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Abstract— We describe a moving virtual fence algorithm for
herding cows. Each animal in the herd is given a smart collar
consisting of a GPS, PDA, wir eless networking and a sound
ampli�er . Using the GPS, the animal's location can be veri�ed
relative to the fenceboundary. When approaching the perimeter,
the animal is presented with a sound stimulus whose effect
is to move away. We have developed the virtual fence control
algorithm for moving a herd. We presentsimulation resultsand
data fr om experimentswith 8 cows equipped with smart collars.

I . INTRODUCTION

In this paperwe describea roboticsystemfor automatically
herding animals such as cows in the absenceof physical
fences.The target for our control algorithms,i.e., the cow,
has natural mobility so that actuationis not an issue.Our
goal is to constrainthe locationof the animal.We rely on the
animal's naturalmobility to move, andprovide a systemthat
controlsthis motion in a way that is applicableto herding.

Herding is a very labor intensive activity. Cattleandsheep
graze over large paddocksthat are created using fences.
A typical farm has several paddocksseparatedby fences.
Animals are rotatedfrequentlybetweenpaddocksto prevent
overgrazingof any onepasture.This is a very labor-intensive
activity that has not bene�ted from the technical revolution
in automation,computingandcommunication.Farmersspend
huge amountsof time and money �xing and maintaining
fences. Herding the animals is done with large teams of
humansover long periods of time. This is physically hard
work, often carriedout in extremeweatherconditions.

We have developed algorithms and physical experiments
that combinesensornetworks with motion planningin order
to eliminatethe needfor physicalfenceson farms.Our work
can be viewed as some�rst stepstoward automaticallycon-
trolling the locationof individual animalsaswell asthe herd.
Intuitively, virtual fenceshave the functionality of the wired
dog fencesbut do not usewires andcanbe easily moved by
networked programming.Our virtual fencemethodologycan
alsobe usedto monitor the grazingbehavior of theseanimals
in order to createmodels that will lead to better land and
pastureutilization. This will optimize the resourceutilization
and provide automationsupport and easethe activities of
animal farmers.

Our virtual fencescombineGPSlocalization,wirelessnet-
working, andmotion planningto createa fence-lessapproach

to herding animals. Each animal is given a smart collar
consistingof a GPSunit, a ZaurusPDA, wirelessnetworking,
and a soundampli�er. The animal is given the boundaryof
a virtual fence in the form of a polygon speci�ed by its
coordinates.The locationof the animal is tracked againstthis
polygon using the collar GPS.When in the neighborhoodof
a fence,the animal is given a soundstimuluswhosevolume
is proportionateto the distancefrom the boundary, designed
to keepthe animal within boundaries.Cattle domainexperts
have suggestedusing a library of naturally occurringsounds
that arescaryto the animals(a roaringtiger, a barkingdog,a
hissingsnake) andrandomlyrotatingbetweenthesounds.Our
preliminaryexperimentsindicatethatcows respondto suchan
arti�cial force �eld of soundsby moving in the direction in
which they areheading.

A static virtual fence can be used to enforce a grazing
area for the animals.The virtual fence can be dynamic by
automaticallyandgraduallyshifting its location.The result is
moving the animal to a different location. The motion plan
for shifting the fencesis developedusingpaddockgeography,
where obstaclescorrespondto trees, rocks, rivers, etc. Our
approachhas then �a vor of potential �elds and is inspired
by previous modelsfor herdinganimals.Cows react to their
environment by being attractedto, or repelledfrom various
featuresin the environment. Cows are repelledfrom obsta-
cles (such as real fences,rivers, rocks) to perform obstacle
avoidance,andareattractedto othercows for protectionasa
herdinginstinct. The repelling forceshave effect only over a
shortrange,modelingthe“�ight distance”of thecow. Grazing
behavior is modeledasaperiodicforceor randomdurationand
direction (althoughgenerallystraight, to match observations
of real cows). The startlebehavior of the virtual fencecanbe
implementedasa large force that turnsthe cow very quickly.

To slowly herd the cattle, we move the virtual fence
reactively over time. We avoid moving the fence“into” a sta-
tionaryanimal,sincethis mayresultin unpredictablebehavior.
Instead,the fence moves in the desireddirection at a given
speedprovided that no animal is within a �x ed distanceof
the fence.This implicitly relieson the randommotion of the
cows to move the overall herd.

