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Abstract

The emeging areaof intelligent unmannedaerial ve-
hicle (UAV) researcthasshavn rapid developmentin
recentyearsandoffersa greatnumberof researclkchal-
lengesfor artificial intelligence. In this article, a pro-
totypedistributedarchitecturdor intelligentunmanned
aerialvehicle experimentatioris presentedvhich sup-
ports the developmentof intelligent capabilitiesand
their integration in a robust, scalable,plug-and-play
hardvare/softvare architecture.The architecturdtself
usesreal-timeCORBA to supportits infrastructureand
it is basedn areactve concentricsoftwarecontrol phi-
losophy A numberof capabilitiesof the architecture
arepresentedncludinga multi-modeflight controlsys-
temfor aYamahaRMAX VTOL platform,anon-board
pathplanningserviceanda dynamicallyreconfigurable
imageprocessingystem.A researctprototypesystem
hasbeenbuilt, is operationabndis beingusedin actual
missions. In the article, we emphasizehe characteris-
tics of thearchitecturavhich supportthe integrationof
numeroudAl technologies.

Intr oduction

The emeging areaof intelligent unmannedaerial vehicle
(UAV) researcltnasshavn rapiddevelopmentn recentyears
andoffers a greatnumberof researckchallengedor artifi-
cial intelligence. Much previous researcthasfocusedon
low-level controlcapabilitywith the goalof developingcon-
trollerswhich supportthe autonomousdlight of UAVs from
oneway-pointto another The mostcommontype of mis-
sion scenarioinvolves placing sensorpayloadsin position
for datacollectiontaskswherethe datais eventually pro-
cessedoff-line or in real-timeby ground personnel. Use
of UAVs and missiontaskssuchasthesehave becomein-
creasinglymoreimportantin recentconflict situationsand
are predictedto play increasinglymore importantrolesin
ary future conflicts.

Intelligent UAVs will play an equally importantrole in
civil applications.For both military andcivil applications,
thereis a desireto develop more sophisticatedJAV plat-
forms wherethe emphasidgs placedon developmentof in-
telligent capabilities. Focusin researchhas moved from
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low-level control towards a combinationof low-level and
decision-l@el control integratedin sophisticatedsoftware
architectures.Theseshouldalsointegratewell with larger
net-centricbasedC?| systems. Suchplatformsare a pre-
requisitefor supportingthe capabilitiesrequiredfor the in-
creasinglymore complex missiontaskson the horizonand
an ideal testbedfor the developmentandintegration of Al

technologies.

TheWITAS! Unmannedierial VehicleProject (Doherty
etal. 2000)is anambitiousJong-termbasicresearclproject
whosemainobjectivesarethe developmenif anintegrated
hardware/softwvare VTOL (Vertical Take-Off and Landing)
platform for fully-autonomousmissionsandits future de-
ploymentin applicationssuchastraffic monitoringandsur-
veillance,emepgeng servicesassistancephotogrammetry
and surnweying. Basic and applied researchin the project
coversawide rangeof topicswhich includeboththe devel-
opmentof traditional Al technologiescore functionalities
andtheir pragmaticintegrationwith othertechnologiesn a
prototypeexperimentalJAV system.

Thefollowing is a non-exclusivelist of someof theactiv-
itiesin theproject:

¢ Developmenbf ageneriddistributeddeliberatve/reactve
softwarearchitecturdor (aerial)roboticsystems.

¢ Developmentof a helicoptercontrol systemwith flight
modesfor stablehovering,takeoff andlanding,trajectory
following, andreactve flight modesfor interceptionand
trackingof vehicles.

e Developmentand integration of numerousAl technolo-
gies. Theseinclude both path and task-baseglanning
systems,a chronicle recognitionsystemfor identifying
comple vehicularpatternoontheground,andotherhigh-
level servicedfor reasoningaboutactionandchange.

¢ Developmentand integration of numerousknowledge
representationechnologies. Theseinclude an on-board
geographicaihformationsystemadynamicobjectrepos-
itory to anchormanagendreasoraboutdynamicobjects

WITAS (pronouncedree-ta} is an acrorym for the Wallen-
beig Information Technologyand AutonomousSystemsLabora-
tory at Linkdping University, Sweden.

2This work andthe projectis fundedby a grantfrom the Wal-
lenbeg Foundation.
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suchasvehiclesdiscoreredduring missionexecution;a

qualitative signalprocessindgrameawork for dynamiccon-

struction of trajectoriesand historiesof world behavior

with associatedeasoningnechanismsanddevelopment
of knowledgestructuredor signal-to-symbokonversion
andapproximateeasoningn soft real-time.

¢ Developmentof anon-boarddynamicallyprogrammable
imageprocessingystem.

e Developmentof multi-modal interfaces (including di-
alogue) for ground operator/LAV communicationwith
bothspeectyeneratiorandrecognitioncapability

¢ Developmentof simulationervironmentswith hardware-
in-the-loopfor both testingand visualizationof control,
reactionanddeliberatiorfunctionalities.

Developmentof sucha complex systemwith its mary
componentss a multi-disciplinary effort andis dependent
on competence$rom artificial intelligence,computersci-
ence controltheory andsignalprocessingOneof the most
importantaspectsn the projectis the actualdevelopment
and engineeringof an integratedhardware/softvare archi-
tecturewith a supportingdevelopmentervironment. The
systemmustbe ableto supportboth basicresearclendea-
ors andthe developmentandtestingof appliedresearctin
both the on-boardsystemand in simulation ervironments
onacontinualbasis.

