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Abstract:Automation control systemstypically incorporate legacy codeand components
that were originally designed to operate independently. Furthermore,they operateunder
stringentsafetyandtiming constraints.Currentdesignstrategiesdealwith theserequirements
and characteristics with ad hoc approaches.In particular, when designing control laws,
implementationconstraintsareoftenignoredor cursorilyestimated.Indeed, costlyredesigns
areneededafteraprototypeof thecontrol systemis built dueto missedtiming constraintsand
subtletransienterrors.In this paper, we usetheconceptsof platform-baseddesign,andthe
Giottoprogramming language,to developamethodologyfor thedesignof automationcontrol
systemsthat builds in modularity andcorrect-by-constructionprocedures.We illustrateour
strategy by describingthe (successful)application of the methodology to the designof a
time-basedcontrolsystemfor a rotorcraftUninhabitedAerial Vehicle (UAV).
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1. INTRODUCTION

Automation of traditionally human-controlled do-
mainshas long beena driving force within the au-
tomaticcontrol researchcommunity. From industrial
plantsto vehicles,from airplanes to homeappliances,
the application of embedded controllers hasbecome
pervasive, aidedby the relentlessincreasein the ca-
pabilitiesof integratedcircuit technology andby ad-
vances in control theory. For cost and safety rea-
sons,the CPUsof choice werenot top of the line in
termsof speedand, sincemostcontrolapplicationsre-
quirereal-timeresponses,thecontrol laws wereoften
“cheap” empirically validated heuristics.Also, soft-
ware designers usedunsound techniques(e.g.,com-
munication among tasksusing sharedvariables). As
long asthe complexity of the systemsto control was
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low, thisdesignmethodology could yield working im-
plementations.However, recentincidentswhereincor-
rect software causedsevere problems,e.g. the Mars
Polar LanderandtheArianerocket,point out therisks
of anoutdatedmethodology.

Automation control systemshave several key proper-
tiesin common:

(1) They operate under stringent real-time con-
straints.

(2) They often integrate subsystemsthat were de-
signedto work independently — for example,
sensorsfrom differentvendors.

(3) Their proper operation is important to ensure
human safety.

(4) They can utilize legacy code such as device
driversor controllers.

These traits of automation control systemspresent
challenges to systemdesign methodologies. Often,
attemptsto replaceor incorporate subsystemsand



legacy coderesultin a designoverhaul.Furthermore,
every designiteration requiresexhaustive testing to
provide high reliability. Such problemsresult from
theimpropercoupling of functionaldesignandimple-
mentation.

We presenta designmethodology for embeddedcon-
troller designvia a challengingexampleof automatic
control: a rotorcraft UAV. The difficulty and com-
plexity of the application serveswell the purposeof
underlining the featuresof the design method and
demonstratingits power. One main goal of our de-
sign strategy is to build in modularity in order to
makecodereuseandsubstitutionsof subsystemssim-
ple. Theothermaingoal is to guaranteeperformance
without exhaustive testing.We draw on theprinciples
of platform-based design (Sangiovanni-Vincentelli,
2002). A platform, in this context, is a layer of ab-
stractionthathides theunnecessarydetailsof theun-
derlying implementation. We borrow the concept of
platform-baseddesignfrom the electronicsindustry
andtailor it to work with automation controlsystems.
Thechoiceof asoftwareplatformto guaranteetiming
performance is of particular interest.We focuson the
Giotto software platform (Henzinger et al., 2001b)
andshow how it aidsthedevelopment of correctcon-
troller software.To quantitatively assesstheresulting
design,we presenta hardware-in-the-loopsimulation
framework.

Thestructureof this paper is asfollows. In Section 2,
we lay the groundwork for the helicopter example.
Next, in Section 3, we introduce the reader to the
principlesof platform-baseddesign. In Section4, we
describea languagefor programmingtime-basedcon-
troller applications.Finally, in Section 5, wepresenta
rotorcraftUAV designwhich employs theconceptsof
thepreviousthreesections.

