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Abstract: Automaion control systemstypically incorporde legacy code and commnents
that were originally designé to operate independently. Furthermore they operateunder
stringentsafetyandtiming constraintsCurrentdesignstratgiesdealwith theserequrements
and charaterisics with ad hoc appro&hes.In particular when desigring cortrol laws,
implemertation corstraintsareoftenignoredor cursorily estimatedindeed costlyredesigns
arenealedafteraprototypeof thecortrol systenis built dueto missediming corstraintsand
subtletransienterrors.In this pager, we usethe corceptsof platform-basedlesign,andthe
Giotto programmirg languaye,to developamethalologyfor thedesignof automaion control
systemghat builds in moduarity and correct-by-onstructionprocedures.We illustrate our
stratgy by describingthe (successfulapgication of the methoalogy to the designof a

time-basedontrol systemfor arotorcraftUninhabited Aerial Vehicle (UAV).
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1. INTRODUCTION

Automaion of traditionally humancontrolled do-
mains haslong beena driving force within the au-
tomatic cortrol researclcommunity. From industrial
plantsto vehicles,from airplanes to homeapgdiances,
the applicaion of embedled cortrollers hasbecane
penesive, aidedby the relentlessincreasen the ca-
pabilities of integratedcircuit techndogy and by ad-
varces in cortrol theory For cost and safety rea-
sons,the CPUsof chadce werenot top of theline in

termsof speedand sincemostcontrolapplicaionsre-
quirereal-timeresponseghe controllaws wereoften
“cheap” empirically validated heuristics.Also, soft-
ware designes usedunsound techriques(e.g.,com-
municaion amory tasksusing sharedvarialles). As

long asthe comgexity of the systemgo control was

1 Researchsupportedin part by DARPA under contract no.

low, this designmethoddogy coud yield workingim-
plemaentations However, recentincidentswhereincor-
rect software cawsed severe prolems, e.g. the Mars
Pola Landerandthe Arianerocket, point outtherisks
of anoutdaed methoalogy.

Automaion cortrol systemshave several key prope-
tiesin common

(1) They opeate unde stringent real-time con-
straints.

(2) They often integrate subsystemshat were de-
signedto work indeendently — for example,
sensorgrom differentverdors.

(3) Ther prope opeation is importantto ensure
human safety

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

These traits of automaion cortrol systemspresent
chdlengesto systemdesign methalologies. Often,



legacy coderesultin a designoverhaul. Furthermoe,
every designiteration requiresexhaustve testingto
provide high reliability. Sudh problemsresult from
theimpropercougding of functionaldesignandimple-
mentation

We presenta designmethoddogy for embediedcon

troller designvia a chdlenging exampleof automatic
control: a rotorcraft UAV. The difficulty and com-

plexity of the apgdication seneswell the purposeof

undelining the featuresof the design method and
demastratingits power. One main god of our de-

sign strat@y is to build in modulaity in order to

make codereuseandsubstitutionf subsystemsim-

ple. The othermaingod is to guaanteeperformane

without exhaustive testing.We draw on the principles
of platform-based design (Sangovami-Vincentelli,

2002. A platform, in this cortext, is a layer of ab-

stractionthat hides the unnecessarydetailsof the un-

derlying implemenation. We borrow the corcept of

platform-baseddesignfrom the electronicsindustry
andtailor it to work with automaion controlsystems.
Thechoiceof asoftwareplatformto guarareetiming

performane is of particula interest.We focuson the

Giotto software platform (Henzirger et al., 2001b)

andshawv how it aidsthe development of correctcon

troller software.To quantitatively assessheresulting
design,we presenta hardware-in-the-loogsimulation
framawork.

The structureof this pape is asfollows. In Sedion 2,
we lay the grourdwork for the helicopger example.
Next, in Sedion 3, we introdue the reacer to the
principlesof platform-basedlesign In Section4, we
describealangwagefor progranmingtime-basedon
troller apgdications.Finally, in Sedion 5, we presenta
rotorcraftUAV designwhich employs the cornceptsof
thepreviousthreesections.

