’ Real-Time Workshop(RTW) EmbeddedCoder, generateC
programsfor thefunctionalentitiesof thedesign,suchascontrol law com-
putations.OtherC programsthatimplementfunctionalunits,suchasdevice
drivers,maybetakenfrom libraries.Theindividualfunctionality programs

6



aresequentialandindependent,andtheir executionneedsto besupervised
by a timing program.

2. From the Simulink model,the S/Gtranslatorgeneratesa Giotto program,
which specifiesthetiming behavior of a controlsystemin a platform-inde-
pendentway. TheGiotto programsupervisestheexecutionof thefunction-
ality programsin responseto thebehavior of thephysicalenvironment.

3. Fromthefunctionalityprograms,theCcompilergeneratesexecutablepieces
of codefor achosenplatform.

4. FromtheGiottoprogram,theGiottocompilergeneratesplatform codethat,
after linking, supervisesthe executionof functionality codein a way that
guaranteesthereal-timebehavior specifiedby theGiottoprogram.In order
to generatecodewith this property, theGiotto compilerneedsto performa
schedulabilityanalysis,andrejectaGiottoprogramif its timing constraints
cannotbemeton thetargetplatform.

In thiscode-generationtool chain,therearetwo Giotto-specifictools,namely, the
S/GtranslatorandtheGiottocompiler.

In addition, Giotto offers a simulation tool, the S/Gsimulator, which allows
thesimulation of Giottomodelsthatarespecifiedin Simulink. Thebenefitsof us-
ing theS/Gsimulator, ratherthanSimulink’s own simulationfacilities,is thatthe
Giotto tool chainguaranteesthatthereal-timeandfunctionalbehavior of thegen-
eratedcodematchesexactly theresultof S/Gsimulation. TheS/Gsimulatorsup-
portstherapidprototyping andvalidationof Giotto controlsystemsin Simulink,
becausetheGiotto code-generationtoolsarefully compliantwith theS/Gsimu-
lationsemantics.

A Giotto-based Autonomous Helicopter System

We illustratetheGiotto methodology by reengineeringanexisting complex con-
trol system:the autopilotsoftwareof an autonomously flying modelhelicopter.
We startedfrom a systemthatalreadymetthedesiredobjectives:a fully working
systemwith a well-modularizedsoftwarearchitecture.This madeit easyto iso-
late the functionalcomponentsfrom the existing code. A similar reengineering
approachhasbeenusedto assessthe feasibility of othermethodologies,suchas
MetaH,in thecontext of embeddedmissilecontrolsystems[6].
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Figure3. ThemodelhelicopterandtheOLGA controlsystem(aluminumbox).

The helicopter system

The original helicoptercontrol system[3] wasdevelopedat ETH Zürich aspart
of an interdisciplinary projectto build an autonomously flying modelhelicopter
for researchpurposes.Thecontrolsystemhardwareis acustom-craftedcomputer
boardwith a single200MHz StrongARMprocessorandspecializedI/O devices.
All functionalcomponentsareimplementedin theprogramminglanguageOberon
[7], [8] on top of the custom-designedreal-timeoperatingsystemHelyOS [9].
Thecontrolsystem(hardware,HelyOS,andautopilot software)is calledOLGA,
which standsfor Oberon Language GoesAirborne. OLGA is now sold by we-
Control, aspin-off company of ETH Zürich,underthenameof wePilot1000[10].

The completehelicoptersystemconsistsof an aircraft (i.e., the modelheli-
copter),theOLGA control system,anda groundsystem.Fig. 3 shows a picture
of the helicopter;Fig. 4 shows the systemstructure. The groundsystem(bot-
tom of Fig. 4) supportsmissionplanning,flight commandactivation, andflight
monitoring. Sincethe groundsystemis not relevant for the reimplementation
of the OLGA autopilotsoftware,it is not discussedhere. All sensorsandcom-
putationalresourcesusedfor flight controlandnavigation areairborne(with the
exceptionof a secondaryGPSreceiver usedfor the differentialGPS).The sen-
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sorsusedon thehelicopterarea GPSreceiver, a compass,a revolution sensor, a
laseraltimeter, threeaccelerometers,threegyroscopes,anda temperaturesensor.
Theactuatorsaresix servosthatcontrol themainandtail rotor bladesaswell as
thethrottle of thetwo-strokecombustionengine.TheOLGA controlsystemgen-
eratespulse-width-modulated(PWM) servo commands.Take-off andlandingare
underremotecontrolof ahumanpilot. Thetransitionfrom manualto autonomous
flight is donewhenthehelicopteris hovering. In orderto allow a smoothtransi-
tion, OLGA tracksthecommandsfrom thehumanpilot and,upontransition,uses
themasthe initial operatingpoint of thecontroller. In caseof anemergency, the
humanpilot is ableto bypassOLGA atany time duringflight.

The complexity of helicopterflight control resultsfrom the numberof dif-
ferent sensorsand actuatorsthe control systemhasto handleconcurrently, the
difficulty of flying a helicopter, andthephysical limitationsof thecontrolsystem
(electricalconsumption, limitedcomputational resources,vibrations, jitter, etc.).
Sincethehelicopteris a dangerousandexpensive platform, a trial-and-errorap-
proachcannotbeused.Thecontrolandnavigation algorithms arebasedon hard
real-time assumptionsthathave to beguaranteedunderall circumstancesby the
implementation. In the OLGA control system,the controllerrunsat 40 Hz and
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datafusion(sensing)at 200Hz. Theworst-caseexecutiontime of thecontroller
anddatafusion implementation is 12 mswithin a singlecontrol cycle of 25 ms,
which resultsin a CPUutilization of morethen45%,leaving not muchroomfor
otheractivitiessuchasbookkeepingandmonitoring.

Researchefforts in unmannedaerialvehicles(UAVs), andmorespecifically
in autonomoushelicopters,have progressively shiftedfocusfrom a purecontrol
problemto an interdisciplinaryproblem,wherethe softwareperformance,relia-
bility, andquality hasbecomea majorcritical factor. This is demonstratedby the
academichelicopterprojects[11]–[18]. In [19] anoverview of otherautonomous
modelhelicopterprojectsis given.