2. BACKGROUND FORA MODEL HELICOPTER

In this section, we introduce the Berkeley Aerial
Robot (BEAR) helicopters,andmotivate theredesign
of their embedded software. We begin with a brief
descriptionof the BEAR helicoptersandof why au-
tonomousflight is difficult (Section2.1).Wenext dis-
cussthe first generation flight control system(Sec-
tion 2.2), and describesomeof its limitations (Sec-
tion 2.3). Finally, we describewhat is needed for a
second generationsystem(Section2.4) to overcome
theselimitations.

2.1 The BEAR Helicopters

The first goal of the BEAR project was to build a
flight control systemfor small, remotely controlled
helicopters.The aim wasto fly autonomouslyandto
provide a basefor researchin other areassuch as
vision. Basic autonomousflight capabilities include

hovering, forwardflight, turningat a fixed point, and
so on. More advanced maneuvers include formation
flying andobstacle avoidance.However, it is difficult
to achieve even basic autonomous flight, since the
helicopter is unstable and dangerous.Moreover, it
is difficult to obtain an accurate dynamic model of
the helicopter (Koo and Sastry, 1998). In spite of
the challenges,the BEAR teammanaged to build a
working flight controlsystemthatmakesautonomous
flight possible.

2.2 The Flight Control System

Theprimarycomponents in thefirst generationflight
systemareactuators,sensors,anda controlcomputer.
The actuators consistof servomotorscontrolling the
collective pitch, cyclic pitch, throttle, and tail rotor.
The primary sensorsof the flight control systemare
asfollows:

Inertial Navigation System (INS). TheINS consists
of accelerometersand rotational rate sensorsthat
provide frequent estimationsof thehelicopter’s po-
sition,velocity, orientation, andrateof rotation.Al-
though this estimateis provided at a high rate —
roughly 100Hz— theerror in estimatecould grow
unboundedover time,dueto sensornoiseandlimits
in sensoraccuracy.

Global Positioning System (GPS). The GPS solves
theINS drift problemby providing a positionmea-
surement whoseerror is small —on the order of
1 cm— andboundedover time. However, this ac-
curatemeasurement is alsoinfrequent —roughly 5
Hz.

An integratedINS-GPSsolutionusesa Kalmanfilter
to provide frequent updatesof the estimatedstateof
the helicopter. This Kalman filter is run by the flight
computer, which also computes a control law and
sendstheresultto theactuators.

Experimentalsystemidentification wasusedto obtain
a dynamic model of the helicopter: the flight control
computer logged the responseof the helicopter and
the pilot commands,and theselogs were compared.
The information attainedthrough systemidentifica-
tionwasthenusedtosynthesizeacontrollerfor thehe-
licopter. For moreinformation,refer to (Shim,2000;
Shimet al., 1998).

2.3 Limitations of the First Generation System

With basic autonomous flight successfullydemon-
strated,the BEAR teamthensetoff to equipa num-
ber of helicopters with a similar flight control sys-
tem. Over time, two new and unfamiliar challenges
emerged.Thefirst challengeresultedfrom awidening
choice of devices:as the fleet of helicoptersbecame
more diverse,so did the selectionof sensors,actua-
tion schemes, andcomputing hardware. Each device



provided or received data at different speeds,used
differentdataformats,communicatedusingdifferent
protocols, andsoon.Thetightly integratedflight con-
trol systemwasnot preparedto handle thediverseas-
sortmentof new devices.Inevitably, any changeto the
originalsystemrequiredanextensivesoftwarerewrite
followedby anextendedverificationprocess.In short,
the original embedded softwarewasnot written with
modularity in mind. Yet it would beprohibitively ex-
pensive to rewrite all of thesoftwarefor eachparticu-
lar combination of devices.

