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Overview

In a recentlystartedproject, we are developingtechniques
for intelligentagentcontrolandcoordinationin a dynamic,
real-time, multi-agent setting. The application domain,
consistingof teamsof autonomousair vehicles (AAVS),
is characterizedby dynamic ervironments, real-time re-
sponserequirementsjimited information, and unreliable,
low-bandwidthcommunications.

We have developedaninitial framevork thatmodelsde-
cision making, reasoningabout constraints,and learning
at multiple levels of abstractionand multiple time scales,
within and acrossagents. Decisionmakingin this frame-
work is sensitve to communicationavailability and costs,
tradeofs amongmultiple objectves,andreliability of infor-
mationaboutotheragentdfriendly andhostile)in the ervi-
ronment.

We planto focusour researclon threekey areas:

e Reasoningboutcommunicatiorconstraint$o inform ac-
tion selectionduring planningandexecution.

¢ Integratingdeliberatve planning,reactive planning,and
continuougeal-timecontrol.

e Learning methodsto improve performancewithin the
AAV ervironment.

The first of these,communication-sensite decisionmak-
ing, is the focusof this researclsummary In the next sec-
tion, we describehe AAV applicationdomain.Wethenout-
line ourapproacho communication-sensite decisionrmak-
ing anddiscusgelatedwork.

Autonomous Air Vehicles

The Office of Naval Researchwhich sponsorghis reseach,
is interestedn developingautonomousir vehicles(AAVS)
that can be deployedto accomplishpredefinedmissions
without continualground-baseduidance€rom a humanop-
erator

Thesevehiclesmustoperatein hostile, highly dynamic
ervironments. Their behaior must be goal-directed yet
sensitie to the currentsituation,andthey must be ableto
respondapidly to unexpectedevents. They mustbe ableto
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operateasateamwith multiple AAVs coordinatingheirbe-
havior to accomplishjoint missionsjn anervironmentwith
limited, unreliable andlow-bandwidthcommunication.

AAV tasksrangefrom the very high level (tasksto pro-
vide sunwillancefor a given region) down to the very low
level (hover in a fixed location, executea high-speedurn
with a given radius). The ernvironmentcan be character
ized, and must be understoodby the agents,at multiple
time scaleghoursdown to milliseconds)and multiple spa-
tial scalegkilometersdown to centimeters).Conceptually
then,theagentsnayneedo modelactionsandobjectsin the
world atmary differentlevelsof abstractiorsimultaneously

TheseAAVs are expectedto be able to handlea wide
rangeof missions. For our researchwe are focusingon
two missioncategories:andsur\eillanceandreconnaissance
(S&R) and pursuitand evasion(P&E). S&R scenarioge-
quire coordinatedresponsdrom a teamof AAVs in order
to gatherinformationabouta particularregion of interest,
aboutwhich the agentsmay initially have very limited in-
formation. P&E scenariosnvolve teamsof agentdocating
andtrackingoneor moreenemyunits.

The characteristicof the tasksin thesescenariosvary
alongseveraldimensions.In particular tasksmay be fixed
in durationand scope(e.g., fly to a particulartarget, col-
lectimagerydata,andreturnto base)or they maybeopen-
endedandcontinuouge.g.,patrola givenregion for an ex-
tendedperiod of time). Teamsof agentsmay be assigned
tasksthatarerelatively independenof eachother(e.g.,each
patrolapre-assignetkgion) or, corversely thatrequiresub-
stantialcoordination(e.g.,jointly harrya groupof ground-
basedhostile agentstowardsa particularregion). Finally,
tasksmay be primarily reactve (e.g.,fly to a seriesof pre-
determinedvaypoints,avoiding detectiorby known enemy
ground-basednstallations)or require substantialstratgic
planning(e.g.,gatherintelligenceon enemymovementsin
apreviously unmappedegion).

For eachof thesetaskcharacteristicsthe former classes
of tasks(fixed scope,independentreactve), while by no
meandrivial to achieve, arerelatively simplerthanthe lat-
ter catgories(open-endedgoordinatedstratgic). We are
primarily interestedn the issuesraisedby theselatter task
cateories.



Communication-Sensitive Decision Making

We areinterestedn developingaframewvork for coordinated
actiity of AAV teamsin the presencef unreliable,inter
mittent, and low-bandwidthcommunicationshannels. In
particular the agentsshouldbe ableto reasonabouthow
theiractionswill influencethereliability of communication,
andusethis knowledgeto selectplansthatarelikely to suc-
ceed.Theplansselectedy the agentsmayincludeactions
to improve the reliability of communicationsuchas posi-
tioning themselesto setup a seriesof relay pointsto en-
ablecommunicatiorbetweergeographicallydistantagents.
Corversely the agentsmay recognizethe fact that their
plannedactionswill createa situationwith limited commu-
nication availability, and accordinglyselectstratgies that
arelikely to succeedlespitetheseconditions.For example,
they may selecta plan that includesdefaultbehaiors—in
casecoordinationmessagesire dropped—and joint plan
for regroupingatthe endof the mission.