2. BACKGROUND FORA MODEL HELICOPTER

In this section, we introdue the Berkeley Aerial
Robad (BEAR) helicopters,andmotivate the redesign
of their emteddeal software. We begin with a brief
descriptionof the BEAR helicogersand of why au-
tonomausflight is difficult (Section2.1). We next dis-
cussthe first geneation flight cortrol system(Sec-
tion 2.2), and describesomeof its limitations (Sec-
tion 2.3). Findly, we describewhat is neaded for a
secoml gererationsystem(Section2.4) to overcome
theseimitations.

2.1 The BEAR Helicopters

The first god of the BEAR project was to build a
flight cortrol systemfor small, remotely controlled
helicopgers. The aim wasto fly autommouslyandto
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hovering, forward flight, turning at a fixed point, and
so on. More adwanced maneiversinclude formation
flying andobstate avoidance.However, it is difficult
to achieve even basic autoromousflight, since the
helicopter is unstalle and dargerous. Moreover, it
is difficult to obtain an accurae dynamic modé of
the helicopter (Koo and Sastry 1998). In spite of
the challerges,the BEAR teammanagd to build a
working flight control systemthatmakesautonanous
flight possible.

2.2 The Flight Control System

The primary componerts in thefirst gererationflight
systemareactudors, sensorsanda controlcomputer.
The actuaors consistof senomotorscortrolling the
colledive pitch, cyclic pitch, throttle, and tail rotor.
The primary sensorsof the flight cortrol systemare
asfollows:

Inertial Navigation System (INS). TheINS corsigs
of acelerometersand rotational rate sensorsthat
provide frequen estimationf the helicopter’s po-
sition, velodty, orientation andrateof rotation.Al-
though this estimateis provided at a high rate —
rougHy 100Hz— theerrorin estimatecoud grow
unboundcedover time, dueto sensonoiseandlimits
in sensolcarag.

Global Positioning System (GPS). The GPS solves
theINS drift problemby providing a positionmea-
suremeh whoseerror is small —on the order of
1 cm— andbowndedover time. However, this ac-
curatemeasuremd is alsoinfrequert —rougHy 5
Hz.

An integratedINS-GPSsolutionusesa Kalmanfilter
to provide frequert updaes of the estimatedstateof
the helicapter This Kalman filter is run by the flight
computer which also computes a control law and
sendgheresultto theactudors.

Experimentalsystemidentificaion wasusedto obtan
a dynamic modd of the helicapter: the flight control
computer logged the responseof the helicogger and
the pilot commands, and theselogs were compared.
The information attainedthrough systemidentifica-
tion wasthenusedo synthesize controllerfor thehe-
licopter For moreinformation, referto (Shim, 2000;
Shimet al., 1998).

2.3 Limitations of the First Generation System

With basic autoromous flight successfullydemm-
stratedthe BEAR teamthensetoff to equipa num-
ber of helicoggers with a similar flight control sys-
tem. Over time, two nenv and unfamiliar chdlenges
emeged.Thefirst chdlengeresultedrom awidening
chdce of devices: asthe fleet of helicogersbeame

v Alv rAareme e~ liA Flh A A~cAalAAt A At AA A re b o



provided or receved data at different speeds,used
differentdataformats,commuicatedusing different
protocds, andsoon. Thetightly integraedflight con

trol systemwasnot preparedo hardle thediverseas-
sortmenbf new devices.Inevitably, ary changeto the
original systenrequiredanextensive softwarerewrite

followedby anextendedverificationprocessin short,
the original embeddel software was not written with

moduarity in mind. Yet it would be prohiktively ex-

pensve to rewrite all of the softwarefor eachparticu-
lar combindion of devices.

The secoml chdlenge resultedfrom the event-based
natureof the first geneation flight control compuer.
To ensurethe fastesipossibleresponsethe computer
was set up to process the incoming sensordata as
soonasit arrived andto immediatelysendthe cortrol
outpu to the actudors. As an example of the prob-
lemsthat arosein this event-basedsystem,conside
thefollowing first geneationsetup.The GPSandINS
were synctronizedwith ead other but not with the
control computer. The GPSsentreading to the con
trol compuer at 5 Hz. The INS sentreading at 100
Hz. The cortrol compuer ran the control task at 50
Hz. Becauseof thelack of synchronization thesensor
dataseenby the control computer rangel from 0 ms
to 10 msoutof date.Dueto clockdrift, thisamount of
time wasnondeterministic.Similarly, the senoswere
triggeredby a clock whaose rate was independen of
the control computer’s clock. Sincethe senos were
triggeredat 46 Hz, by the time the actudors used
the control data, thesedata could be 22 ms out of
date.Unfortunatdy, the differentratesof the sensors,
actudors, and computer resultedin a systemwhose
timing behaior wasnot particularlyeasyto analye.
Conseqgently, the physical behavior of the helicoger
couldvary greatlyfrom the simulationresults.