Much progresshasbeenmadein thesedirectionsandthe
majority of technologiedisted above have beentestedin a
prototypeVTOL systemwith segmentsof actualmissions
flown in an interestingurban ervironmentpopulatedwith
building androadstructures.

Figurel: Aerial photoover Revinge, Sweden

Figurel shovsanaerialphotoof our primarytestingarea
locatedin Revinge, Sweden.An emegeng servicesrain-
ing schoolis locatedin this areaand consistsof a collec-
tion of buildings, roadsand even makeshift car and train
accidents.This providesan ideal testareafor experiment-
ing with traffic surwillance,photogrammetriand survey-
ing scenariosandscenariosnvolving emegeng services.
We have alsoconstructegnaccurate8D modelfor thisarea
which hasproveninvaluablein simulationexperimentsand
partsof which have beenusedin the on-boardGIS.

The efforts describedn this papershouldbe considered
aswork in progressand additionaliterationswith both the
softwarearchitecturdtself andthe mary technologiesised
in the architecturewill berequiredin orderto reachalevel

of integrationandrobustnessiecessaryor safe,production
versionf ary futuresystem.Thisbeingsaid,we dobelieve
thatary future productionversionof a UAV systemwill re-
quire mary of the corefunctionalitieswhich arepart of the
currentprototypearchitecturan additionto the integrative
andscalablenatureof thearchitecture.

In theremainderof the paperwe will focusprimarily on
a descriptionof the engineeredn-boardsystemitself and
the integration of several of the Al-basedservicesusedin
the software/hardvarearchitecture.Therearea greatmary
topicsthat will not be considereddue to pagelimitations,
particularlyin the areaof knowledgerepresentationapabil-
ities, andin technologiesuchasdialoguemanagemerior
supportof groundoperationpersonnel.

The VTOL and Hardware Platform

TheVTOL platformusedn theprojectis aslightly modified
YamahaRMAX helicoptermanuficturedby Yamahaviotor
Compayn. It is commerciallyavailablein Japanasa radio-
controlledplatform.

The RMAX is approximately2.7 x 0.7 meterswith a
main rotor 3 metersin length. It hasan empty weight of
61 kg and a take-off weight of 95 kg. In additionto the
RMAX sensorsncludedwith the platform, the following
hasbeenadded: a Honeywell HMR3000 digital compass,
a static pressuresensoy a Systron Donner digital quartz
INS/GPS temperaturesensordor the systemand erviron-
ment, a video and a datalink to the groundstation,anda
differential GPS. The platform is evolving and additional
sensorsnaybeaddedn thefuture.

A PC104(PentiumP5, 266MHz) boardusing RTLinux3
is currentlybeingusedasthe heartof the control system.It
executesll real-timecontroltasksinvolving helicoptercon-
trol and collectsall available sensordata. Another PC104
(PentiumPlll, 700MHz),with TimeSysLinux, is beingused
for control of the camerasystemandall on-lineimagepro-
cessingcomputation. The helicopteris equippedwith a
Sory

FCB-EX470LP color compositevideo camerawith a
panftiltinterfacemountedon a stabilizedgimbal which at-
tenuatewibrations.A third PC104(PentiumPlll, 700MHz)
board,using (TimeSys)Linux,is usedfor the executionof
deliberatve andreactive componentsn the softwarearchi-
tecturesuchaspathplaning,chroniclerecognition,on-board
GIS, and task procedureexecution. Figure 2 shows the
experimentalUAV platform. Figure 3 shows a high-level
schematimf the hardware platform that we have built and
integratedwith the RMAX platform.

Thegroundstationincludesa wirelessmodemconnected
to a groundstationcomputer(GS) which recevesteleme-
try from theUAV andsendscommandsinddifferentialGPS
datato the UAV with adownlink rateof 8kBytes/sandanup-
link rateof 2 kBytes/s.Thereis alsoareceverfor compos-
ite video broadcastedrom the onboardcamerawhich can
be viewed on the GS computer A Leica referencestation

A migrationto TimeSysLinux is in progressas part of the
CORBA-ization process.
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for a differential GPSis serially connectedo the GS com-
puter An additionallaptopis connectedo the GScomputer
via anEthernetonnectiorandis usedto visualizetelemetry
data. It alsoexecutesa multi-modalinterfaceanddialogue
manager Experimentatiorwith dialoguemanagemeris in
progressvherebothvoicecommandganbesentto theUAV
andvoiceresponsearegeneratedby the UAV(Lemonetal.
2001).

Figure2: The WITAS UAV Platform
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Figure3: On-BoardHardwareSchematic

Control

A greatdealof effort hasgoneinto thedevelopmenbf acon-
trol systemfor the WITAS UAV which incorporates num-
ber of differentcontrolmodesandincludesa high-level in-
terfaceto the controlsystem.This enablestherpartsof the
architectureto call the appropriatecontrol modesdynami-
cally duringthe executionof a mission.

Theability to switchmodescontingentlyis afundamental
functionalityin thearchitectureandcanbeprogrammednto
thetaskproceduresssociateavith the reactve component
in the architecture.Exampleswill be provided laterin the
paper We arecurrentlydevelopingandtestingthefollowing
controlmodes:

¢ take-off andlanding
e hovering(H-Mode)

e trajectoryfollowing (TF-Mode)

¢ reactie flight modesfor interceptionand tracking (pro-
portionalnavigation,PN-Mode).