Imaginea P&E scenarioin which a teamof two AAVs
is pursuingan enemyair vehicle along the ridgeline of a
low mountainrange. If the enemyflies to one side of the
ridgeline, the agentsmay agreethat one AAV will pursue
the enemyalong that side, while the other AAV parallels
their trackalongthe othersideof theridge. Thelatter AAV
canthenscoutfor additionalenemyunits,andcanintercept
theenemyif it crossesherange.Theseagentplanto com-
municateperiodicallyin orderto synchronizeheir location
andshareinformationaboutenemypositions.

However, supposehat the ridgeline blocks communica-
tion, sothatary messagsentis veryunlikely to bereceved.
Theagentanayinsteadchooseanalternatve planthatmin-
imizes communicatiorrequirementssuchas pursuingthe
agentjointly alongthe side of the ridge, establishinga de-
fault time andlocationto regroup. Alternatively, they may
add actionsdesignedo increasecommunicatioravailabil-
ity andreliability, suchasagreeingo periodically“pop up”
(increaseheiraltitude)in orderto synchronizeandcommu-
nicate.

Thegoal of our researchs to explore methodsby which
ateamof agentscanpredictthelikely communicatioravail-
ability for a setof alternateplansand ervironments,and
usethesepredictionsto evaluateandselectfrom amongthe
plans. Thesetechniquesould be appliedduring execution
time to selectthe bestcourseof actiongiven eachoption’s
expectedcommunicatiorrequirementsandthe anticipated
communicationavailability if that particularoption is se-
lected. Thetechniguegould alsobe appliedoffline to ana-
lyze therobustnesof a knowledgebaseof planningopera-
torsor reactve schemasvith respecto possiblecommuni-
cationfailure scenarios.

We arecurrentlyconstructinga modelof communication
gualityasafunctionof theenvironment.Thequality of com-
municationis characterizedy factorssuchas bandwidth,
signal strength,and probability of packetloss. The com-
municationmodel abstractsaway from low-level network
managemenissuessuchasrouting and connectvity. The
ervironmentmodelincludesfactorsthatinfluencecommu-
nicationquality, suchasdistanceterrain,weather antenna
positionandorientationandcommunicatiorequipmenta-

pabilitiesandfailure modes.

We next planto develop predictive techniquedor assess-
ing the likely communicatiorsituationgiven a plan (or set
of reactve behaiors) andan ervironment. This will allow
theagentto assesthelikelihood of communicatiorfailures,
which in turn leadsto an assessmentf the likelihood (or
guality) of missionsuccessA plancanthenbeselectedhat
resultsin optimal (or “good enough”) performancegiven
theexpectedervironment.

Boththe communicatiomuality modelandthe predictive
modelwill be probabilistic,sincea fundamentatharacter
istic of thedomainis limited informationaboutthe situation
andaboutthe behaior of theenvironment.

Related Work

To our knowledge, there has been very little work that
specificallyfactorscommunicatiorrequirementsand costs
into plan selectionor that evaluateghe quality (robustness)
of theseplansin theeventof communicatiorfailures.Stone
andVeloso(1999)exploredmethoddor robustautonomous
teambehaior in RoboCup,which is an environmentwith
low-bandwidth,unreliablecommunicationThey addressed
the problemof communicatiorfailures by developing be-
haviorsthatarenotcompletelydependenbn receving mes-
sagesfrom other agents. For example, while waiting for
a responseagentscontinueto performtheir currentroles.
The methodsdevelopedarefairly specificto the RoboCup
domain.

Simmonset al. (2000) addressethe relatedproblemof
taskselectionin multi-robotexplorationandmappingof an
unknowvn environment.They presentinalgorithmthatmax-
imizes overall utility by trading off the individual prefer
encesof robotsof which regionsto explore with the global
utility of avoiding overlappingexplorations.While commu-
nicationis not a factorin this work, the approachof max-
imizing overall informationgain, taking into accountindi-
vidual costsof explorationfor alternatvetasks,js analogous
to our goal of maximizingoverall goalachiezement taking
into accountcostsof communicatiorfor alternatve tasks.

Several researcherdhave studied the value of shared
information in multi-agent ervironments. Balch and
Arkin (1994)presente@mpiricalresultsin simulatedrobot
ervironmentson thevalueof differenttypesof communica-
tion for a particularsuite of tasks. In our previous work,
we have explored the use of irrelevancereasoningto de-
termine which partsof a plan are valuableto sharewith
otheragentsin distributed hierarchicaltask network plan-
ning (Wolverton& desJardind 998). In several otherap-
proache§Gmytrasiavicz & Durfee2000; Xuan, Lesser &
Zilberstein2000; Tambe1997),a utility analysisis usedto
decidewhetherto senda particularpieceof informationto
anotheragent.We hopeto usetheseexisting approacheas
thebasisfor modelingthevalueof communicationOurnew
contributionwill bein modelingthe quality andavailability
of communicationandusingthesemodelsto performaction
selection thusensuringrobustnessn the faceof unreliable
communication.



Conclusions

We have describedhe autonomousir vehicle (AAV) do-
main, a dynamic,real-time, multi-agentervironment. We
outlined someof the key domainissuesand researchar
easfor AAV, anddiscusseaur ongoingwork in developing
communication-sensite decisionmaking methodsfor the
AAV domain.This work s in the preliminarystages.
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