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Abstract. Shepherding behaviors are a type of �ocking
behavior in which outsideagents guide or control members
of a �ock. Shepherding behaviors can be found in various
forms in nature. For example, herding, covering, patrolling
and collecting are commontypesof shepherding behaviors.
In this work, we investigateways to simulatethesetypesof
behaviors.

I . INTRODUCTION

Simulatingthecoordinatedbehavior of a �ock hasattracted
the attentionof researchersin �elds suchas robotics,games
andcomputeranimation.Shepherdingbehaviors, speci�cally,
are one class of �ocking behaviors in which one or more
external agents (called shepherds) attempt to control the
motionof anothergroupof agents(calleda �ock ) by exerting
repulsive forces on them. An example found in agriculture
is a sheepdog guiding a �ock of sheep.Indeed,shepherding
behaviors includeavarietyof naturalbehaviors andwebelieve
that methods for simulating them will have a variety of
applications.

Herding, covering, patrolling and collecting are common
types of shepherdingbehaviors (see Fig. 1). In herding,
shepherdssteera �ock from a start region to a goal region.
For thecoveringbehavior, theshepherdsguidea �ock to visit
all positionsin theenvironment.In thepatrollingbehavior, the
shepherdsprotecta designatedregion andkeepthe �ock from
entering it. In the collecting behavior, the shepherdsgather
scattered�ock membersinto a designatedregion.

It is interesting to note that these various shepherding
behaviors can be potentially applied in different �elds of
research.For example,automatedmethodsfor herdingcould
be applied to constructrobots that can function as cheaper
alternatives to sheepdogs [12], [14], or they could be used
to study the neuronmigration processin which a repulsive
molecule pushesyoung cells to their permanentpositions
in the brain [15]. Covering methodswould provide ways
to accomplish tasks like mine sweepingand surveillance.
Patrolling behaviors could be usedto build robotsto prevent
birdsfrom beingsuckedinto airplaneenginesat airports[1] or
to keepswimmersor childrenaway from dangerouszoneson
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Fig. 1. Shepherdingbehaviors.

a beachor in a school.Collecting behaviors may be usedto
studyhow predatorshuntor to constructrobotsthatgatherand
skim off spilt oil from oil tankers to avoid further damageto
ourecosystem[7] (in thiscase,theskimmersaretheshepherds
and the �oating oil is the �ock).

In this paper, we study methodsbasedon our previous
work [5] for simulating simple shepherdingbehaviors using
a single shepherd.In [5], a shepherdusesroadmapsto steer
the �ock andto re-groupseparated�ock members.Although,
the shepherdre-groupsseparated�ock members,[5] doesnot
considerhow movementsof theshepherdwill affect the �ock.
For example, when the shepherdapproachesthe �ock, the
shepherddoesnot attemptto avoid disturbingor separatingthe
�ock. Here,we focuson improving theshepherd's movements
to gain bettercontrol of the �ock' s motion and usethis im-
proved control to demonstratea wider variety of shepherding
behaviors. The key contributions of this work are to extend
our previous shepherdingbehaviors by:

� improving the shepherd's locomotion,and
� supportinga variety of behaviors suchasherding,cover-

ing, patrolling andcollecting.
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Fig. 2. An environmentandassociatedterms.

I I . RELATED WORK

Reynolds' in�uential �ocking simulation [11] established
the feasibility of modelingsucha system.His work showed
that �ocking is a dramaticexample of emergent behavior –
global behavior arising from the interactionof simple local
rules.Eachindividual memberof the �ock hasa simple rule
setstatingthat it shouldmove with its neighbors.This concept
has beenusedsuccessfullyby researchersboth in computer
graphics[3], [6], [8], [13] androbotics[9], [10], [12], [14].