All modeshave beendeveloped,implemented testedand
usedin actualflights.

Proportionalnavigationis an interestingreactie control
modewhichis basednideasfrom missileinterceptiortech-
nology. It would be usedmostoftenin a scenariovherein-
formationis providedabouta moving objectandthe UAV is
requiredto continuallygenerateypdateandfollow atrajec-
tory which would createan interceptsituationbetweenthe
moving objectandthe UAV. The moving object might be
avehicledriving on aroador anotherUAV. The basicidea
for the controllaw is depictedin Figure4. Giventhat A is
the angleof line of sight from a helicopterto its goal rel-
ative to the North, if the changein bearingA is keptat 0,
theUAV will eventuallycollide with its target. Thebasisfor
the control law for proportionalnavigationis that A canbe
controlledwith the helicopters acceleratiorvector

Helicopter
North

Line of
Sight

Target Point of
Collision

Figure4: ProportionalNavigation

Initial testswith the PN-Modeandthe othermodeshave
showvn promisingresults.In recentflight tests,a numberof
fully autonomouslights have beendemonstrateguccess
fully. Theseincludestablehovering, predefined3D trajec-
tory following including 360 degree banked turns, vehicle
interceptionandroadfollowing. Accelerationandbraking
with noovershoohave beentestedat speed®f 55 km/hand
coordinatedanlkedturnshave beentestedwith aturnrateof
20 degrees/s.We have completedautonomousnissionsup
to a durationof 20 minutesusinga combinationof control
modesin additionto interactionwith agroundoperator

Software System

Althoughthe maingoalof the projectis to do basicresearch
relatedto thedevelopmenbf corefunctionalitiesrequiredn
intelligent aerialrobotic systemsthe successfubvaluation
of the projectrequiresthe developmentof a prototypesys-
temwhich canin factusethesefunctionalitiesin real mis-
sionsin anintegratedmanner Consequentlymuch effort
hasbeenplacedonthe pragmatiadevelopmenbf a software
architecturecapableof meetingthis requirement.

We have choserReal-Time CORBA (ObjectComputing,
Inc. 2000 asa basisfor the designandimplementatiorof
a loosely coupleddistributed software architecturefor our

“We are currently using TAO/ACE. The Ace Orb is an open

sourceimplementatiorof CORBA 2.5.
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aerialroboticsystem We believe thisis agoodchoicewhich
enablesus to managethe compleity of a deliberatve/-
reactive (D/R) softwarearchitecturenith asmuchfunction-
ality aswerequirefor ourapplicationslt alsoensureslean
andflexible interfacingto the deliberatve andcontrolcom-
ponentsin additionto the hardware platform via the useof
IDL (InterfaceDefinition Language).

In short, CORBA (CommonObjectResourceBroker Ar-
chitecture)is middlewarethat establisheglient/serer rela-
tionshipsbhetweerpbjectsor componentsA componentan
be a complex pieceof software suchasa path planner or
somethinglesscomplex suchasa task procedurewhich is
usedto interfaceto helicopteror cameracontrol. Objectsor
componentganmalke requestdo, andreceve repliesfrom,
otherobjectsor componentsocatedocally in thesamepro-
cessjn differentprocessesyr ondifferentprocessorsnthe
sameor separatenachines.In our case,we have threeon-
boardPC1044n additionto groundstationcomputers.

Many of thefunctionalitieswhich arepartof thearchitec-
ture canbe viewed asclientsor senerswherethe commu-
nicationinfrastructures providedby CORBA facilitiesand
otherservicessuchasreal-timeeventchannels.This archi-
tecturalchoiceprovidesuswith anideal developmentervi-
ronmentandversatilerun-timesystemwith built-in scalabil-
ity, modularity softwarerelocatabilityon varioushardware
configurations performancereal-time event channelsand
schedulers)and supportfor plug-and-playsoftware mod-
ules. Figure5 depictsan (incomplete)high-level schematic
of someof thesoftwarecomponentsisedn thearchitecture.
Eachof thesemaybeviewedasa CORBA sener/clientpro-
viding or requestingservicesrom eachotherandreceving
dataand eventsthroughboth real-time and standardevent
channels.

Task Planner Path Planner Chronicle Prediction Geog[;)r:t;;mcal
Service Service Resc:r%rilételon Service Reposito
Helicopter Qualitative Knowledge
Comropller Signal Processing Repository

Dynamic

Controller
- Object
[ Physical ][ Image ] [ IPAP| ject
|

cedure
Module (TPEM) _

Camera IPAPI Runtime Reposito

Controller
Controller mage Processing Module (IPM)

Figure5: Somedeliberatve, reactive andcontrolservices

Eachof thesefunctionalitieshasbeenimplementedand
all arebeingusedanddevelopedin our applications.

