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Abstract
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o cking behavior in which outside agents guide or control membersof a 
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Shepherdingbehaviors can be found in various forms in nature. For example, herding, covering, patrolling and
collecting are common typesof shepherdingbehaviors. In this work, we investigate ways to simulate thesetypes
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Figure 1: Shepherding behaviors.

1 In tro duction

Simulating the coordinated behavior of a 
o ck hasat-
tracted the attention of researchers in �elds such as
robotics, gamesand computer animation. Shepherd-
ing behaviors, speci�cally , are oneclassof 
o cking be-
haviors in which one or more external agents (called
shepherds) attempt to control the motion of another
group of agents (called a 
o ck) by exerting repulsive
forcesfrom shepherdsto the 
o ck. An examplefound
in agriculture is a sheepdog guiding a 
o ck of sheep.
Indeed,shepherdingbehaviors include a variety of nat-
ural behaviors and we believe that methods for simu-
lating them will have a variety of applications.

Herding, covering, patrolling and collecting are
common types of shepherding behaviors (see Fig-
ure 1). In the herding behavior, shepherdssteera 
o ck
from a start region to a goal region. For the covering
behavior, shepherdsguide a 
o ck to visit the speci-
�ed positions in the environment. In the patrolling
behavior, shepherdsprotect a designated region and
keep the 
o ck from entering it. In the collecting be-
havior, shepherdsgather scattered 
o ck members into
a designatedregion.

It is interesting to note that these various shep-
herding behaviors can be potentially applied in di�er-
ent �elds of research. For example, automated meth-
ods for herding could be applied to construct robots
that can function ascheaper alternativ esto sheepdogs

[15, 17], or and they could be used to study the neu-
ron migration processin which a repulsive molecule
pushesyoung cells to their permanent positions in the
brain [18]. Covering methods would provide ways to
accomplishtasks like mine sweepingand surveillance.
Patrolling behaviors could be used to build robots to
prevent birds from being sucked into airplane engines
at airports [1] or to keep swimmers or children away
from dangerouszoneson a beach or in a school. Col-
lecting behaviors may be usedto study how predators
hunt or to construct robots that gather and skim o�
spilt oil from oil tankers to avoid further damage to
our ecosystem[8] (in this case,the skimmers are the
shepherdsand the 
oating oil is the 
o ck).

In this paper, we study methods basedon our pre-
vious work [6] for simulating simple shepherdingbe-
haviors using a single shepherd. In [6], a shepherd
usesroadmapsto steer the 
o ck and to re-group sep-
arated 
o ck members. Although, the shepherd re-
groups 
o cks, [6] does not consider how movements
of the shepherd will a�ect the 
o ck. For example,
when the shepherdapproachesthe 
o ck, the shepherd
does not attempt to avoid disturbing or separating
the 
o ck. Here, we focus on improving the shepherd's
movements to gain better control of the 
o ck's motion
and usethis improved control to demonstrate a wider
variety of shepherdingbehaviors. The key contribu-
tions of this work are to extend our previousshepherd-
ing behaviors by:

� improving the shepherd'slocomotion, and

� supporting a variety of behaviors such asherding,
covering, patrolling and collecting.

2 Related Work

Reynolds' in
uen tial 
o cking simulation [14] estab-
lished the feasibility of modeling such a system. His
work showed that 
o cking is a dramatic example of
emergent behavior { global behavior arising from the
interaction of simple local rules. Each individual mem-
ber of the 
o ck has a simple rule set stating that it
should move with its neighbors. This concept has
beenusedsuccessfullyby researchersboth in computer
graphics [16, 7, 9, 4] and robotics [12, 15, 13, 17, 10].

Shepherdingis an interesting 
o cking behavior that
has received comparatively little attention. Schultz et
al. [15] applied a genetic algorithm to learn rules for
a shepherdrobot to control the movement of another
robot (sheep). The sheepreacts to the shepherd by
moving away from it. Vaughan et al. [17] simulate
and construct a robot that shepherdsa 
o ck of geese
in a simple (circular) environment. Funge et al. [9]
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Figure 2: An environment and associated terms.

have simulated an interesting shepherdingbehavior in
which a T-Rex chasesraptors out of its territory . More
recently , Bayazit et al. [6] usea roadmap to simulate
shepherdingin environments with obstacles.

