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The simulation framework we propose for complex
path planning problems with multiagent systems fo-
cuses on the sheepdog problem for handling dis-
tributed autonomous robot systems – an extension of
the pursuit problem for handling one prey robot and
multiple predator robot. The sheepdog problem in-
volves a more complex issue in which multiple dog
robot chase and herd multiple sheep robot. We use
the Boids model and cellular automata to model sheep
flocking and chase and herd behavior for dog robots.
We conduct experiments using a Sheepdog problem
simulator and study cooperative behavior.

Keywords: cellular automata, pursuit problem, multiple
mobile robots, cooperative behavior

1. Introduction

Technological improvements in robot hardware and re-
lated software application are increasing mobile robot uti-
lization, making solutions for intelligent and efficient con-
trol of multiple mobile robot systems very hot issues.
Simulation study and development for such systems is
particularly relevant and important at this stage. The
key issue is cooperative behavior between distributed au-
tonomous robot systems.

The problem of cooperation between multiple robot
systems is a subject of distributed artificial intelligence
(DAI), which covers a vast, impressive number of stud-
ies [6, 7, 9–12]. Examples include cooperative search,
hunting, and capture problems. Cellular automata are
used to model DAI problems and as a powerful problem
solver for multiagent systems [3–5, 8]. The approach is
applied to model the complex behavior of particle ele-
ments such as gases, liquid materials, and biological cells.

The Boids model [1, 2] is another very practical, useful
tool used to model cooperative movement such as birds
flocking, swarming, fish schooling, and other distributed
behavior.

In our work, we use boids and cellular automata to
model cooperative multiple mobile robot behavior in solv-
ing the sheepdog problem. We present the definitions un-
derlying our work in the next section.
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Fig. 1. Definition of sheepdog problem. (a) Initial pattern,
(b) Capture.

2. Problem Definition

The sheepdog problem is an extension of the pursuit
problem that handles a single prey robot and multiple
predator robots. In the sheepdog problem, multiple agents
(dog robots) seek to herd multiple agents (sheep robots),
each agent moving vertically or horizontally on a two-
dimensional (2D) lattice shown in Fig. 1.

The field defined by the 2D lattice is an infinite toroidal
plane. Robot moving to the right for enough over the right
edge of the lattice appears at the opposite side up from the
left edge.

Sheep completely surrounded by dogs are captured.
The number of sheep and dogs ranges from 0 to 1000 and
the filed size is 100×100 grids.

The sheepdog problem requires two different coopera-
tive behavioral models: First, a flocking model for sheep.
Second, a chase and herd (capture) model for dogs.

Robots detect the presence of neighbor robots within a
specific range of sight, recognizing the robot type. Robots
moves individually based on local information and neigh-
borhood robot interaction.

Performance is measured by the number or ratio of cap-
tured sheep. The ratio is the proportion of captured to total
number of sheep.
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Fig. 2. Robot range of sight with three Manhattan distance.

3. Robot Models

3.1. Boids and Cellular Automata
To simulate the sheepdog problem, we use the Boids

algorithm and cellular automata to model sheep and dog
robot behaviors, proposing a simulation framework based
on a Boids algorithm within 2D cellular automata.

The basic Boids flocking model consists of three types
of simple steering forces (separation, cohesion, and align-
ment) describing how individual robots maneuver based
on the location and speed of neighborhood robots:

1. Separation: The boid avoids collisions with neigh-
borhood boids.

2. Cohesion: The boid moves toward neighborhood
boids.

3. Alignment: The boid steers itself in the same direc-
tion as neighborhood boids.

To implement the sheepdog problem simulator, we pro-
pose the following framework for controlling the sheep
and sheepdog behavior with cellular automata:

• Robot activity: Robots move within a 2D lattice of n
× n grids in a toroidal world.

• Robot range of sight: Robot sensing detects the lo-
cation of other robots, the robot type, and relative
speed within a certain 24-cell range of sight (Fig. 2).
The robot detects other sheep and dog robots within
the range of sight.

• Robot action rules: A robot in the lattice field has
two parameters (Eq. (1)). R(t) represents status in-
formation of the robot at step time t. Parameter 1 is
the x-y location in lattice as P(t). Parameter 2 is the
force that affects robot movement, F(t).

• Robot Movement: The robot takes a step forward in
the von Neumann neighborhood at step time t + 1.

Fig. 3. Separation force example with three sheep robots.