Theuseof CORBA is commonlyassociatedvith provid-
ing a basisfor looselycoupledscalabledistributed compo-
nentarchitecturesn the Internet. Therearealsovery good
reasongor usingCORBA asa basisfor thetype of deliber
ative/reactve architecturave areproposinghere.

e Characteristics of the D/R architecture — The archi-
tectureis necessarilya distributed, concurrent, multi-
componentarchitecture. Communicationand control is
event-drivenandasynchronousServicegequiredynamic
configurationof partial staterepresentationsf both the
external ervironmentand of the system$ own internal

ervironment. This is provided in part through CORBA

event channel servicesand event filters. Quality-of-

serviceguaranteearerequiredfor time-constrainedom-
municationbetweenvariousservicesin the architecture.
Real-timeeventchannelsandschedulingmechanismn-

tegratedwith the real-timeOS’s in the architecturecon-
tributeto meetingsuchguarantees.

e Scalability and abstraction — A long term goal of the
projectis thedevelopmenbf ascalableandmodularsoft-
ware infrastructurefor cooperatie robotics where one
moves from a single helicopter/groundperatorsystem
to one with helicopterfleets, ground robots, and mul-
tiple communicationcenters. In this case,abstraction
mechanismsnd scalability of the infrastructureis vital.
CORERBA (andsimilar middlewvareideas)provide the uni-
form glue to supportthe developmentof large-scalenet-
centricsystemsln addition,it support¢he useof power
ful designpatternsassociatedvith component-basedr-
chitecturesfor abstraction.

¢ Developmentand prototyping — We have mentionedhe
necessityfor mary differenttypesof servicesassociated
with deliberationyeaction controlandsensing Different
programminganguagesre moreor lesssuitablefor the
implementatiorof differenttypesof servicesIn ourcase,
we have implementedpartsof the architectureusing C,
C++, Java, Erlang, LISP, Prolog, Perl,and XML tools.
We have alsoworked with a numberof legag/ systems,
wherewe have tried to integrate them ratherthan start
from scratch. For example,we are experimentingwith
legag/ applicationsand software suchas Mnesia, Post-
greSQL,Open-Agentrchitecture IXTET, Nuance Fes-
tival, Arcinfo/Arcview. CORBA andthemiddlevareidea
provide the necessaryools to implementcomponentsn
differentlanguagesndto integratelegacy softwarein a
seamlessnanner

Although therearea greatmary goodreasondor using
CORBA, experienceéhasshovn thatthereis alsoadownside.
For example, the learning curve for CORBA is steepand
real-time CORBA is a relatively new ideaundercontinual
developmentlt is still unclearjusthow deepinto thecontrol
systenmonewouldlik e to extendtheuseof CORBA andreal-
time eventchannels.This is, in fact, aninterestingavenue
of empiricalresearchor sucharchitectures.

A greatdealof effort in theartificial intelligencecommu-
nity hasrecentlybeendirectedtowardsdeliberatve/reactve
control architecturedor intelligent robotic systems. Two
good sourcesof referenceare (Arkin 1998) and (Ko-
rtenkamp,Bonassao& Murphy 1998). Many of the archi-
tecturegproposedctanbeviewedin aloosesenseaslayered
architectureswith a control, a reactve and a deliberatve
layer (see(Gat 1998)). The software architecturewe have
developeddoeshave deliberatie, reactize andcontrolcom-
ponentshut ratherthanviewing it from the perspectie of a
layeredarchitecturejt is bestviewed asa reactiveconcen-
tric architecturewhich usesservicesprovided by both the
deliberatve and control componentsn a highly distributed
andconcurrenmanner At ary time duringthe executionof
a mission,a numberof interactingconcurrentprocessest
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variouslevels of abstractionrangingfrom high-level ser
vices such as path plannersto low-level servicessuchas
executionof control laws, are being executedwith various
latencies.

The Modular Task Ar chitecture

The conceptualayersusedto describean architectureare
lessimportantthan the actualcontrol flow and interaction
betweenprocessesnvoked at the variouslayers. What is
mostimportantis the ability to usedeliberatve servicesin
a reactve or contingentmanner(which we call hybrid de-
liberation) andto usetraditional control servicesin areac-
tive or contingenimannerwhichis commonlycalledhybrid
contmwl). Figure7 depictssomeof theseideas.Dueto there-
active concentricnatureof the architecturetaskprocedues
andtheir executionarea centralfeatureof thearchitecture.

The modulartask architecture(MTA) is a reactve sys-
tem designin the procedure-baseparadigmdevelopedfor
looselycoupledheterogeneousystemssuchasthe WITAS
aerial robotic system. A task is a behaior intendedto
achieve agoalin alimited setof circumstancesA taskpro-
cedue (TP) is the computationaimechanisnthat achieves
this behavior. A TP is essentiallyevent-driven;it mayopen
its own (CORBA) event channels,and call its own ser
vices (both CORBA andapplication-orientedgervicessuch
aspathplanners);it may fail to performits taskdueto the
limited setof circumstances whichit is specifiecto oper
ate;it may be called, spavnedor terminatedby an outside
agentor by otherTPs;andit maybe executedconcurrently

Formally, aTPis any CORBA objectthatimplementshe
Witas::Idl::Tex:: Taskinterfaceandadherego thebehaioral
restrictionsof the MTA specificatior?

To increasehe easeandflexibility of specifyingandim-
plementingindividual TPs, a Task SpecificationLanguage
(TSL) hasbeendeveloped. TSL is an XML-based code
markuplanguageintendedto simplify the implementation
of TPs.Theideais thatfor ary TPthereis anapplicationde-
pendenbr operatie partwhich canbeimplementedn ary
hostlanguagesupportedby TSL. Currently TSL supports
bothJavaandC++. Theapplicationindependenpartof the
TPis setup automaticallyin atranslationprocesgrom TSL
tothehostlanguageFigure6 shavsaschematiof aspecial
type of TP specifiedin the TSL with someof the essential
markuptags,includingthosefor afinite statemachine(fsm)
block.