Shepherdingis an interesting �ocking behavior that has
received comparatively little attention. Schultz et al. [12]
applieda geneticalgorithmto learnrulesfor a shepherdrobot
to control the movementof anotherrobot (sheep).The sheep
reactsto theshepherdby moving away from it. Vaughanet al.
[14] simulateand constructa robot that shepherdsa �ock of
geesein a simple(circular)environment.Fungeet al. [8] have
simulatedan interestingshepherdingbehavior in which a T-
Rex chasesraptorsoutof its territory. Morerecently, Bayazitet
al. [5] usea roadmapto simulateshepherdingin environments
with obstacles.

I I I . PRELIMINARIES

In this section,we de�ne termsand conceptsusedin this
paper. A shepherd is an external agent that in�uences the
movementof the �ock. A �ock is a collection of agentsthat
have basic�ocking behaviors [11] and attemptto keepaway
from theshepherd.The shepherd's taskis to steerthe �ock to
desiredlocations.In addition to steering,the shepherdunites
separated�ock groups. In a group, eachmembercan seeat
leastone memberin that group. Usually, �ock separationis
causedby repulsive forces exerted from obstaclesor shep-
herds.The �ock contouris the smallestpolygonthat encloses
all �ock members.

A milestoneis any position toward which the shepherd
attemptsto steerthe �ock, anda steeringpoint is any position

towardwhich theshepherdmoveshimselfin orderto in�uence
themovementof the�ock; seeFig. 2. As in [5], a milestoneis
a nodeof a global dynamicroadmapcloseto the �ock anda
steeringpoint is a point on theoppositesideof the �ock from
the milestone.A roadmapis an abstractrepresentationof the
feasiblespacein agivenenvironment.A dynamicroadmapis a
roadmapstoringinformationthat changesdynamicallyduring
simulation.

Shepherd's Locomotion. We de�ne a shepherd's locomo-
tion as the mannerin which the shepherdwill move in order
to control the movementof a �ock. The shepherd's locomo-
tion remainsinvariant in different shepherdingbehaviors and
dramaticallyaffects the quality of simulation.We divide the
shepherd's locomotion into two sub-problems:approaching
and steering. In the approachingproblem,we study how the
shepherdmoves to the steeringpoint near the �ock from its
current position. In the steeringproblem,we study how the
shepherdsteersthe �ock toward the milestone.

It is importantto note that we useshepherdingas a broad
termto describeany �ocking behavior in which outsideagents
in�uence the movement of a �ock, i.e., our de�nition of
shepherdingbehaviors is not limited to herdingbehaviors as
those in [12], [14], [5]. In Section IV, we proposevarious
approachingand steeringlocomotions.Then, theselocomo-
tionsareusedasa commonfoundationfor all theshepherding
behavior simulationsdescribedin SectionV.

IV. SHEPHERD LOCOMOTION

All shepherdingbehaviors are basedon a commonset of
locomotions.Here, we explore ways in which the shepherd
can more intelligently position himself to gain bettercontrol
of its �ock, e.g.,reducenumberor degreeof �ock separations.
We study methodsof approaching the �ock and methodsof
steeringthe �ock.

A. Approaching the Flock

In the approachingproblem, we study how a shepherd
should get to a steering point from its current position
(Fig. 3(a)).Thedif�culty comesfrom thefact that thecontour
of a �ock deformsdynamicallydueto shepherd's approaching.
In orderto gain bettercontrol of a �ock, the shepherdshould
disturb the �ock as little as possible.In the following, we
describethreeapproachingmethods:straight-line,safe-zone,
anddynamicroadmap.

Using a Straight Line. The simplestsolution to the ap-
proachingproblemis to have the shepherdmove in a straight
line from its currentpositionto a steeringpoint. This method
is usedin [12], [14], [5].

Theproblemhereis thatthestraightline betweenshepherd's
initial position and steeringpoint often intersectsthe natural
contour of the �ock. As the shepherdtraversesthis line, it
disturbsthe �ock andcausesthe �ock to separateinto two or
moregroups.This is illustratedin Fig. 3(b).