2.4 A Second Generation System

We would like a helicopter systemwhose overall
physical behaior canbe analyzd and predided. To
this end we needa unified appro&h to the timing
behaior of the elements —sensors,actudors, and
computer— of the cortrol systemWe believe the key
to this unified appro&h liesin a time-basedmoduar
design:

A time-based design. The systemshould be time-
basedin orderto allow easyanalysisof its closed
loop behaior. However, the systemmustmaintain
compmtibility with existing devicessuchassensors,
which are not time-based A clea bourdary be-
tweenthe systems syndironows andasyndironots
elemens must be dravn, and provisions must be
madeto bridgethe gap.

A modular design. The new systemmustallow the
designe to chaosefrom a diverse mix of sensors,
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run on differenthelicogers, which may have very
differentphysicaldynamicsanddevices.

3. PLATFORM-BASED DESIGNMETHODS

Automaion control systemssuchasthe BEAR heli-
copers,canbe designe with legacy code reuseand
safety guarantees,and without defidenciesin sub-
systemintegration. This sectionpresets the building
blocks thatwill laterbeusedto designsuchasystem.

The building blocks we use are those of platform-
basedlesign Themaintend of platform-basedesign
is thatsystemshouldemploy preciselydefinedlayers
of abstractionthroughwhich only relevant informa-
tion is allowed to pass.Theselayersare called plat-
forms. Designshuilt on top of platformsareisolated
from irrelevart subsystendetdls. A good platform
providesenowgh usefulinformationso thatmary ap-
plicatiors canbe built ontop of it.

A systemcanoftenbe usefully preserted asthe com-

bination of atop level view, a bottomlevel view, and
a setof toolsandmethod to mapbetweenthe views.

On the bottom,asdepcted in Figure 1, is the archi-

tecturespace This spaceincludes all of the options
available for implemerting the physical system.On

the very top is the apgication space which includes
highlevel applicaionsfor thesystemandleaves space
for futureapplicatiors. Thesetwo views of thesystem,
theuppe andthelower, shouldbedecaipled.Instead
of interactingdirectly, the two designspacesneetat

a clearly definedinterface,which is displayedasthe

sharedvertex of thetwo trianglesin Figurel. Thethin

waist of this diagran corveys the key ideathat the

platformexposenly theneessarynformationto the

spaceabove. Theentirefigure,including thetop view,

the bottomview, andthe vertex, is calledthe system

platform stack.

The platform-baseddesign processis a “meet-in-
the-midde” approah, ratherthanbeingtop-davn or
bottom-ip. Top-dovn designoftenresultsin unimple-
mertable requiremats, and bottomup designoften
resultsm a mess. In platform baseddesign,a suc-



4. TIME-BASED CONTROL USING GIOTTO

Giotto is a programminglanguagefor implemering
time-basedcontrol applicaions. Giotto corsistsof a
formal sematics (Henzinger et al., 2001b) andare-
targetalde compler. Giotto hasalreadybeenusedto
reimplemen the cortrol systemon boad a small au-
tonomaishelicogerdeveloped atETH Zirich (Kirsch
et al., 20®). In this section, we discussthe ab-
stractionthat Giotto presentgo the programme The
reade wishing a more detailedintrodudion should
constut (Henzingeret al., 2001a).

Control apdications often have periodic conairrent
tasks.Typically, the periodictaskscommunicatewith

eachother The mechaism usedto implemen such
commuication —whethe messagequeues, shared
memory or someother meclanism—may vary de-
pendng ontheopeatingsystem Controlapgications
also needa mears to input from and output datato

their physical ervironment. Finally, control applica

tions often have distinct modes of behaior; in two

differentmodes, differentsetsof conairrenttasksmay
needto run, or the samesetof tasksmay needto run

but at different rates. Giotto provides the progran-

meraway to specifyapgicationswith periodic,con

current,commuicatingtasks.Giotto alsoprovides a
mears for 1/O interactionwith the physical environ-

ment,and for modeswitching betwea differentsets
of tasks.