Taskprocedureganbe usedfor mary differentpurposes.

Figure7 depictsseveraltypesof usageashybriddeliberation
TPs,hybrid control TPsor mixed TPs.

A goodway to view and representa hybrid controller
is as an augmentedautomaton. We have provided struc-
tural and macrotagsfor this purposewhich can be used
in a TP. Figure 8 shavs a TSL schematicfor the finite
statemachinespecificatiorwhich would be includedin the
(fsm) ... (/fsm) tag block in Figure 6. Someadditional
tags not listed allow for specificationof jumps to other

5The TPEM in Figure5 representshe setof TP CORBA ob-
jectsused.Thereis no centralizedexecutionmechanism.

(tp name = Taskname)
(preamble)
/I Pure HostCode Mainly usedfor # includes,etc.

(/preamble)

(declarations)
(parameter.../)...(parameter... /)
(constant.../)...(constant... /)
(local.../)...(local.../)

(native) ... (/native)

(/declarations)

(services)

/I CORBA serverobjectseventchannelsused etc.

(/services)

(init)

/I Hostcodefor taskspecificinitialization

(/init)

(clean)

/I Hostcodefor taskspecificcleanup
/I CORBA cleanuphandledautomatically

(/clean)

(function) ... (/function) ... //morefns

(start)

/I Executedvith call to TP start() method
/I Hostcodeplushostcodemacios

/I Typically will performsomesetupthen
/l a (jump) to FSMstate

(/start)

(fsm)

/I Main behavioal specificatiorin form
/I of afinite statemadiine
(/fsm)

(/tp)

Figure6: TSL tagsandpartialschematidor a TP specifica-
tion.

statesexits onfailureandthesettingup of executioncheck-
points.

An importantpropertyof D/R architecturess their ability
to integrateand executeprocessesat the deliberatve, reac-
tive and control levels concurrentlyandto switch between
themseamlessly Reactve componentsnustbe ableto in-
terfacein a cleanmannerto helicopterand cameracontrol
andadaptactiity to contingenciesn the ervironmentin a
timely manner Likewise, they mustbe ableto interfaceto
deliberatve servicesin a cleanmanner Consequentlyuse
of TPsfor hybrid controlandhybriddeliberatioris of funda-
mentalimportance An exampleis providedin thefollowing
section.

Using Task Proceduresfor Flight Control

In this section theinterfacebetweenT Psfor hybrid control
andflight controlmodes;n additionto somelimited hybrid
deliberation,will be described. The main ingredientsare
TPsthat supportthe representatiomf finite statemachines
andtheuseof adeclaratve flight commandanguagdFCL).
Basedon the currentstate,a TP will continually generate
flight commandswvhich aresentto the flight controllerand
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Reactive Concentric Control

Deliberative Services
Hybrid Deliberatior;

Deliberation,

Reaction Task Procedures " Mixed TPs

Hybrid Control

Control

Interacting disributive processes
with varying latencies

Figure7: Reactve ConcentricControl

(fsm)
(statename =sname)
(action)

Il Executedvhen@er TP entess this state
(/action)

Il Statespecificreactionsto events
(reaction) ... (/reaction)

(reaction) . . (/reaction)
(/state)

//More statespecifications. .

/I Global reactionsto events
(reaction) ... (/reaction)

(reaction) . .. (/reaction)
(/fsm)

Figure8: TSL tagsandpartialschematidor anfsm specifi-
cation.

continually receve eventsfrom the event channelsit sub-
scribegto. Theseeventsmake up its partial staterepresenta-
tion.

Supposea mission in Revinge has been generatedat
the deliberatve level using a task-basedplannersuch as
TALPlanner(Doherty& Kvarnstbm2001)to find andtrack
avehiclewith a particularsignature A call from adelibera-
tive componentvould startexecutionof a TP parameterized
with thevehiclessignatureandaregionto look for the vehi-
cle. This parentTP mightcall anothefTP, NavToPt, to nav-
igateto a waypointin the region of interest(ROI). In order
for NavToPt to doits job, it would requirebothdeliberatie
and control services. It would first call a deliberatve path
planningservice(describedater) to provide a (segmented)
trajectoryto getthe UAV to the ROI. If successfulthetra-
jectory sggmentswould be passedo the trajectoryfollow-
ing flight modein the control system(via the FlyPath TP
andflight commandsandflight to the region would beini-
tiated. During trajectoryfollowing, NavToPt would receve
eventsfrom variouseventchannelsnonitoringprogressAn
automatorfor NavToPt is depictedn Figure9.