The structure of the autopilot software

Theautopilotsoftwarehassix differentmodesof operation(seeFig. 5). In each
modedifferent tasksareactive. The modesareInit, Idle, Motor, Take-
Off, ControlOff, andControlOn. In all modesexceptfor theControlOn
mode,thehumanpilot controlstherotorblades,whereastherotorspeedis always
controlledby OLGA. Thefirst threemodesareneededto handletheinitialization
procedurecorrectly. In particular, theMotor modehandlesthe transitionfrom
a 0 rpm rotor speedto a safespeedof 300 rpm. At this speed,the helicopteris
guaranteednot to takeoff, andonly an active commandfrom the groundstation
allows thetransition to modeTakeOff. Whenthetakeoff procedureis finished,
thehelicopteris in modeControlOff. In this mode,the rotor is at a nominal
speedof 1200rpm and the pilot hasfull control over the rotor blades. At this
point, thepilot is ableto switch,atany time,to theControlOn mode,activating
theautopilot. For simplicity, wewill henceforthfocusonly on theControlOff
andControlOn modes.

In theControlOff mode,theautopilotsoftwarereadsthecommandsfrom
the humanpilot received via the wirelesslink andforwardsthemto the servos.
TheControlOff modeconsistsof the200Hz taskADFilter andthe40 Hz
taskNavPilot. TheADFilter taskdecodesandpreprocessessensorvalues
(datafusion). TheNavPilot taskkeepstrack of the positionandvelocity of
the helicopterusing the preprocesseddatafrom the ADFilter task, and for-
wardsthepilot commandsto theservos.TheControlOff modeswitchesto the
ControlOn modeif thepilot pushesabuttonon theremotecontrol. In addition
to the200Hz taskADFilter, theControlOn modehasthe40 Hz taskNav-
Control, whichreplacestheNavPilot task.Besideskeepingtrackof position
andvelocity, this taskimplements thecontroller thatstabilizesthehelicopterau-
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Figure6. Thehelicoptermodelin Simulink.

tonomously. TheControlOn modeswitchesbackto theControlOff mode
if thepilot pushesa take-overbuttonon theremotecontrol.

The Giotto model of the autopilot software in Simulink

A Giottomodelspecifiesthereal-timeinteractionof asetof componentswith the
physicalworld, aswell asthereal-time interaction betweenthecomponents.All
componentsof a Giotto modelexecuteperiodically. For this purpose,a Giotto
model hasa parametercalled hyper-period, which is the leastcommonmulti-
ple of all componentperiods.Fig. 6 shows theSimulink specificationof a Giotto
modelcalledhelicopter controller, whichis connectedto acontinuous-
time modelof thehelicopterdynamics.Thedynamicsblock containsonly stan-
dardcontinuous-time Simulink blocks.Thecontroller block is a so-calledGiotto
modelblock, which exhibits a specialsemanticsdescribedbelow. Thehelicopter
controllerhasahyper-periodof 25ms.

Fig. 7 shows the contentsof thehelicopter controller block. The
block labeledADFilter is a Giotto taskblock, which representsa singleGiotto
task. A Giotto task is a periodicallyexecutedfunction. TheADFilter block
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containsonly standarddiscrete-timeSimulink blocksthat implementthe decod-
ing andpreprocessingof sensorvalues.Thefunctionality programassociatedwith
aGiotto taskblock might beobtainedin anumberof ways.In our casestudy, the
functionality programis written in Oberonandtakenfrom thelegacy OLGA soft-
ware. Alternatively, functionality programsthat implement Giotto task blocks
might behand-writtenor automatically generatedusingSimulink’s codegenera-
tion facilities.

The secondblock in the Giotto model is an exampleof a Giotto caseblock,
which maycontainmultiple Giotto tasks.Like a taskblock, a Giotto caseblock
is invoked periodically. Upon eachinvocation,the caseblock selectsoneof its
tasksfor execution.In theexample,thecaseblockcontainstheGiotto taskblocks
NavPilot andNavControl. TheNavPilot taskcomputesthe helicopter
positionandvelocity, andreadspilot commandsfrom which it producesthecor-
rectservo values.Thusevery time theNavPilot taskexecutes,thehumanpilot
hasfull control of the helicopter. The NavControl task,by contrast,imple-
mentsautonomous flight; it producesthe servo valuesbasedon a control law
computation. EachGiottocaseblockhasa frequency, which is givenasaninteger
valuerelative to thehyper-periodof theGiotto model. Thecaseblock of theex-
amplehasthefrequency 1, thatis, it is invokedwith aperiodof 25ms.Both tasks
in the caseblock inherit the frequency. Note that theADFilter taskblock of
theGiotto modelis actuallyanabbreviation for a caseblock containinga single
task.In fact,Giottomodelblockscontainonly caseblocks.Thevirtual caseblock
aroundtheADFilter taskhasthe frequency 5, which meansthat the taskruns
five timesper25ms(i.e.,with aperiodof 5 ms).

Fig. 8 showsthecontentsof thecaseblock. Besidesthetwo taskblocks,there
is a Giotto switch block, labeledisControlOff/On. A Giotto switch block
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maycontainany standarddiscrete-timeSimulink blocksin orderto select,based
on its input values,at mostoneof thetasksfor execution.If no taskis chosenfor
execution,thenall previous outputvaluesareheld. TheisControlOff/On
block readsthepilot commandto switch from manualto autonomousmodeand
back,andaccordinglychoosesbetweentheNavPilot taskandtheNavCon-
trol task. The switch block is evaluatedoncefor eachinvocationof the sur-
rounding caseblockat thebeginningof its period.Thusit is evaluatedonceevery
25 ms. The block labeledOutputPort is necessaryonly for multiplexing the
outputsof thetwo tasksinto a singleoutput. Thetasksandtheswitchblock in a
caseblock mayonly readfrom theinputsof thecaseblock but not from any task
outputswithin thatblock. To do this, it is necessaryto establisha feed-backlink
outsideof thecaseblock from anoutputto aninput.