Conside the exampleprogramof Figure2. The con
currenttasks—Fusi on andCont r ol — areshowvn
asrectandes with roundel corners.Eachtask hasa
logical execution interval. In our example, Fusi on
logically executesfrom 0 msto 10 ms, from 10 ms
to 20 ms, etc.,wherea Cont r ol logically execues
from 0 msto 5 ms, from 20 ms to 25 ms, and so
on. Ead taskhasinput ports andoutput ports, shovn
as black circles. A task’s input ports are set at the
beginning of its logicd executioninterval. During its
execution, the task computessomefunction, andthe
resultsarewritten to its outpu portsat the endof its
logicalexecutioninterval. For example,theinputports
of Fusi on aresetat0 ms; betweer0 msand10ms,
Fusi on computesits function at 10 ms,theresultof
this functionis writtento Fusi on’s outpu ports.

A Giotto programmay also cortain sensors and ac-
tuators, both of which are depictal aswhite circles.
Rathe thanbeing actud devices, sensorsand actua
tors are programminglanguage constructswhich let
theprogrammedefinehow to inputdatato andoutpu
datafrom a Giotto program.Logicdly, sensorsand
actudorsarepassve: they arepolled attimesspecifiad
in the Giotto program,and canrot pushdatainto the
programattheir own times.Our exampleprogramhas
two sensors@GPS and| NS, and one actudor, Ser -
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Taskscommuncatewith ead othe, andwith sensors
andactuatorspy meansof drivers, which areshovn
asdiamords.In Figure2, thedrivers comectthe GPS
and | NS sensorgo the input ports of the Fusi on
task.They alsoconrectthe outpu portof Fusi on to
the input port of Cont r ol , andthe outpu of Con-
trol to the Servos actudor. Thus, the Fusi on
taskwhich executes betwea 0 and10 msrecevesits
inputs from the GPS andI NS readngsat 0 ms. Simi-
larly, the Cont r ol taskwhich startsatO msreceves
its inputs from the Fusi on taskwhich finishesat 0
ms,andwritesits outpusto the Ser vos actuato at5
ms.

5. CASESTUDY: END TO END DESIGNOF
ROTORCRAFT UAV

In this sectionwe discussstratgies for building a
rotorcraftUAV thatkeepin mindthe gods mentiored
in Section2.4. To acheve thesegods we will use
the principles of platform-basedlesignpresered in
Sedion 3. We will shav how theinsertionof a layer
of abstractiorbetwee the devicesandthe controller
canbe usedto bridgethe timing mismatchandallow
for theinclusionof differentsensoisuites.

In Sections.1theplatform-basedesignprinciplesare
usedto specifya functiond descriptionof the Rotor
craft UAV (RUAV). In Section5.2 we describethe
process of implementing the functioral description.
Findly, in Section5.3 we discusshow to assesshe
implementation.

5.1 Building Functional Description

In Section3 we explainedhow to begin the platform-
baseddesignprocesshy separatingthe systeminto
two views: the applicaion andthe archite¢ure. Here
we apply this separatiorto our RUAV, which is nat-
urally seenfrom two views. Fromthe top, a desigrer
seeghetime-basedaontrolapplicdion. Fromthebot-
tom, a designe seesthe availabde physicd devices,
suchasthe helicopter, the sensorsandthe actuaors.
These two views may be situatedin the contet of
platform-basedlesign:the time-basedcontrol apgi-
cationsitsin theapplicationspa®, while the physical
devices make up the architet¢ure space Following
the meet-in-the-middle appro@h of platform-based
design we include an intermedate abstractiornlayer,
the RUAV platform, whose top view is suitablefor
time-basedcontrol and whosebottomview is imple-
mertableusingthe available devices.

We next describethe functiondity of the RUAV plat-
form.

I nteraction with devices. TheRUAV platformshould
beableto receve transmissionfrom the sensorsat
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Fig. 2. An exanple Giotto program
theactuatorsin thecorred formats.It will alsoneal
to initialize the devices. Furthermorethe platform T om .
shouldbeableto carryouttheseinteractionswith a Formatting | RUAV
. . . i " Platform
variety of differentsensoandactudor suites. Library  [!| implementation
I nteraction with control application. TheRUAV plat- }
form shouldprovide measuvementdatato the con Actuator }
Message !

trol apdication in the format and at the frequency

dictatedby the controller Similarly, the platform

should receize the commands from the controller
attimesdictatedby the controller andimmediately
sendthemon to the actuaors. The platformshould
alsobeableto supporta variety of cortrollers.

