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Abstract: A formal approach for the mission planning and control of unmanned aircraft is
described. Linear hybrid automata are used to model the chosen aircraft, the resources needed
to perform a mission and the environment in which the aircraft will operate. fMigsion
modelcan be verified with respect to safety criteria, like not running out of fuel, or used to
perform parametric analysis, allowing the instantiation of symbolic parameters in flight plans
for specific missions. Later, during mission execution, an on-board flight controller is used to
control the progress of the mission by reacting to relevant external and internal events.
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1. INTRODUCTION tion of this class of aircraft, while simultaneously re-
ducing their operational cost by diminishing the work-
load imposed on the operator and therefore his/her

The use of unmanned aircraft (also known as UAVs . )
training requirements.

— Unmanned Aerial Vehicles) has risen steadily over
the past years, with applications ranging from law en- This paper describes how hybrid automata can be used
forcement and ecological surveillance to high-altitude to model the mission of rotary-wing unmanned air-
scientific research being reported. craft. Thismission modetan be verified with respect

Aircraft losses caused by human operator errors haveto safety criteria, like not running out of fuel, or used

traditionally been the biggest problem associated with t_o perform par_ametnc analys_ls, ‘?‘”OW'”Q the |nstan_t|_a-
UAVs, having even determined the cancellation of thn (.)f symbolic parameters in flight plans for specific
some promising UAV programs (Fulghum, 1996). mISsions.

Running out of fuel during a mission is the second Later, during mission execution, a finite-state control
most common cause of UAV losses, highlighting the automaton (derived from the hybrid automaton used
complexity of balancing efficient use of the aircraft to model the mission) is used on-board the aircraft
in pursuit of the mission objectives with conservative, to control the progress of the mission by reacting to
safe operation. relevant external and internal events.

Successfully planning and executing a mission meansSection 2 describes how a rotary-wing UAV and its
achieving the mission objectives, using the resourcesoperating environment can be modeled using hybrid
of the given aircraft (e.g. fuel, electric energy) while automata, while section 3 presents three approaches
complying with a set of imposed restrictions (e.g. for the construction of feasible flight plans based on
terrain elevations, “no-fly” zones) the verification of the model. Section 4 shows how
a single control automaton can be derived from the

A formal approach for the mission planning and con- X .
PP P g set of hybrid automata used to model the mission and

trol of UAVs can greatly increase the safety of opera-



usedto control the executionof the associatedlight
plan. Finally, conclusionsaredrawn in section5. An
informal review of hybrid automatais presentedn
appendixA.

2. MISSION MODELING

The term missionis usedto describethe operationof
an aircraftin a givenregion, during a certainperiod
of time while pursuinga specificsetof missionobjec-
tives. The orderedsetof movementsexecutedby the
aircraft during a missionis definedin an associated
flight plan.

Oneof thewaysto tacklethetaskof formally planning
missionsfor unmannedaircraft is by using hybrid
automata a generalizationof finite-state automata,
equippedwith a setof continuousvariables(Alur et
al., 1993;Nicollin etal., 1993).A hybrid automaton
is ableto modeldiscreteevents like thethetransition
from onephaseof theflight planto the next one,and
continuousactiities governedby a setof differential
equationslik e the positionof the aircraft,theamount
of fuel remaining on board and the chage of an
emegeng accumulatar

Modeling a missionrequiresthe modelingof: (1) the
aircraftdynamicgpositionandvelocity of theaircraft,
as describedin the associatedlight plan); (2) the
internal conditionsof the aircraft (the resourcesand
stateof the aircraft); (3) the external conditions of
the ervironment, dictatedby the operationalcontext
underwhich the aircraft will operateand(4) a setof
mandatoryandoptionalsafetyrequirements

Items (1) and (2) will be modeledusing hybrid au-
tomata,while items (3) and (4) will be modeledus-
ing the conceptof regions setsof statesof the hy-
brid automatabeing investigated.For a more com-
pletediscussiorof missionmodelingfor UAVs using
hybrid automatathe readeris referredto (Seibelet
al., 1998,; Seibel,2000).