Generally, a Giotto model may consistof multiple caseblocks that all run
concurrently. More precisely, a setof tasks—at mostoneper caseblock— run
concurrently, andeachsuchcombination of tasksis calleda Giotto mode. For
example, the ADFilter andNavPilot tasksimplementthe ControlOff
modeof thehelicoptersystem,whereastheADFilter andNavControl tasks
implement the ControlOn mode. Thus any caseswitching during execution
implementsaGiotto modeswitch.

Giotto semantics

Thekey property of theGiottosemanticsis thefixedlogicalexecutiontime(FLET)
assumption,which assumesthat the executiontimesassociatedwith all compu-
tation andcommunication activities arefixed anddeterminedby the model,not
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theplatform. In Giotto, thelogical executiontime of a taskis alwaysexactly the
periodof thetask(i.e., theperiodof thesurrounding caseblock), andthelogical
executiontimesof all otheractivities (switch blocks,datatransferacrosslinks,
etc.) arealwayszero[2]. Notethat theFLET assumptionhasall concurrenttask
executionswithin aGiottomoderun logically in parallel.

The logical executiontime of a task is an abstractnotion which is possibly
very differentfrom theactual,physicalexecutiontime of thetaskon a particular
CPU,which mayvary from taskinvocation to taskinvocation.Thepower of the
FLET assumptionstemsfrom the fact that logical, not physical executiontimes
determinewhensensorsareread,whenactuatorsarewritten,andwhendatatrav-
els acrosslinks. For example,theADFilter tasklogically executesfor 5 ms,
which implies that (1) it readsits input at thebeginningof its period,and(2) its
outputis not availableto othertasksbefore5 ms,even if theactualexecutionof
the taskon theCPUfinishesearlier. Similarly, thecaseblock with thetwo tasks
NavPilot andNavControl logically executesfor exactly25ms.

TheFLET hastwo importantconsequences.First,sensorsarereadonly at the
beginningof a task’s period,andactuatorsareupdatedonly at theendof a task’s
period.Thisminimizesjitter. In theexample,thesensorsaresampledby theAD-
Filter taskat a frequency of 200 Hz, andthe servos areupdatedby the case
block at a frequency of 40 Hz, preciselyat theendof eachhyper-period.Second,
all inter-taskcommunicationhappensat periodboundaries.This eliminatesrace
conditions betweentasks. In the example,the caseblock canonly readthe out-
put from theADFilter taskinvocationat theendof theprevioushyper-period,
but not from any ADFilter invocation during the currenthyper-period. Con-
sequently, while theNavControl taskdoesnot alwaysusethe latestavailable
datafrom ADFilter, theuseddatais independentof varyingexecutiontimesof
ADFilter invocations,andindependentof theschedulingschemethatchooses
betweentheNavControl andADFilter taskswhenbotharereadyto beex-
ecutedon thesameCPU.We have not encountereda “staledata”problemin the
helicoptercontrolsystem;on thecontrary, this smallpenaltyincurredby theuse
of Giotto is morethancompensatedby theimprovedpredictabilityof theoverall
system.In particular, asa consequenceof theFLET assumption,a Giotto model
is environmentdetermined[20]: for any given behavior of the physical world
seenthroughthesensors,themodelcomputesa uniquetrace,that is, predictable
actuatorvaluesat predictabletime instants. In otherwords, the only sourceof
nondeterminism in a Giotto systemis thephysicalenvironment. This makesthe
validationof thesystemconsiderablyeasier.
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Simulating Giotto models in Simulink

To simulateGiotto modelsin Simulink, we have developedthe S/G simulator,
which implements the Giotto semantics.In practice,the S/G simulatorreadsa
Simulinkspecificationof aGiottomodelandtransformsit into astandarddiscrete-
time multi-rateSimulink modelthat makesthe Giotto semantics(i.e., the FLET
assumption)explicit in Simulink. ThentheS/GsimulatorusesSimulink’s simu-
lation facilities to simulatethe transformedmodel. We refer to simulationof the
transformedmodelasS/Gsimulationof theoriginalGiottomodel.

Fig. 9 shows the resultof S/Gsimulating a stripped-down versionof thehe-
licoptercontrollerfor a durationof 140mswith modeswitchesat the50 msand
100mstime instants.Thesimulation illustratesonly the timing of the inter-task
communicationof the original Giotto modelon trivial data. For simplicity, we
have replacedthe implementation of theADFilter taskwith a pulsegenerator
thattogglestheoutputof thetaskbetween0 and1. Thesimplifiedimplementation
of theNavPilot taskreadsthatoutputandadds1; thesimplifiedNavControl
taskinsteadadds3. All taskoutputsareinitially 0. In this simplified example,
whereno sensorvaluesareread,environmentdeterminednessensuresthat there
is a unique(infinite) traceof the program, i.e., thereareno raceconditions be-
tweenthetwo tasks.

Fig. 9 shows theprefixof thetraceup to 140ms.At the5 mstime instant,the
first invocationof theADFilter taskis finished,andthustheoutputof thetask
changesfrom 0 to 1. At the10 ms instant,thesecondinvocationis finishedand
theoutputchangesbackto 0, andsoon. Notethat thepulsegeneratorinsidethe
ADFilter taskimplements a 0/1 toggleindependentof any physicalexecution
times: it is the taskblock frequency thatmakesit a 5 mspulsegenerator. At the
25msinstant,thefirst invocationof theNavPilot taskis finished.Thistaskwas
chosenby the surrounding caseblock to executeat the 0 ms instant. As it read
its input alsoat the0 msinstant,its input wasthe initial outputvalue0 from the
ADFilter task. Thustheoutputof theNavPilot taskat the25 msinstantis
0+1,thatis, 1. Thesecondinvocationreads1 from theADFilter task,andthus
outputs2 at the 50 ms instant. Now the caseblock choosestheNavControl
task to execute,which reads0 from the ADFilter task. The NavControl
taskoutputs0+3, that is, 3, at the 75 ms instant. For its secondinvocation,the
taskreads1 from theADFilter taskandthusoutputs4 at the 100 ms instant.
Now thecaseblock again choosestheNavPilot taskto execute,which reads0
from theADFilter task.Henceits outputis 1, which is availableat the125ms
instant.
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Figure9. A traceof thesimplifiedGiottohelicoptercontrollerwith modeswitch-
ing at50msand100ms.