Using a SafeZone. A safezoneis a region containingthe
�ock in which the �ock memberswould be in�uenced by a
shepherd.seeFig. 4. By not penetratingthis safezonewhen
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Fig. 3. (a) The approachingproblem. (b) Approachingusing a straight line. Shepherd's trajectoriesare shown in dark lines. The �ock
separatesafter the shepherd's approaching.(c) Approachingusinga circular safezone.(d) Approachingusinga dynamicroadmap.

(a) (b) (c)

Fig. 4. Safezones.Small circles in the sidesafezonesareviewing
rangeof the �ock members.

approachingthe �ock, the shepherdcan effectively approach
the �ock without causingthe �ock to separate.

Finding an exact safe zone (Fig. 4(a)) requiresexpensive
computationsin which we needto computethecontourof the
�ock and then convolve the contourwith the �ock' s viewing
circle. We solve this problemby approximatingthe exact safe
zoneusing a convex hull or an enclosingcircle of the �ock,
as shown in Fig. 4(b) and 4(c), respectively. Fig. 3(c) shows
anapproachingtrajectoryfor theshepherdbasedon a circular
safezonethat doesnot disturb the �ock.

Approachingusinga safezoneworks bestin an openarea.
In an areaclutteredwith obstacles,the shepherdmay have
to penetratethe safe zone to reach the steeringpoint; see
Fig. 5(a).

Using a Dynamic Roadmap. In this method,a dynamic
roadmap,basedon the global roadmapof the environment,is
maintainedduring the simulationto re�ect the dynamicstates
of the �ock. In particular, dynamicroadmapnodesarecreated
in the vicinity of the �ock whenthe shepherdis approaching
the �ock and are removed when the �ock moves away from
them.

Each node v of a dynamic roadmaprepresentsa small
circular region with radius � and it stores a set of �ock
membersN f thatcanseev. If N f = ; , v will beremovedfrom
the roadmap.Intuitively, the sizeof N f providesthe safeness
of the region of v and,if theshepherdentersv, only N f �ock
memberswill bedisturbed.Thesedynamicnodesaresampled
inside the circular safe zone of the �ock using distribution
P = 1 � jPgauss j, where jPgauss j is the absolutevalue of a
Gaussiandistribution centeredat 0. Thus,morenodeswill be
sampledfrom the boundaryof the safezonesinceit is better

steering point

(a) (b)

path 

dynamic roadmap

(c)

Fig. 5. (a)Theonly way to accessthesteeringpoint is to penetratethe
safezone.The shepherdapproachingthe �ock using a circular safe
zonefails to reachthe steeringpoint. (b) Small circlesare roadmap
nodessampledin thecircularsafezone.(c) A snapshotof a dynamic
roadmapbuilt from (b) anda pathextractedfrom this map.

for the shepherdto travel throughthemthanon thosecloseto
thecenter, seeFig. 5(b) and(c). Fig. 3(d) shows a trajectoryof
theshepherdapproachingthe �ock usinga dynamicroadmap.

B. Steeringthe Flock

Oncethe shepherdhasapproachedthe �ock, the shepherd
mustnow determinehow to steerthe �ock to the (next) mile-
stone(Fig. 7(a)).Whenthe (average)headingdirectionof the
�ock pointstoward the milestone,the shepherdneedsto push
the �ock forward. This is calledforward steering. Otherwise,
theshepherdneedsto changetheheadingdirectionof the�ock
toward the milestone.This is calledturn steering. We discuss
two forward-steeringmethods,onewheretheshepherdmoves
straight behindthe �ock and one whereit moves from side-
to-sidebehind, and two turn-steeringmethods.

Straight Behind the Flock. Assuming that the �ock is
facing a milestone,a shepherdpositionedat a steeringpoint
will nudgethe �ock toward the milestone.The simplestway
for theshepherdto steerthe �ock fartheris to computea new
steeringpoint and then move in a straight line to that point.
This processis repeateduntil the �ock reachesthe milestone.

