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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. Thismission
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

The use of unmanned aircraft (also known as UAVs
— Unmanned Aerial Vehicles) has risen steadily over
the past years, with applications ranging from law en-
forcement and ecological surveillance to high-altitude
scientific research being reported.

Aircraft losses caused by human operator errors have
traditionally been the biggest problem associated with
UAVs, having even determined the cancellation of
some promising UAV programs (Fulghum, 1996).
Running out of fuel during a mission is the second
most common cause of UAV losses, highlighting the
complexity of balancing efficient use of the aircraft
in pursuit of the mission objectives with conservative,
safe operation.

Successfully planning and executing a mission means
achieving the mission objectives, using the resources
of the given aircraft (e.g. fuel, electric energy) while
complying with a set of imposed restrictions (e.g.
terrain elevations, “no-fly” zones).

A formal approach for the mission planning and con-
trol of UAVs can greatly increase the safety of opera-

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
training requirements.

This paper describes how hybrid automata can be used
to model the mission of rotary-wing unmanned air-
craft. Thismission modelcan be verified with respect
to safety criteria, like not running out of fuel, or used
to perform parametric analysis, allowing the instantia-
tion of symbolic parameters in flight plans for specific
missions.

Later, during mission execution, a finite-state control
automaton (derived from the hybrid automaton used
to model the mission) is used on-board the aircraft
to control the progress of the mission by reacting to
relevant external and internal events.

Section 2 describes how a rotary-wing UAV and its
operating environment can be modeled using hybrid
automata, while section 3 presents three approaches
for the construction of feasible flight plans based on
the verification of the model. Section 4 shows how
a single control automaton can be derived from the
set of hybrid automata used to model the mission and
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usedto control the executionof the associatedflight
plan.Finally, conclusionsaredrawn in section5. An
informal review of hybrid automatais presentedin
appendixA.

2. MISSIONMODELING

The termmissionis usedto describetheoperationof
an aircraft in a given region, during a certainperiod
of timewhile pursuingaspecificsetof missionobjec-
tives.The orderedsetof movementsexecutedby the
aircraft during a missionis definedin an associated
flight plan.

Oneof thewaysto tacklethetaskof formallyplanning
missionsfor unmannedaircraft is by using hybrid
automata, a generalizationof finite-stateautomata,
equippedwith a setof continuousvariables(Alur et
al., 1993;Nicollin et al., 1993).A hybrid automaton
is ableto modeldiscreteevents,like thethetransition
from onephaseof theflight plan to thenext one,and
continuousactivities governedby a setof differential
equations,like thepositionof theaircraft,theamount
of fuel remaining on board and the charge of an
emergency accumulator.

Modelinga missionrequiresthemodelingof: (1) the
aircraftdynamics(positionandvelocityof theaircraft,
as describedin the associatedflight plan); (2) the
internal conditionsof the aircraft (the resourcesand
stateof the aircraft); (3) the external conditionsof
the environment,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-
pletediscussionof missionmodelingfor UAVs using
hybrid automata,the readeris referredto (Seibelet
al., 1998a; Seibel,2000).

2.1 Aircraft dynamics

A flight plan can be decomposedin its component
phases. Eachphaseis describedeither by the coor-
dinatesof a pair of way-pointsand by the speedat
which the aircraft is to fly betweentheseway-points
or by its duration,an initial way-pointandthe speed
of theaircraft.A phaseis completedwhenthesecond
way-pointis reachedby the aircraftor, in thecaseof
a specifiedduration,when the associatedamountof
timehaselapsed.1

1 A completeflight plancontainsaprimaryflight plan,comprising
thephasesthatleadto thefulfillment of themissionobjectives,anda
setof alternateflight plans,whichreflectthedesiredbehavior of the
aircraftdueto differentmissiondoctrinesand/orexpectedfailures.
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Fig. 1. A hybrid automatonusedto model aircraft
dynamics

A hybridautomaton,
 , is usedto modelthedynamics
of theaircraftundertheinfluenceof theprevailing (or
expected)meteorologicalconditions.