The time-triggeredsemanticsof Giotto enablesefficient reasoningaboutthe
timing behavior of aGiottomodel,in particular, whetherit conformsto thetiming
requirements of the control design. Moreover, Giotto modelsarecompositional
in thesensethatany numberof Giottomodelsmaybeaddedsideby sidewithout
changingtheir individual semantics.For example,additionalfunctionality canbe
addedto thehelicoptercontroller without changingthereal-timebehavior of the
tasksthatpresentlymakeupthecontroller. This,of course,assumestheprovision
of sufficientcomputationalresources,whichis checkedby theGiottocompilerfor
aspecifiedplatform (seebelow).

From Giotto models to Giotto programs

Thecodegenerationfrom Giotto modelsproceedsin severalsteps(recallFig. 2).
First the S/G translator takes a Giotto model block specifiedin Simulink and
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generatesthe correspondingGiotto programin textual form, which is thenpro-
cessedby theGiotto compilerfor schedulabilityanalysisandto generatetiming
code. Here we discussthe Giotto programthat resultsfrom S/G translatinga
givenGiottomodelin Simulink; theGiottocompilerwill bediscussedin thenext
section.

A Giottoprogramdefinestheexacttiming andcommunication betweenGiotto
tasks,andbetweentheprogramandthephysicalenvironment.All communication
happensexplicitly acrosslinks that connectthe blocks in a Giotto model. The
sourcesanddestinationsof theselinks areimplementedasGiottoports, whichare
locationsin aglobalnamespacethatcarryvalues.TheGiottoportsarepartitioned
into taskinput andtaskoutputports, sensorports, andactuatorports. In Fig. 7,
the ADFilter task block hasan incoming link from sensorports to the task
input ports,andan outgoinglink from the taskoutputports to task input ports
within thecaseblock; thecaseblock hasanoutgoing link from taskoutputports
to actuatorports. Sensorportsarewrittenoutsideof theGiotto model,andread
inside; actuatorports are written inside of the Giotto model, and readoutside.
In particular, from theperspective of theGiotto model,it makesno differenceif
a sensorport obtainsits valuefrom the physical environment, or from software
outsideof theGiottomodel.

A Giotto programneedsto make explicit detailsthat areleft implicit or un-
specifiedin theSimulinkspecificationof aGiottomodel,suchasportdeclarations
aswell asdeclarationsof functionality programs for readingandwriting port val-
ues.To transportvaluesbetweenportsandto interfacewith thehardware,Giotto
usestheconceptof drivers.WedistinguishbetweenGiotto link driversandGiotto
devicedrivers. (Therearealso initial izationandport drivers, which will bedis-
cussedlater.) TheGiotto link driversimplementtheswitchblocksanddatalinks
in the Simulink specification of a Giotto model; they canbe further partitioned
into task, actuator, andmodedrivers. The purposeof taskandactuatordrivers
is to transportvaluesfrom sensorportsandtaskoutputportsto taskinput ports
andactuatorports,respectively; amodedriverevaluatesamode-switchcondition
and,if it evaluatesto true,transports initial valuesto taskoutputportsof thetar-
get mode. A Giotto device driver transports valuesfrom a hardwaredevice or a
non-Giotto taskto a Giotto port, or vice versa.For example,a device driver may
readsensorvaluesandwrite the resultsto a sensorport of the Giotto model; it
maywrite valuesproducedby anasynchronous(event-triggered)taskto a sensor
port of theGiotto model;or it mayupdateanactuatorsettingusingthevalueof
anactuatorportof theGiottomodel.In additionto transportingdata,driversmay
performsomepreprocessingof thedatasuchastypeconversion.In theSimulink
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specificationof a Giotto model,taskandactuatordriversexist only implicitly as
links, modedrivers correspondto 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 translatorgeneratesa Giotto
program, which is a collectionof Giotto modes.EachGiotto modehasa hyper-
period,a setof taskinvocationswith specifiedfrequencies,a setof actuatorup-
dateswith specifiedfrequencies,anda setof modeswitcheswith specifiedfre-
quencies. A task invocation executesthe task driver followed by the task, an
actuatorupdateexecutestheactuatordriver, anda modeswitchevaluatesa mode
driver, possiblyfollowed by a switch to the target mode. The following exam-
pleshowstheGiottoprogramhelicopter controller, whichspecifiesthe
ControlOff andControlOn modesof thecontrolsystem:

mode ControlOff() period 25 {
actfreq 1 do ServoUpdate;
actfreq 1 do DataPoolUpdate;
exitfreq 1 when SwitchOn do ControlOn;
taskfreq 5 do ADFilter;
taskfreq 1 do NavPilot;}

mode ControlOn() period 25 {
actfreq 1 do ServoUpdate;
actfreq 1 do DataPoolUpdate;
exitfreq 1 when SwitchOff do ControlOff;
taskfreq 5 do ADFilter;
taskfreq 1 do NavControl;}

The hyper-periodof both modesis 25 ms. The frequenciesof the tasksinvoca-
tions, actuatorupdates,and modeswitchesare specifiedrelative to this period
usingthe keywordstaskfreq, actfreq, andexitfreq, respectively. For
example,theADFilter taskruns in both modesfive timesper 25 ms (i.e., at
200 Hz). The helicopterservos andthe datapool,which containsmessagesthat
aresentto thegroundstation,areupdatedonceevery 25 msby invoking theac-
tuatordriversServoUpdate andDataPoolUpdate, respectively. In mode
ControlOff, a switch to modeControlOn is contemplatedevery 25 ms by
executingthemodedriverSwitchOn, whichevaluatesamode-switchcondition.