This is a simpleandeffective strategy andhasbeenusedin
[12], [14], [5]. However, astheshepherdmovesstraightbehind
the �ock, the �ock memberscloserto the shepherdtendto be
pushedmore strongly toward the milestone,while the �ock
memberson the sidestend to be pushedfurther to the side,
thus spreadingthe �ock out (seeFig. 8(a)). As a result, the
�ock becomeshard to control and some�ock membersmay
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Fig. 6. A BorderCollie steersgeeseby moving itself side-to-sidebehindthe �ock. Imagesarecapturedfrom [4].
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Fig. 7. (a) The steeringproblem.(b) An exampleof trajectoriesof
the �ock and the shepherdwhenthe shepherdsteersstraightbehind
the �ock. Dark (light) lines are shepherd's (�ock' s) trajectory. (c)
Trajectoriesfrom steeringside-to-sidebehindthe �ock. Comparing
to the trajectoriesin (b), the �ock smoothlyreachesthe milestone.

even becomeseparated.Fig. 7(b) shows steeringtrajectories
and the dif�culty of controlling the �ock using this strategy.

Side-to-SideBehind the Flock. In an effort to avoid the
problemencounteredby moving straightbehindthe �ock, we
proposethat the shepherdmovesrepeatedly, from onesideof
the�ock to theother, asit advancesbehindthe�ock. Insteadof
simply always moving to a new steeringpoint, the shepherd
�rst moves to the right of this point, then to the left, and
then back to the right. This side-to-sidemotion can be seen
in Fig. 7(c). In fact, this strategy is usedby somedogs,such
asBorderCollies, asseenin Fig. 6.

By following this side-to-sidemotion,theshepherdnot only
steersthe �ock towards the milestonebut also squeezesthe
�ock to keepit from separatingby pushingthe �ock members
on the sidestowardsthe center, thusreducingthe chanceof a
�ock separation;seeFig. 8(b).

(a) (b)

Fig. 8. Reactionsof the �ock to steering(a) straightbehindthe �ock
and(b) side-to-sidebehindthe �ock.

Turning the Flock. Turning the �ock is dif�cult dueto the
�ock' s momentum.Let ~vf be the averageheadingdirection
of a �ock F and let ~vd be its desiredheadingdirection.The

shepherdneedsto turn the �ock when the anglebetween~vf

and ~vd becomesintolerable.We considertwo types of turn
steering:stop-turnsteeringandpre-turn steering.

Intuitively, in stop-turnsteering,theshepherdstopsthe�ock
by placingitself in front of the �ock to stopit, andthensteers
it in thedirectionof ~vd (Fig. 9(b)).Thus,thestop-turnsteering
is usedto correct the �ock' s movement.In pre-turnsteering,
theshepherdinitiatesthe turningprocessbeforethe turn takes
place by placing itself in the direction of ~vf � ~vd near the
�ock boundary(Fig. 9(c)).Therefore,pre-turnsteeringis used
to prevent the �ock from headingin the wrong direction.

The trajectory of the �ock in Fig. 9(a) shows that the
shepherd�nally turns the �ock after the �ock bouncesup
and down several times.The shepherdin Fig. 9(b) stopsthe
�ock after the �ock passesthe turning point, thus reducing
the traveling distanceof the �ock. The shepherdin Fig. 9(c)
preventsthe �ock from over shootingandthereforesmoothly
turns the �ock.

(a)

stop turn

(b)

pre turn

(c)

Fig. 9. (a) Without turn steering.(b) With stop-turnsteering.(c) With
pre-turnandstop-turnsteerings.

V. SHEPHERDING BEHAVIORS

Shepherdingbehaviors canbefoundin variousformsin our
physicalworld and,interestingly, shepherdsin thesebehaviors
sharesimilar locomotions.Here we simulate four types of
shepherdingbehaviors, i.e., herding,covering, patrolling and
collection, using the previously describedshepherdlocomo-
tions. We also show that our new locomotionsimprove the
shepherd's control of the �ock undervariousconditions,e.g.,
open/clutteredenvironments or large/small �ocks. Due to
the dif�culty of presentingthesesimulationsin a paper, we
encouragereadersto view animationsat our website[2].

