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Abstract. A virtual fenceis createdby applyingan aversive stimulusto an animalwhen
it approachesa prede�nedboundary. It is implementedby a small animal­bornecomputer
systemwith a GPSreceiver. This approachallows the implementationof virtual paddocks
insideanormalphysicallyfencedpaddock.Sincethefencelinesarevirtual they canbemoved
by programmingto meetthe needsof animalor land management.This approachenables
us to consideranimalsasagentswith naturalmobility that arecontrollableand to apply a
vastbody of theoryin motion planning.In this paperwe describea herd­animalsimulator
andphysicalexperimentsconductedona smallherdof 10animalsusingaSmartCollar. The
SmartCollarconsistsof aGPS,PDA, wirelessnetworkingandasoundampli�er. In particular
we describea motionplanningalgorithmthatcanmove a virtual paddockwhich is suitable
for musteringcows. We presentsimulationresultsanddatafrom experimentswith 8 cows
equippedwith SmartCollars.

1 Intr oduction

Ourgoalis to developcomputationalapproachesfor studyinggroupsof agentswith
naturalmobility and social interactions.Suchsystemsdiffer in many ways from
engineeredmobilesystemsbecausetheiragentscanmoveon theirown dueto com-
plex naturalbehaviorsaswell asunderthecontrolof theenvironment(for example
moving towardafoodor watersource).Wewishto generatemodelsof suchsystems
usingobservedphysicaldataandto usethesemodelsto synthesizecontrollersfor
themovementof themobileagents.Our mainmotivationandapplicationis in the
agriculturaldomain.Herdsof animalssuchascattlearecomplex systems.There
areinterestinginteractionsbetweenindividuals,suchasfriendship,kinship,group
formation,leadingandfollowing. Therearecomplex interactionswith theenviron-
ment,suchas looking for a water sourcein a new paddockby perimetertracing
alongthefenceandrandomwalking within theperimeter. Suchbehaviors arewell
known to farmersbut not sowell documented.Unlike morefamiliar robot control
problems,the animalstate(stress,hunger, desire)is only partially observableand
only limited controlovermotioncanbeexerted.
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In this work we combinerobotics,networking andanimalbehavior to createa
fence-lessapproachto herdingcowscalledcontrol byvirtual fences.

Thereare two fundamentallydifferentapproachesto controlling animalposi-
tion: a physicalagentsuchasa sheepdogor robot,anda stimulationdevice worn
by theanimal.In the®rst category thereis thepioneeringwork of Vaughan[8]who
demonstrateda mobile robot that was able to herd a �ock of ducksto a desired
locationwithin a circular pen.In the secondcategory therearea numberof com-
mercialproductsusedto controldomesticpetssuchasdogs.Thesetypically employ
a simplecollar which providesanelectricshockwhenit is in closeproximity to a
buried perimeterwire. The applicationof smartcollarsto manuallycontrol cattle
is discussedin detail by TiedemannandQuigley[7,5]. The ideaof usingGPSto
automatethegenerationof stimuli is discussedin [4,2].

In [3] wedescribeour®rstexperimentstocontrollingaherdof cowswith asingle
staticvirtual fenceusinganapproachthat relieson ad-hocnetworking.This paper
extends[3] on thealgorithmicside,by introducingmotionplanningfor computing
dynamicvirtual fenceswhosegoalis to mustertheherdto anew location.

2 Approach

Our virtual fencescombineGPS localization,wirelessnetworking, and motion
planningto createa fence-lessapproachto herdinganimals(seeFigure1). Each
animalis ®ttedwith asmartcollarconsistingof aGPSunit, aZaurusPDA, wireless
networking,anda soundampli®er. Thecollar is giventheboundaryof a polygonal
virtual paddockin theform of a setof linear fencesspeci®edby their coordinates.
The locationof the animal is periodicallychecked againstthis polygonusingthe
collar GPS.When in the neighborhoodof a fence, the animal is given a sound
stimuluswhosevolumeis proportionalto thedistancefrom theboundary, designed
to keeptheanimalwithin boundaries.