The smartcollars are tasked with the virtual fencecoordi-
natesand virtual fence motion plan using multi-hop ad-hoc
networking becausethe pasturesare too large for single hop
messagesto reachall the animals.



We have implementedthesealgorithmsin simulation and
deployed 10 smart collars on cows at Cobb Hill Farms in
Vermont.Our physical experimentstargetedfour issues:(1)
collectingdatato createagrazingmodelfor thecows,which is
usedin thefencecontrolalgorithm;(2) collectingconnectivity
dataandinformationpropagationdata,which is usedto deter-
mine the multi-hop routing methodfor networking the herd;
(3) collecting stimulus responsedata for individual animals;
and (4) collecting responsedata for the virtual fence. Our
preliminary resultsare encouraging.We believe that moving
virtual fencescanbe aneffective methodfor herdinganimals,
but many challengingresearchissuesremainopen.

I I . STATE OF THE ART

Thereare two fundamentallydifferent approachesto con-
trolling animalposition:a physicalagentsuchasa sheepdog
or robot, anda stimulationdevice worn by the animal.In the
�rst category thereis thepioneeringwork of Vaughan[1] who
demonstrateda mobile robot that wasable to herd a �ock of
ducksto a desiredlocationwithin a circularpen.In thesecond
category thereare a numberof commercialproductsusedto
control domesticpetssuchasdogs.Thesetypically employ a
simple collar which provides an electric shockwhen it is in
closeproximity to a buried perimeterwire. This allows for a
simple collar but requiresan installedinfrastructurewhich is
prohibitively expensive (to install andmaintain)for largescale
agriculture.

Theapplicationof smartcollarsto controlcattleis discussed
in detail by Tiedemannand Quigley[2], [3] who were con-
cernedwith controllingcattlegrazingin fragile environments.
Their �rst work[3], publishedin 1990,describesexperiments
in which cattle could be kept out of a region by remote
manuallyappliedaudibleandelectricalstimulation.They note
that cattlesoonlearntheassociationandkeepout of thearea,
thoughsometimescattlemay go the wrong way. Cattle learn
to associatethe audiblestimuluswith the electricalone and
they speculatethat the acousticone may be suf�cient after
training.Morecomprehensive�eld testingin 1992is described
in [2] and identi�ed issuesaboutthe needto train animalsto
associatestimuluswith spatial restrictions.This issueis also
discussedby Anderson[4].

Theideaof usingGPSto automatethegenerationof stimuli
wasproposedby Marsh[5]. GPStechnologyis widely usedfor
monitoring position of wildlife. Anderson[4], [6], [7] builds
on thework of Marshto includebilateralstimulation,different
audiblestimuli for eachear so that the animal can be better
controlled.The actualstimulusappliedappearsto consistof
audibletonesfollowed by electricshocks.

I I I . THE V IRTUAL FENCE ALGORITHM

To implementthevirtual fences,we needa way to represent
them and comparethem to the cow's position as reported
by the GPSunit. This representationshouldallow for simple
computations.We must thendecidewhat level of stimulusto
apply basedon the cow's position.

In our algorithms,a fenceis representedby a point Fp anda
normalvectorFn . Thepoint Fp is givenin (latitude,longitude)
coordinates,althoughhigher-level interfacessuchastheGUIs
describedin Sec.V-B.3 userelative distancesinternally and
convert to the absolutecoordinateswhen sendingthe fences
to the collars. Fp can be simply any point along the fence,
andFn pointsperpendicularlyinto the safehalf-plane.If the
fenceis to move, it is instantiatedwith a non-zerovelocityFv ,
in m/s. The point is then moved as a function of time along
the normal,Fp(t) = Fp(0) + 
 Fn Fv t (where
 convertsfrom
metersto lat/long coordinates).

This representationallows a simplecalculationto determine
whetherthecow is behindthe fence.Thecollar �rst computes
the cow's position relative to the fencex r by subtractingthe
Fp from the cow's absoluteposition xa . The distanced that
the cow is behind(or in front of) the fenceis thencomputed
as the dot productof x r with Fn . If d is positive, the cow is
in thedesiredregion, while if it is negative, thecow is behind
the fence. To computethe exact distancecorrectly, x r �rst
convertedto meters,since the Fn is de�ned basedon equal
units in eachdirection. This is all done with nothing more
complex thanmultiplication.