A. Herding

Herdingis a behavior in which a shepherdneedsto move all
�ock membersfrom a start region to a goal region. Herding
is the most simple and commonshepherdingbehavior [12],
[14], [5]. However, even for herding,no work hasbeendone
to enhancethe shepherd's ability to control the �ock. In
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the following, we experimentwith different combinationsof
shepherdlocomotionsandshow that our methodsdo improve
the shepherd's control.

In theenvironmentin Fig. 10(a),theshepherdneedsto steer
20 �ock membersfrom their currentpositionsuntil all �ock
memberscan seethe goal position.The �ock needsto make
two U-turnsbeforereachingthe goal.

In Fig. 10(b), we comparethe total time to reachthe goal
and the separationtime during the herding processusing
differentshepherdlocomotions.From the results,we discover
thattheside-to-sidesteeringimprovestheef�ciency of herding
most,i.e.,SS,SSS,SSSP, DSSandDSSPde�ned in Fig. 10(b)
and(c). The shepherdwith LL andSL fails to steerthe �ock
to the goal in the maximumallowed time. Also, turning the
�ock is important in this environmentas both stop-turnand
pre-turnsteeringreducethe total time andseparationtime to
almosthalf of the time without turn steering.

The distance traveled by the �ock also show that the
�ock takesshorterpathsusingour shepherdlocomotions,see,
e.g.,Fig. 10(c). Although the shepherdseemsto make more
movementsusingour proposedlocomotion,Fig. 10(c) shows
that thedistancetraveledby theshepherdusingtheselocomo-
tions is similar or even would be traveled using straight-line
approachingandsteering.

B. Covering

For the covering behavior, the shepherdguidesthe �ock to
areasof the environment that have not beenvisited. Details
of the covering strategy are describedin [5]. Its applications
include vacuuming or mowing, guiding visitors through a
museum,guiding the �ock to pasturesthat have not been
grazedyet, or mine sweeping.

Covering behavior wastestedon the environmentshown in
Fig. 10(d). It consistsof large openareasandclutteredareas,
with the obstaclesvarying in size.Thus,therearemany cases
where the shepherdwill have to steer the �ock in dif�cult
ways.This testshow well the shepherdcontrolsthe �ock. We
comparethe percentof the environmentcoveredby the �ock
andthe total numberof goalnodesthat theshepherdwasable
to steerthe �ock toward. We study threelocomotionsfor the
coveringbehavior, i.e.,LL, SL andDL asde�ned in Fig. 10(e).

We can see from Fig. 10(e) that SL and DL result in a
better covering behavior. While the coverageof LL is not
signi�cantly less than SL or DL, the numberof goal nodes
that LL is able to reachis signi�cantly less.This is because
the shepherdwith LL separatesthe �ock and the separated
�ock covered more areasaccidentally. DL is able to cover
moreof the areaandvisit moregoal nodesthanSL although
the differenceis not signi�cant.

C. Patrolling

In patrolling, the shepherdneedsto guard a designated
region called the forbidden area or FA. Once the intrusion
of the �ock is discovered,the shepherdwill chasethe �ock
until it vacatesthe FA. Patrolling behavior can be used to
avoid catastrophicaccidentsin theFA, e.g.,keepingbirdsfrom

interferingwith aircraftsat airports[1], or preventingchildren
from enteringdangerousareas.

In the patrolling experiments,we study how the shepherd
performswith threelocomotions,i.e., LL, SL andDL, in the
environmentshown in Fig. 11(a),with different�ock sizes(5,
10, 20, 40). Performanceof the shepherdis measuredas the
reciprocalof the averagetime spentin the FA for each�ock
memberover a 1000secondperiod.

Althoughoneof theshepherd's tasksis to reuniteseparated
�ock members,grouping in the patrolling behavior doesnot
seemto be critical. On the other hand, if the �ock is kept
united, then the shepherdcan focus on a smaller areathan
when the �ock is scattered.Therefore,we also comparethe
shepherdwith or without groupingthe separatemembers.
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Fig. 11. (a) The patrolling environment. The dark shadedregion
enclosedby bold lines is the forbiddenarea.(b) Total experimental
time is 1000seconds.The x-axis shows total numberof �ock in the
environment.