2.1 Aircraft dynamics

A flight plan can be decomposedn its component
phases Eachphaseis describedeither by the coor
dinatesof a pair of way-pointsand by the speedat
which the aircraftis to fly betweentheseway-points
or by its duration,an initial way-pointandthe speed
of theaircraft. A phases completedvhenthe second
way-pointis reachedy the aircraftor, in the caseof
a specifiedduration,when the associatecamountof
time haselapsed:

1A completeflight plan containsa primary flight plan,comprising
thephaseshatleadto thefulfillment of themissionobjectives,anda
setof alternateflight plans whichreflectthedesirecbehaior of the
aircraftdueto differentmissiondoctrinesand/orexpectedfailures.
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Fig. 1. A hybrid automatonusedto model aircraft
dynamics

A hybridautomatong, is usedto modelthedynamics
of theaircraftundertheinfluenceof the prevailing (or
expected)meteorologicatonditions.

Considera partial flight plan with only threephases:
(1) flight atbest-rangespeedat a constangltitudeof z

metersfrom way-pointWP, = (x,,Y;,2) to way-point
WP, = (X,,Y,,2); (2) hoverat WP, = (X,,Y,,2) fort,

seconds(3) returnto WP, = (x;,Y;,2) at maximum
speed.

Figurel shownsalinearhybrid automatorwhich mod-
els the dynamicsof the partial flight plan just de-
scribed.Eachcontrol location of the automatoncor-
respondgo one of the phasef the flight plan. The
activities of eachof the controllocationsdescribethe
evolution of the aircraft’s positionon a tangent-plane
coordinatesysten? . Invariantsare usedto force the
evolution of the automatorat the end of eachphase,
while the transitionsconnectingthe differentcontrol
locationsareguardedy testsontheaircraft’s position
or on a clock. Labels are usedto synchronizethis
automatorwith therestof themodel.

SeeappendixA for a more in-depth discussionof
this exampleand an informal introductionto hybrid
automata.

2.2 Internal conditions

Eachaircraft hasa distinctive setof resourcesywhich
are usedby the operatorto pursuethe mission ob-
jectives.Resourcedave to be consideredvhenplan-
ning a mission.They includethe speedsat which the
aircraft canbe operatedthe fuel that canbe carried
on board,andelectricenegy which canbe generated
and/orstoredon boardtheaircraft. Also, anaircraftis
characterizethy the specificfuel consumptiorateach

2 This is a Cartesiancoordinatesystemwhoseorigin is located
at the take-off/landing point and which neglectsthe effects of the
cunatureof theEarth.
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Fig. 2. A hybrid automatonusedto modelan emer
geng accumulator

speed, fuel tank capacity and how much electric
enegy is generatedstoredandmanagedn board.

The term internal conditionsis usedin this article
to collectively describethe resourcesand character
istics of the aircraft usedto performthe mission.In-

ternal conditionscan be directly modeledby hybrid

automataln our models,we useat leastthe .# and
£Z-automatato model fuel consumptionand electric
enegy storedin an emegengy accumulatarrespec-
tively.

Figure 2 shows a typical 2-automatonThe location
CHARGE is usedto modelthechaging of theaccumu-
lator with a constantcurrentl ;. Dischaging the ac-
cumulatoris modeledby the locationsDl SCHARGE1

(wherethe currentdrainedfrom the accumulatoris

l4i) and DI SCHARGE2 (where the current drained
iS lin < lgis)- Two additional locations, FULL and
EMPTY, are usedto model the fact that the chage
of anaccumulatorcannotbe greaterthanits nominal
capacityor lesserthanzero.

3 Rotary-wing aircraft normally operateat one of the following
speeds(1) best-rangespeedthe speedat which the distancetrav-
eledor areacoveredis maximized;(2) endurancespeedthe speed
at which airborne timeis maximized,(3) maximumspeedand (4)
low speedwsisedfor hover.