Fig. 10 shows the logical executionof a single hyper-period of the Con-
trolOn mode(a possiblephysical executionis shown in Fig. 13 and will be
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Figure10. The logical executionof the Giotto autopilot programin the Con-
trolOn mode.

discussedlater). The logical executionsatisfiesthe FLET assumption:theAD-
Filter taskrunsfive timesexactly for 5 ms, whereastheNavControl task
runsonceexactly for 25 ms. Both tasksrun logically in parallel. All Giotto link
anddevice driversareexecutedin logical zerotime. In practice,link anddevice
driversareboundedcodethatsatisfiesthesynchronyassumption[21] (asdrivers
cannotdependoneachother, no issuesof fixed-pointsemanticsarisein Giotto).

Inter-taskcommunication,aswell ascommunicationwith theenvironmentof
theGiottoprogram,worksthroughGiottoports.In theGiotto programwedeclare
all sensorportsgloballyasfollows:

sensor
GPSPort gps uses GPSGet;
LaserPort laser uses LaserGet;
CompassPort compass uses CompassGet;
RPMPort rpm uses RotorGet;
ServoPort pilot uses ServoGet;
AnalogPort accelerometers uses AccGet;
AnalogPort gyroscopes uses GyrosGet;
AnalogPort temperature uses TempGet;
BoolPort startswitch uses StartSwitchGet;
BoolPort stopswitch uses StopSwitchGet;

Besidesa typename,we declarea Giotto device driver for eachsensorport. For
example,thesensorport gps hasthe typeGPSPort andusesthedevice driver
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GPSGet to getnew sensorvaluesfrom theGPSdevice. Typesanddevicedrivers
areimplementedexternallyto Giotto. Herethey areOberontypesandprocedures.
In Fig. 10, at the 0 ms instant,the first actionis to readthe latestsensorvalues
by calling the Giotto device drivers for all Giotto sensorports. Subsequently,
every 5 ms until the endof the hyper-period, the device driversarecalledonly
for the sensorportsthat arereadby theADFilter task. Giotto device drivers
are always called in a time-triggeredfashion. However, somedevices require
immediateattentionusinganasynchronous(interrupt-driven) task. For example,
theGPSGet device driver doesnot accessthe GPSdevice directly, but readsa
buffer into which the asynchronoustask(interrupthandler)that is boundto the
GPSdevice placesthelatestGPSreadings.Theasynchronoustaskis externalto
the Giotto program. The oppositedirectionfor communicationfrom a port to a
device is donein asimilar way, andwill bediscussedbelow.

At the 0 ms instant, right after executingthe Giotto device drivers for the
sensorports,themodedriverSwitchOff is calledto determinewhetheror not
to switchinto theControlOff mode.Themodedriver is declaredasfollows:

driver SwitchOff(stopswitch) output () {
switch isControlOff(stopswitch)}

Thedriverhasasingleinput,stopswitch, which is asensorportwhoseGiotto
devicedriverStopSwitchGet hasjustbeencalled.Thedevicedriver readsthe
valueof avariablethatrepresentsthetake-overbutton,whosevalueis transmitted
asynchronously(i.e., externally to Giotto) via the wirelesslink from the remote
control to theairbornecontrolsystem.Basedon thevalueof thestopswitch
port, the Oberonimplementationof theisControlOff predicatereturns true
or false,determiningwhetheror not to switchto theControlOff mode.

Supposethatwe stayin theControlOn mode.Thenext stepis to load the
taskinputportsof theADFilter andNavControl taskswith thelatestvalues
of thesensorandtaskoutputportsto which thetasksareconnected,asspecified
in thetaskdeclarationsbelow. Beforedeclaringthetasks,all taskoutputportsare
declaredgloballyasfollows:

output
AnalogPort filter := FilterInit;
ServoPort control := ServoInit;
DataPoolPort data := DataPoolInit;

Thefilter port will be the only taskoutputport of theADFilter task; the
control anddata portswill beusedastaskoutputportsby theNavControl
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task.Foreachtaskoutputport,in additiontoatypename,aninitializationdriveris
specified,whichis invokedonceatstart-uptimeto initializetheport. Forexample,
the task output port filter hasthe type AnalogPort and is initialized by
the driver FilterInit. As usual, the initialization drivers are implemented
externally to Giotto, hereasOberonprocedures.Initial valuesfor all taskoutput
portssufficiently describea uniquestartconfigurationof a Giotto program.The
ADFilter andNavControl tasksaredeclaredasfollows:

task ADFilter(accelerometers, gyroscopes, tempera-
ture, filter)
output (filter) {
schedule ADFilterImplementation(accelerometers, gyro-

scopes,
temperature, fil-

ter, filter)}
task NavControl(gps, laser, compass, filter, rpm, pi-
lot, data)
output (control, data) {
schedule NavControlImplementation(gps, laser, compass,

filter, rpm, pilot,
control, data)}

The ADFilter task reads from the accelerometers, gyroscopes,
temperature, andfilter ports.Thefilter port is alsoataskoutputport,
whichmakestheportastatevariableof thetask.Priorto theinvocationof thetask,
thevaluesof all four portsarecopiedby the taskdriver for ADFilter to some
local memory, which is only accessibleto thetaskitself. Thetaskdriver doesnot
haveto bedeclaredexplicitly in theGiottoprogram. TheprocedureADFilter-
Implementation, whichimplementsthefunctionality of theADFilter task,
is externalto Giotto. In our case,it is anOberonprocedurethat is takendirectly
from theoriginalOLGA controlsoftware.TheNavControl taskis declaredin a
similarway. Now theGiottoprogramis readyto invoketheADFilter andNav-
Control tasks.TheNavControl taskrunslogically for 25 ms; theADFil-
ter taskrunslogically concurrently andfinishesafter5 ms. In practice,theout-
put of
ADFilterImplementation is kept in local memorywhenit becomesavail-
able,and loadedinto the taskoutputport filter at the 5 ms instant. This is
accomplishedby an (undeclared)port driver for filter. Port driversareused
to maintainthe FLET assumptionby makingtaskoutputsvisible in taskoutput
portsonly at theendof logical taskexecution,whichmaybelaterthantheendof
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physical taskexecution. Then,still at 5 ms, new sensorvaluesarereadandthe
taskinputportsof theADFilter taskareloaded,beforeinvoking thetaskagain.