For mostapplications,several fenceswill be present.Since
eachgivesasafehalf-plane,settingupanumberof fenceswith
their normalspointing toward eachother gives a polygon of
freespace.To do positioncheckingin this case,thealgorithm
computesa d valuefor eachfence,andreportsthe fenceand
distancethat the cow is farthestbehind(the mostnegative d).
This is necessaryto ensurethe cow doesnot appearto be
closeto safetywhen it is in fact far behindanotherfence.

To presenta stimulus, the simplest option is to produce
a soundof a given volume when the cow goesbehind the
fence. This can be done by testing the sign of the cow's
fence distance.However, the cows may be able to better
understandthelocationof thefencewhenagraduatedstimulus
is usedwhich getsstrongerthe fartherthe cow is behindthe
fence.This can be doneby generatinga soundwith volume
proportionalto � d. Finally, a more complex procedureis to
monitor d over time, and stop the stimulus as soon as the
cow begins to move toward the desiredregion. This is done
by keeping track of dmax . If the cow's current distanceis
smaller, a stimulusis not produced.

IV. SIMULATION EXPERIMENTS

To testthevariousvirtual fencetechniques,we developeda
Matlab simulatorthat modelsthe behavior of a herd of cows
both with and without the virtual fence stimulus. We were
inspiredby Vaughan'sducksimulator, but extendedtheanimal
model to account for the differencesbetweenthe species
as well as their environments.Most importantly, while we
also usepotential �elds to model the effects of one animal's
positionon another's motion,we explicitly modelthestressof
eachanimalandusethis to affect the animal's behavior. The
animalshavea two-statebehavior model,walking andgrazing,
eachwith associatedspeedsanddurations.In termsof motion,
we usethe potential force as a force on the cow, but model



Fig. 1. Screenshotfrom thesimulationof thevirtual fencealgorithm.Twenty
cows arerepresentedby ellipses,andonefenceis shown asa vertical line.

thecows asnon-holonomicandgive thema maximumangular
velocity. If thevirtual forcegivenby thepotential�elds is not
closelyalignedwith the cow's currentdirection,the cow will
turn until the forcecausesit to walk in a reasonabledirection.
A snapshotfrom the simulation,showing a 50 � 50 m area
containing20 elliptical cows, is presentedasFig. 1.

In the simulation,stressis createdby the fencestimulusas
well as the nearbypresenceof other fast-moving animalsor
isolation from the herd.An animal in a low stresscondition
will alternatebetweengrazingandwalking, choosinga direc-
tion of walking randomly but biasedtoward the direction it
is pointing.Unstressedanimalsalsoexhibit very little herding
instinct (as observed in the �eld) until they get very distant
from eachother. An animal that is experiencinghigh stress
will move toward otheranimals,andwill not resumegrazing
until its stresshasgonedown. The stresslevel of an animal
decaysover time.

In addition to using stress,the stimulushasan immediate
effect on themotionof theanimal.We have usedtwo different
models,eachof which take inspirationfrom �eld observations.
In the �rst model,a stimuluscausestheanimalto quickly turn
approximately90� . This behavior wasalsoobservedin [3]. In
the secondmodel, the cow walks forward for a short time
whenstimulated.

To test the algorithmsagainstthesemodels,we ran virtual
fenceson a simulatedherd with widely varying parameters.
The overall goal was to move the virtual fence slowly into
the herdandtesthow quickly the herdmoved away from the
encroachingfence.This was testedwith different valuesfor
the grazingspeedandwalking speedof thecows, the level of
herd-attractionandthe probability that a stimuluswould have
the desiredeffect. We found that the parametersaffectedthe
overall speedof theherdin front of the fenceandthenumber
of stimuli thatwereapplied,but in all casestheherddid move
in the desireddirection.

We also testedboth the orientation-aware fencesand the
orientation-neutralfencesfor both stimulusresponsemodels.

Our expectationwasthat if thecow tendsto go forwardwhen
stimulated,it wouldbenecessaryto sensethecow'sorientation
and only apply stimulus when the cow is pointing in the
direction we wish it to move. In the simulation, this turned
out not to be necessary, sinceafter receiving the stimulus,the
cow would have increasedstressand return back toward the
herdeven if it initially went the wrong way. However, this is
very dependenton the natureof the stressmodel.

V. PHYSICAL EXPERIMENTS

An aerial view of our experimentalsite at Cobb Hill farm
is shown in Figure2a.