Oncethe UAV arrivedat (or approachedbhefinal trajec-
tory endpoint,the parenttaskprocedurevould make a call

UAV stable path ready finished

7N
EXIT

fail (other reson)

Lock UAV Wait for
to position pathplanner

no path found UAV off course

FAIL

Figure9: TheNavToPt automaton

to enterhovering modeusing a flight command. The par

ent TP would then call the imageprocessingervices(de-
scribedlater) and attemptidentification of vehiclesin the
area. Supposea vehicle matchingthe initial signatureis
identified. The parentTP would thencall a newv TP proce-
dure FlyTo which would placethe control of the UAV into
proportionalnavigationmode. In factaniterationon FlyTo

with differentparametersvould ensue. An automatorfor

FlyTo is shaovn in Figure 10. Upon execution,the FlyTo

TP generatea streamof flight commandgpassedo the PN
flight modecontrollerandrecevesa streamof eventsfrom

theflight controlsystemandimageprocessingystem.Both
automatalescribedarein factimplementedusing TPswith

structuresimilar to thatin thetwo TSL schemata.

not al i gned

al i gned

FlyTo

wat pcslllon@ exit

at altitude

not at altitude

Figure10: TheFlyTo automaton

The flight commandlanguage(FCL) is usedto bridge
the abstractiorgapbetweertask proceduresn the reactve
componenandflight andcameranodesn thecontrolcom-
ponent. Figure 11 showvs a numberof representatie flight
commandsusedfor the proportionalnavigation flight con-
trol mode.

In this casethe PN modeis controlledby providing com-
mandgo XY, Z andYaw channelsin additionto anadmin-
istration channel. The administrationrchannels usedto set
variousparameterslt is alsousedto inform the PN mode
which objectto fly to (FlyObject), this may be a waypoint
or a moving objecton the groundpreviously identified,and
the objectto look at with the camera(LookObject). Addi-
tional flight commandsareprovidedfor otherflight control
modesandcameracontrol. In the caseof trajectoryfollow-
ing, representationsf parameterizedurves are passedas
argumentsto flight commandstheseargumentsare gener
atedvia ataskprocedurecall to the pathplanningservice.
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XY Channel Z Channel

Cruise() Land()

SlowvDown() FlyAtAltitude()

Slow() ClimbTo()

Brake() Yaw Channel
FlyToFlyObject() FlywithYaw()
FlywithVelocity() FlywithYawOfYourself()
LockOnFlyObject()  FlyCleanly()
LockOnPaosition()

LockOnLookObject()

Figure 11: Representate Flight Commandsfor Propor
tional Navigation.

Benefitsof the Approach

The useof TSL with XML markuptagsand a hostlan-
guagetranslatorprovides a modulay extensible meansof
constructingandexperimentingwith TPsthathidesthe syn-
tactic overheadassociatedwith initialization of CORBA
event channels,servicesand error handling code. Each
TP is automaticallygeneratedsa standardCORBA sener
and can be called, spavned, or terminated using the
Witas::Idl::Tex:: Taskinterface. We believe thatthe greatest
flexibility is providedif the actualsemanticcontentof a TP
canbespecifiedn afamiliarlanguagesuchasC++ or Java.
Thesstructuringof codein this manneralsoprovidesaclean
way to analyzethe behaior of a TP formally. The useof a
flight commandanguageprovidesa smoothtransitionfrom
discreteto continuouscontrolbehavior betweerthereactive
andcontrol componentsNew control modescanbe added
in a modularmannerand interfacedby addingnew flight
commandsTheflight commandstreamghemselescanbe
generatedand analyzedin mary differentways. The use
of eventchannelsandfilters by TPsalsoprovidesa flexible
meansof dynamicallyconstructingpartial staterepresenta-
tionswhich drive thebehaiors of TPs.

SomeDeliberative Services

Due to pagelimitations, we will only briefly considertwo
higherlevel servicesdeveloped,implementedand usedin
our applications Emphasiswill beplacedontheintegration
of theseserviceswith the software architecturepreviously
described.

The Path Planner Serice

The pathplannerusedfor the helicopteris an adaptatiorof

probabilisticroadmapPR)algorithms(Kavraki etal. 1996)
to our applicationdomain. The problemof finding an op-

timal pathbetweentwo robotconfigurationsn a configura-
tion spacesuchasRevingeis intractable.For staticconfigu-
rationspacesvhereoneassumesio dynamicobjectsexcept
carson the groundand a helicopter PR algorithmshedg
the intractability problem by outputing non-optimalpaths
andworkingin two phasespneoff-line andtheotherduring
runtime. The main processingstagesfor our adaptatiorof

the PRalgorithmareshowvn in figure 12.

Off_line

UAV Kinematics | Roadmap
3D Map | Generation
Runtime

Straight Line Directed Graph

Initial UAV |
C on

Smoothing
UAV Goal Collision Checking |Approximate Trajectory
C * Search

A* Policy i Segmented (smooth) straight
: line trajectory

Curve Replacement 3

Collision Checking |Actual Trajectory

Curve Selection:

Cubic S-Curves

Funclional
Segmented S-curve trajectory

("calling TP ]FC—LEControl Modg
command

Figurel2: Generatinga Flight Trajectory

In the offline phasea roadmapgraphis generatedor the
areaof interest(e.g.. Revinge). This processtakesa 3D
polygonalmodel of the areaandthe helicopterkinematics
asinput. Helicopterconfiguration$ arerandomlygenerated
and checled for collisionswith the model. An attemptis
thenmadeto connectcollision-free configurationsusinga
local pathplanner(seebelown) which takesinto accountthe
kinematicanddynamicconstraint®f thehelicopter Eachof
thelocal pathsgeneratealsohave to be checledfor colli-
sions. Thecollision checler, usedto checkwhethera given
curve intersectsary obstaclein the ervironment,is based
on the OBBTree-algorithm(Gottschalk,Lin, & Manocha
1996),thatusesatreeof orientedooundingboxesasits cen-
tral component.