Again, labelsare usedto synchronizethis automaton
with the rest of the model, so that the enegy used
during the initialization of the aircraft (whenthe en-

gineis not runningandthereforethe generatolis not

producingany enepgy) canbe consideredandfailures
of thegenerator/pwer conditionercanbe modeled.

2.3 Externalconditions

The external conditions describethe context under
whichtheaircraftwill operate.

The prevailing (or expected) meteoological condi-

tions at the time of the flight have to be considered
sincetheaircraft's dynamicsareaffectedby the speed
anddirectionof the wind. This influenceis mostev-

identin small UAVs, which areoftenunderpowered.
Meteorological conditions are modeled by the 2-

automaton.

Mission modelingalsohasto considerthe geograph-
ical region weretheflight will be performed,.e.,the
elevationsof the terrainandthe existenceof “no-fly”
zones,zoneswerethe operationof the aircraftis not
allowedatall or only during certainperiodsof time.

The geographicategion weretheflight is performed
also influencesthe propagationof the radio waves
usedfor communicatiorbetweenthe aircraft andits
groundcontrol station.Particularly, the terrainprofile
cangenerateadditionalconditionswhenusingline-of-
sightcommunicatiorlinks.

Externalconditionscanbedescribedy usinginequal-
itiesoveratangent-planeoordinatesystento definea
setof “good” and“bad” 3-dimensionategions.Com-
municationscoveragezonesare considered‘good”

regions, while terrain elevation and “no-fly” zones
are considered'bad” regions, since they should be
avoidedby theaircraftatall times.

2.4 Safetyrequirements

Mission planninghasto take a setof safetyrequire-

mentsinto account.Mandatorysafety requirements,
like not running out of fuel, have to be satisfied
to avoid the loss of the aircraft. Optional safetyre-

quirementslik e keepingminimumdistancegrom the

ground during the flight, increasethe safety of the

operation.

As with external conditions, safety criteria can be
modeledusingthe concepbf regions® . All thesafety
criteriathatflight plansfor UAVs have to satisfycan
be expressedn termsof inclusionin a“good” region
andintersectiorwith a “bad” region.

4 Ragions usedto model safety criteria are not necessarilyre-
stricted to the three dimensionsof the tangent-planecoordinate
system.They include, for example,inequalitiesaboutthe amount
of fuel remainingon boardtheaircraft.



3. MISSIONPLANNING

In the following we presenthreeapproacheso mis-
sion planningfor unmannedaerial vehicles:(1) ver
ification of a given flight plan, (2) instantiation of
parametersn a parameterizedlight plan andincre-
mentalconstructionof flight plans.

3.1 Analysisof linear hybrid automata

All threeapproachesre basedon a methodologyfor

analysisof linear hybrid automatadevelopedin (Alur

etal., 1993;Nicollin etal., 1993). The methodology
is basedon predicatetransformerdor computingthe

steppredecessom@ndstepsuccessoref agivensetof

states.

Using successie approximationthe methodologyal-

lows the computationof pog*(W), the reachablere-

gion of aregion W, i.e., the setof all statesthat are
reachabldrom statesn W. Corversely it is possible
to computepre* (W), theinitial region of W, the setof

all statefrom which a statein W is reachable.

Tools for the automaticanalysisof hybrid systems,
like Hy TECcH (HenzingerandHo, 1995),canbe used
to perform the parallel composition of hybrid au-
tomataand to computethe reachableregion of the
resultinghybrid system.HY TECH is alsoableto ma-

nipulateregions,computingtheirintersectiorandver-

ifying if aregionis includedwithin anothermne.

Existing algorithmsonly allow the verificationof lin-

ear hybrid automataWe thereforeestablishthe fol-

lowing five hypothesis,which allow us to describe
flight plansfor unmannedaircraft by a setof linear
hybrid automata(Seibel and Farines, 1997; Seibel,
2000):

e Positionandvelocity of theaircraftaredescribed
in atangentplanecoominatesystem

e The air-speedof the aircraftis constantduring
eachphaseof theflight.

e Thetransitionsfrom onephaseof theflight plan
to thenext onearemuchshortetthantheduration
of thephaseshemseles.