In Fig. 11(b), the plottedline above all points indicatesthe
time in FA when no shepherdguardsthe FA. We observe
that, when the size of the �ock is small, i.e., 5 and 10, the
shepherdwith SL without grouping performsbest.When the
size of the �ock is large, i.e., 20 and 40, the shepherdwith
DL with grouping performs best. In fact, for SL and DL,
groupingalwayshelpsthe shepherdto reducethe time in the
FA andgroupingbecomesmoreimportantfor theshepherdto
handlea large�ock. Notethattheperformanceof theshepherd
degradeswhenthe sizeof the �ock increasesno matterwhat
locomotionis used.

D. Collecting

A shepherdin the collecting behavior gathers initially
scattered�ock membersinto a designatedregion, called the
homearea (HA). We assumethat oncea �ock memberenters
theHA it staysthere.Oneof the potentialapplicationsof this
study is for robotsthat cleanoil spills, which is usuallydone
manuallyusingskimmers[7]. This behavior canalsobefound
in nature,e.g.,lions huntby pushingtheir prey into a ambush,
a dog gathersa herdof horsesor cattle,etc.

Our experimentsare done in the environment shown in
Fig. 12 with 50 �ock members.As in SectionV-B and V-
C, we study shepherdperformanceusing three locomotions,
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Fig. 10. (a) HerdingEnv. (b) and(c) LL: Straight-lineapproachingandsteering.SL: Safe-zoneapproachingandstraight-linesteering.SS:
Safe-zoneapproachingandside-to-sidesteering.SSS:SSandstop-turnsteering.SSSP:SSSandpre-turnsteering.DSS:Dynamic-roadmap
approachingandside-to-sideandstop-turnsteering.DSSP:DSS andpre-turnsteering.(d) Covering Env. (e) LL: Straight-linelocomotion.
SL: Safe-zoneandside-to-sidelocomotionandboth turn steering.DL: Dynamic-roadmapandside-to-sidelocomotionandboth turn steering.

i.e., LL, SL andDL. Theperformanceis measuredasthetime
to collect all �ock members.In addition,we experimentwith
threetypesof �ocks: cattle, ducks and sheep. They differ in
the way they respondto the shepherd's approach.Sheephave
a tendency to staytogetherwhentheshepherdapproachesand
cows andducksseparatemoreeasily [4]. Also, cows are less
intimidated by the shepherdand, thus, are more dif�cult to
steer. We examinehow well the shepherdcontrolsthesetypes
of �ocks.
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Fig. 12. Collectingenvironmentwith 50 �ock members.

Fig. 12 shows our experimentalresults.The �ock typeused
in the previous sectionsis sheep,so the shepherdwith SL
and DL performsconsistentlymuch betterthan the shepherd
with LL for this collecting behavior. Although this remains
true for duck andcow �ocks, the differencebetweenSL, DL
and LL becomessmaller. Becausecow and duck �ocks tend
to separate,it is harder to keep the �ock compactand the
performancedegrades.

VI . CONCLUSION

In this paper, we have shown that a shepherdcan control
a �ock more ef�ciently using more intelligent locomotion
techniques.In SectionV-A andSectionV-B, �ock separation
andtraveling time werereducedwhentheshepherdusesthese
new locomotionsin bothopenandclutteredenvironments.We
have alsoshown that our locomotionsenhancethe shepherd's
ability to handle larger �ocks (Section V-C) and to handle
different typesof �ocks (SectionV-D).

As we've shown in experiments,one shepherdmay not
alwaysbe suf�cient to accomplisha shepherdingtask.This is

alsotruein nature.For example,two or threesheepdogsoften
work together[4]. We are currently exploring how multiple
shepherdsmight work togetherto bettercontrol themovement
of a �ock.
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