Considera partial flight plan with only threephases:
(1) flight atbest-rangespeedataconstantaltitudeof z
meters,from way-pointWP1 ��� x1  y1  z� to way-point
WP2 ��� x2  y2  z� ; (2) hoverat WP2 ��� x2  y2  z� for t2
seconds;(3) return to WP1 ��� x1  y1  z� at maximum
speed.

Figure1 showsa linearhybridautomatonwhichmod-
els the dynamicsof the partial flight plan just de-
scribed.Eachcontrol locationof the automatoncor-
respondsto oneof the phasesof the flight plan. The
activities of eachof thecontrol locationsdescribethe
evolution of the aircraft’s positionon a tangent-plane
coordinatesystem2 . Invariantsareusedto force the
evolution of the automatonat the endof eachphase,
while the transitionsconnectingthe differentcontrol
locationsareguardedby testsontheaircraft’sposition
or on a clock. Labels are usedto synchronizethis
automatonwith therestof themodel.

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

2.2 Internal conditions

Eachaircrafthasa distinctive setof resources,which
are usedby the operatorto pursuethe mission ob-
jectives.Resourceshave to beconsideredwhenplan-
ning a mission.They includethe speedsat which the
aircraft canbe operated,the fuel that canbe carried
on board,andelectricenergy which canbegenerated
and/orstoredon boardtheaircraft.Also, anaircraft is
characterizedby thespecificfuel consumptionateach

2 This is a Cartesiancoordinatesystemwhoseorigin is located
at the take-off/landing point andwhich neglectsthe effects of the
curvatureof theEarth.
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Fig. 2. A hybrid automatonusedto model an emer-
gency accumulator

speed3 , fuel tank capacity and how much electric
energy is generated,storedandmanagedon board.

The term internal conditions is usedin this article
to collectively describethe resourcesand character-
istics of the aircraft usedto performthe mission.In-
ternal conditionscan be directly modeledby hybrid
automata.In our models,we useat leastthe � and�

-automatato model fuel consumptionand electric
energy storedin an emergency accumulator, respec-
tively.

Figure2 shows a typical
�

-automaton.The location
CHARGE is usedto modelthechargingof theaccumu-
lator with a constantcurrentIchg. Discharging theac-
cumulatoris modeledby thelocationsDISCHARGE1
(where the current drainedfrom the accumulatoris
Idis) and DISCHARGE2 (where the current drained
is Imin � Idis). Two additional locations,FULL and
EMPTY, are usedto model the fact that the charge
of an accumulatorcannotbe greaterthanits nominal
capacityor lesserthanzero.

3 Rotary-wing aircraft normally operateat one of the following
speeds:(1) best-rangespeed,thespeedat which thedistancetrav-
eledor areacoveredis maximized;(2) endurancespeed,thespeed
at which airborne time is maximized,(3) maximumspeedand(4)
low speedsusedfor hover.

Again, labelsareusedto synchronizethis automaton
with the rest of the model, so that the energy used
during the initialization of the aircraft (whenthe en-
gine is not runningandthereforethe generatoris not
producingany energy) canbeconsideredandfailures
of thegenerator/powerconditionercanbemodeled.

2.3 Externalconditions

The external conditionsdescribethe context under
which theaircraftwill operate.

The prevailing (or expected)meteorological condi-
tions at the time of the flight have to be considered
sincetheaircraft’sdynamicsareaffectedby thespeed
anddirectionof the wind. This influenceis mostev-
ident in smallUAVs, which areoftenunder-powered.
Meteorological conditions are modeledby the 
 -
automaton.

Mission modelingalsohasto considerthe geograph-
ical region weretheflight will beperformed,i.e., the
elevationsof the terrainandthe existenceof “no-fly”
zones,zoneswerethe operationof the aircraft is not
allowedat all or only duringcertainperiodsof time.

The geographicalregion werethe flight is performed
also influencesthe propagationof the radio waves
usedfor communicationbetweenthe aircraft and its
groundcontrolstation.Particularly, theterrainprofile
cangenerateadditionalconditionswhenusingline-of-
sightcommunicationlinks.