Eachvirtual fenceis de®nedby a point Fp anda normalvectorFn . This repre-
sentationallowsfor aneasycomputationof thedistanced thatthecow is behind(or
in front of) thefence.If d is positive,thecow is in thedesiredregion.Severalfences
canbecombinedto representanenclosedboundary. We considerthevirtual fence
to be a repulsive potential®eld whosemagnitudeincreaseswith distancebeyond
thefenceline. Sucha graduatedstimuluswill helptheanimalbetterunderstandthe
locationof thefence[3,2]. Themagnitudeof the®eld is renderedin termsof sound
stimulusvolumeorstimulusrate.A moresophisticatedapproachis tomonitord over
time, andstopthestimulusassoonasthecow begins to move toward thedesired
region.

Cattle domainexperts have suggestedusing a library of naturally occurring
soundsthatarescaryto theanimals(a roaringtiger, abarkingdog,a hissingsnake)
andrandomlyrotatingbetweenthesounds.

A virtual fencecanbe madedynamicby automaticallyandgraduallyshifting
its location.A moving fencecan be instantiatedwith a non-zerovelocity Fv , in
m/s.Thepoint Fp is thenmovedasa functionof time alongthenormal,Fp(t) =
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Fig.1. (a) Aerial view of CobbHill farm.The�elds whereexperimentswereconductedare
outlinedin black.North is up.Thephotodisplaysanareaapproximately1 km on a side.(b)
Thecomponentsof theSmartCollar includea ZaurusPDA, WiFi compact�ash card,eTrex
GPS,protective casefor theZaurus,anaudioampli�er with speaker, andvariousconnecting
cables.(c) A fully assembledSmartCollar, with PDA caseopen.(d) A cow with a collar.

Fp(0) + 
 Fn Fv t. Severalmoving fencescanbeusedto mustertheherdaccording
to theplansdevelopedby ourmotionplanningalgorithm,describedin Section3.

2.1 Systemhardware

Prototypesof aSmartCollarwereconstructedusingcommercialoff-the-shelfcom-
ponentsthat arereadily available.Figure 1(b) shows the componentsof a collar.
Thecomputeris a ZaurusPDA with a 206MHzIntel StrongArmprocessor, 64MB
of RAM, with anadditional128MB SD memorycard.It runsEmbedixLinux with
theQtopiawindow manager. TheZaurushasa serialport andstereosoundport.A
Socket brand802.11compact�ash cardprovidesa wirelessnetwork connection.
An eTrex GPSunit is connectedto theserialport of theZaurus.A small Smokey
brandguitar ampli®er is usedto reproducesoundsfrom the Zaurusaudioport. A
fully assembledcollar is shown in Figure 1(c). Figure 1(d) shows a cow wearing
anearlyversionof thecollar.

2.2 SoftwareInfrastructur e

Thecomponentsof thesoftwareusedin theexperimentsareasfollows:
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Fencesand SoundsFencescan be addedor removed at any time andseveral of
themcanbecreatedat oncefrom de®nitionsstoredin a ®le. Several fencescanbe
combinedto createconvex polygonalshapes.When the GPSreadingsindicatea
cow hascrosseda fencea soundis triggered.Thesoundsarestoredin WAV format
®les andcanbe selectedfrom a list to be playedon theZaurusaudiodevice. The
volumeof soundsis controllableonapercentagescalefrom zeroto 100percent.All
fencesusethecurrentlyselectedsoundandvolume,whichcanbechangedwithout
rede®ningthefences.

The fencemodulealsoreadsandinterpretsthe GPSdatawhich arrivesevery
two secondswhentheGPShasagoodlock on thesatellites.It alsosendsaperiodic
Ali vemessageindicatingthecollar is functional.