The von Neumann neighborhood consists of four di-
rect neighbors, i.e., directly to the right, directly to
the left, directly above, and directly below the robot.
The cell of next step P(t + 1) is decided by force
vector F(t) of the robot (Eq. (4)). Function rand(n)
returns a random number between 0 and n. If, for
example, force vector F(t) equals (4,1), the robot
moves one cell to the right with a probability of 80%,
or one cell down with a probability of 20%.

Robot status is defined as in Eq. (1):

R(t) = {P(t) = (x,y),F(t) = ( fx, fy)}. . . . (1)

Force at step time t +1 is defined as in Eqs. (2) and (3):

F(t +1) = Fs(t)+Fd(t)+F(t) . . . . . . (2)

where Fs(t) is the force affected by the same type of robot
and Fd(t) is the force affected by a different type of robot.

Fs(t) = asFssep(t)+bsFscoh(t)+ csFsali(t)
Fd(t) = adFdsep(t)+bdFdcoh(t)+ cdFdali(t)

. (3)

where Fssep , Fscoh , and Fsali are separation, cohesion, and
alignment forces using the same type of robot. Param-
eters as, bs, and cs are the weights of each force. Fdsep ,
Fdcoh , and Fdali are separation, cohesion, and alignment
forces using different type of robots. ad , bd , and cd are
the weights of each force.

P(t +1) =
{

(x+ sign( fx),y) when d = 1
(x,y+ sign( fy)) when d = 0

rand(| fx|+ | fy|) ≤ | fx| → d = 1
rand(| fx|+ | fy|) > | fx| → d = 0.

(4)

Separation force at step in time t is defined by

Fs(t) = ∑
i

fs(i)

where fs(i) is separation force elements affected by
robots, and i is the index of robots within the range of
sight (Fig. 3).
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Fig. 4. Cohesion force example with three sheep robots.

Cohesion force at step in time t is defined by

Fc(t) = ∑
i

fc(i)

where fc(i) is cohesion force elements affected by robots,
and i is the index of robots within the range of sight
(Fig. 4).

Alignment force at step in time t is defined by

Fa = ∑
i

F(i)

where F(i) is one of force elements owned by a neighbor-
hood robot, and i is the index of robots within the range
of sight. Force Fa acts on the robot to steer it towards the
average heading of other robots within the range of sight.

3.2. Sheep Robot Model
To implement sheep robot behavior, we set the follow-

ing action rules for sheep robot: First, sheep robots exe-
cute the simulated flocking. Second, sheep robots attempt
to avoid colliding with dog robots. Sheep robot action
rules based on R(t) defined in the previous section, con-
sist of the following forces:

1. Separation: The separation force fs(i) element is
generated by a sheep robot or dog robot within the
range of sight.

2. Cohesion: The cohesion force fc(i) element is gen-
erated by a sheep robot within the range of sight.

3. Alignment: The alignment force F(i) element is gen-
erated by a sheep robot within the range of sight.

In the relationship between three sheep robots and one
dog robot (Fig. 5), Sheep1, Sheep2, and Sheep3 are
within a mutual range of sight, and Dog is in the range
of sight of Sheep3. Separation, cohesion, and alignment
forces are shown as fs , fc, and Fa.

As cellular automata run, sheep robots flock with other
neighborhood sheep robots while simultaneously attempt-
ing to avoid colliding with the dog robots.

fc fs
Sheep1

Sheep2

Sheep3

fc

fs

fc

fc

Fsheep2

Dog

fs

fc

fc

fs

fs

Fsheep1

Fsheep3

fs

Fa(sheep2)=Fsheep1 + Fsheep3

Fa(sheep3)=Fsheep1 + Fsheep2

Fa(sheep1)=Fsheep2 + Fsheep3

fs

Fig. 5. Example of relationship among three sheep robots
and one dog robot.

Fig. 6. Initial sheep robots pattern snapshot.

Figure 6 shows the snapshot of an initial sheep robots
pattern in the sheepdog problem simulator. Grids are
100× 100, and sheep robots number is 1000. Robots are
placed randomly on the lattice.

Figure 7 shows the snapshot of cellular automata
evolved by sheep robot action rules at step 500. Note the
flocking sheep robots. After approximately 1000 steps,
sheep robots are still observed flocking, while simultane-
ously tending to proceed in the same direction randomly
chosen at each cellular automata execution.

3.3. Dog Robot Model
To implement dog robot behavior, we set the follow-

ing action rules for dog robots: First, dog robots have no
separation force in relation to sheep robots. Second, dog
robots develop strong cohesion in relation to sheep robots.
Third, dog robots develop strong alignment force in rela-
tion to sheep robots.