Thisprocessrepeatsuntil the25mstime instantis reached.At thattime,new
valuesin the control anddata output ports of the NavControl task are
available. The new values are now transferred by the actuator drivers
ServoUpdate andDataPoolUpdate to the servos anddatapool ac-
tuatorports,respectively. Beforedeclaringthe actuatordrivers,we first needto
declaretheactuatorportsgloballyasfollows:

actuator
ServoPort servos uses ServoPut;
DataPoolPort datapool uses DataPoolPut;

Besidesa type name,we declarea Giotto device driver for eachactuatorport.
For example,the actuatorport servos hasthe typeServoPort andusesthe
Giotto device driverServoPut to transfernew actuatorvaluesto thehelicopter
servos.Again,typesanddevicedriversareimplementedexternallyto Giotto. Be-
fore thedevice driversarecalled,theactuatordriversServoUpdate andDat-
aPoolUpdate areexecuted.Theactuatordriversaredeclaredasfollows:

driver ServoUpdate(control) output (servos) {
call ServoUpdateImplementation(control, servos)}

driver DataPoolUpdate(data) output (datapool) {
call DataPoolUpdateImplementation(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 ServoUpdateImplementation and
DataPoolUpdateImplementation, which transportthe valuesfrom the
control anddata ports to the servos anddatapool actuatorports, re-
spectively. Then, the ServoPut device driver is called, which takes the new
valuefrom theservos portandupdatestheservo devices.TheDataPoolPut
device driver is alsocalled,but insteadof accessinga device, it puts the value
from thedatapool port into a buffer, which getstransmittedover thewireless
link assoonastheGiotto systembecomesidle. Theactualtransmissionis done
by a background(non-time-critical) taskof theoriginal OLGA controlsoftware.
Thebackgroundtaskis externalto theGiotto program.The25 mshyper-period
is now finished.
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Giotto Compilation and Execution

Beforewe discussthecompilation andexecutionof theGiotto autopilot program
on theOLGA hardware,we considertheGiotto tool chainin slightly greaterde-
tail, asshown in Fig.11. FromagivenSimulinkmodelthatcontainsGiottomodel
blocks, the S/G translatorgeneratesa timing (Giotto) program for the Giotto
modelblocks,while we may useMathWorks’ Real-Time WorkshopEmbedded
Coderto generatethe functionality (C) programsthat implementtheGiotto task
andswitch blocks inside the Giotto modelblocks. Functionality(C) programs
that implementthe Giotto drivers needto be provided as well, typically from
driver libraries.In thenext step,theGiotto compilergeneratestiming codefrom
the Giotto program, anda C compiler generatesfunctionality codefrom the C
programs. The Giotto compiler targetsa virtual machinecalled the Embedded
Machine [20]. Thecompilergeneratesso-calledE code, which is interpretedby
the EmbeddedMachinein real time. Thereare E codeinstructions to call or
schedulethefunctionality code,andto invoke theEmbeddedMachineat specific
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time instantsor occurrencesof events. In the laststep,beforeE codecanbeex-
ecuted,it is linked through a commonsymbol tablewith the functionality code
generatedby theC compilerfrom thefunctionality programs. Theexecutionenvi-
ronmentfor Giotto consistsof animplementation of theEmbeddedMachineand
a platform(i.e., operatingsystemandhardware),which includesa schedulerfor
functionality code.

The Giotto compiler

Themaintaskof theGiottocompileris to producetiming (E) codethatis consis-
tentwith theFLET assumptionof theGiotto program.To this end,thegenerated
E codemust be shown 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 executionbehavior of the Giotto
controlsystem(i.e., timing andfunctionality code)is guaranteedto conformwith
theS/Gsimulation behavior of theoriginalGiottomodel.BecauseGiotto is envi-
ronmentdetermined,thisconformanceis precisein bothtiming andfunctionality:
for any given sequenceof sensorreadings,the S/G simulationandthe behavior
of the generatedcodeoutputthe samesequenceof actuatorsettings,andupdate
theactuatorsettingsat thesamepointsin time. In otherwords,a Giotto control
systemexhibits no internalraceconditions,which makesits behavior predictable
andverifiable.

TheGiottocompilercheckstimesafetyof theE codeby performing aschedu-
lability analysison the Giotto programfor given worst-caseexecutiontimesof
thefunctionality code.For single-CPUplatforms, theschedulabilityanalysiscan
be donein polynomial time by checkinga utilization equationfor eachGiotto
mode[22] (theanalysisis exactunderthe reasonableassumptionthatall modes
of the Giotto programcanbe reachedduring program execution;otherwisethe
analysisis conservative). Theschedulabilityanalysisrequiresworst-caseexecu-
tion time assumptionsfor C code,which maybeprovidedby non-Giotto-specific
tools[23].

Thecode-generationprocessis perhapsbestunderstoodif we considerwhich
partsneedto beredoneif theplatform changes.In orderto run a Giotto control
systemonanew platform, wemust(1) provideC programsthatimplementGiotto
device driversto interfacethenew hardware;(2) recompilethe functionality (C)
programs for thenew platform;(3) have theGiotto compilerredothetime-safety
checkfor thenew worst-caseexecutiontimes;and(4) implement theEmbedded
Machineon thenew platform. In particular, if thenew platformofferssufficient
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performance,thenthegeneratedtiming (E) codecanberun alsoon thenew plat-
form. Indeed,oncethe EmbeddedMachinehasbeenported,the new execution
environmentcanrunany Giottocontrolsystemthatpassesa time-safetycheck.