¢ Non-linearitiesof the specificfuel consumption
can be removed by using the rate cornversion
techniquedescribedn (Ho, 1995).

e Terrain elevations,communications-ceeredre-
gionsandexclusionzonescanbe approximated
with satishctoryresolutionby a setof first-order
inequalities.

3.2 \erificationof flight plans

The feasibility of a proposedflight plan canbe ver-
ified. The result of the verification processis either
“flight planis feasible”or “flight planis notfeasible”.

Verification can be accomplishedby the following
algorithm:

(1) Constructan automatorthat describeghe mis-
sion (the .#-automaton).This is the parallel
compositionof the 2, # and 2-automata.

(2) Starting with initial conditions at the take-off
point (region I), computethe forward reachable
region of the . -automaton.

(3) Computetheintersectiorof thereachableegion
with the “bad” region (definedby the external
conditionsin the form of inequalitieson thetan-
gentplanecoordinatesystem)lf theintersection
is not empty the feasibility of the flight plan
cannotbeguaranteed.

(4) Verify if thereachableegionis containedwithin
the “good” region. If not, the feasibility of the
flight plancannotbe guaranteed.

Let usconsidera samplemission:overflying (atcon-
stantaltitude)a coupleof islandsoff thecoastof Santa
Catarinain the southernpart of Brazil, while investi-
gating outlawed fishing activities on the islands.The
aircraftwill take-off from 27°40.9' S,48°33.8' W and
fly directly to IslandFranciscalocatedat27°42.2' S,

48°33.9 W. Fromthereit will fly to Islanddo Largo,

at27°42.4' S, 48°35.6' W andreturnto the take-off

pointfor landing.

Tangentplanecoordinatedor take-off/landing point,

Island Franciscaand Island do Largo are, respec-
tively, (0,0), (—2247,—118) and (—3051,—3080)°.

Theaircraftwill beflown atits bestrangespeedy, =

15 m/s. Specific fuel consumption,f, is less than
0.56g/sundersuchconditions.

We want to verify if an initial amountof fuel F =
10004 is sufficient to accomplishthe missionwhile
avoiding the approactcorridor of the nearbyairfield,
describedin tangeniplanecoordinatespy

—2/5y+700< x < —2/5y+ 3700

Using HY TECH we find that the reachableegion of
the .# -automatoris

pog*(I)=0=x+15 A 4x=T75y A
27f = x+27000A
0>=XAX+2250>=0
V 0= x+4t+ 1650A

8y = 29x+ 64290A

36f = 5x+ 44250/

0 >=x+2250A x+3045>=0
V 32t = 3x+ 20295A

63X = 64y + 285/

5x+ 96f = 62175A

X+3045>=0A0>=X

5 tangentplanecoordinatesareexpressedn meters



V X=0A 64y+285=0 A
32f = 20725A 32t >= 20295

The above resultshaws that the aircraft uses23% g

of fuel (whichis lessthanF = 1000g) andthatthein-

tersectiorof thereachableegionof the.# -automaton
andthe“no-fly” zonedefinedby theapproactcorridor
to theairfieldis empty We thereforeconcludethatthe

proposedlight planis feasible.

3.3 Instantiationof parameterizedlight plans

Thediscussednethodologyfor the analysisof hybrid
systemsis able to manipulatenot only numerical
guantitiesbut alsosymbolicparametes.

For the purposeof this paper we thereforeintroduce
theconcepiof aparameterizedlight plan, a planwith
atleastonesymbolicparameterSymbolicparameters
in a parameterizedlight plan canbe instantiatedso
thatthe resultingflight planis feasible.The resultof
theinstantiatiorprocesss “flight planwill befeasible
if ..."

Instantiationcan be accomplishedby the following
algorithm:

(1) Constructan automatorthat describeghe mis-
sion (the .#-automaton).This is the parallel
compositionof the 2, # and 2-automata.