3 Preliminaries

In this section, we de�ne terms and conceptsused in
this paper. A shepherd is an external agent that in
u-
encesthe movement of the 
o ck. A 
o ck is a collection
of agents that tries to keep away from the shepherd.
The shepherd'stask is to steer the 
o ck to desiredlo-
cations. In addition to steering, the shepherdunites
separate 
o ck groups. In a group, each member can
see at least one member in that group. Usually, 
o ck
separation is causedby repulsive forcesexerted from
obstaclesor shepherds.The 
o ck contour is the small-
est polygon that enclosesall 
o ck members.

A milestone is any position toward which the shep-
herd attempts to steer the 
o ck, and a steering point is
any position toward which the shepherdmoves him-
self in order to in
uence the movement of the 
o ck;
seeFigure 2. As in [6], a milestone is a node of a
global dynamic roadmapcloseto the 
o ck and a steer-
ing point is a point on the opposite side of the 
o ck
from the milestone. A roadmap is an abstract repre-
sentation of the feasiblespacein a given environment.
A dynamic roadmap is a roadmap storing information
that changesdynamically during simulation.

Shepherd's Lo comotion . We de�ne a shepherd's
locomotion as the manner in which the shepherdwill
move in order to control the movement of a 
o ck.
The shepherds locomotion remains invariant in dif-

ferent shepherdingbehaviors and dramatically a�ects
the quality of simulation. We divide the shepherd's
locomotion into two sub-problems: approaching and
steering. In the approaching problem, we study how
the shepherdgoesto the steering point near the 
o ck
from its current position; seeFigure 3(a). In the steer-
ing problem, we study how the shepherd steers the

o ck toward the milestone; seeFigure 6(a).

It is important to note that we useshepherdingasa
broad term to describe any 
o cking behavior in which
outside agents in
uence the movement of a 
o ck, i.e.,
our de�nition of shepherdingbehaviors is not limited
to herding behaviors as those in [15, 17, 6]. In Sec-
tion 4, we propose various approaching and steering
locomotions. Then, these locomotions are used as a
common foundation for all the shepherdingbehavior
simulations described in Section 5.

4 Shepherd Lo comotion

All shepherdingbehaviors sharea commonset of loco-
motions. Here, we explore ways to have the shepherd
more intelligently position himself to gain better con-
trol of its 
o ck, e.g., reducenumber or degreeof 
o ck
separations. We study methods of approaching the

o ck and methods of steering the 
o ck.

4.1 Approac hing the Flo ck

In the approaching problem, we study how a shep-
herd should get to a steering point from its current
position (Figure 3(a)). The di�cult y comesfrom the
fact that the contour of a 
o ck deforms dynamically
due to shepherd's approaching. In order to gain bet-
ter control of a 
o ck, the shepherdshould disturb the

o ck as little as possible. In the following, we discuss
three approaching methods that usea straight-line, a
safe-zoneand a dynamic roadmap, respectively.

Using a Straigh t Line. The simplest solution to
the approaching problem is to have the shepherdmove
in a straight line from its current position to a steering
point. This method is usedin [15, 17, 6].

The problem with this method is that the straight
line between shepherd's initial position and steering
point often intersectsthe natural contour of the 
o ck.
As the shepherd traverses this line, it disturbs the

o ck and causesthe 
o ck to separateinto two or more
groups. This is illustrated in Figure 3(b).

Using a Safe Zone. A safezoneis a regionaround
the 
o ck outsideof which the shepherdcanmovefreely
without disturbing the contour of the 
o ck; seeFig-
ure 4. By not penetrating this safe zone when ap-
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Figure 3: (a) The approaching problem. (b) Approaching using a straight line. Shepherd's tra jectories are shown in dark
lines. The 
o ck separatesafter the shepherd's approaching. (c) Approaching using a circular safe zone. (d) Approaching
using a dynamic roadmap.

proaching the 
o ck, the shepherdcan e�ectiv ely ap-
proach the 
o ck without causingthe 
o ck to separate.

(a) (b) (c)

Figure 4: Safe zones. Small circles in the side safe zones
are viewing range of the 
o ck members.

Finding an exact safe zone (Figure 4(a)) requires
expensive computation in which we need to compute
the contour of the 
o ck and then convolve the contour
with the 
o ck's viewing circle. We solve this problem
by approximating the exact safezone using a convex
hull or an enclosing circle of the 
o ck, as shown in
Figure 4(b) and 4(c), respectively. Figure 3(c) shows
an approaching tra jectory for the shepherdbasedon
a circular safezonethat doesnot disturb the 
o ck.