Therearea numberof choicesthat canbe madefor the
local path plannerat this stagedependenbn how much
or little work is chosento be doneduring run-time. The
choice describedin the diagramis to initially ignore the
non-holonomicconstraintsof the helicopterin the off-line
phaseandaddthem asrefinementgo the plan in smooth-
ing and curve replacemenphasesduring run-time (Sekha-
vat,P. Svestka& Overmarsl998).In thiscasetheroadmap
generate@ndusedatrun-timeusesstraightlines. Theother
alternative is to generatehe roadmapwith spline-cunesal-
readyat this stage. We experimentwith both approaches.
Using thesetechniquesoadmapscan be generatedwith
high-levelsof coverageevenin tight spacesUsing straight
lines,aninitial roadmagor Revingewasgenerateaontain-
ing 5000nodeswith 97% coverage Usingspline-cunes,an
alternatve roadmapwasgeneratedising 15000nodeswith
70%coverage.

During the missionor run-time phase the pathplanning
serviceis calledwith aninitial and goal helicopterconfig-
uration. An attemptis madeto connectthe two config-
urationsto the previously generatedoadmapand, if suc-
cessful,an A* searchis usedon the graphto generatea
multi-segmentedtrajectory In the diagram,the resulting
straightlines are smoothedand if possiblereplacedwith
splinecurvesusingthe local pathplanner In the curve re-
placemenphase the local path planneris separatednto a
horizontalanda vertical componentIn the plane,two con-

A helicopterconfigurationcurrently consistsof threecoordi-
natesfor positionandoneanglefor direction. The orientationof
thehelicopteris omittedandis handledindependentlyy the con-
trol system.
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figurationsare connectedo eachotherby aligning the z-

axis of the coordinatesystemthroughthe two points and
finding the unique cubic function that goesthroughthese
pointswith the appropriatedirections.A changen altitude
betweertwo configurationds currentlyexecutedn alinear
mannerbut we will in the nearfuture move to true space
curves,givenasparameterizedubicpolynomials’?

The multi-segmentedtrajectory generatedby the path
plannerserviceis providedpiecaviseto the TF-Modein the
control systemusingan appropriatel P which monitorsthe
flight progressiorasconsideregbreviously. For mary of our
missionsin Revinge, we have usedthis serviceto generate
pathplansof reasonableompleity in underasecond.

Image Processing

ThelmageProcessindgvodule (IPM), like otherservicesn
the architecturdas implementedasa CORBA sener which
canbe called and usedby other componentsjn particular
taskproceduresisedfor achieving tasksspecifiedatthemis-
sionlevel. For example,atypical scenarian traffic sunweil-
lancewould beto find, identify andtracka vehiclebasedn
informationaboutits signaturg(color, size,type, etc),when
it waslastseerandwhere.Theservicegprovidedby thelPM
includethe executionof imageprocessinglgorithmsused
in achieving tasks. Sincethe goalsandrequirementst the
missionlevel maychangeovertime, oneimportantaspecof
thelPM is thatit shouldallow for the dynamicmodification
and switching of IP algorithmsat run-time. Internally, IP
algorithmsarerepresentedsinga DataFlow Graph(DFG)
basedmodel. Nodesin the graphsrepresentP operations
andthe arcsrepresentlataon which the operationsareper
formed.

Conceptuallythe ImageProcessingviodule (IPM) con-
sistsof two parts,

¢ IPAPI - An ImageProcessing\pplicationPrograminter-
face— This is the declaratve interfacethat othercompo-
nentsin the D/R architecturecanuseto create,manipu-
late, configureand executevariousimage processingal-
gorithms.

e IPAPI Run-Time - This is the run-time componentthat
manageghe configurationand executionof image pro-
cessingalgorithms, dynamically allocatesmemory for
buffers neededduring execution,interfacesto the image
controllerand othercomponentsn the architectureand
managesn existing library of predefinedmageprocess-
ing algorithms®

It is importantto emphasizehat tight integrationis re-
quired betweenthe low-level image processingcapability
and the deliberatve or reasoningcapabilitiesof the UAV
whichusequalitatve models.Integrationandrun-timemod-
ification capabilitiesareachievedin partvia the useof two
other moduleswhich the IPM communicatesnost closely
with. Theseare the Task ProcedureExecution Module

"The latter alternatve hasalreadybeentestedsuccessfullyin
simulation.
8For details,see(Nordbeg etal. 2002).
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Figure 13: DFGsfor identifying and tracking car objects.
The ROI is chosendynamicallyby sendingrequestdo the
ImageController

(TPEM) and the Dynamic Object Repository(DOR), de-
pictedin Figure5. The centralrole of the TPEM in the
architecturéhasalreadybeendiscussed.

The DOR is essentiallya soft real-time databasevhich
keepsrecordsof information about various objects, both
static and dynamic, that the systemneedsto know about
when achieving varioustasks. This may include sighted
groundvehiclesduring a traffic surweillance scenario,but
may alsoincludeinformationaboutthe helicopteritself and
thecameraOnetaskof theIPM is to provide up-to-datdn-
formationaboutthe objectsit sensesndto storethis in the
DOR. TPs determinewhich objectsare interestingby ac-
cessingnformationin the DOR andusingdeliberative ser
vices. TPsmaythenredirectfocusof interestby communi-
catingwith thelPM. Theinteractionbetweerthe TPEMand
theIPM may be viewed asa form of higherlevel active vi-
sionwherethe context which determinesmageprocessing
policy is representedmplicitly in the DOR andinterpreted
by the TPEM via theuseof otherdeliberatie services.