Message Handling We developedour own adhocmessagingprotocollayeredover
802.11sockets.All WiFi messagesare multihop, being forwardedonceby each
collar, to improve rangeandconnectivity within the herd.Therearetwo message
channels,oneoutgoingfrom abasestationandoneincomingto thebasestation.The
outgoingchannelis usedfor de®ningfences,manuallytriggeringsounds,setting
soundtypeandvolume.Theincomingchannelcarries"Ali ve" messagesindicating
acollarisactive,andacknowledgmentmessagesfor receiptandproperinterpretation
of messages.Figure 4(a)showsthenumberof hopsrequiredfor anAli vemessageto
reachthelaptopbasestationduringanexperiment.Most messagesarerelayedonly
onceto reachtheir destinationwhich indicatesgoodconnectivity betweencollars.
Dynamicgraphsof themessageroutinghaveshown usthatconnectivity amongthe
herdis usuallyquitegoodsincethecows tendto stayneareachother. Connectivity
with thebasestationwasproblematicin thatthereis atradeoff in stayingfarenough
away to not in�uence theherd.WiFi networksareessentiallyline of sightandare
blockedcompletelyat timesby thecowsbodies.

ExperimentControl Both text andGUI control programsareusedto managethe
collars in the ®eld. The text control programcan be run on a Zaurusor Linux
laptopandallowssettinganddeletingfences,settingtypeandvolumeof sound,and
manuallytriggeringa sound.TheGUI controlprograms(seeFigure2) includethe
functionalityof thetext program,andaddbuttonsfor triggeringsoundson speci®c
cows, a map display showing currentcow locationsand status(i.e., relationship
to fenceboundaryandwhethera soundis playing),anda statusdisplayshowing
whetherAli vemessageshavebeenreceivedrecentlyfrom eachcow.

3 Planning for Dynamic Fences

An importantgoalof thiswork is to automaticallymustercows from onepastureto
another. To make this possible,we have startedto developa pathplanningsystem
for virtual fences.While this problemsharessomebasicfeatureswith traditional
robotpathplanning,it hasimportantdifferencesaswell.

Theplannercreatesa pathfrom onepoint to anotherusinga simpleoccupancy
gridandA* search[6].Theobjectexecutingtheplanisavirtual (polygonal)paddock,
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(a) (b)

Fig.2. GUIs usedon laptopsto monitor �eld experiments.(a) SoundcontrolGUI. Pressing
a buttontriggersthecurrentsoundon a speci�c cow. Currentsoundandvolumecanalsobe
selected.(b) Map control GUI. Shows the last reportedpositionof eachcow, whetherit is
currentlyplayingasound,andwhetheranAli vemessagehasbeenreceivedrecently. Buttons
andtext boxesin upperright show recentcommandacknowledgmentsfrom collars.

with signi®cantextent that may changeas it moves1, as long as its arearemains
suf®ciently largefor theherd.Thus,it is easierto performplanningin theworkspace
thanthecon®gurationspace.Obstaclescanoverlapsomewhatwith thevirtual fence
edges,changingtheeffective areaof thevirtual paddockbut not alteringtheplan.
Weuseplanningoperatorsthatchangethedimensionsof thepaddockwhile keeping
the amountof free spacewithin the paddocksuf®cient for the given numberof
animals.Finally, we would like themotionto consistof asmallnumberof straight-
line segments.This typeof optimizationis necessarybecausechangingtheanimals'
direction is more dif®cult and confusingthan keepingthem moving along their
currentvector, andto limit thenumberof fencesthataredownloadedto thecollars.
Thisoptimizationcanbeimplementedby giving turnsa largecostin theA* search.

Tocreateaplan,insteadof doinganexpensivesearchin ®vedimensions(paddock
location,width,heightandmotiondirection) we®rstgenerateapairof baselineplans.
The®rst usesa point-sizedvirtual paddockandtheseconda constant-sizedsquare
paddock.Theseplanscanbecomputedusingthemotionoperatorsonly. If thetwo
plansaresimilar in lengthandcomplexity thenthesquarepaddockplancanbeused
asis. If not,we thengraduallyreducethesizeof thesquarepaddockuntil a planis
successful.Thesuccessfulplanis thenusedasabasefor apathwith avariable-sized
virtual paddock.Thesearchfor this®nalpathis doneef®ciently in threedimensions
(width,heightanddistancealongthebasepath.)TheGUI developedfor thisplanner
alongwith examplesof resultingplansis shown in Fig. 3.