Approaching using a safezoneworks best in a wide
open area. In an area cluttered with obstacles, the
shepherdmay have to accessthe steeringpoint by pen-
etrating the safezone;seeFigure 5(a).

Using a Dynamic Roadmap. A dynamic
roadmap used for approaching is part of the global
roadmap but constructed during the simulation in or-
der to re
ect the dynamic statesof the 
o ck. Dynamic
roadmap nodesare created in the vicinit y of the 
o ck
when the shepherdis approaching the 
o ck and are re-
moved when the 
o ck movesaway from them. Thus, a
dynamic roadmap provides more detailed information
in regionsof current interest.

Each node v of a dynamic roadmap represents a
small circular region with radius � and it stores a set
of 
o ck members N f that can seev. If N f = ; , v

steering point

(a) (b)

path 

dynamic roadmap

(c)

Figure 5: (a) The only way to accessthe steering point is
to penetrate the safezone. The shepherd approaching the

o ck using a circular safe zone fails to reach the steering
point. (b) Small circles are roadmap nodessampled in the
circular safe zone. (c) A snapshot of a dynamic roadmap
built from (b) and a path extracted from this map.

will be removed from the roadmap. Intuitiv ely, the
size of N f provides the safenessof the region of v
and, if the shepherdenters v, only N f 
o ck members
will be disturb ed. These dynamic nodes are sampled
inside the circular safezone of the 
o ck using distri-
bution P = 1� jPgauss j, where jPgauss j is the absolute
value of a Gaussiandistribution centered at 0. Thus,
more nodeswill be sampledfrom the boundary of the
safezone since it is better for the shepherdto travel
through them than on those close to the center, see
Figure 5(b) and (c). Figure 3(d) shows a tra jectory of
the shepherdapproaching the 
o ck using a dynamic
roadmap.

4.2 Steering the Flo ck

Oncethe shepherdhasapproached the 
o ck, the shep-
herd must now determine how to steer the 
o ck to
the (next) milestone (Figure 6(a)). When the (aver-
age) heading direction of the 
o ck is pointing to the
milestone, the shepherd needsto push the 
o ck for-
ward. This is called forward steering. Otherwise, the
shepherd needsto turn the heading direction of the
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o ck toward the milestone. This is called turn steer-
ing. We discuss two forward-steering methods, one
where the shepherd moves straight behind the 
o ck
and one where it moves from side-to-sidebehind, and
turn-steering methods.

milestone

(a)

flock

shepherd

(b)

flock

shepherd

(c)

Figure 6: (a) The steering problem. (b) An example of
tra jectories of the 
o ck and the shepherd when the shep-
herd steers straight behind the 
o ck. Dark (ligh t) lines
are shepherd's (
o ck's) tra jectory. (c) Trajectories from
steering side-to-side behind the 
o ck. Comparing to the
tra jectories in (b), the 
o ck smoothly reaches the mile-
stone.

Straigh t Behind the Flo ck. Assume that the

o ck is facing a milestone. By placing the shepherd
in a steeringpoint, the 
o ck hasbeennudgedtowards
the milestone. The simplest way for the shepherdto
steer the 
o ck farther is to compute a new steering
point and then move in a straight line to that point.
This processis repeated until the 
o ck reaches the
milestone.

This is a simple and e�ectiv e strategy and hasbeen
used in [15, 17, 6]. However, as the shepherdmoves
straight behind the 
o ck, the 
o ck members closer to
the shepherdtend to be pushedmore strongly toward
the milestone, while the 
o ck members on the sides
tend to be pushed further to the side, thus spreading
out the 
o ck (seeFigure 8(a)). As a result, the 
o ck
becomeshard to control and some
o ck membersmay
even becomeseparated. Figure 6(b) shows steering
tra jectories and the di�cult y of controlling the 
o ck
using this strategy.

Side-to-Side Behind the Flo ck. In an e�ort
to avoid the problem encountered by moving straight
behind the 
o ck, we proposethat the shepherdmoves
repeatedly, from one side of the 
o ck to the other,
as it advances behind the 
o ck. Instead of simply
always moving to a new steering point, 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 seenin Figure 6(c). In fact, this strategy is

usedby somedogs,such as Border Collies, as seenin
Figure 7.