A. TheSmartCollar Hardware

Figure 2b shows thecomponentsof a collar. Thecomputer
is a ZaurusPDA with a 206MHz Intel StrongArmprocessor,
64MB of RAM, with an additional128MB SD memorycard.
It runsEmbedixLinux with theQtopiawindow manager. The
Zaurus has a serial port and stereo sound port. A Socket
brand802.11compact�ash cardprovidesa wirelessnetwork
connection.An eTrex GPS unit is connectedto the serial
port of the Zaurus.A small Smokey brandguitar ampli�er is
usedto reproducesoundsfrom the Zaurusaudioport. A fully
assembledcollar is shown in Figure 2c. Figure 2d shows a
cow wearingan early versionof the collar.

The collar is not fully waterproof,thoughit is fairly water
resistantsincetheGPSandaudioamparewell sealedandthe
speaker hasa plasticcone.TheZaurusis enclosedin a plastic
casewhich givesit somewater resistance,althoughthe holes
for the cableswill allow somewater in. The batteriesin the
Zaurusarethe limiting factor in how long the collar will run,
giving about two hoursand forty minutesof life. The audio
ampli�er andspeaker will produceabout90 to 100dBvolume
at a one foot range,dependingon the natureof the sound.

The Zaurushasa customkernel which allows running the
WiFi card in ad-hoc peer-to-peer mode. This allows us to
do multihop forwarding of messagesfor better connectivity
within the herd. Ssh and scp are installed to allow remote
login to the Zaurus and �eld upgradesof software. Each
Zaurusis also con�gured with a shell terminal programand
has a foldup keyboard for accessingand running programs
directly from the console.A laptop computeris used as a
basestationfor sendingcommandsto the collars.A Cantenna
branddirectionalWiFi antennais usedwith the basestationto
improve communicationrangeto the herd.Futureversionsof
the collar will likely be built using an embeddedprocessor
with an integrated GPS unit, wireless network, audio, and
digital compassand designedfor extendedbattery life and
full time outdooruse.

B. Software Infrastructure

The componentsof the software usedin the experiments
areas follows:
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Fig. 2. (a) Aerial view of Cobb Hill farm. The �elds whereexperimentswere conductedare outlined in black. North is up. The photo displaysan area
approximately1 km on a side.(b) The componentsof the SmartCollar includea ZaurusPDA, WiFi compact�ash card,eTrex GPS,protective casefor the
Zaurus,an audioampli�er with speaker, andvariousconnectingcables.(c) A fully assembledSmartCollar, with PDA caseopen.(d) A cow with a collar.

Fig. 3. Volume of soundproducedfor Zaurusvolume settings.The ”C
Weighted” notation indicatesthe sound level meter has applied a �lter to
adjust for the frequency responseof the humanear. The A Weightedcurve
doesn't have this compensation.

1) Fencesand Sounds: A fence is essentiallyde�ned as
a point on the surface of the earth, a ”safe” direction, and
a velocity. Thus fencesare in�nite lines with one half plane
de�ned asbeingdesirablefor the cows to remainwithin. The
velocity can be used to move the fence over time toward
or away from the speci�ed direction. Fencescan be added
or removed at any time and several of them can be created
at once from de�nitions storedin a �le. Several fencescan
be combinedto createconvex polygonal shapes.When the
GPSreadingsindicatea cow hascrosseda fencea soundis
triggered.The soundsarestoredin WAV format �les andcan
beselectedfrom a list to beplayedon theZaurusaudiodevice.
The soundsusedin our experimentsincluded:
� car-crash
� cow
� cow-moo
� cymbal-loop
� dog-bark
� dog-bark2

� helicopter
� lion
� panther-roar
� storm-thunder
� storm-thunder2

� tiger
� wildcat
� wolf-howl
� air-brake
� high-pitch-squeal

The volumeof soundsis controllableon a percentagescale
from zeroto 100percent.All fencesusethecurrentlyselected
soundandvolume,which can be changedwithout rede�ning
the fences. Figure 3 shows the relationship betweenthe
Zaurussoundsettings,which are expressedon a percentage
scale,andtheactualvolumeproducedby theZaurus/ampli�er

Fig. 4. Time history of Ali ve messagesreceived by collar 9 in a typical
experiment.

combination.The curve becomes�at around40 percentdue
to the ampli�er becomingsaturatedandstartingto clip. This
resultsin a progressively harshersoundasthevolumeis raised
which is perceivedaslouder, but which is not actuallylouder.

