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Abstract. A virtual fenceis createdby applying an aversive stimulusto an animalwhen

it approaches prede nedboundary It is implementedoy a small animal-bornecomputer
systemwith a GPSrecever. This approachallows the implementatiorof virtual paddocks
insideanormalphysicallyfencedpaddockSincethefencelinesarevirtual they canbemoved

by programmingto meetthe needsof animalor land managementThis approachenables
usto consideranimalsas agentswith naturalmobility that are controllableandto apply a

vastbody of theoryin motion planning.In this paperwe describea herd-animalsimulator
andphysicalexperimentsconductedn a smallherdof 10 animalsusinga SmartCollar. The

SmartCollarconsistof aGPS,PDA, wirelessnetworkingandasoundampli er. In particular
we describea motion planningalgorithmthat canmove a virtual paddockwhich is suitable
for musteringcows. We presentsimulationresultsand datafrom experimentswith 8 cows

equippedwith SmartCollars.

1 Intr oduction

Ourgoalis to developcomputationabpproachefor studyinggroupsof agentswith
naturalmobility and socialiinteractions.Suchsystemsdiffer in mary ways from
engineerednobilesystem$ecause¢heiragentscanmove on their own dueto com-
plex naturalbehaviors aswell asunderthe control of the ervironment(for example
moving towardafood or watersource) We wishto generatenodelsof suchsystems
usingobsened physicaldataandto usethesemodelsto synthesizecontrollersfor
the movementof the mobile agents Our main motivationandapplicationis in the
agriculturaldomain.Herdsof animalssuchas cattle are complex systemsThere
areinterestinginteractionsbetweenindividuals,suchasfriendship,kinship, group
formation,leadingandfollowing. Therearecomplex interactionswith the environ-
ment, suchaslooking for a water sourcein a new paddockby perimetertracing
alongthe fenceandrandomwalking within the perimeter Suchbehaiors arewell
known to farmersbut not so well documentedUnlike morefamiliar robot control
problems the animal state(stress hunger desire)is only partially obsenableand
only limited controlover motioncanbe exerted.
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In this work we combinerobotics,networking andanimalbehaior to createa
fence-lesapproacho herdingcows calledcontrol by virtual fences

Thereare two fundamentallydifferentapproacheso controlling animal posi-
tion: a physicalagentsuchasa sheepdogr robot, anda stimulationdevice worn
by theanimal.In the ®rst cateyory thereis the pioneeringwork of Vaughan[8who
demonstrated mobile robot that was able to herda ock of ducksto a desired
locationwithin a circular pen.In the secondcateyory therearea numberof com-
mercialproductsusedto controldomestigpetssuchasdogs.Theseypically employ
a simplecollar which providesan electricshockwhenit is in closeproximity to a
buried perimeterwire. The applicationof smartcollarsto manuallycontrol cattle
is discussedn detail by Tiedemannand Quigley[7,5]. The idea of using GPSto
automatehe generatiorof stimuli is discussedh [4,2].

In[3] wedescribeour®rstexperimentgo controllingaherdof cownswith asingle
staticvirtual fenceusingan approactthat relieson ad-hocnetworking. This paper
extends[3] on the algorithmicside,by introducingmotion planningfor computing
dynamicvirtual fenceswhosegoalis to musterthe herdto anew location.

2 Approach

Our virtual fencescombine GPS localization, wireless networking, and motion
planningto createa fence-lessapproachto herdinganimals(seeFigure 1). Each
animalis ®ttedwith asmartcollar consistingof a GPSunit, a ZaurusPDA, wireless
networking, anda soundampli®er Thecollar is giventhe boundaryof a polygonal
virtual paddockin theform of a setof linearfencesspeci®edby their coordinates.
The location of the animalis periodically checled againstthis polygonusingthe
collar GPS.Whenin the neighborhoodof a fence,the animalis given a sound
stimuluswhosevolumeis proportionalto thedistancefrom the boundarydesigned
to keepthe animalwithin boundaries.