By following this side-to-sidemotion, the shepherd
not only steers the 
o ck towards the milestone but
also squeezesthe 
o ck to keep them from separating
by pushing the 
o ck memberson the sidestowards the
center, thus reducing the chanceof a 
o ck separation;
seeFigure 8(b).

(a) (b)

Figure 8: Reactions of the 
o ck to steering (a) straight
behind the 
o ck and (b) side-to-side behind the 
o ck.

Turning the Flo ck. Turning the 
o ck is di�cult
due to the 
o ck's momentum. Let ~vf be the average
headingdirection of a 
o ck F and let ~vd be the desired
heading direction of F . The shepherdneedsto turn
the 
o ck when the angle between~vf and ~vd becomes
intolerable. We consider two types of turn steering:
stop-turn steering and pre-turn steering.

Intuitiv ely, in stop-turn steering, the shepherd
stops the 
o ck by moving itself in front of the 
o ck
until the 
o ck stops and then steers it in the direc-
tion of ~vd (Figure 9(b)). Thus, the stop-turn steer-
ing is used to correct the 
o ck's movement. In pre-
turn steering, the shepherdinitiates the turning pro-
cessbeforethe turn takesplaceby placing itself in the
direction of ~vf � ~vd near the boundary of the 
o ck
(Figure 9(c)). Therefore, pre-turn steering is used to
prevent the 
o ck from heading to a wrong direction.

The tra jectory of the 
o ck in Figure 9(a) shows
that the shepherd�nally turns the 
o ck after the 
o ck
bouncesup and down for several times. The shepherd
in Figure 9(b) stopsthe 
o ck after the 
o ck passesthe
turning point, thus reducing the traveling distance of
the 
o ck. The shepherd in Figure 9(c) prevents the

o ck from over shooting and therefore smoothly turns
the 
o ck.

5 Shepherding Behaviors

Shepherdingbehaviors can be found in various forms
in our physical world and, interestingly, shepherdsin
these behaviors share similar locomotions. Here we
show that we can simulate four types of shepherding
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Figure 7: A Border Collie steers geeseby moving itself side-to-side behind the 
o ck. Images are captured from [5].

(a)

stop turn

(b)

pre turn

(c)

Figure 9: (a) Without turn steering. (b) With stop-turn
steering. (c) With pre-turn and stop-turn steerings.

behaviors, i.e., herding, covering, patrolling and col-
lection, using the previously described shepherdloco-
motions. We also show that our new locomotions im-
prove the shepherd'scontrol of the 
o ck as compared
to the methods usedin [15, 17, 6]. We study thesefour
shepherdingbehaviors under various conditions, e.g.,
open/cluttered environments or large/small 
o cks.

Our simulation system is implemented by Python
scripts that usea homemadesimulation enginecoded
in C++ which is exposedto Python usingboost/python
library . Due to the di�cult y of presenting thesesim-
ulations in a paper, we encouragereadersto view an-
imations at our website [2].

5.1 Herding

Herding is a behavior in which a shepherd needsto
move all 
o ck members from a start region to a goal
region. Herding is the most simple and commonshep-
herding behavior and is studied in [15, 17, 6]. How-
ever, to the best of our knowledge,no study has been
done to enhancethe shepherd'sabilit y to control the

o ck, even for the herding behavior. In the follow-
ing, we experiment with di�eren t combinations of the
shepherd'slocomotionsand show that our methods do
improve the shepherd'scontrol.

5.1.1 Exp erimen tal Results

Figure 10 shows two environments, one without and
one with obstacles. In both cases,the shepherdneeds
to steer20 
o ck members from their current positions
until all 
o ck memberscan seethe goal position. Also,
both environments have large open spaces. Environ-
ment herding env1 is similar to those usedin [15, 17].

In herding env2, the 
o ck needsto make two U-turns
before reaching the goal.

Goal

flock

(herding env1)

flock

Goal

obstacles

(herding env2)

Figure 10: Herding environments.

In Figure 11(a) and 11(b), we compare the total
time to reach the goal and the separation time dur-
ing the herding processusing di�eren t shepherd lo-
comotions. From the results, we discover that the
side-to-side steering improves the e�ciency of herd-
ing most, i.e., SS,SSS,SSSP, DSS and DSSP in Fig-
ure 11(a) and (b). We also �nd that turn steering can
reduce separation time even more. In the obstacle-
free environment, the total and separation time both
decreasewhen safe-zoneapproaching is used (seeLL
and SL in Figure 11(a)). The shepherdwith SSin Fig-
ure 11(a) herds the 
o ck in the shortest time because
turning is not critical in this environment and turn-
ing takes time. When obstaclesare present, as seen
in Figure 11(b), the shepherd with LL and SL fails
to steer the 
o ck to the goal in the maximum allowed
time. Also, it is clear that turning is important in this
environment as both stop-turn and pre-turn steering
reduce the total time and separation time to almost
half of the time without turn steering.