The Giotto compiler hasa greatdeal of freedomwhen generatingE code.
This is becausea Giotto programdoesnot specifywhere,how, andwhentasks
arescheduled.For example,thehelicopter-control programcanbecompiledon
platformswith asingleCPU(by timesharingbetweenthedatafusionandcontrol
tasks),or on platforms with two CPUs(by parallelism); it canbe compiledon
platforms with preemptive priority scheduling(suchasmostreal-timeoperating
systems),or onplatformswith time-slicescheduling.Roughly, all theGiottocom-
piler needsto ensureis that (1) thesensorsandactuatorsarereadandwritten as
closeaspossibleto thetimesspecifiedby theGiottosemantics,and(2) whenever
in theGiottosemanticsthelogicalcompletionof onetaskprecedestheinvocation
of anothertask,thenthe sameprecedenceis preserved during the actualexecu-
tion [2]. Thefirst requirementreducesI/O jitter; thefreedomgivenby thesecond
requirementcanbeusedby thecompilerto optimize performance.In particular,
aswe will seenext, thehelicoptersystemexecutestwo logically concurrent,log-
ically atomic(i.e.,non-preempted)tasksthrough time sharingandpreemption on
asingleCPU.

As theGiotto compilermaintainscomplianceof thecodewith thelogical se-
mantics,Giotto systemscanbecomposed.Theexisting I/O behavior of a Giotto
control systemdoesnot changewhennew Giotto tasksareadded,provided the
compilersucceedsin showing thattheresultingE coderemainstime safedespite
theadditional load.

The Giotto-based autopilot control system

The systemarchitectureof the Giotto-basedhelicoptercontrol systemis shown
in Fig. 12. Theupperleft portionshows theGiotto programandthecorrespond-
ing functionality programs,namely, Oberonimplementationsof theGiottodevice
andlink driversandGiotto tasks.Thenon-Giotto tasksshown in theupperright
portion of Fig. 12 implementasynchronous(event-triggered)tasksor background
(non-time-critical) tasks,which areinterfacedto the Giotto systemthrough sen-
sor and actuatorports via Giotto device drivers. Asynchronous tasksmust be
taken into accountby the schedulabilityanalysisperformed by the Giotto com-
piler; backgroundtasksareexecutedonly whentheGiotto systemis idle. In the
middle of Fig. 12, the original OLGA systemsoftware is extendedby an im-
plementation of the EmbeddedMachinein the kernel of the HelyOS real-time
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operatingsystem.Theunderlying hardwareis unchanged.
Fig. 13 shows theactual,physical executionof theGiotto autopilotprogram

in theControlOn mode,which correspondsto the logical executionshown in
Fig. 10. Sincethe OLGA hardwarehasa singleCPU to run the Giotto system
aswell asnon-Giotto tasks,at any point in time during the actualexecution,at
mostoneof theGiotto or non-Giotto taskscanberunning. This is in contrastto
thelogicalexecution,wherethetwo Giotto tasksADFilter andNavControl
run logically in parallel. In orderto checktheschedulabilityof theControlOn
mode,the Giotto compiler must verify that on the OLGA CPU, five times the
worst-caseexecutiontime of ADFilter, plus the executiontime of NavCon-
trol, plus worst-caseassumptionsfor Giotto overhead(i.e., driver execution)
and asynchronousnon-Giotto tasksare lessthan the hyper-period of the mode
(25ms).

Thescheduleof tasksduringtheactualexecutionis determinedby thegener-
atedE codeaswell astheschedulerof theoperatingsystem(OS),which is part
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of the platform. The E codegovernsthe timing behavior of the Giotto system:
it triggerstheimmediate(synchronous)executionof thedrivers,andhandstasks
thatarereadyto bescheduledto theOS.TheHelyOSschedulesGiotto tasksus-
ing a rate-monotonic scheduler, andrunsbackgroundtaskswhenever the Giotto
systemis idle. Thereis a trade-off betweenE codeschedulingandschedulingby
theOS.In thetwo extremecases,theE codemaygive theOSmaximalfreedom
by handingover tasksassoonasthey arereadyto bescheduledin conformance
with theGiottosemantics,or it maymake its own schedulingdecisionsandhand,
atall times,only oneof thereadytasksto theOS.Many intermediatesolutionsare
alsopossible.E codeschedulingis explicit, determinedby theGiotto compiler;
schedulingby the OS is implicit, dependingon the schedulingstrategy usedby
the OS.Note,however, thatE codeschedulingis not necessarilystatic,because
schedulingdecisionsmaydependon thestateof theprogram.E codeis compat-
ible with any schedulingstrategy of theOS,but theschedulingstrategy mustbe
known whentheGiotto compilerchecksthegeneratedE codefor time safety.

The top row of Fig. 13 shows the executionof theADFilter taskandthe
driversfrom the top row of Fig. 10. Themiddle row shows theexecutionof the
NavControl taskandthedriversfrom thebottomrow of Fig. 10. Thebottom
row shows the executionof background(non-time-critical) tasks. At 0 ms, the
ADFilter taskstartsbeforetheNavControl task,eventhoughbothareready
accordingto theGiotto semantics,becauseADFilter runsat a higherrateand
thushasa higherpriority. For the samereason,NavControl is preemptedat
5 msby thesecondinvocationof ADFilter. Notethatin orderto conformwith
thedataflow specifiedby theGiottosemantics,theNavControl taskmustread
the outputof the last invocation of theADFilter taskfrom the previous con-
trol cycle even thoughthe first invocation of ADFilter in the currentcycle is
alreadycompletedwhenNavControl starts,andthusa fresheroutputof AD-
Filter would be available. The benefitof this strict adherenceto the Giotto
semanticsis thatthesameoutputvalue—namelytheoneof definedby theFLET
assumption—is usedin all implementations,independentof theschedulingstrat-
egy andperformanceof theplatform.