The second challenge resultedfrom the event-based
natureof the first generation flight control computer.
To ensurethe fastestpossibleresponse,thecomputer
was set up to process the incoming sensordata as
soonasit arrivedandto immediatelysendthecontrol
output to the actuators. As an exampleof the prob-
lems that arosein this event-basedsystem,consider
thefollowing first generationsetup.TheGPSandINS
were synchronizedwith each other but not with the
control computer. The GPSsentreadings to the con-
trol computer at 5 Hz. The INS sentreadings at 100
Hz. The control computer ran the control task at 50
Hz. Becauseof thelackof synchronization,thesensor
dataseenby the control computer ranged from 0 ms
to 10msoutof date.Dueto clockdrift, thisamount of
time wasnondeterministic.Similarly, theservoswere
triggeredby a clock whose rate was independent of
the control computer’s clock. Sincethe servos were
triggeredat 46 Hz, by the time the actuators used
the control data, thesedata could be 22 ms out of
date.Unfortunately, thedifferentratesof thesensors,
actuators, and computer resultedin a systemwhose
timing behavior wasnot particularlyeasyto analyze.
Consequently, thephysicalbehavior of thehelicopter
couldvary greatlyfrom thesimulationresults.

2.4 A Second Generation System

We would like a helicopter system whose overall
physical behavior canbe analyzed andpredicted. To
this end, we needa unified approach to the timing
behavior of the elements —sensors,actuators, and
computer— of thecontrol system.We believe thekey
to this unified approach lies in a time-based, modular
design:

A time-based design. The system should be time-
basedin order to allow easyanalysisof its closed
loop behavior. However, thesystemmustmaintain
compatibility with existingdevicessuchassensors,
which are not time-based.A clear boundary be-
tweenthesystem’s synchronous andasynchronous
elements must be drawn, and provisions must be
madeto bridgethegap.

A modular design. The new systemmust allow the
designer to choosefrom a diversemix of sensors,
actuation schemes,andcontrollers.Thenew system
mustallow a configurationof thesamesoftwareto
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run on differenthelicopters,which may have very
differentphysicaldynamicsanddevices.

3. PLATFORM-BASED DESIGNMETHODS

Automation control systems,suchastheBEAR heli-
copters,canbe designed with legacy code reuseand
safety guarantees,and without deficiencies in sub-
systemintegration.This sectionpresents thebuilding
blocks thatwill laterbeusedto designsuchasystem.

The building blocks we use are thoseof platform-
baseddesign. Themaintenet of platform-baseddesign
is thatsystemsshouldemploy preciselydefinedlayers
of abstractionthroughwhich only relevant informa-
tion is allowed to pass.Theselayersarecalledplat-
forms. Designsbuilt on top of platformsare isolated
from irrelevant subsystemdetails. A good platform
providesenough usefulinformationso thatmany ap-
plicationscanbebuilt on top of it.

A systemcanoftenbeusefullypresentedasthecom-
bination of a top level view, a bottomlevel view, and
a setof toolsandmethods to mapbetweentheviews.
On the bottom,asdepicted in Figure 1, is the archi-
tecturespace. This spaceincludes all of the options
available for implementing the physical system.On
the very top is the application space, which includes
highlevel applicationsfor thesystemandleavesspace
for futureapplications.Thesetwo viewsof thesystem,
theupper andthelower, shouldbedecoupled.Instead
of interactingdirectly, the two designspacesmeetat
a clearly definedinterface,which is displayedasthe
sharedvertex of thetwo trianglesin Figure1.Thethin
waist of this diagram conveys the key idea that the
platformexposesonly thenecessaryinformationto the
spaceabove.Theentirefigure,including thetopview,
the bottomview, andthe vertex, is calledthe system
platform stack.

The platform-baseddesign processis a “meet-in-
the-middle” approach, ratherthanbeingtop-down or
bottom-up. Top-down designoftenresultsin unimple-
mentable requirements, and bottom-up designoften
results in a mess.In platform-baseddesign,a suc-
cessive refinement processis usedto determinethe
abstractionlayer.