The fence modulealso readsand interpretsthe GPS data
which arrives every two secondswhen the GPS has a good
lock on the satellites.It also sendsa periodic Ali ve message
indicating the collar is functional.

2) Message Handling: Wireless network and Unix pipe
messagesareusedto control the software.The samemessage
format is usedinterchangeablyfor both messagetypes.This
allows messagesto besentlocally, which is usefulfor testing,
and remotelyvia WiFi for �eld experiments.All WiFi mes-
sagesare multihop, being forwardedonceby eachcollar, to
improve rangeandconnectivity within theherd.Therearetwo
messagechannels,one outgoing from a basestationand one
incomingto the basestation.The outgoingchannelis usedfor
de�ning fences,manuallytriggeringsounds,settingsoundtype
andvolume.The incoming channelcarries”Ali ve” messages
indicating a collar is active, and acknowledgmentmessages
for receiptandproperinterpretationof messages.

Figure 4 shows an exampleof the connectivity achieved
betweencollarsover time. In the �rst half of this graphthere
is very good connectivity during the time the cows were all
togetherin thebarn.Nearthemiddle,around30,000seconds,



Fig. 5. Averagenumberof hopsfor anAli ve messageto reachthebasestation.

most connectivity is lost as the cows are walking end to end
along a narrow path out to the �eld. On the right side of
the graphconnectivity variesas the cows wanderaroundthe
�eld, their bodiesand tall wet grassbeing the main causes
of signal obstruction.Connectivity to collar 7 is lost before
32000secondsbecauseof an equipmentmalfunction.

Figure 5 shows the numberof hopsrequiredfor an Ali ve
messageto reachthe laptopbasestationduringanexperiment.
Most messagesarerelayedonly onceto reachtheir destination
which indicatesgood connectivity betweencollars. Dynamic
graphsof themessageroutinghave shown usthatconnectivity
amongthe herd is usually quite good sincethe cows tend to
stay neareachother. Connectivity with the basestationwas
problematicin that there is a tradeoff in staying far enough
away to not in�uence the herd (they are very curious and
friendly) andstayingcloseenoughto maintainradio contact.
WiFi networks are essentiallyline of sight and are blocked
completelyat times by the cows bodies.Switching to VHF
transmittersto improve basestationconnectivity is an option
we areconsidering.

3) ExperimentControl: Both text and GUI control pro-
gramsare usedto managethe collars in the �eld. The text
control programcanbe run on a Zaurusor Linux laptopand
allows setting and deleting fences,setting type and volume
of sound,and manuallytriggering a sound.The GUI control
programsincludethefunctionalityof thetext program,andadd
buttonsfor triggeringsoundson speci�c cows, a mapdisplay
showing currentcow locationsandstatus(i.e., relationshipto
fenceboundaryandwhethera soundis playing),anda status
display showing whetherAli ve messageshave beenreceived
recentlyfrom eachcow.

Figure6 shows thecontrolGUIs.Thesoftwareprogramson
the collars andbasestationare startedandstoppedwith shell
scriptsfor easyrecon�guration.

4) Logging and Time Synchronization: A variety of infor-
mationis loggedonthecollarsfor experimentalanddebugging
purposesincluding GPS location, GPS time, messagesre-
ceived,messagesforwarded,andmessagessent.All log entries
areaccompaniedby a time anddatestamp.To ensureaccurate
timestampsacrosstheseveralprogramsin thecollarsystemthe
Zaurusclock is initially syncedto the GPStimestamp.Then

(a) (b)

Fig. 6. GUIs usedon laptopsto monitor �eld experiments.(a) Soundcontrol
GUI. Pressinga button triggersthe currentsoundon a speci�c cow. Current
soundandvolumecanalsobe selected.(b) Map control GUI. Shows the last
reportedposition of eachcow, whetherit is currently playing a sound,and
whetheran Ali ve messagehasbeenreceived recently. Buttonsandtext boxes
in upperright show recentcommandacknowledgmentsfrom collars.

a getimeofday()systemcall is usedin the variousprograms
to log the current time. The drift in the Zaurus clocks is
suf�ciently low to provide good time sync for the duration
of experimentswhich typically last two or threehours.Log
datais postprocessedusingcustomwritten scriptsin a variety
of languages.