Eachvirtual fenceis de®nedby a point F, anda normalvectorF,,. Thisrepre-
sentatiorallows for aneasycomputatiorof thedistanced thatthecow is behind(or
in front of) thefence.If d is positive,thecow is in thedesiredregion. Seseralfences
canbe combinedto represenain enclosedboundaryWe considerthe virtual fence
to be a repulsive potential®eld whosemagnitudeincreaseawith distancebeyond
thefenceline. Sucha graduatesgtimuluswill helptheanimalbetterunderstandhe
locationof thefence[3,2]. Themagnitudeof the®eld is renderedn termsof sound
stimulusvolumeor stimulusrate.A moresophisticate@pproactis to monitord over
time, and stopthe stimulusas soonasthe cow beginsto move toward the desired
region.

Cattle domain experts have suggestedising a library of naturally occurring
soundghatarescaryto theanimals(aroaringtiger, abarkingdog,a hissingsnale)
andrandomlyrotatingbetweerthe sounds.

A virtual fencecan be madedynamicby automaticallyand graduallyshifting
its location. A moving fence can be instantiatedwith a non-zerovelocity F,, in
m/s. The point F, is thenmoved asa function of time alongthe normal,Fp(t) =
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Fig. 1. (a) Aerial view of CobbHill farm.The elds whereexperimentsvereconductedcare
outlinedin black.Northis up. The photodisplaysan areaapproximatelyl km on a side.(b)

The component®f the SmartCollar includea ZaurusPDA, WiFi compactash card,eTrex

GPS protectie casefor the Zaurus,anaudioampli er with spealer, andvariousconnecting
cables(c) A fully assemble®martCollar, with PDA caseopen.(d) A cow with acollar.

Fp(0) + FnFyt. Severalmoving fencescanbe usedto musterthe herdaccording
to the plansdevelopedby our motion planningalgorithm,describedn Section3.

2.1 Systemhardware

Prototypesf a SmartCollar wereconstructedisingcommerciabff-the-shelfcom-
ponentsthat are readily available.Figure 1(b) shavs the component®of a collar.
The computeris a ZaurusPDA with a206MHz Intel StrongArmprocessqr64MB
of RAM, with anadditional128MB SD memorycard.It runsEmbedixLinux with
the Qtopiawindow managerThe Zaurushasa serialport andsterecsoundport. A
Soclet brand802.11compact ash card providesa wirelessnetwork connection.
An eTrex GPSunit is connectedo the serial port of the Zaurus.A small Smoley
brandguitar ampli®eris usedto reproducesoundsfrom the Zaurusaudioport. A
fully assembledollaris shavn in Figure 1(c). Figure 1(d) shavs a cow wearing
anearlyversionof thecollar.

2.2 Software Infrastructur e

Thecomponent®f the softwareusedin theexperimentsareasfollows:
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Fencesand Sounds Fencescan be addedor removed at ary time and several of
themcanbe createdat oncefrom de®nitionsstoredin a ®le. Severalfencescanbe
combinedto createcorvex polygonalshapesWhenthe GPSreadingsindicatea
cow hascrossecdh fencea soundis triggered.Thesoundsarestoredin WAV format
®les andcanbe selectedrom alist to be playedon the Zaurusaudiodevice. The
volumeof soundss controllableon apercentagscalefrom zeroto 100percentAll
fencesusethe currentlyselectedsoundandvolume,which canbe changedvithout
rede®ningthefences.

The fencemodulealsoreadsand interpretsthe GPSdatawhich arrivesevery
two secondsvhenthe GPShasa goodlock onthesatellitesIt alsosendsa periodic
Alive messagéndicatingthe collar is functional.