In short, dog robots chase sheep robots via cohesion
and alignment forces, while dog robots simultaneously
drawn together by cohesion force, simulating collabora-
tive sheepdog.
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Fig. 7. Example of sheep robots flocking.

Fig. 8. Overview of dog robot chasing and herding sheep
robots, and dog robots cohesion.

Figure 8 shows an overview of dog robot characteris-
tics. The dog robots chase and capture sheep robots, in
simultaneous cohesive action.

Dog robot action rules based on R(t) defined in the pre-
vious section, consist of the following forces:

1. Separation: The separation force fs(i) element is
generated by a dog robot within the range of sight.

2. Cohesion: The cohesion force fc(i) element is gen-
erated by a sheep or a dog robot within the range of
sight.

3. Alignment: The alignment force F(i) element is gen-
erated by a sheep or a dog robot with in the range of
sight.

In the relationship between two dog robots and one
sheep robot (Fig. 9), Dog1, Dog2, and Sheep1 are within
a mutual range of sight. Separation, cohesion, and align-
ment forces are shown as fs , fc, and Fa.

S

fc

Fa=FDog2 + Fsheep

fs

Dog1

Dog2

Sheep

fc

fs

fc

fc

Fsheep

Fa=FDog1 + Fsheep

Fig. 9. Example of relationship among two dog robots and
one sheep robot.

Table 1. Number of sheep robots for simulation.

Number of Total number of
Case sheep robots robots

1 250 1250
2 500 1500
3 750 1750
4 1000 2000

4. Experiments

4.1. Sheepdog Problem Simulator
The simulator we developed in a Java environment to

simulate the sheepdog problem consists of three com-
ponents: The first, a cellular automata engine, contains
sheep and dog behavior models. The second, a user in-
terface, controls the number of sheep and dog robots, the
field size, and other simulation parameters. The third, a
utility module, imports and exports initial robot location
patterns and implements the data logger for simulation re-
sults.

4.2. Robot Density Simulation
4.2.1. Robot Parameters

Experiment parameters are as follows: The field size
is 100× 100 grids. The number of dog robots is 1000.
Four different numbers of sheep robots, 250, 500, 750,
and 1000 were chosen to compare sheepdog simulation
performance (Table 1).

Robot force weighting parameters in Eqs. (3) and (4)
are as follows:

• Sheep robots: as = 4, bs = 1, cs = 2, ad = 10, bd =
0, and cd = 0.

• Dog robots: as = 1, bs = 0, cs = 1, ad = 0, bd = 40,
and cd = 5.

The ratio of captured sheep robots is calculated by aver-
aging the results of ten times of the simulations. The ratio
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Fig. 10. Initial pattern snapshot: The number of sheep
robots 500, the number of dog robots 1000, and the field
size is 100×100 grids. Dark dots are sheep robots, and grey
dots are dog robots.

Fig. 11. Snapshot of sheepdog cellular automata field at step
2500.

is defined by the proportion between the number of cap-
tured sheep robots and the total number of sheep robots.
The initial sheep and dog robots patterns are the same in
each simulation (Fig. 10).

Figure 11 shows how sheepdog cellular automata have
progressed at step 2500. Dog robots chase sheep robots,
forming small clusters, and the number of captured sheep
robots is low.

At step 25000, dog robots have captured sheep robots,
forming a cluster (Fig. 12).

4.2.2. Simulation Results

In simulation results (Fig. 13), the x axis is the number
of steps over time and the y axis is the ratio of captured

Dog robots

Sheep robots

Fig. 12. Example: Dog robots cluster to herd sheep robots.
Snapshot at step 25000.

Fig. 13. Ratio of captured sheep robots: In case 1, sheep
robots number 250, in case 2; 500, in case 3; 750, and in
case 4; 1000.

sheep robots. In case 1, sheep robots number is 250, in
case 2; 500, in case 3; 750, and in case 4; 1000. Dog
robots number is 1000. Captured sheep ratio r(t) at step
in time t is defined by

r(t) =
Nc(t)
NStotal

where Nc(t) is the number of captured sheep robots at step
in time t, and NStotal is the total number of sheep robots.

Note the following: Case 2 shows the best overall sheep
capture ratio peaking at around 45%. In cases 1 and 3,
the sheep capture ratio rose to around 35%. In cases 3
and 4, large dog robot clusters that appear, simultaneously
collapses are observed, however. Case 4, with the worst
overall sheep capture ratio, is plagued by frequent clus-
ter collapse that lowers performance and involves violent
ratio rises and falls.

In Fig. 14, a bar chart comparing the average sheep cap-
ture ratio to four cases of robot density shows that sheep-
dog performance peaks at a robot density of around 15%.
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Fig. 14. Robot density and average sheep capture ratio.

