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1. MOTIVATION
Our goal is to develop computationalapproachesfor studying

groupsof agentswith naturalmobility andsocialinteractions.Such
systemsdiffer in many waysfrom engineeredmobilesystemsbe-
causetheir agentscanmove on their own dueto complex natural
behaviors aswell asunderthecontrolof theenvironment(for ex-
ampledrifting to follow wind patterns).We wish to modelsuch
systemsusingphysicaldataandto usethemodelsfor controlling
the movementof the mobile agentsandthe informationpropaga-
tion betweenthemusingvirtual fences,implementedonsmartnet-
worked collarsattachedto the animals. Our main motivation and
applicationis in the agriculturaldomain. Herdsof animalssuch
ascattlearecomplex systems.Thereare interestinginteractions
betweenindividuals,suchasfriendship,kinship,groupformation,
leadingandfollowing. Therearecomplex interactionswith theen-
vironment,suchas looking for a watersourcein a new paddock
by perimetertracingalong the fenceand randomwalking within
the perimeter. Suchbehaviors arewell known to farmersbut not
so well documented.Furthermore,limited control canbe exerted
whoseeffect is to move theanimalsaround.This couldbegreatly
bene�cial in termsof reducingtheamountof expensivefencemain-
tenanceandmusteringrequiredby ranchers.

In thiswork wecombinerobotics,networkingandanimalbehav-
ior to createa fence-lessapproachto herdingcows calledcontrol
byvirtual fences. Thecow societycanbeviewedmetaphoricallyas
well asphysicallyasanetwork. By endowing eachanimalwith the
computation,sensing,andnetworking capabilitiesneededto drive
virtual fencingwewill obtainanetworkedsystemthatcanfunction
asan informationbackbonefor the group. Informationcan �o w
acrossthisgroupto updateindividualparametersandprograms(for
examplethemotionplansfor thevirtual fences),coordinatetasks,
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andaggregatedatacollectedby theindividuals.However, because
the systemis large in numbersandspread,information �o w has
to beregardedasa groupoperation.It is impossibleto physically
connectto eachanimal at any one time. This suggeststhat it is
importantto know how long it takesfor onemessageto reachthe
entiregroup.

Thegroupis connectedwith wirelesscapabilities,but thetrans-
missionrangefor eachanimal is limited. Whentwo animalsare
within transmissionrange,they canexchangemessages.Thus,we
implementmessagetransmissionwith a multi-hop routing model.
A complicationis the naturalmobility of thesystem.Sincecom-
municationis predicatedon animalproximity, movementmaydis-
connectthe network and prevent information from being propa-
gated. Connectivity is importantbecauseit allows dataandpro-
gram transmissionacrossthe network. Becausethe sizeof such
networks is large, it is impracticalto expectthateachanimalwill
be programmedindividually; rathernew programswill propagate
throughthenetwork usingad-hocnetworking.

Two fundamentallydifferent approachesto controlling animal
position area physicalagentsuchasa sheepdogor robot, anda
stimulationdevice worn by the animal. In the �rst category there
is thepioneeringwork of Vaughan[6] who demonstrateda mobile
robot that wasable to herda �ock of ducksto a desiredlocation
within a circularpen.In thesecondcategory therearea numberof
commercialproductsusedto control domesticpetssuchasdogs.
Thesetypically employ a simplecollar which providesanelectric
shockwhenit is in closeproximity to a buriedperimeterwire. The
applicationof smartcollarsto manuallycontrolcattleis discussed
in detailby TiedemannandQuigley [4,5]. The ideaof usingGPS
to automatethegenerationof stimuli is discussedin [1,3]. In [2]
wedescribeour �rst experimentsto controllingaherdof cowswith
a singlestaticvirtual fenceusinganapproachthatreliesonad-hoc
networking.