(2) Computethe backward reachableregion of the
A -automaton starting at the overall “bad” re-
gion.

(3) Intersectthe resultwith the initial region | and
instantiateall symbolic parametersThe values
obtainedatthis steparethosethatwill leadfrom
theinitial regionto the“bad” region.

(4) Complementhe parametersbtainedin the pre-
vious step. Theseare the valuesfor which the
missionis feasible.

3.4 Incrementakonstructionof flight plans

Flight planscanbeincrementallyconstructedy com-
puting the safely reachableregion as eachphaseis
addedto the partially constructedflight plan. The
overall feasibility of a flight plan constructedn this
mannercanthereforebe guaranteeih advance.

Incrementallyconstructinga flight plan canbe done
by continuouslycomputinganddisplayingthe reach-
able region of the .#-automatonover a map of the
terrainwheretheflight will be performed.

The consequencesf addingor removing way-points
totheflight planareimmediatelyreflectedn theshape
of the reachableegion, assistingthe operatorin the
determinatiorof thenext phaseof theflight planbeing
constructed.
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Fig. 3. Theon-boardflight controller

See(Seibeletal., 199&) for furtherdetailsof agraph-
ical flight plan editor with an underlyingverification
engine.

4. MISSIONCONTROL

Mission control compriseghe step-by-stemxecution
of the resultingflight plan, while consideringthe air-
craft's internal state,relevant external eventsandthe
possibleearly successf the mission.

A reactie flight controlleris usedto control the evo-

lution of afinite-stateautomatoron-boardthe aircraft
during the executionof the mission. The finite-state
automators’ usedby the flight controllercanbe de-
rived from the missionautomaton# by strippingit

of its continuougarts.

A Petrinetis usedto representhe ¥’-automatoron-
boardtheaircraft. Theflight controllerisimplemented
arounda general-purpos@etri net token-playerand
passesreferencevaluesto the lowerlevel piloting
andguidancecontrollers.A supervisolis responsible
for generatingnternal eventsbasedon the stateand
positionof thevehicle,seefigure 3.

5. CONCLUSIONS

Hybrid automataare well suitedto modelunmanned
rotary-wingaircraft andtheir operatingervironment.
At the sametime, the usageof regionsis very natural
for theverificationof safetyrequirements.

The approachcould be usedfor the mission plan-

ning of fixed-wing aircraft, undervater autonomous
vehiclesor ary otherclassof vehiclesthat operateat

constantspeedbetweenway-points,follow a straight

line from one way-pointto the next one and where

theerrorintroducedby neglectingthe curvatureof the

earthcanbeignored.



AppendixA. MODELING AND VERIFICATION
USING HYBRID AUTOMATA

A.1 Hybrid Automata

A hybrid automatonasdefinedin (Alur etal., 1993;
Nicollin et al., 1993),is constructedby the general-
izationof afinite-stateautomatonequippedvith aset
of continuousrariables A hybrid automatornis ableto

modeldiscreteeventsand continuousactiities, gov-

ernedby a setof differentialequations.

Hybrid automataare describedby a finite set of
real-valuedvariablesX andby a labeledmulti-graph
(V,E). The standarchotationX is usedto denotethe
first-orderderivativesof X. TheedgesE representhe
discreteevents and are labeledwith restrictionson
the valuesof X before andafter the executionof the
correspondingactions. The verticesV representhe
continuousactiities andarelabeledwith restrictions
on X andX during the correspondingctivity. There-
fore, the stateof a hybrid automatonis modified by
discreteeventsandby the passingof time.

A hybrid systenis describedy a collectionof hybrid

automata,one for each componentof the system.
The constituentautomataoperatein a concurrentand
coordinatedway, sharinga setof commonvariables
X, andsynchronizingon the commonsetsyn N syn,

of synchronizationabels.

A hybrid automatonis said to be linear if all its
actiities, invariantsand transition relations can be
describedby linear expressionsover the set of the
automatorvariables X. Thisimpliesthatfor all loca-
tionsv € V, theactvitiesac (v) aredefinedby a setof
differentialequationf theform x = ky, onefor each
variablex € X, whereky € Z is anintegerconstant.