C. ExperimentalMethodology

The soundsused to stimulate the cows were chosento
explore theeffectivenessof a rangeof sounds.Animal sounds
includedogs,wolves,largecats,andcows.We havedisturbing
soundsof a mechanicalnaturesuchas high-pitch-squeal,air
brake,cymbal,helicopter, andcarcrash,andthenaturalsound
of thunder. Somesoundssuchas the cow soundsweremeant
to be attractive sounds,while mostof thesoundsaremeantto
inducean avoidancebehavior.

We usedthe methodsof direct observation, video taping,
andtaking notesto evaluatethe effectivenessof thesesounds
in producingdesirablereactions.We madeuseof a soundlevel
meterto determinethe volume levels of sounds.

We usedthe GPS measurementsof position and velocity
to study the cows reactionto sounds.Did they avoid spaces
beyond fences?Did they changedirection?Did they change
walkingspeed?Looking for correlationsbetweensoundevents
andchangesin the GPSdatawasa primary analysismethod,
thoughwe found it limited by the resolutionandaccuracy of
theGPSdata.Our observationsandtheGPSdatawereusedto
build a model of cow grazingbehavior. Basedon that model
we then tried to control the behavior of the cows.

D. Acquiring a GrazingModel

Methodology: Our �rst �eld experimentswereconducted
to attempt to verify the two-state grazing model used in
simulation.The �rst experimentinvolved � ve collars placed
on cows which werereleasedinto �eld 1. Thesecollarswere
populatedonly with the GPSdevices and usedtheir built-in
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Fig. 7. Histogramof speedof one cow over a period of 40 minutes.(a)
Basedon raw GPS differences(b) Basedon a 10-secondmoving average
speed.Note differencein vertical scales.

tracking function. However, this function is designedto track
humanhikerswho tendto move at a higherandmoreconstant
speed,andsothis did not givesuf�cient temporalresolutionto
testour models.A secondexperimentwith eightfull collarson
cows in �eld 2 allowedfor bettercollectionof data,which we
were then able to analyze.The eight collars were put on the
cows in the morning, and the PDAs recordedGPSpositions
every two secondsuntil the batteryran out. Very few sounds
werecreatedduringthis experiment,andall thedatapresented
in this sectionis from beforeany soundswereplayed,so this
shouldbe a goodrecordof baselinebehavior for this herd.

Data: In order to look at an appropriatesampleof the
cows' behavior, we presentonly the datafrom after the cows
hadreachedthe�eld. A histogramof thevelocity for onecow
is presentedin Fig. 7. Eachsamplerepresentsthedifferencein
consecutively recordedpositions,usually two secondsapart.
Due to the resolution of the GPS data, we also presenta
10-secondmoving average of the speeddata. These plots
representdatacollectedfrom onecow, but other cows in the
herddisplayvery similar overall velocity pro�les.

Discussion:Thesedatashow that the cows have a wide
rangeof speedsthroughoutthe day, althoughthe distribution
is not exactly bimodal.Insteadwe seethat they spenda large
amount of their time moving quite slowly, and the rest of
the time at higher, but differing, speeds.The averagespeed
for the grazingbehavior is under0.2 m/s — this is too slow
to be reliably detectedby consecutive GPSreadings,but can
be determinedfrom the smoothedspeeddata.For this cow,
using the smoothedspeedgives a fairly smoothdistribution
that peaksat about0.16 m/s. Settinga cutoff for the grazing
of 0.4 m/s gives a mean grazing speedof 0.167 m/s. The
cowsalsospenda signi�cant time at higherspeed,presumably
walking from one grazing spot to another. This behavior
takes placeabout15% of the time (183 raw samplesor 165
smoothedsamplesabove 0.4 m/s from 1200 total samples).
However, the walking takesplaceat a fairly uniform rangeof
speedsup to 1.25 m/s, ratherthan a single walking speedas
originally supposed.

E. Individual Response

Methodology: In all �eld experimentswe visually ob-
served the behavior of individual cows, both away from the

Fig. 8. GPSposition track of eight cows, moving as a herd,over time. A
few timestampsgive somesenseof how the cows wanderedwith respectto
eachother.

herd and when amongstthe herd.We often video tapedmo-
mentsof interestandhave the datalogs from all experiments
asa basisfor analyzingindividual behavior. GPSvelocity data
was also used to correlatestimulus events with changesin
velocity.