Messge Handling We developedour own adhocmessagingprotocollayeredover
802.11soclets. All WiFi messagesire multihop, being forwardedonceby each
collar, to improve rangeand connectvity within the herd. Therearetwo message
channelspneoutgoingfrom a basestatiomndoneincomingto thebasestatioriThe
outgoingchannelis usedfor de®ningfences,manuallytriggering sounds setting
soundtype andvolume.Theincomingchannelarries"Ali ve" messagesdicating
acollaris active,andacknavledgmentnessagefor receiptandproperlinterpretation
of messagesigure 4(a)shavsthenumberof hopsrequiredfor anAlive messagéo
reachthe laptopbasestatiomuring an experiment.Most messagearerelayedonly
onceto reachtheir destinatiorwhich indicatesgood connectvity betweencollars.
Dynamicgraphsof themessageoutinghave shovn usthatconnectvity amongthe
herdis usuallyquite goodsincethe cows tendto stayneareachother Connectvity
with thebasestationwasproblematidn thatthereis atradeof in stayingfarenough
away to notin uence the herd. WiFi networks areessentiallyline of sightandare
blockedcompletelyattimesby the cows bodies.

ExperimentContol Both text and GUI control programsare usedto managethe

collarsin the ®eld. The text control programcan be run on a Zaurusor Linux

laptopandallows settinganddeletingfencessettingtypeandvolumeof sound and

manuallytriggeringa sound.The GUI control programg(seeFigure 2) includethe

functionality of the text program,andaddbuttonsfor triggeringsoundson speci®c
cows, a map display shaving currentcow locationsand status(i.e., relationship
to fenceboundaryand whethera soundis playing), and a statusdisplay shaving

whetherAlive messagebave beenrecevedrecentlyfrom eachcow.

3 Planning for Dynamic Fences

An importantgoal of this work is to automaticallymustercows from onepastureo
another To make this possible we have startedto develop a pathplanningsystem
for virtual fences.While this problemsharessomebasicfeatureswith traditional
robotpathplanning,it hasimportantdifferencesaswell.

The plannercreatesa pathfrom onepoint to anotherusinga simpleoccupang
gridandA* search[6]Theobjectexecutingtheplanisavirtual (polygonal)paddock,
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Fig. 2. GUIs usedon laptopsto monitor eld experiments(a) Soundcontrol GUI. Pressing
a buttontriggersthe currentsoundon a speci ¢ cow. Currentsoundandvolumecanalsobe

selected(b) Map control GUI. Shows the last reportedposition of eachcow, whetherit is

currentlyplayingasoundandwhetheran Alive messagéasbeenreceizedrecently Buttons
andtext boxesin upperright shawv recentcommandacknaviedgmentdrom collars.

with signi®cantextent that may changeasit moves, aslong asits arearemains
suf®ciently largefor theherd.Thus,it is easietto performplanningin theworkspace
thanthecon®guratiorspaceObstacleganoverlapsomevhatwith thevirtual fence
edgeschangingthe effective areaof the virtual paddockbut not alteringthe plan.
We useplanningoperatorghatchangehedimension®f thepaddockwhile keeping
the amountof free spacewithin the paddocksuf®cient for the given numberof
animals.Finally, we would like themotionto consistof a smallnumberof straight-
line sgmentsThistypeof optimizationis necessarpecausehangingheanimals'
direction is more dif®cult and confusingthan keepingthem moving along their
currentvector, andto limit the numberof fencesthataredownloadedo thecollars.
This optimizationcanbeimplementedy giving turnsalargecostin the A* search.

Tocreateaplan,insteatf doinganexpersiveseartin ®vedimensions(paddock
location,width, heightandmotiondirectior) we®rstgereraeapairof baselinglans.
The ®rst usesa point-sizedvirtual paddockandthe seconda constant-sizedquare
paddock.Theseplanscanbe computedusingthe motion operatoronly. If the two
plansaresimilarin lengthandcomplexity thenthesquaregpaddockplancanbeused
asis. If not,we thengraduallyreducethe sizeof the squarepaddockuntil aplanis
successfulThesuccessfuplanis thenusedasabasefor apathwith avariable-sized
virtual paddockThesearctfor this®nal pathis doneef®ciently in threedimensions
(width, heightanddistancealongthebasepath.)TheGUI developedfor this planner
alongwith examplesof resultingplansis shavn in Fig. 3.