2. TECHNICAL APPROACH
Our virtual fencescombineGPSlocalization,wirelessnetwork-

ing, andmotionplanningto createafence-lessapproachto herding
animals(seeFigure1). Eachanimalis givenasmartcollarconsist-
ing of aGPSunit, aZaurusPDA, wirelessnetworking,andasound
ampli�er. Theanimalis giventheboundaryof avirtual fencein the
form of a polygonspeci�edby its coordinates.Thelocationof the
animalis trackedagainstthis polygonusingthecollar GPS.When
in theneighborhoodof a fence,theanimalis givena soundstimu-
luswhosevolumeisproportionalto thedistancefrom theboundary,
designedto keeptheanimalwithin boundaries.Cattledomainex-
pertshave suggestedusinga library of naturallyoccurringsounds
thatarescaryto theanimals(a roaringtiger, a barkingdog,a hiss-
ing snake) andrandomlyrotatingbetweenthesounds.Ourprelim-
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Figure 1: (a) Aerial view of Cobb Hill farm. The �elds where experimentswere conductedare outlined in black. North is up. The
photo displaysan areaapproximately 1 km on a side.(b) The componentsof the Smart Collar include a Zaurus PDA, WiFi compact
�ash card, eTrex GPS,protective casefor the Zaurus, an audio ampli�er with speaker, and various connectingcables. (c) A fully
assembledSmart Collar, with PDA caseopen.(d) A cow with a collar.

inary experimentsindicatethatcows respondto soundsby moving
in the directionin which they areheading.Thecollarsaretasked
with thevirtual fencecoordinatesusingmulti-hopnetworking be-
causethe pasturesaretoo large for singlehop messagesto reach
all theanimals.Themessagespropagatefrom animalto animalas
they comewithin transmissionregion.

A virtual fenceis de�ned by a point Fp anda normalvectorFn.
This representationallows for an easytest to determinewhether
the cow is behindthe fence. Several fencescanbe combinedto
representan enclosedboundary. The startle/stoppingfunction of
thevirtual fencecanbe implementedasa largeforcethatstopsor
turnstheagentandis deliveredvia a stimulus.Onesimpleoption
is to producea stimuluswhosemagnitudeis proportionalto the
agent's distancebehindthe fence. This graduatedstimuluswill
helptheagentbetterunderstandthelocationof thefence[1,2].

A staticvirtual fencecanbeusedto constrainlocation.Thevir-
tual fencecanbealsobedynamicby automaticallyandgradually
shifting its location. A moving fencecan be instantiatedwith a
non-zerovelocityFv, in m/s.ThepointFp is thenmovedasa func-
tion of time along the normal,Fp �

t ��� Fp �

0��� gFnFvt. We have
alsobegun to develop motion planningalgorithmsthat candeter-
mineautomaticallyhow to move virtual fencesasa functionof the
environment(with obstaclescorrespondingto trees,rocks,rivers,
etc.)

3. EXPERIMENTS AND RESULTS
We have implementeda staticvirtual fencealgorithmin simu-

lation anddeployed 10 smartcollarson cows at CobbHill Farms
in Vermont1. Our physicalexperimentstargetedfour issues:(1)
collecting datato createa grazingmodel for the cows, which is
usedin thefencecontrolalgorithm;(2) collectingconnectivity data
andinformationpropagationdata,which is usedto determinethe
multi-hop routing methodfor networking the herd; (3) collecting
stimulusresponsedatafor individual animals;and (4) collecting
responsedatafor thevirtual fenceon singleanimals.We alsoim-
plementedaninteractiveGUI, shown in Fig.2, whichallowedusto
monitorthelocationsof theanimalsandtheirnetwork connectivity
astheexperimentsproceeded.

As farasthenetworkingis concerned,wefoundthatfor themost
part, thecows remainedcloseenoughto maintainoverall connec-

1This work was doneunderprotocol assuranceA3259-01given
by the InstitutionalAnimal CareandUseCommittee(IACUC) of
DartmouthCollege.
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Figure 2: GUIs usedon laptops to monitor �eld experiments.
(a) Sound control GUI. Pressinga button triggers a sound on
a speci�c cow. (b) Map control GUI. Shows the last reported
position of eachcow, whether it is curr ently playing a sound,
and whether an Ali ve messagehasbeenreceived recently.