Externalconditionscanbedescribedby usinginequal-
itiesoveratangent-planecoordinatesystemto definea
setof “good” and“bad” 3-dimensionalregions.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 safety re-
quirements,likekeepingminimumdistancesfrom the
ground during the flight, increasethe safety of the
operation.

As with external conditions,safety criteria can be
modeledusingtheconceptof regions4 . All thesafety
criteria that flight plansfor UAVs have to satisfycan
beexpressedin termsof inclusionin a “good” region
andintersectionwith a “bad” region.

4 Regions used to model safety criteria are not necessarilyre-
stricted to the three dimensionsof the tangent-planecoordinate
system.They include, for example,inequalitiesaboutthe amount
of fuel remainingonboardtheaircraft.



3. MISSIONPLANNING

In the following we presentthreeapproachesto mis-
sion planningfor unmannedaerial vehicles:(1) ver-
ification of a given flight plan, (2) instantiation of
parametersin a parameterizedflight plan and incre-
mentalconstructionof flight plans.

3.1 Analysisof linear hybridautomata

All threeapproachesarebasedon a methodologyfor
analysisof linearhybrid automatadevelopedin (Alur
et al., 1993;Nicollin et al., 1993).The methodology
is basedon predicatetransformersfor computingthe
steppredecessorsandstepsuccessorsof agivensetof
states.

Usingsuccessive approximation,themethodologyal-
lows the computationof post

� � W � , the reachablere-
gion of a region W, i.e., the setof all statesthat are
reachablefrom statesin W. Conversely, it is possible
to computepre

� �W � , theinitial regionof W, thesetof
all statesfrom which astatein W is reachable.

Tools for the automaticanalysisof hybrid systems,
like HYTECH (HenzingerandHo, 1995),canbeused
to perform the parallel compositionof hybrid au-
tomataand to computethe reachableregion of the
resultinghybrid system.HYTECH is alsoableto ma-
nipulateregions,computingtheir intersectionandver-
ifying if a region is includedwithin anotherone.

Existingalgorithmsonly allow theverificationof lin-
ear hybrid automata.We thereforeestablishthe fol-
lowing five hypothesis,which allow us to describe
flight plansfor unmannedaircraft by a set of linear
hybrid automata(Seibel and Farines,1997; Seibel,
2000):� Positionandvelocityof theaircraftaredescribed

in a tangentplanecoordinatesystem.� The air-speedof the aircraft is constantduring
eachphaseof theflight.� Thetransitionsfrom onephaseof theflight plan
to thenext onearemuchshorterthantheduration
of thephasesthemselves.� Non-linearitiesof the specificfuel consumption
can be removed by using the rate conversion
techniquedescribedin (Ho, 1995).� Terrain elevations,communications-coveredre-
gionsandexclusionzonescanbe approximated
with satisfactoryresolutionby asetof first-order
inequalities.

3.2 Verificationof flight plans

The feasibility of a proposedflight plan canbe ver-
ified. The result of the verification processis either
“flight planis feasible”or “flight planis not feasible”.

Verification can be accomplishedby the following
algorithm:

(1) Constructan automatonthat describesthe mis-
sion (the � -automaton).This is the parallel
compositionof the 
 , � and

�
-automata.

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

(3) Computetheintersectionof thereachableregion
with the “bad” region (definedby the external
conditionsin theform of inequalitieson thetan-
gentplanecoordinatesystem).If theintersection
is not empty, the feasibility of the flight plan
cannotbeguaranteed.

(4) Verify if thereachableregionis containedwithin
the “good” region. If not, the feasibility of the
flight plancannotbeguaranteed.

Let usconsidera samplemission:over-flying (at con-
stantaltitude)acoupleof islandsoff thecoastof Santa
Catarinain the southernpart of Brazil, while investi-
gatingoutlawed fishing activities on the islands.The
aircraftwill take-off from 27� 40� 9� S,48� 33� 8� W and
fly directly to IslandFrancisca,locatedat 27� 42� 2� S,
48� 33� 9� W. Fromthereit will fly to Islanddo Largo,
at 27� 42� 4� S, 48� 35� 6� W andreturn to the take-off
point for landing.