! Both extentandshapemay change.
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Fig. 3. GUI for dynamicfence planning.Ernvironmentis basedon the DartmouthGreen,
with somereal-world pathsde ned to be obstaclesin (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 more complex path— notethat small overlap
with obstacless consideredcceptabl@slong assufcient freespaceremainsn the virtual
paddock.

Plansareturnedinto schedule®f fencesthat are executableby the collar. For
eachsegmentof the path,four fencesarerequiredto de®nethe paddock A velocity
is setfor thefenceswhichin turn giveseachsegmentatime interval overwhichits
fencesareactive. Thislist of fenceswith a point, normalvector speedandrelative
timeintenalfor eachjs thengiventothecollars.Thecollarswait for aninitialization
messag&vhichtellsthemto make thetime intervalsabsolutdrom thatmomentand
continueto evaluatethe fencesand make appropriatestimuli for the courseof the
path.

4 Results

We have implementedboth staticanddynamicvirtual fencesin simulationandon
10smartcollars.Simulationswveredevelopedto investigatevariousalgorithmicand
stimulusmethodsEarly ®eld experimentsvere performedon a smallherdof cows
at CobbHill Farmin Vermont.Later experimentswere performedwith peopleon
the Dartmouthcampus.

4.1 Simulation Experiments

To testthe variousvirtual fencetechniquesye developeda Matlab simulatorthat
modelsthe behavior of a herdof cows bothwith andwithoutthevirtual fencestim-
ulus. We wereinspiredby Vaughan duck simulator[8],but extendedthe animal
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modelto accountfor the differencesetweenthe speciesaswell astheir environ-
ments.Most importantly while we alsousepotential®eldsto modelthe effects of
oneanimal's positionon anothers motion, we explicitly modelthe stressof each
animaland usethis to affect the animal's behaior. The animalshave a two-state
behaior model,walking andgrazing,eachwith associatedpeedsanddurationsin
termsof motion,we usethepotentialforceasaforceonthecow, but modelthecows
asnon-holonomicand give thema maximumangularvelocity. If the virtual force
givenby the potential®eldsis not closelyalignedwith the cow's currentdirection,
thecow will turnuntil theforce causest to walk in areasonablélirection.

In the simulation,stressis createdby the fencestimulusaswell asthe nearby
presencef otherfast-mwing animalsor isolationfrom theherd.An animalin alow
stressconditionwill alternatebetweengrazingandwalking, choosinga direction
of walking randomlybut biasedtoward the directionit is pointing. Stateduration,
walking speedanddirectionareall stochasticUnstressednimalsexhibit very little
herdinginstinct(asobsenedin the®eld) until they getvery distantfrom eachother
An animalthatis experiencinghigh stresswill move towardotheranimalsandwill
not resumegrazinguntil its stresshasgonedown. The stresslevel of an animal
decayovertime.

In additionto usingstressthestimulushasanimmediateeffectonthe motionof
theanimal . We have usedtwo differentmodels eachof which take inspirationfrom
®eld obsenations.In the ®rst model,a stimuluscauseghe animalto quickly turn
approximately90 . Thisbehaior wasalsoobsenedin [5]. In thesecondnodelthe
cow walksforwardfor a shorttime whenstimulated.

To testthealgorithmsagainsthesemodelswe ranvirtual fenceson asimulated
herdwith widely varyingparametersTheoverallgoalwasto movethevirtual fence
slowly intotheherdandtesthow quickly theherdmovedawayfromtheencroaching
fence.Thiswastestedwith differentvaluesfor thegrazingspeedandwalking speed
of the cows, the level of herd-attractiorandthe probability that a stimuluswould
have the desiredeffect. We found that the parametersiffectedthe overall speedof
theherdin front of thefenceandthe numberof stimuli thatwereapplied,butin all
casesheherddid movein the desireddirection.