tivity, but not completesingle-hopconnectivity. Thesedatawere
obtainedby analyzingthe receptionof the “Ali ve” messagessent
by eachcollar backto thebasestationonceperminute. Any such
messageshearddirectlyby anothercollar representaone-hopcon-
nection,while any collar not receiving sucha messagerepresents
a lack of connection.A graphicalpresentationof this analysisis
shown in Fig. 3, which shows thepositionsof thecows at a single
point in time togetherwith theone-hopconnectionspresentat that
time. As in this snapshot,the herdwasgenerallynot suf�ciently
clusteredto allow one-hopconnectivity betweenall animals.Quan-
titative analysisfor the durationof the experiment,showing the
numberof one-hopconnectionspresentas a function of time, is
presentedin Fig. 4.

WealsousedtheGPSdatacollectedby thecollarstogetherwith
themessagelogsto determinetherangeof thewirelesssystem.In
Fig. 5, weshow thedistancetraveledby eachhopof eachmessage.
Mostmessagestravel a shortdistancebetweennearbyanimals,but
otherstravel over distancesup to about100 meters. We do not
achieve themaximumtheoreticaldistanceof WiFi, andwe believe
this to be the resultof theantennasbeingaroundthecows' necks
andoftenneartheground,sothat theanimalsandwet groundab-
sorbsigni�cant amountsof thesignal.



Figure3: Network connectivity amongthe herd at onepoint in
time during �eld experiments.It canbeseenthat many connec-
tions exist,but evensomeshort onesdo not, presumablydue to
the locationsof the antennasrelativeto the animals' bodiesand
the ground.

Togetherthesedataindicatethatamulti-hopprotocolis required
to disseminateinformationto theherd,sinceit is importantthatthe
controlmessagesarereceivedby all collarsandacknowledgments
of thesemessagesget backto thebasestation.However, we have
alsodeterminedthatsuf�cient connectivity exists(at leastin small
herds)to ef�ciently andeffectively communicatewith a multi-hop
protocol andsharedata. We have also consideredimplementing
store-and-forward protocols. Thesewere not necessaryin these
preliminary experiments,but in future applicationsthe herdmay
be signi�cantly larger and form several cliques,so with a single
�x edbasestationstore-and-forwardmaybenecessaryfor ef�cient
disseminationof controlmessages.

Figure 4: Connectivity amongthe herd, measured by the per-
centageof one-hopconnectionspresentrelative to all pairs of
cows. At the beginningof the experiment,the cowsweretightly
clustered,sothat mostcollars could communicatedir ectly with
mostothers. In the �eld, the connectivity waslesscompletebut
still suf�cient and fairly consistent.

Our preliminaryresultsfor thevirtual fencesarealsoencourag-
ing. Animals respondto soundsgeneratedby thevirtual fenceby
moving forwardif they areontheirown,or towardthegroupif they
arein closeproximity to thegroup.This observedresponseserves
asa basisfor usingan arti�cial potentialof soundsasa stimulus

model.We implementedvirtual fences,andnotedthattheanimals
sloweddown signi�cantly whencrossingfencesandreceiving the
stimulus,but thiswasnotsuf�cient to keepthemonthedesiredside
of thevirtual fence.Alternatively, onecanimagineaugmentingthe
increasingsoundstimuluswith electricshock[1]. Theanimalsre-
spondedto someof oursoundsbut habituationto stimuli remainsa
question.Detailsof theseexperimentscanbefoundin [2]. Animal
expertssuchasDeanAndersonbelievewhenthesoundsaregradu-
atedandaccompaniedby shockshabituationdoesnot happen.We
plan to conductsomejoint experimentswith his group to verify
this.

Figure5: Distancesover which messagesweresuccessfullysent.
Range obtained fr om GPS positions of the cows sendingand
receiving messages.

4. CONCLUSION
In summary, we describeda new applicationof roboticsandad-

hocnetworking to asystemfor controllingcows via virtual fences.
Our simulationresultsarevery encouraging.We alsocarriedout
a seriesof experimentsin the�eld, with our prototypecollar hard-
warefunctioningwell. Theresultsof both thenetworking aspects
andtheanimalcontrolaspectsbothshow promisefor this applica-
tion, but muchwork remainsto bedone.
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