4. TIME-BASED CONTROL USINGGIOTTO

Giotto is a programminglanguagefor implementing
time-basedcontrol applications. Giotto consistsof a
formal semantics (Henzinger et al., 2001b) anda re-
targetable compiler. Giotto hasalreadybeenusedto
reimplement the control systemon board a small au-
tonomoushelicopterdeveloped atETH Zürich(Kirsch
et al., 2002). In this section, we discussthe ab-
stractionthatGiotto presentsto theprogrammer. The
reader wishing a more detailedintroduction should
consult (Henzinger et al., 2001a).

Control applications often have periodic, concurrent
tasks.Typically, theperiodictaskscommunicatewith
eachother. The mechanism usedto implement such
communication —whether messagequeues, shared
memory, or someother mechanism—may vary de-
pending ontheoperatingsystem.Controlapplications
also needa means to input from and output datato
their physical environment. Finally, control applica-
tions often have distinct modes of behavior; in two
differentmodes,differentsetsof concurrenttasksmay
needto run, or thesamesetof tasksmayneedto run
but at different rates.Giotto provides the program-
mera way to specifyapplicationswith periodic,con-
current,communicatingtasks.Giotto alsoprovides a
means for I/O interactionwith the physical environ-
ment,andfor modeswitchingbetween differentsets
of tasks.

Consider theexampleprogramof Figure2. Thecon-
currenttasks—Fusion andControl— areshown
as rectangles with rounded corners.Eachtask hasa
logical execution interval. In our example, Fusion
logically executesfrom 0 ms to 10 ms, from 10 ms
to 20 ms,etc.,whereas Control logically executes
from 0 ms to 5 ms, from 20 ms to 25 ms, and so
on.Each taskhasinput ports andoutput ports, shown
as black circles. A task’s input ports are set at the
beginning of its logical execution interval. During its
execution, the taskcomputessomefunction, andthe
resultsarewritten to its output portsat the endof its
logicalexecutioninterval.For example,theinputports
of Fusion aresetat 0 ms;between0 msand10 ms,
Fusion computesits function; at10ms,theresultof
this functionis written to Fusion’s output ports.

A Giotto programmay alsocontain sensors and ac-
tuators, both of which aredepicted aswhite circles.
Rather thanbeingactual devices,sensorsandactua-
tors are programminglanguageconstructswhich let
theprogrammer definehow to inputdatato andoutput
data from a Giotto program.Logically, sensorsand
actuatorsarepassive: they arepolled attimesspecified
in the Giotto program,andcannot pushdatainto the
programat theirown times.Ourexampleprogramhas
two sensors,GPS andINS, andoneactuator, Ser-
vos. Thesensorsarereadat0 ms,10ms,20ms,etc.,
andtheactuatoris writtenat5 ms,25ms,andsoon.

Taskscommunicatewith each other, andwith sensors
andactuators,by meansof drivers, which areshown
asdiamonds.In Figure2, thedrivers connecttheGPS
and INS sensorsto the input ports of the Fusion
task.They alsoconnecttheoutput port of Fusion to
the input port of Control, andthe output of Con-
trol to the Servos actuator. Thus, the Fusion
taskwhich executes between 0 and10 msreceivesits
inputs from theGPS andINS readingsat 0 ms.Simi-
larly, theControl taskwhich startsat 0 msreceives
its inputs from theFusion taskwhich finishesat 0
ms,andwritesits outputs to theServos actuator at5
ms.

5. CASESTUDY: END TO END DESIGNOF
ROTORCRAFT UAV

In this sectionwe discussstrategies for building a
rotorcraftUAV thatkeepin mind thegoals mentioned
in Section2.4. To achieve thesegoals we will use
the principles of platform-baseddesignpresented in
Section 3. We will show how the insertionof a layer
of abstractionbetween the devicesandthe controller
canbeusedto bridgethe timing mismatchandallow
for theinclusionof differentsensorsuites.

In Section5.1theplatform-baseddesignprinciplesare
usedto specifya functional descriptionof the Rotor-
craft UAV (RUAV). In Section5.2 we describethe
process of implementing the functional description.
Finally, in Section5.3 we discusshow to assessthe
implementation.