A.2 Modelingaircraftdynamicswith hybridautomata

The following is a more detaileddiscussionof the
examplepresentedn section3.2.

The automatorstartsat locationP1. At this location,
the aircraft's positionin the tangentplanecoordinate
systemis describedby the differentialequationsx =
Vi, andy = Viy- Vi and Vi, are the north and east
component®f the aircraft’s best-rangespeedv, after
consideringheinfluenceof wind:

Vi, =V, cosy + Viy COSYhy
Vi, =Vr siny + Vi Siny

where ) = arctar{ (y, —y,)/(X, —X;)) is the course
that leadsfrom WP, to WP,, i, is the directionto
wherethe wind blows andV,, is the wind’s speed It
is importantto note that the model acceptsconstant
valuesfor the wind’s speedand directionaswell as
rangesof minimum/maximunmvalues.

At WP, = (X,,Y,,2), thetransitionthatleadsto P2 is
enabledandtheinvariantof P1 turnsfalse.Firing the
transitionsetsclockt,, := 0, whichwill beusedto time
the durationof the hover. The synchronizatioriabel
hover is usedto synchronizeother automatausedto
modeltheaircraft.

The automatorremainsat locationP2 for t, seconds.
Notethat,duringthehover, x=y = 0. After t, seconds
have elapsed,the automatonprogressegdo location

P3, which is usedto model the return to WP, at

maximumspeedmaxspeeq

AppendixB. REFERENCES

Alur, R., C. Courcoubetis,T. Henzingerand P. Ho
(1993). Hybrid automata:An algorithmic ap-
proachto the specificatiorandverificationof hy-
brid systems.In: Hybrid SystemgR. L. Gross-
man, A. Nerode,A. P Ravn and H. Rischel,
Eds.).Vol. 7360f Lectue Notesin ComputelSci-
ence pp.209-229SpringerVerlag.

Fulghum, David A. (1996). Outrider UAV tackles
army, navy requirementsAviation Week& Space
Tedhology.

Henzingey T. andP. Ho (1995).HYTECH: The Cor
nell HYbrid TECHnologytool. In: Proceedings
of 1994 Workshopon Hybrid Systemsand Au-
tonomougContmwl. SpringerVerlag.

Ho, Pei-Hsin (1995). Automatic Analysis of Hybrid
SystemsPhDthesis.CornellUniversity Depart-
mentof ComputerScience.

Nicollin, X., A. Olivero, J. Sifakis and S. Yovine
(1993).An approacho thedescriptionandanal-
ysisof hybrid systemslin: Hybrid System¢R. L.
GrossmanA. Nerode A. P. Ravn andH. Rischel,
Eds.).Vol. 7360f Lectue Notesin ComputelSci-
ence pp. 149-178 SpringerVerlag.

Seibel,C. (2000). Uma MetodologiaFormal parao
Planejamentee Controle de Missdesde Aero-
nawesNao-TripuladasPhDthesis Departamento
de EngenhariéElétrica, Universidade-ederalde
SantaCatarinaln Portuguese.

Seibel,C.andJ.M. Farineg(1997).Formalverification
anddimensioningof flight plansfor rotary-wing
unmannederialvehicles.In: Proceedingof the
24th Annual Technical Symposiunof the Asso-
ciation for Unmannedvehicle Systemdnterna-
tional. Baltimore,MD.

Seibel,C., J.M. FarinesandJoséE. R. Cury (19983).
Towardsusing hybrid automatafor the mission
planningof unmannederialvehicles.In: Hybrid
Systemd/. LectureNotesin ComputerScience.
SpringerVerlag.

Seibel, C., J.M. Farines,L. C. Corréaand G. C.
Dallagnolo(199&). Generatingexecutabldlight
plansfor unmannedaircraft: A formal mission
planningtool. In: Proceeding®f the 13th Bristol
International Confeenceon RPVs/WAVs Bris-
tol, UK.