4.2 Cow experiments

We performeda seriesof ®eld experimentsat CobbHill, tarmgetingfour issuesy(1)
collectingdatato createa grazingmodelfor the cows, which is usedin the fence
controlalgorithm;(2) collectingconnectvity dataandinformationpropagatiordata,
whichis usedo determinghemulti-hoproutingmethodfor networkingtheherd;(3)
collectingstimulus-responsaatafor individualanimals;and(4) collectingresponse
datafor thevirtual fenceon a groupof animals.
OurpreliminaryresultsareencouragingAnimalsrespondo arti®cial potentials
of soundgyeneratedby thevirtual fenceby moving forwardif they areontheirown
(seeFigure4(b)), or toward the groupif they arein closeproximity to the group.
The animalsrespondedo soundgseeFigure4(b)) but habituationto stimuli wasa
problem.Others[2]have combinedthe soundswith shocksto avoid habituation.
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@ (b)
Fig. 4. Experimentatesults(a) Connectity data(b) Speedvhensoundsareplayed.

Ourlaterexperimentssupportedhetwo-stategrazing/walkingmodel,ascanbe
seenin a speedhistogramof oneanimal,Fig. 5(a). Thesedatashaw thatthe cows
have a wide rangeof speedshroughoutthe day, althoughthe distribution is not
exactly bimodal.Insteadwe seethatthey spendalargeamountof theirtime moving
quiteslowly, andtherestof thetime at higher, but differing, speeds.

We alsosuccessfullydeployedastaticvirtual fence.As canbeseenin Fig. 5(b),
thecow wasnotdeterredrom passinghroughthefence howeverit did slow dovn
(to astatisticallysigni®cantdegree)while the soundsvereplaying.
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4.3 Dynamic FenceExperiments

We have testedthe dynamicfencealgorithm using the smartcollars on peoplé.

Planswere createdin the planningGUI and exporteddirectly to the collars. The
resultswere successfublgorithmically in that the fencesappearedn the correct
real-world locationsat the desiredtimes, but were lesssuccessfufrom a herding
standpointMotion tracedor onepersorandthegroupof four people bothabsolute
andrelative to the moving paddock,are shovn in Fig. 6. It is interestingto note
thatthe generaimotion of the peoplewasalongthe desiredcorridor, asin Fig. 6(a),

despitespendingvery little time in the virtual paddock,asseenin Fig. 6(b). This

may be biasedby the experimenteravalking in the generaldirectionof the virtual

paddockmotion.

Onebene®tof this experimentwasthatthe subjectavereableto verbalizetheir
feelingsaboutthe system.Primarily, they felt that the resolutionof the stimulus
gradientwas insuf®cient to be of assistanceAlso, they tendedto be inquisitive,
actively exploringtheacceptabléoundarie®f their spaceTogethemwith relatively
highwalking speedgaveragingover0.5m/s)they wereableto movealargedistance
betweensoundsandwere unableto relocatethe virtual paddock.We believe that
with amoreappropriatestimulus(suchasAndersons stimulusfor cows[2]) thatthis
canbeovercome.

5 Conclusion

Virtual fencingis aconcepthatcouldradicallychangehewaythathumanananage
farmanimals We have developeda herd-animakimulatorbasedn individual state
machinesndpotential®eldswhich exhibit mary characteristicseenin realanimal
groups.Control techniquesdevelopedusing the simulatorhave beentestedon a

2 We will extendour experimentgo animalsassoonastheweathemllows themto returnto
thepastures.
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small herdof 10 animalsusingusing off-the-shelfhardware.Our physicalexperi-
mentsshov promisefor this applicationbut muchwork remainsto be done.The
rangeof soundstimuli we tried were not very effective, althoughwe did obsenre
somereactions.Otherresearcherfl] have achieved consistentresponseo sound
followedby electricshockstimuli, but this wasnot anoptionavailableto us. There
aresigni®cantopenquestiongelatedto stimulushabituationandthe needfor ex-
plicit trainingwhichwill requireclosecollaboratiorbetweerroboticistsandanimal
behaiorists.
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