5.1 Building Functional Description

In Section3 we explainedhow to begin theplatform-
baseddesignprocessby separatingthe systeminto
two views: the application andthe architecture.Here
we apply this separationto our RUAV, which is nat-
urally seenfrom two views. Fromthe top, a designer
seesthetime-basedcontrolapplication. Fromthebot-
tom, a designer seesthe available physical devices,
suchasthe helicopter, the sensors,andthe actuators.
These two views may be situatedin the context of
platform-baseddesign:the time-basedcontrol appli-
cationsitsin theapplicationspace,while thephysical
devices make up the architecture space. Following
the meet-in-the-middle approach of platform-based
design, we include an intermediate abstractionlayer,
the RUAV platform, whose top view is suitablefor
time-basedcontrol andwhosebottomview is imple-
mentableusingtheavailabledevices.

We next describethe functionality of theRUAV plat-
form.

Interaction with devices. TheRUAV platformshould
beableto receive transmissionsfrom thesensorsat
their own ratesandwithout lossof data.Similarly,
the platform shouldbe able to sendcommands to
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theactuatorsin thecorrect formats.It will alsoneed
to initialize the devices.Furthermore, the platform
shouldbeableto carryout theseinteractionswith a
varietyof differentsensorandactuator suites.

Interaction with control application. TheRUAV plat-
form shouldprovide measurementdatato thecon-
trol application in the format andat the frequency
dictatedby the controller. Similarly, the platform
should receive the commands from the controller
at timesdictatedby thecontroller, andimmediately
sendthemon to theactuators.Theplatformshould
alsobeableto supportavariety of controllers.

One natural conclusion is that the platform should
buffer incomingdatafrom thesensors,convert sensor
data into formats usableby controller applications,
andconvert controlcommandsinto formatsusableby
actuators.In Section5.2wedescribein detail oneway
to implement thefunctionsof theplatform.

5.2 Implementing Functional Description

While the platform-baseddesignmethodology is a
meet-in-the-middle approach, it suggestsimplement-
ing the application first. In this sectionwe begin by
discussingthe realizationof the controller applica-
tion. This implementation,asdiscussedabove in Sec-
tion 5.1, placesconstraintson the platform.Platform
implementationswhichmeettheseconstraintsarepre-
sentednext.

5.2.1. Implementing the Controller Application To
attain the benefits of time-basedcontrol, presented
in Section 2.4, the controller application is realized
using the Giotto programminglanguage,detailedin
Section4. Section4 presented a rough sketchof the
Giotto implementationin Figure2. The two essential
tasksareFusion andControl. Fusion combines
the INS and GPSdatausing a Kalman filter and is
run at a frequency of 100 Hz. Control usesthe
output from Fusion to compute the control law at
a frequency of 50 Hz with a deadline time asshortas
possibleto reduce latency. The frequencies of these
two tasksarechosen basedon theexpectations of the
controllaw andon thelimitationsof thedevices.

5.2.2. Implementing the Rotorcraft Platform Hav-
ing considereda realizationof the time-basedcon-
troller, we now turn to the RUAV platform. We now
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present a possibleimplementation of theRUAV plat-
form thatfulfills therequirementsof Section5.1.It has
threemainelementsthataredepictedin Figure3.

Data processor. The data processoris an indepen-
dent process,similar to astandardinterrupthandler.
In the sensingcase,it responds to the new sensor
datasentby the devices, and saves this datato a
sharedmemoryspacewith thesensorspecific data
formatintact.In theactuatingcase,thedataproces-
sorpasseson to theservosthemessagessentby the
controller application.

Shared memory. The sharedmemory contains re-
cent sensorreadings,andis implementedascircular
buffers. Data are placed into the circular buffers
by the dataprocessor, andcanbe accessedby the
controller application.In thisway thecontroller ap-
plicationcangrabthesensordatawithoutworrying
about thetiming capabilitiesof eachsensor.