In thehelicoptersystem,in orderto implementtheGiottosemantics,theinput
for theNavControl taskis loadedat0 msandthenbufferedfor 25msuntil the
endof the task’s period. Similarly, taskoutputsarebufferedandmadeavailable
only at theendof a taskperiod. Buffering taskinputsandoutputsis a sufficient
but conservative techniqueto implementtheFLET assumptionof theGiotto se-
mantics. Other techniquessuchas schedulingwith precedenceconstraintsare
possible[2].
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Conclusions

Giotto is a domain-specifichigh-level programming language:domain-specific,
asit addressesembeddedcontrolapplications;high-level, asit abstractsplatform-
dependentimplementation details. Giotto increasesthe transparency of control
software,andautomatesschedulingandoptimizationthrough compilation.

The successfulreengineeringof the OLGA autopilot software using Giotto
demonstratesthefeasibility of theGiotto approachfor high-performancecontrol
systems.The Giotto compilerautomatically generatestiming codefor a control
systemwith multiple modesof operation,multiple levels of taskpriorities, and
time-triggeredaswell asevent-triggeredtaskactivation. Giotto incursan over-
headthrough E codeinterpretation, predicatechecksfor modeswitching,andthe
copying of ports. Measurementson the helicopterimplementation have shown
thatthisoverheadamountsto lessthan2%of a25msperiod.

Giotto-basedcontrolsystemsbenefitfrom thedualseparationof concerns(re-
activity vs. scheduling;timing vs. functionality) in many ways. First, andfore-
most, the timing behavior of the control systemis guaranteedto conformwith
the simulationbehavior of the correspondingSimulink model. Indeed,for any
givenbehavior of thephysicalenvironment, theresponseof theGiotto systemis
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unique,andthereforepredictable.Second,thedevelopmenteffort is significantly
reduced,as the tediousprogramming of the timing codeis handedover to the
Giotto compiler. Also, theautomationof thetiming codegenerationeliminatesa
commonsourceof errors.Third, thehigh degreeof modularizationandsoftware
transparency facilitatesthe easyexchangeandadditionof functionality, aswell
asthe easymodificationof timing requirements.Functionalityprograms canbe
packagedassoftwarecomponentsandreused;timing (Giotto) programscanbe
composedwithoutchangingtheir individual behaviors. Fourth,thesystemcanbe
portedto all platformsfor whichanimplementation of theEmbeddedMachineis
available. An implementationof theEmbeddedMachineon top of HelyOSwas
accomplishedin oneweek,andits sourcecodeis only 6 KByte.

Current Giotto implementations

Thereareseveral implementationsof executionenvironments for Giotto besides
theoneusedfor thehelicoptercontrol systemdescribedin this article. Thefirst
implementationof Giotto was a simplified Giotto executionenvironmenton a
distributed platform of Lego Mindstorms [24] robots. The robotsuseinfrared
transceivers for communication. Thenwe implementeda full Giotto execution
environment on a distributedplatform of Intel x86 robotsrunningthe real-time
operatingsystemVxWorks [25]. The robotsusewirelessEthernetfor commu-
nication. We alsowrote a Giotto program that runson five robots,threeLego
Mindstorms andtwo x86-basedrobots,to demonstratetheapplicability of Giotto
for heterogeneousplatforms.For adiscussionof thiswork, andembeddedcontrol
systemsdevelopmentwith Giotto in general,we referto theearlierreport[26].

Wehave implementedaGiotto-basedautomotiveelectronicthrottlecontroller
on a singleMotorolaMPC 555processorrunningthereal-timeoperatingsystem
OSEKWorks [27]. TheGiotto programspecifiesthreetasks:a 1 KHz controller
taskthat implements variousthrottle controllers,a 33 Hz monitor taskthatmon-
itors the systemstatus,anda 66 Hz manager taskthat determines,basedon the
systemstatus,which throttle controlleris executedby thecontroller task.

TheBerkeley Aerial Robot(BEAR) helicoptercontrolsystem[16] is alsobe-
ing reimplementedin Giotto. In contrastto theOLGA helicoptercontrolsystem,
wherethefunctionality programshave beenreusedfrom theoriginal project,the
secondgenerationof theBEAR helicoptercontrolsystemis a completeredesign
of thesoftwareimplementation[28].

Except for the one usedin the OLGA helicoptercontrol system(which is
written in Oberon),all currentversionsof the EmbeddedMachineare written
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in C andarePOSIX-compliant.Non-real-time implementationsof the Embed-
dedMachinearealsoavailablefor Linux andWindows. TheGiotto compileris
writtenin Java. All Giottosoftwaretoolsareavailablefor downloadathttp://www.eecs.berkeley.edu/~fresco/giotto.

Related work

Giottowasoriginally inspiredby thetime-triggeredarchitecture(TTA) [29], which
first realizedthetime-triggeredparadigmfor meetinghardreal-timeconstraintsin
safety-criticaldistributedsettings.WhereastheTTA encompassesa hardwarear-
chitectureandcommunicationprotocol, Giotto providesa platform-independent
programmer’s modelfor time-triggeredapplications.

The inter-task communicationsemanticsof Giotto is similar to the MetaH
language[30], which is designedfor real-time, distributedavionicsapplications.
Giotto canbeviewedascapturinga time-triggeredfragmentof MetaHin anab-
stractandformalway. In particular, unlikeMetaH,Giottospecifiesnotonly inter-
taskcommunication but alsomodeswitchesin a time-triggeredfashion,and it
doesnot constraintheimplementation to aparticularschedulingscheme.

Many objectivesof Giotto aresharedby the synchronousreactive program-
ming languages[21], including Esterel[31], Lustre[32], andSignal[33]. Giotto
emphasizestheuseof scheduledcomputation(i.e., theexecutionof tasks,which
consumenon-negligible amountsof CPU time) at the expenseof synchronous
computation (i.e., theexecutionof drivers,which areconstrainedto bebounded,
independent,non-interactingprocesses).Consequently, while thecompilation of
synchronousreactive languagesfocuseson fixed-pointanalysis,the compilation
of Giotto focusesonschedulabilityanalysis.A moredetailedcomparisonis given
in [34].
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