The traveling distance of the 
o ck also re
ects
that our shepherd locomotions are better; i.e., the

o ck a takes shorter path in Figure 11(c) and (d).
Moreover, although the shepherdseemsto make more
movements using safe-zoneand dynamic roadmap ap-
proaching and side-to-side and turn steerings, Fig-
ure 11(c) and (d) show that the traveling distance
of the shepherdusing these locomotions is similar or
even lessthan that usingstraight-line approaching and
steering. This meansthat the shepherdwith our lo-
comotions is energetically more e�cien t.
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Figure 11: Experiment results. LL: Straight-line ap-
proaching and steering. SL: Safe-zoneapproaching and
straight-line steering. SS:Safe-zoneapproaching and side-
to-side steering. SSS: SS and stop-turn steering. SSSP:
SSS and pre-turn steering. DSS: Dynamic-roadmap ap-
proaching and side-to-side and stop-turn steering. DSSP:
DSS and pre-turn steering.

5.2 Covering

For the covering behavior, the shepherd guides the

o ck to areasof the environment that have not been
visited. The shepherd�nds a lessvisited neighboring
areausing a dynamic roadmap whoseedgeweights in-
creaseafter the 
o ck has traversed them; details are
described in [6]. The covering behavior could be used,
for example, for vacuuming or mowing, to guide visi-
tors through a museum, or to guide the 
o ck to pas-
tures that have not beengrazedyet.

5.2.1 Exp erimen tal Results

The environment that the covering behavior was
tested on is shown in Figure 12(a). It consists of
large open areasand cluttered areas,with the obsta-
clesvarying in size. Thus, there are many caseswhere
the shepherd will have to steer the 
o ck in di�cult
ways. This tests how well the shepherd'slocomotion
controls the 
o ck.

We compare the percent of the environment cov-
ered by the 
o ck and the total number of goal nodes
that the shepherdwas able to steer the 
o ck toward.
We study three locomotionsfor the covering behavior,
i.e., the locomotion (LL) with straight-line approach-
ing and steering, the locomotion (SL) with safe-zone
approaching and side-to-sideand both turn steerings,

flock

obstacles

covered area

shepherd

unvisited area

(a)
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LL covered Area
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SL covered Area
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(b)

Figure 12: (a) Covering environment with 20 
o ck mem-
bers. The roadmap is generatedusing both obprm [3] and
maprm [11]. (b) Experiment results. LL: Straight-line lo-
comotion. SL: Safe-zoneand side-to-side locomotion. DL:
Dynamic-roadmap and side-to-side locomotion.

and the locomotion (DL) with dynamic approaching
and side-to-sideand both turn steerings. The perfor-
manceof theselocomotions is shown in Figure 12(b).

It is clear from Figure 12(b) that SL and DL result
in a better covering behavior. While the coverageof
LL is not signi�cantly lessthan SL or DL, the number
of goal nodes that LL is able to reach is signi�cantly
less. This is becausethe shepherdwith LL separates
the 
o ck and the separated
o ck covered more areas
accidentally . The separation time using LL is roughly
one-fourth of the total simulation time whereaswith
SL or DL the total separation time is less than one-
tenth of the total simulation time. DL is able to cover
more of the area and visit more goal nodes than SL
although the di�erence is not signi�cant.

5.3 Patrolling

The shepherd in the patrolling behavior needs to
guard a designatedregion called the forbidden area or
FA. Once the intrusion of the 
o ck is found, the shep-
herd will chasethe 
o ck until the 
o ck leavesthe FA.
If more than one intruding group is found, the shep-
herd will chasethe larger group or the group that more
deeply penetrates the FA. Patrolling behavior can be
usedto avoid catastrophic accidents in FA, e.g., keep-
ing birds from interfering with aircrafts at airports [1],
or preventing children from entering dangerousareas.