Data formatting library. Within the controller ap-
plication, the sensorspecificdataformat must be
transferredto the format that the control compu-
tation expects. In the sensingcase,the controller
applicationusesthedataformattinglibrary to trans-
form thebufferedsensorreadings. In theactuating
case,the controller application usesthe library to
convert actuation commands into the format ex-
pectedby theservos.

The Giotto controller application comeswith guar-
antees about the deadlines of its own internal tasks.
Theseguarantees,however, do not take into account
the time that may be needed by other processesor
interrupthandlers.If morethana“negligible” amount
of time is spentin theotherprocesses,thenthetiming
guaranteesof the controllerapplication may ceaseto
be valid. For this reason,the above designkeepsthe



timeneededby thedataprocessorto abareminimum.
Thedatatransformationsnecessaryareinsteadwritten
into thedataformattinglibrary andcalledfrom within
the control tasks.The benefit of this approachis that
thetiming guaranteesof thecontrollerapplication are
preserved, asmuch aspossible.

5.3 Measuring Implementation Performance

Now thatwehaveaplatformimplementation, it is de-
sirableto evaluateits performance. Ideally, carefully
controlled testscould be performedon the physical
system.However the fact that we are working with
an automation control systemmakes that a difficult
proposition,for two reasons.First,testingis expensive
andpotentially dangerous.Second, testsaredifficult
to standardize. For example, the winds andGPSsig-
nal strengthcannot becontrolled.To amelioratethese
problems,we proposethe useof a hardware-in-the-
loop simulator, which allows for the direct testing
of the entirecontrol system.Insteadof mountingthe
control systemonto thehelicopter, thecontroller(of-
ten called the system under test) is connectedto a
simulationcomputer. Thesimulationcomputerusesa
dynamic model to mimic theexact inputs andoutputs
of thesensorsandactuatorson thehelicopter.

Hardware-in-the-loopsimulators(SanvidoandSchaufel-
berger, 2001; Ledin, 1999) arewell suitedto take ad-
vantageof theabstractionlayersprovidedbyplatform-
baseddesign.The suitability arisesfrom the capac-
ity to slide back and forth the dividing line between
the simulation computer and the systemunder test.
To comparethe controllerapplications,the simulator
shouldactastheplatforminterface,andthecontroller
applications shouldact as the systemunder test.To
evaluate the platform implementation, the simulator
inputsandoutputs shouldcloselyapproximate those
of the actualdevices, and the controller application
and platform implementation should be part of the
systemunder test.

Due to the fact that the simulation computer must
imitateaphysical system,thesimulatormustmeettwo
additional constraints.First, the simulator must run
in real time. Second, the simulatedhelicopter should
faithfully duplicate thedynamicsof therealworld he-
licopter. Theparametersof thesimulatorshouldbeset
to values that have been measuredon the helicopter.
To check that the simulatorsoftwaremathematically
implements the behavior of the physical models,we
propose the useof systemidentification techniques.
Theparametersof themathematical modelshouldbe
comparedwith thoseobtainedusingsystemidentifi-
cationon the input-output behavior of the hardware-
in-the-loopsimulator. Theproposedsimulationframe-
work, in combination with platform-baseddesign,al-
low for the development of automation control sys-
tems that are modular and have guaranteed perfor-
mance.

6. CONCLUSION

In this paper, we have presenteda designmethodol-
ogy for automation control systems.Our methodol-
ogy employs platform-baseddesign, which useslay-
ers of abstractionto isolate applications from low-
level systemdetails.We also use the programming
languageGiotto to cleanly implement a time-based
controller application. Usingourdesignmethodology,
we have discusseda redesignof the control system
of a rotorcraft UAV. This design goes a long way
towards meeting the goalsdiscussedin Section 2.4.
Thoughour casestudycontainsmany detailsthatare
specific to our helicopter system,our methodology is
widely applicable.Webelieve thatthecombinationof
time-basedcontrol andplatform-baseddesigncanbe
generally appliedto automation control systems,for
whichlegacy software,independentlyengineeredsub-
systems,andstrict reliability andtiming requirements
all playacrucialrole.
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