Recalltwo of the high-level tasksmentionedpreviously,
“find vehicle” and“track vehicle”. An exampleof how the
processings setupfor theseasksis illustratedin Figure13.
A typical resultof the “find vehicle” operationis thata set
of potentialvehiclesare identified. The terminal node of
the correspondinglataflow graphthen exportsthe list of
objectsactingasa CORBA client,to the DOR whichis im-
plementecasa CORBA sener (right partof Figure13). At
this point, the reasoningayersof the systemexaminethe
“vision objects”,e.g.,checkif their velocitiesareconsistent
with the direction of the road, or if their positionsare on
aroad,or areconsistentvith predictionsfrom earlierposi-
tions. If thisis the case a hypothesiscanbe madethatthis
is an“on-roadobject” or a“car object” afteradditionalrea-
soningandlinkagesarecreatedandmaintainedetweerthe
objectstructures.A chroniclerecognitionservicecanthen
be called to identify variouspatternsof interest,i.e., sim-
ple sequencesf eventssuchas changinglanes,stopping,
turning, vehicleovertaking,etc. The linkage structuresset
up in the DOR are an importantpart of the signalto sym-
bol corversionsrequiredfor groundingqualitatve symbol
structuregepresentingvorld objectssuchasvehiclesto the
sensorydataassociateavith them.

Related Work

Thereis, without a doubt, muchactiity with UAVs in the
military sector primarily with fixed-wing high altitude ve-
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hicles.Much of thefocusis on designof physicalplatforms,
low-level control, and sensing(uavr 2001). Lessfocushas
beenplacedon thetype of systemdescribechere.This also
appliesto the majority of commercialattemptsat market-

ing UAVSs, althoughhere,therehasbeenmoreactiity with

VTOL platforms.Academicresearctwith UAVs is increas-
ing atarapidpace.Hereagain,themajority of projectshave

focusedonlow-level control,althoughthereis moreactiity

with softwarearchitecturegndintegrationof somedeliber

ative capabilities.Thework closesto oursis thatbeingpur-

suedat Geogia Tech(GT1). Ratherthanlist publications,
we referthe readerto the following (hon-e<haustve) list of

websitesfor information aboutinterestinguniversity UAV

actvities: Geogia Tech(GT1), M.LT(MIT1 ), Carngjie-

Mellon(CM1), U. of C., Berkeley(USCB1), StanfordUni-

versity(SU1).

References

Arkin, R. C. 1998. BehaviorBasedRobotics MIT Press.

CM1. Carngyie Mellon University. http://www.ri.cmu.
edu/projects/project_93.html

Doherty P, andKvarnstdm, J. 2001. TALplanner: A temporal
logic basedplanner In Al Magazine volume22. 95-102.

Doherty P;; Granlund,G.; Kuchcinski,K.; Nordben, K.; Sande-
wall, E.; SkarmanE.; andWiklund, J. 2000. The WITAS un-
mannedaerial vehicle project. In Proceedingsf the 14th Eu-
ropeanConfeenceon Atrtificial Intelligence 747-755. Project
URL: http://www.liu.se/ext/witas

Gat,E. 1998. Artificial Intelligenceand Mobile Robots AAAI
Press/MITPress.chapter8: Three-LayerArchitectures.

GottschalkS.; Lin, M.; andManochaD. 1996. Obbtree:A hi-
erarchicalstructurefor rapid interferencedetection. In Proc. of
the23rd Int'l. Conf on Computergraphicsandinteractivetedc-
niques 171-180.

GT1. Geogia Tech University http://controls.ae.
gatech.edu/uavrf/

Kavraki, L. E.; évestka, P; Latombe, J.-C.; and Overmars,
M. H. 1996. Probabilisticroadmapdor pathplanningin high-
dimensionatonfigurationspaces|EEE Transactioron Robotics
andAutomation12(4):566—580.

KortenkampD.; BonassaoR. P.; andMurphy; R.,eds.1998.Ar-
tificial IntelligenceandMobile Robots AAAI Press/MITPress.
Lemon,O.; Bragy, A.; GruensteinA.; andPetersS. 2001. The
WITAS multi-modal dialoguesysteml. In Proceedingsof Eu-
roSpeek.

MIT1. M.LT. http://gewurtz.mit.edu/research.
htm.

Nordbep, K.; Doherty P.; ForssenP-E.; Wiklund, J.;andAnder
sson,P. 2002. A flexible runtimesystemfor imageprocessingn
a distributed computationakrvironmentfor anunmannedaerial

vehicle. In Proceedingsof the 9th Int'l Workshopon Systems,

SignalsandImage Processing

ObjectComputing,Inc. 2000. TAO Developers Guide \ersion
1.1a Seealsohttp://www.cs.wustl.edu/"schmidt/
TAO.html .

Sekhaat, S.; P évestka,J.-P. L.; andOvermars,M. H. 1998.
Multi-level path planningfor nonholonomicrobotsusing semi-
holonomicsubsystemslnt. Journal of RoboticsReseach.

SUL. Stanford University.
stanford.edu/users/heli/

uavr. 2001. Unmannedaerialvehiclesroadmap2002-2025.0f-
fice of the Secretaryof Defence,USA. http://www.acq.
osd.mil/uav_roadmap.pdf

USCB1. University of California, Berkeley http://
robotics.eecs.berkeley.edu/bear/

http://sun- valley.