1 Bothextentandshapemaychange.
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(a) (b)

Fig.3. GUI for dynamic fenceplanning.Environment is basedon the DartmouthGreen,
with somereal­world pathsde�ned to be obstacles.In (a), �nding a pathfrom the start(in
top portion of free space)to the goal (at lower left) requiresa signi�cant changein the
sizeandshapeof the virtual paddock.(b) A morecomplex path— notethat small overlap
with obstaclesis consideredacceptableaslong assuf�cient freespaceremainsin thevirtual
paddock.

Plansareturnedinto schedulesof fencesthatareexecutableby thecollar. For
eachsegmentof thepath,four fencesarerequiredto de®nethepaddock.A velocity
is setfor thefences,which in turngiveseachsegmenta time interval overwhich its
fencesareactive.This list of fences,with a point,normalvector, speedandrelative
timeinterval for each,is thengivento thecollars.Thecollarswait for aninitialization
messagewhichtells themto makethetimeintervalsabsolutefrom thatmomentand
continueto evaluatethe fencesandmake appropriatestimuli for thecourseof the
path.

4 Results

We have implementedbothstaticanddynamicvirtual fencesin simulationandon
10smartcollars.Simulationsweredevelopedto investigatevariousalgorithmicand
stimulusmethods.Early ®eld experimentswereperformedona smallherdof cows
at CobbHill Farm in Vermont.Later experimentswereperformedwith peopleon
theDartmouthcampus.

4.1 Simulation Experiments

To testthevariousvirtual fencetechniques,we developeda Matlabsimulatorthat
modelsthebehavior of aherdof cowsbothwith andwithout thevirtual fencestim-
ulus. We were inspiredby Vaughan's duck simulator[8],but extendedthe animal
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modelto accountfor thedifferencesbetweenthespeciesaswell astheir environ-
ments.Most importantly, while we alsousepotential®eldsto modeltheeffectsof
oneanimal's positionon another's motion,we explicitly model the stressof each
animalandusethis to affect the animal's behavior. The animalshave a two-state
behavior model,walkingandgrazing,eachwith associatedspeedsanddurations.In
termsof motion,weusethepotentialforceasaforceonthecow, but modelthecows
asnon-holonomicandgive thema maximumangularvelocity. If thevirtual force
givenby thepotential®eldsis not closelyalignedwith thecow's currentdirection,
thecow will turn until theforcecausesit to walk in a reasonabledirection.

In thesimulation,stressis createdby the fencestimulusaswell asthenearby
presenceof otherfast-movinganimalsor isolationfrom theherd.An animalin alow
stressconditionwill alternatebetweengrazingandwalking, choosinga direction
of walking randomlybut biasedtoward thedirectionit is pointing.Stateduration,
walkingspeedanddirectionareall stochastic.Unstressedanimalsexhibit very little
herdinginstinct(asobservedin the®eld) until they getverydistantfrom eachother.
An animalthatis experiencinghighstresswill movetowardotheranimals,andwill
not resumegrazinguntil its stresshasgonedown. The stresslevel of an animal
decaysover time.

In additionto usingstress,thestimulushasanimmediateeffectonthemotionof
theanimal.We haveusedtwo differentmodels,eachof which take inspirationfrom
®eld observations.In the®rst model,a stimuluscausesthe animalto quickly turn
approximately90� . Thisbehavior wasalsoobservedin [5]. In thesecondmodel,the
cow walksforwardfor a shorttime whenstimulated.

To testthealgorithmsagainstthesemodels,weranvirtual fencesonasimulated
herdwith widely varyingparameters.Theoverallgoalwasto movethevirtual fence
slowly into theherdandtesthow quickly theherdmovedawayfromtheencroaching
fence.Thiswastestedwith differentvaluesfor thegrazingspeedandwalkingspeed
of the cows, the level of herd-attractionandthe probability that a stimuluswould
have thedesiredeffect. We foundthat theparametersaffectedtheoverall speedof
theherdin front of thefenceandthenumberof stimuli thatwereapplied,but in all
casestheherddid move in thedesireddirection.