Tangentplanecoordinatesfor take-off/landingpoint,
Island Franciscaand Island do Largo are, respec-
tively, � 0  0� , ��� 2247 � 118� and ��� 3051 � 3080� 5 .
Theaircraftwill beflown at its bestrangespeed,Vr �
15 m/s. Specific fuel consumption, f , is less than
0.56g/sundersuchconditions.

We want to verify if an initial amountof fuel F �
1000g is sufficient to accomplishthe missionwhile
avoiding the approachcorridorof thenearbyairfield,
described(in tangentplanecoordinates)by

� 2� 5y  700 � x � � 2� 5y  3700

Using HYTECH we find that the reachableregion of
the � -automatonis

post
� � I �!� 0 � x  15t

�
4x � 75y

�
27f � x  27000

�
0 "#� x

�
x  2250 "#� 0$

0 � x  4t  1650
�

8y � 29x  64290
�

36f � 5x  44250
�

0 "#� x  2250
�

x  3045 "#� 0$
32t � 3x  20295

�
63x � 64y  285

�
5x  96f � 62175

�
x  3045 "#� 0

�
0 "#� x

5 tangentplanecoordinatesareexpressedin meters



$
x � 0

�
64y  285 � 0

�
32f � 20725

�
32t "#� 20295

The above resultshows that the aircraft uses20725
32 g

of fuel (which is lessthanF � 1000g) andthatthein-
tersectionof thereachableregionof the � -automaton
andthe“no-fly” zonedefinedby theapproachcorridor
to theairfield is empty. Wethereforeconcludethatthe
proposedflight planis feasible.

3.3 Instantiationof parameterizedflight plans

Thediscussedmethodologyfor theanalysisof hybrid
systemsis able to manipulatenot only numerical
quantitiesbut alsosymbolicparameters.

For the purposeof this paper, we thereforeintroduce
theconceptof aparameterizedflight plan, aplanwith
at leastonesymbolicparameter. Symbolicparameters
in a parameterizedflight plan canbe instantiatedso
that the resultingflight plan is feasible.The resultof
theinstantiationprocessis “flight planwill befeasible
if . . . ”.

Instantiationcan be accomplishedby the following
algorithm:

(1) Constructan automatonthat describesthe mis-
sion (the � -automaton).This is the parallel
compositionof the 
 , � and

�
-automata.

(2) Computethe backward reachableregion of the� -automaton,startingat the overall “bad” re-
gion.

(3) Intersectthe resultwith the initial region I and
instantiateall symbolic parameters.The values
obtainedat thissteparethosethatwill leadfrom
theinitial region to the“bad” region.

(4) Complementtheparametersobtainedin thepre-
vious step.Theseare the valuesfor which the
missionis feasible.

3.4 Incrementalconstructionof flight plans

Flight planscanbeincrementallyconstructedby com-
puting the safely reachableregion as eachphaseis
addedto the partially constructedflight plan. The
overall feasibility of a flight plan constructedin this
mannercanthereforebeguaranteedin advance.

Incrementallyconstructinga flight plan canbe done
by continuouslycomputinganddisplayingthe reach-
able region of the � -automatonover a map of the
terrainwheretheflight will beperformed.

The consequencesof addingor removing way-points
to theflight planareimmediatelyreflectedin theshape
of the reachableregion, assistingthe operatorin the
determinationof thenext phaseof theflight planbeing
constructed.
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Fig. 3. Theon-boardflight controller

See(Seibeletal., 1998b) for furtherdetailsof agraph-
ical flight plan editor with an underlyingverification
engine.

4. MISSIONCONTROL

Missioncontrolcomprisesthestep-by-stepexecution
of the resultingflight plan,while consideringtheair-
craft’s internalstate,relevant externaleventsandthe
possibleearlysuccessof themission.