Data: Figure8 showsaGPSlocationtrackfor eightcows
moving aspart of a herdof 14 cows over time. They startout
in the barn, follow a path to the �eld, and then wander to
the far side of the �eld and back. In addition to the position
tracks,the timestampson the graphgive a roughideaof how
the herdmoved andhow spreadout they wereover time. For
an ideaof scale,the trek from oneendof the �eld to theother
covereda distanceof about300 meters.

A singlesoundsometimeshadaneffectonsomeof thecows
andhadno effect whentried on othercows.Somecows never
reactedto sounds,while othersweremoresensitive. Observed
reactionsto a stimulussoundvariedwidely andincludedstop
eating and look up, no reaction,stop eating, look up, then
walk a shortdistance,usually forward, etc. (seeTable I).

The velocity of an individual canbe derived from the GPS
trackingdatato discover if a cow reactedto a soundstimulus
by changingspeed.Figure9 shows a time historyof thespeed
for a cow in our secondexperiment.Theasterisksdenotewhen
a soundwas played. In this casethere seemsto be a good
correlationbetweensoundeventsandthecow beingin motion.
However, someof the animalsrespondedin a lesscorrelated
way. Two dif�culties in interpretingthis kind of dataare,�rst,
cows may alreadybe in motion whenstimulated,andsecond,
the GPS data is very coarsein time (a reading every two
seconds)which makesit dif�cult to judgeif the cows motion
wasactually in reactionto the stimulus.

Table I shows some of the observed responses.Time
increasesfrom top to bottom in the table. Orientation and
reaction direction are speci�ed using ”hours on the clock”
notation where noon is North. Volume is percent volume
settingon the Zaurus.We generallynoted that repeatedand
louder soundswere more effective in eliciting a response.
Cows would often react to the �rst instanceof a soundand
thennot reactto further instances.Waiting a half hour would
sometimesresult in themreactingagainto an initial sound.
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comments
10 6 air/50 6 1 step rapid 3 in a row, startled
10 6 air/50 - - 2 in a row, nothing
10 6 dog/40 - - lifted head,looked to oneside

10 6 dogx4/50 12 6 steps walked forward while sound
wason

3 - air/40 - - very startled, shudderedat
eachsound

3 - air/26 - - no reaction
3 - air/60 - - no reaction

3 - air/80 - - no reaction,habituated? (we
werecloseto the cow)

3 - dog/50 - - no reaction

8 12 airx6/50 12 walked
startedwalking for duration
of walk (initial 2sdelay),ac-
tually moved toward us

8 12 airx6/50 - - no reaction(her back to us)
8 12 cymb/50 12 walked for duration
8 12 dog/50 10 cow andneighbourmoved
8 12 dog/50 - - no reaction
8 12 cymb/50 - - no reaction
8 12 hiss/50 - - no reaction

8 12 crash/50 - -
no reaction, neighbours
looked up

8 12 air/100 - - �ick ed her tail
8 12 dog/100 - - no reaction

TABLE I

OBSERVED REACTION TO STIMULUS.

Discussion: Somecows de�nitely reactedstrongly to a
soundstimulus,thoughthey often quickly becameinured to
it, andstoppedreacting.Theorientationof thecow beforethe
stimuluswasappliedplayeda role in determiningwhatdirec-
tion a cow moved, if it moved.Furtherresearchinto effective
stimulusmethodsand into invoking directionalbehavior are
needed.Much louder soundsmay be more effective. Sounds
accompaniedby somethingvisible such as a puff of smoke
may be moreeffective andprovide somesteeringcapability.

F. Virtual FenceExperiments

Methodology: In the �nal �eld experiment,we useda
total of six collarsto testtheeffectsof thevirtual fenceon the
herd.Thesecollarswereputon thecowswith onevirtual fence
alreadypresent,allowing usto besurethat thefencewould be
presenteven if we experiencedcommunicationfailures.The
cows weresentinto �eld 1, with a north-southorientedvirtual
fencelocatedacrossthe paddockaboutone third of the way
up. We observed the cows' reactionsvisually to supplement
the loggeddata.After the cows hadmovedthroughthepreset
fenceandthe fencehadtimedout, a secondnorth-southfence
was instantiatednear the top of the paddock(approximately
underthe “1” label in Fig. 2). Both fencesusedthe graduated
volume algorithm, with a value of 7%/m for the �rst fence
and5%/m for the second.