4.2 Cow experiments

We performeda seriesof ®eld experimentsat CobbHill, targetingfour issues:(1)
collectingdatato createa grazingmodelfor the cows, which is usedin the fence
controlalgorithm;(2) collectingconnectivity dataandinformationpropagationdata,
whichisusedtodeterminethemulti-hoproutingmethodfor networkingtheherd;(3)
collectingstimulus-responsedatafor individualanimals;and(4) collectingresponse
datafor thevirtual fenceonagroupof animals.

Ourpreliminaryresultsareencouraging.Animalsrespondto arti®cialpotentials
of soundsgeneratedby thevirtual fenceby moving forwardif they areontheirown
(seeFigure4(b)), or toward the groupif they arein closeproximity to the group.
Theanimalsrespondedto sounds(seeFigure4(b)) but habituationto stimuli wasa
problem.Others[2]havecombinedthesoundswith shocksto avoid habituation.
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(a) (b)

Fig.4. Experimentalresults.(a) Connectivity data(b) Speedwhensoundsareplayed.

Our laterexperimentssupportedthetwo-stategrazing/walkingmodel,ascanbe
seenin a speedhistogramof oneanimal,Fig. 5(a).Thesedatashow that thecows
have a wide rangeof speedsthroughoutthe day, althoughthe distribution is not
exactlybimodal.Insteadweseethatthey spenda largeamountof their timemoving
quiteslowly, andtherestof thetimeat higher, but differing,speeds.

Wealsosuccessfullydeployedastaticvirtual fence.As canbeseenin Fig. 5(b),
thecow wasnotdeterredfrom passingthroughthefence,however it did slow down
(to a statisticallysigni®cantdegree)while thesoundswereplaying.
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Fig.6. Dynamicfenceexperimentresults.(a)Absoluteand(b) relativemotionof oneperson.

4.3 Dynamic FenceExperiments

We have testedthe dynamicfencealgorithm using the smartcollars on people2.
Planswerecreatedin the planningGUI andexporteddirectly to the collars.The
resultsweresuccessfulalgorithmically, in that the fencesappearedin the correct
real-world locationsat the desiredtimes,but werelesssuccessfulfrom a herding
standpoint.Motion tracesfor onepersonandthegroupof four people,bothabsolute
andrelative to the moving paddock,areshown in Fig. 6. It is interestingto note
thatthegeneralmotionof thepeoplewasalongthedesiredcorridor, asin Fig. 6(a),
despitespendingvery little time in the virtual paddock,asseenin Fig. 6(b). This
maybebiasedby theexperimenterswalking in thegeneraldirectionof thevirtual
paddockmotion.

Onebene®tof this experimentwasthatthesubjectswereableto verbalizetheir
feelingsaboutthe system.Primarily, they felt that the resolutionof the stimulus
gradientwas insuf®cient to be of assistance.Also, they tendedto be inquisitive,
actively exploringtheacceptableboundariesof theirspace.Togetherwith relatively
highwalkingspeeds(averagingover0.5m/s)they wereableto movealargedistance
betweensoundsandwereunableto relocatethe virtual paddock.We believe that
with amoreappropriatestimulus(suchasAnderson'sstimulusfor cows[2]) thatthis
canbeovercome.

5 Conclusion

Virtual fencingis aconceptthatcouldradicallychangethewaythathumansmanage
farmanimals.Wehavedevelopedaherd-animalsimulatorbasedon individualstate
machinesandpotential®eldswhichexhibit many characteristicsseenin realanimal
groups.Control techniquesdevelopedusing the simulatorhave beentestedon a

2 Wewill extendourexperimentsto animalsassoonastheweatherallows themto returnto
thepastures.
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small herdof 10 animalsusingusingoff-the-shelfhardware.Our physicalexperi-
mentsshow promisefor this applicationbut muchwork remainsto be done.The
rangeof soundstimuli we tried werenot very effective, althoughwe did observe
somereactions.Otherresearchers[1] have achieved consistentresponseto sound
followedby electricshockstimuli, but this wasnotanoptionavailableto us.There
aresigni®cantopenquestionsrelatedto stimulushabituationandthe needfor ex-
plicit trainingwhichwill requireclosecollaborationbetweenroboticistsandanimal
behaviorists.
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