One natural corclusion is that the platform should
buffer incomingdatafrom the sensorsconvert sensor
datainto formats usableby controller applicaions,

andcorvert controlcommandsinto formatsusableby

actudors.In Section5.2we describdn detal oneway

to implemern the functionsof the platform.

5.2 Implementing Functional Description

While the platform-baseddesign methoalogy is a
meet-in-the-midte approah, it suggestsmplement-
ing the applicdion first. In this sectionwe begin by
discussingthe realization of the cortroller applica
tion. Thisimplemenation,asdiscusse@bore in Sec
tion 5.1, placesconstraintson the platform. Platform
implemenationswhichmeettheseconstraintsarepre-
sentechext.

5.2.1. Implementing the Controller Application To

attain the berefits of time-basedcontrol, presented
in Sedion 2.4, the controller applicdion is realized
using the Giotto programminglanguage, detailedin

Section4. Section4 presentd a rouch sketchof the

Giotto implementationin Figure2. The two essential
tasksareFusi on andCont r ol . Fusi on combines
the INS and GPSdatausing a Kalman filter and is

run at a frequeng of 100 Hz. Cont r ol usesthe

outpu from Fusi on to compute the control law at

afrequerty of 50 Hz with a deadine time asshortas
possibleto redue lateng. The frequerties of these
two tasksarechose basedon the expectatiors of the

controllaw andon the limitations of thedevices.

5.2.2. Implementing the Rotorcraft Platform  Hav-
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Fig. 3. Implemantationof rotorcraftUAV platform

presemh a possibleimplementgion of the RUAV plat-
formthatfulfills therequiremetsof Se¢ion 5.1.1t has
threemainelementghataredepidedin Figure3.

Data processor. The data processoris an indepea-
dert processsimilarto astandardnterrupthardler.
In the sensingcase,it respond to the nev sensor
datasentby the devices, and saves this datato a
sharedmemoryspacewith the sensorspeciftc data
formatintact.In theactuatingcasethedataproces-
sorpasse®nto thesenosthemessagesentby the
cortroller applicaion.

Shared memory. The sharedmemory contans re-
cert sensoreadingsandis implemenedascircular
buffers. Data are placel into the circular buffers
by the dataprocessqgrand canbe accessedby the
cortroller apgication. In thisway thecortroller ap-
plicationcangrabthe sensodatawithout worrying
abaut thetiming capabilities of eachsensor

Data formatting library. Within the cortroller ap-
plication the sensorspecificdataformat must be
transferredto the format that the control compu-
tation expects.In the sensingcase,the controller
appication useghedataformattinglibrary to trans-
form the buffered sensoreading. In the actuating
case,the cortroller apdication usesthe library to
corvert actugion commanls into the format ex-
pededby thesenos.

The Giotto cortroller applicdion comeswith gua-
antees abou the deallines of its own internal tasks.
These guaranees,however, do not take into acount
the time that may be neecad by other processesor
interrupthanders.If morethana“negligible” amount
of time is spentin the otherprocessesthenthetiming

N1 tervestvtmn et Fla A Anrmtrall A earmam s A cr i AT 19 Y 7 o e~ o~



time nealedby thedataprocessoto a bareminimum.
Thedatatransformationseessarareinsteadwritten
into the dataformattinglibrary andcalledfrom within
the control tasks.The bendit of this apprachis that
thetiming guaranteesof the controllerapplicdion are
presered, asmuch aspossible.

5.3 Measuring Implementation Performance

Now thatwe have a platformimplementéon, it is de-
sirableto evaluateits performare. Ideally, carefully
controlledtestscoud be performedon the physical
system.However the fact that we are working with

an automdion control systemmalkes that a difficult

propasition, for two reasonskirst, testingis expensive

and potentially dangerous.Se®nd, testsare difficult

to standardizeFor example, the winds and GPSsig-

nal strengthcanrot be cortrolled. To amdiorate these
problems,we proposethe use of a hardware-in-the-
loop simulator which allows for the direct testing
of the entire control system.Insteadof mountingthe
control systemonto the helicopter, the controller (of-

ten called the system under test) is conrectedto a
simulationcompuer. The simulationcomputerusesa
dynamic modé to mimic the exact inputs andoutputs
of thesensorandactudorsonthehelicoger.