A reactive flight controlleris usedto control theevo-
lution of afinite-stateautomatonon-boardtheaircraft
during the executionof the mission.The finite-state
automaton- usedby the flight controllercanbe de-
rived from the missionautomaton� by stripping it
of its continuousparts.

A Petri net is usedto representthe - -automatonon-
boardtheaircraft.Theflight controlleris implemented
arounda general-purposePetri net token-playerand
passesreferencevalues to the lower-level piloting
andguidancecontrollers.A supervisoris responsible
for generatinginternaleventsbasedon the stateand
positionof thevehicle,seefigure3.

5. CONCLUSIONS

Hybrid automataarewell suitedto modelunmanned
rotary-wingaircraft andtheir operatingenvironment.
At thesametime, theusageof regionsis very natural
for theverificationof safetyrequirements.

The approachcould be used for the mission plan-
ning of fixed-wing aircraft, underwater autonomous
vehiclesor any otherclassof vehiclesthatoperateat
constantspeedbetweenway-points,follow a straight
line from one way-point to the next one and where
theerrorintroducedby neglectingthecurvatureof the
earthcanbeignored.



AppendixA. MODELING AND VERIFICATION
USING HYBRID AUTOMATA

A.1 Hybrid Automata

A hybrid automaton,asdefinedin (Alur et al., 1993;
Nicollin et al., 1993), is constructedby the general-
izationof afinite-stateautomaton,equippedwith aset
of continuousvariables.A hybridautomatonis ableto
modeldiscreteeventsandcontinuousactivities, gov-
ernedby a setof differentialequations.

Hybrid automataare describedby a finite set of
real-valuedvariablesX andby a labeledmulti-graph� V  E � . The standardnotationẊ is usedto denotethe
first-orderderivativesof X. TheedgesE representthe
discreteevents and are labeledwith restrictionson
the valuesof X before andafter the executionof the
correspondingactions.The verticesV representthe
continuousactivities andarelabeledwith restrictions
on X andẊ during thecorrespondingactivity. There-
fore, the stateof a hybrid automatonis modified by
discreteeventsandby thepassingof time.

A hybrid systemis describedby acollectionof hybrid
automata,one for each componentof the system.
Theconstituentautomataoperatein a concurrentand
coordinatedway, sharinga set of commonvariables
X, andsynchronizingon the commonsetsyn1 . syn2
of synchronizationlabels.

A hybrid automatonis said to be linear if all its
activities, invariantsand transition relationscan be
describedby linear expressionsover the set of the
automatonvariables,X. This impliesthat for all loca-
tionsv / V, theactivitiesact � v� aredefinedby asetof
differentialequationsof theform ẋ � kx, onefor each
variablex / X, wherekx / Z is anintegerconstant.

A.2 Modelingaircraftdynamicswithhybridautomata

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

Theautomatonstartsat locationP1. At this location,
the aircraft’s positionin the tangentplanecoordinate
systemis describedby the differentialequationsẋ �
Vrx and ẏ � Vry. Vrx and Vry are the north and east
componentsof theaircraft’s best-rangespeedVr after
consideringtheinfluenceof wind:

Vrx � Vr cosψ  Vwcosψw

Vry � Vr sinψ  Vwsinψw

whereψ � arctan�0� y2 � y1 �1�2� x2 � x1 �0� is the course
that leadsfrom WP1 to WP2, ψw is the direction to
wherethe wind blows andVw is the wind’s speed.It
is importantto note that the model acceptsconstant
valuesfor the wind’s speedand directionas well as
rangesof minimum/maximumvalues.

At WP2 �3� x2  y2  z� , the transitionthat leadsto P2 is
enabledandtheinvariantof P1 turnsfalse.Firing the
transitionsetsclockth : � 0,whichwill beusedto time
the durationof the hover. The synchronizationlabel
hover is usedto synchronizeotherautomatausedto
modeltheaircraft.

Theautomatonremainsat locationP2 for t2 seconds.
Notethat,duringthehover, ẋ � ẏ � 0.After t2 seconds
have elapsed,the automatonprogressesto location
P3, which is used to model the return to WP1 at
maximumspeed(maxspeed).
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