Data: Of the six collars, two performedvery well for
the duration of the experiment,two performedwell but for
a shortertime (perhapsdue to battery failure) and two had

Fig. 9. Velocity of cow 10 versustime with soundstimulusevents noted
by asterisks.Thereappearsto be goodcorrelationbetweensoundeventsand
cow motion.
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Fig. 10. Trace of the position of cow #10 during an experiment with
two virtual fences.The cow startedin the barn, at the SW corner of the
plot. Locationswheresoundswereplayedautomaticallyareshown. The long
straightline to the north is the walk from the barn to the �eld, which is not
consideredin our analysis.After the �rst fence (to the east)timed out, no
soundsplayeduntil a secondfence(to the west)wascreated.

poor to nonexistent GPS signal, probablydue to rotation of
the collars on the cows' necks.Figure 10 shows data from
one cow's collar over the entire experiment.Both fencesare
shown here relative to the cow's travels in the �eld. This
�gure shows the soundsbeingappliedat the correctlocations
for both fences.We also show a closeupof anothercollar's
data,showing that the fence worked correctly over multiple
crossings,with the fence timeout resetting as desired. In
addition, to analyzethe effects of the fence, we looked at
thespeedsof all thecows during the timessoundswerebeing
playedrelative to the restof the time.

Discussion:Our visualobservationswerethat in general,
thecowsnoticedthesounds,but eitherignoredthemor did not
make the desiredassociationwith their position. For two of
thecows,we observedtheanimalstopgrazingwhenthesound
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Fig. 11. Traceof thepositionof cow #9 during thevirtual fenceexperiment.
A small portion of the experimentis shown, during which the cow walked
past the fence on two separateoccasions,showing correct behavior of the
virtual fencealgorithm.

wasplayed,look up andwalk slowly in a differentdirection.
However, this new direction was not suf�ciently different to
take the cow into safe territory, and further soundsseemed
to be ignored.We also observed one cow essentiallyignore
the soundsentirely. We were told that the cows tendedto be
motivated to reach the top of this paddock,especially�rst
thing in the morning,and this motivation may have beentoo
strongfor thesoundsto overcome.However, thesecondfence
nearerthe top of the hill wasalsonot effective at keepingthe
animalson the desiredside.

We also analyzedthe logged data for the two cows that
recordedgood data for both fences.For both cows, the logs
seemto indicatethat the �rst fenceslowed thecows' progress
toward the top of the hill. This wasdeterminedby comparing
for eachcow (1) the cow's speedbetweenenteringthe �eld
andreachingthe �rst fenceand(2) the cow's speedwhile the
�rst fencewascausingsoundsto be played.For cow 10, the
averagespeedsfor thesetwo time periodswere0.380m/sand
0.255m/srespectively, andfor cow 9, 0.590m/sand0.388m/s
respectively. For both, this differenceis signi�cant at the 0.01
level using a t-test, and the form of the speeddistributions
for thesetime periodslooks quite similar. Later speeddatais
lessconvincing. For cow 9, after the �rst fencestopsmaking
noise,up throughandincludingwhenthesecondfencemakes
noise,its speeddid not changesigni�cantly, whereasfor cow
10 therewasa speedincreasebetweenthefencesanddecrease
for thesecondfence.For bothcows,oncethey hadreachedthe
top of the �eld, their speedandrangedecreasedsigni�cantly
(again,usinga t-testwith a 0.01signi�cance level), both just
under0.2 m/s on average,similar to the grazingspeedsseen
in the earlierexperiment.

VI . CONCLUSION

It is obvious that the rangeof soundstimuli we tried were
not very effective, althoughwe did observe somereactions.
Though we were aware of other researchshowing good
responseto electric shock type stimuli, we were facedwith

somefairly stringentrequirementsin our use of a stimulus.
One was an admittedsqueamishnesson our part in shocking
cattle.More importantly, thecows we workedwith area small
herdof dairy cattleownedby a cooperative andarevery like
pets,with individual names.Shockingpeoplespetswasnot an
option, andmight have had rami�cations in milk production.
Legal requirementsby DartmouthUniversity also led us to
choosea soundstimulus for our initial tests. In our future
work we plan to run experimentswith beefcattleon an open
rangein Australia.Theseanimalswill beratherdifferentfrom
the Cobb Hill dairy herd,sincethey are semi-wild (they see
peopleperhapsevery 6 months)andarenot habituatedto farm
life, needingto protectthemselvesfrom predatorsfor example.
Input from animal behaviorists will be sought in designing
an effective collar systemfor exploring our virtual fencing
algorithms.
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