5.3.1 Exp erimen tal Results

In the patrolling experiments, we study how the shep-
herd performs with three locomotions, i.e., LL, SL
and DL, using the environment shown in Figure 13(a).
Performanceof the shepherdis measuredas the recip-
rocal of the averagetime spent in the FA for each 
o ck
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member over a 1000 secondperiod. We also exam-
ine how well theselocomotions perform with di�eren t

o ck sizes.

Although one of the shepherd'stasks is to reunite
separated 
o ck members, grouping in the patrolling
behavior does not seemto be critical. On the other
hand, if the 
o ck is kept united, then the shepherd
can focus on a smaller area than when the 
o ck is
scattered. Therefore, we also compare the shepherd
with or without grouping the separatemembers.
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Figure 13: (a) The covering environment. The dark
shadedregion enclosedby bold lines is the forbidden area.
The roadmap is generated using obprm [3]. (b) Total ex-
perimental time is 1000 seconds. The x axis shows total
number of 
o ck in the environment.

Figure 13(b) shows our experimental results. The
plotted line above all points indicates the time in FA
when no shepherd guards the FA. We observe that,
when the size of the 
o ck is small, i.e., 5 and 10,
the shepherdwith SL without grouping performs best.
When the sizeof the 
o ck is large, i.e., 20 and 40, the
shepherd with DL with grouping performs best. In
fact, for SL and DL, grouping always helps the shep-
herd to reduce the time in the FA and grouping be-
comesmore important for the shepherd to handle a
large 
o ck. Note that the performance of the shep-
herd degradeswhen the size of the 
o ck increasesno
matter what locomotion is used.

5.4 Collecting

A shepherd in the collecting behavior gathers ini-
tially scattered 
o ck members into a designated re-
gion, called the homearea (HA). We assumethat once
a 
o ck member enters the HA that it stays there. One
of the potential applications of this study is for robots
that cleanoil spills, which is usually donemanually us-
ing skimmers and barriers [8]. This behavior can also
be found in nature, e.g., lions hunt by pushing their

prey into a ambush, a dog gathers a herd of horsesor
cattle, etc.

5.4.1 Exp erimen tal Results

Our experiments are done in the environment shown
in Figure 14 with 50 
o ck members. As in Section5.2
and 5.3, we study shepherdperformance using three
locomotions, i.e., LL, SL and DL. The performance
is measuredas the time to collect all 
o ck members.
In addition, we experiment with three typesof 
o cks:
cattle, ducks and sheep. They di�er in the way they
respond to the shepherd'sapproach. Sheephavea ten-
dency to stay together when the shepherdapproaches
and cows and ducks separate more easily [5]. Also,
cows are less intimidated by the shepherdand, thus,
are more di�cult to steer. We examine how well the
shepherdcontrols thesetypesof 
o cks.
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 LL: L-Locomotion
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Figure 14: Collecting environment with 50 
o ck mem-
bers. The roadmap is generatedusing both obprm [3] and
maprm [11].

Figure 14(b) shows our experimental results. The

o ck type used in the previous sections is sheep,so
the shepherd with SL and DL performs consistently
much better than the shepherdwith LL for this col-
lecting behavior. Although this remains true for duck
and cow 
o cks, the di�erence betweenSL, DL and LL
becomessmaller. Becausecow and duck 
o cks tend
to separate,it is harder to keepthe 
o ck compact and
the performancedegrades.

6 Discussion and Conclusion

In this paper, we have shown that a shepherd can
control a 
o ck more e�cien tly by using more intelli-
gent locomotion techniques,such as the safe-zoneand
dynamic-roadmap approachings and side-to-side and
turn steerings. In Section 5.1 and Section 5.2, 
o ck
separation and traveling time is reduced when the
shepherdusesthesenew locomotionsin both openand
cluttered environments. We have also shown that our
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locomotions enhancethe shepherd'sabilit y to handle
larger groups of the 
o ck (Section 5.3) and to handle
di�eren t typesof 
o cks (Section 5.4).

One shepherdmay not always be su�cien t to ac-
complish a shepherding task. As we've seen in the
patrolling and collecting experiments, when the size
of the 
o ck increasesor the 
o ck's fear of the shep-
herd and coherencedecreases,the 
o ck becomeshard
to control. Multiple shepherdsare necessaryto han-
dle these problems. In fact, two or three sheepdogs
usually work together in �elds [5]. We are currently
exploring how multiple shepherdsmight work together
to better control the movement of a 
o ck.
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