Table 2. Comparison of robot density, sheep:dog ratio, and
average number of robots within range of sight.

Robot Sheep:dog Average
density ratio number of

robots within
Case dr[%] rsd [%] range of sight

nrange

1 12.5 25.0 3.125
2 15.0 50.0 3.750
3 17.5 75.0 4.375
4 20.0 100.0 5.000

Table 2 compares robot density, the sheep:dog ratio,
and the average number of robots within the range of
sight. Robot density of robots dr is defined by the pro-
portion of the total number of robots to the number of
grids, which is 10000. Sheep:dog ratio rsd is defined by
the proportion of the number of sheep robots to the num-
ber of dog robots. The average number of robots within
range of sight nrange indicates the ratio of robot conges-
tion. In case 2, nrange is 3.75, with congestion acting to
form a large dog robot cluster.

4.3. Robot Diversity Simulation
We now focus on diversity of dog robot parameter. The

previous simulation used uniform characteristics for each
sheep and dog robot. Here, we give different characteris-
tics to each individual dog robot to compare performance
between uniform and diverse dog groups. We also look at
the relationship between sheepdog performance and the
fractal dimension of cellular automata.

4.3.1. Robot Parameters

Number of dog robots is 1000, and number of sheep
robots 500, in a setup of cases of dog robot parameters
(Fig. 15) as follows:

• Case 1: as = 1(±1), bs = 0(±0), cs = 1(±1), ad =
0(±0), bd = 40(±10), and cd = 5(±5). Fig. 15. Dog robot parameters.
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Fig. 16. Performances of different robot parameters.

• Case 2: as = 1(±1), bs = 0(±0), cs = 1(±1), ad =
0(±0), bd = 40(±40), and cd = 5(±5).

• Case 3: as = 10(±10), bs = 0(±0), cs = 1(±1),
ad = 0(±0), bd = 40(±40), and cd = 5(±5).

• Case 4: as = 5(±5), bs = 0(±0), cs = 1(±1), ad =
0(±0), bd = 40(±40), and cd = 5(±5).

• Case 5: as = 5(±0), bs = 0(±0), cs = 1(±1), ad =
0(±0), bd = 40(±40), and cd = 5(±5).

• Case 6: as = 5(±0), bs = 0(±0), cs = 1(±0), ad =
0(±0), bd = 40(±0), and cd = 5(±0).

Case 6 compares the uniform dog group to the diverse
dog group in case 4. Case 4 defines each weight param-
eter as a random value from a uniform distribution, e.g.,
bd is a random value between 1 and 80, whose median
almost equals 40, i.e., the weight parameter from case 6.
Simulation starts from the initial pattern in Fig. 10, and
ends at step 400000.

4.3.2. Simulation Results
In simulation results (Fig. 16), the x axis is the number

of steps over time and the y axis is the number of cap-
tured sheep robots calculated by averaging the results of
ten simulations.

Note the following: Case 4 shows the best performance
and case 6 shows the worst, with the big difference in-
dicating that diversity in the dog robot group improves
sheepdog performance over that in the uniform dog robot
group.

We analyzed the number of captured sheep robots, the
fractal dimension of cellular automata, and the sheepdog
simulator snapshot from case 4 simulation (Fig. 17) and
from case 6 simulation (Fig. 18), calculating fractal di-
mension by box-counting method.

At the start of simulation, the fractal dimension is
approximately at 1.65, and decreases with the increas-
ing number of captured sheep robots. The large cluster
formed by dog robots capturing sheep robots decreases
the fractal dimension, indicating a negative correlation be-
tween the number of captured sheep robots and the fractal
dimension.

Fig. 17. Example of Case 4. Number of captured sheep
robots, fractal dimension, and snapshot.

Fig. 18. Example of Case 6. The number of captured sheep
robots, fractal dimension, and snapshot.

5. Conclusions

In the simulation framework we have proposed for the
sheepdog problem, Boids model and cellular automata re-
alize two different behavior models, i.e., sheep flocking
and dog chasing and herding (capture).

Simulation results showed that sheepdog problem ex-
ecution is affected by robot density, the sheep:dog ratio,
and the number of robots within the robot range of sight.

Another decisive factor is robot diversity. The dog
robot group with a diverse robot parameter shows better
performance than that with a uniform robot parameter.

In future work, we plan to proceed with this re-
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search targeting optimization of robot weighting param-
eters through sharing distributed knowledge, introducing
other factors into robot models such as movement cost,
and combinations with other algorithms for pursuit prob-
lems.
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