Hardwarein-the-loopsimulatorgSarvido andSchaufel-
bemger, 2002, Ledin, 1999 arewell suitedto take ad-
vartageof theabstractiortayersprovidedby platform-
baseddesign.The suitability arisesfrom the capac-
ity to slide bad andforth the dividing line betwea
the simulation compuer and the systemuncer test.
To comparethe controllerapgications, the simulator
shouldactastheplatforminterface,andthe controller
applicdions should act as the systemunder test. To
evaluate the platform implementation, the simulator
inputs and outpus shouldclosely apprximate those
of the actual devices, and the cortroller apgication
and platform implemenation should be part of the
systemunde test.

Due to the fact that the simulation conputer must
imitateaphysicd systemthesimulatormustmeettwo
additioral constraints.First, the simulator must run
in realtime. Secand, the simulatedhelicogter should
faithfully duplicae the dynamicsof therealworld he-
licopter Theparaméersof thesimulatorshouldbeset
to valuesthat have been meauredon the helicoger.
To chek that the simulatorsoftware mathenatically
implemerts the betavior of the physical models,we
propcse the use of systemidentification techriques.
The paraméersof the mathemécal modelshouldbe
comparedwith thoseobtainedusing systemidentifi-
cationon the input-output beravior of the hardware-
in-the-loopsimulator Thepropsedsimulationframe-
work, in combindion with platform-basedlesign,al-
low for the development of automaion control sys-
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6. CONCLUSION

In this pape, we have presentedh designmethoabl-
ogy for automaion cortrol systems.Our methoal-
ogy emplgys platform-basediesign which useslay-
ers of abstractionto isolate apgications from low-
level systemdetails. We also use the programming
language Giotto to cleanly implement a time-based
cortroller application Usingour designmethalology,
we have discussedh redesignof the control system
of a rotorcraft UAV. This designgoesa long way
towards meding the goalsdiscussedn Sedion 2.4.
Though our casestudycortainsmary detailsthatare
specift to our helicopte system,our methalology is
widely apgicable.We believe thatthe combination of
time-basedtortrol and platform-basedlesigncanbe
gererally appliedto autanation cortrol systemsfor
whichlegacy software,indepencently engireeredsub-
systemsandstrict reliability andtiming requiremats
all play acrucialrole.

7. REFERENCES

Hervinger T.A., B. Horowitz and C.M. Kirsch
(2001a). Embealded control systemsdevelop-
mentwith Giotto. In: Proc. of the Intl. Workshop
on Languages, Compilers, and Tools for Embed-
ded Systems (LCTES’01). pp. 64—72.

Hervinger T.A., B. Horowitz and C.M. Kirsch
(2001b). Giotto: a time-triggeredlanguage for
embedied programming. In: Proc. of the 1st
Intl. Workshop on Embedded Software (EMSOFT
'01). LNCS 2211 Springe-Verlag.pp. 166-184.

Kirsch, C.M., M.A.A. Sarvido, T.A. Henzirger and
W. Pree(2002). A Giotto-basechelicopte con-
trol system(draft).

Koo, T.J.andS. Sastry(1998. Outptt trackingcontrol
designof a helicoger modd basedon appoxi-
matelinearizaion. In: Proc. 37th Conference on
Decision and Control. pp. 3635-364).

Ledin, J.A. (1999).Hardware-in-the-lop simulation.
Embedded Systems Programming 12(2), 42—-60.

Sargiovanni-
Vincentelli, A. (2002. Defining platform-based
design.EEDesign of EETimes.

Sarvido, M.A.A. andW. Schatelbeger (2001). De-
sign of a frameawork for hardware-in-the-loop
simulation and its apgication to a modé he-
licopter In: Proc. of the 4th Intl. Eurosim
Congress.

Shim, D.H. (2000). Hierarchicé Flight Cortrol Sys-
tem Synthesisfor Rotorcraft-basedJAVs. PhD
thesis.UC Berkeley.

Shim, D.H., T.J. Koo, F. Hoffmam and S. Sastry
(1998).A comprelensve studyof controldesign
for anautonanoushelicopter. In: Proc. 37th Con-
ference on Decision and Control. pp.3653-3658.



