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I
n recent years, multirobot systems have been the object of
widespread research interest in the scientific community, given
their application in different fields of robotics such as service,
military, or educational robotics. The interest in using multiro-
bot systems is due to their unique characteristics such as increas-

ing the redundancy and the flexibility of mission execution,
making the system tolerant to possible robot faults, accomplishing
missions not physically executable by a single robot, or achieving
the same mission of a single robot while reducing the execution
time and increasing the performance. Moreover, the flexibility of
multirobot systems is increased by the realization of systems with
different typologies of autonomous vehicles such as wheeled
mobile robots [15], [10], autonomous underwater vehicles [13],
unmanned aerial vehicles [22], [6], and marine surface vessels [8],
[16]. The research in multirobot systems has matured to the point
where systems with hundreds of robots [18], [14] or teams of
heterogeneous robots [9], [11] are being proposed.

Consistent research is devoted to applications such as explo-
ration and mapping of unknown environments, pushing large
objects, or studying biological systems, but few studies explic-
itly address the entrapment/escorting or catching problem.
The entrapment/escorting mission consists in surrounding a
moving target by reducing its escape windows (or, similarly,
protecting a target by reducing the intrusion paths for an exter-
nal agent) and can have different applications such as robotic
surveillance security systems, military robotics, or enter-
tainment robotics. In [17], a set of fuzzy rules are proposed to
surround and entrap an escaping target, and these rules are
experimentally validated on a three-robot system. In [23], an
approach is presented to track and acquire a target and is exper-
imentally validated by the use of two mobile robots.

From a control point of view, multirobot systems pose
broadly different problems, such as motion planning and coordi-
nation, behavior emergence in unknown environments or
unpredictable situations, information sharing, and the choice of
sensor equipment. Among the possible control techniques, most
control strategies for mobile robots resort to biologically inspired
concepts, i.e., using elementary control rules of various animals
(e.g., ants, bees, birds, and fishes) and trying to reproduce their

group behavior (e.g., foraging, flocking, homing, and dispersing
[19]) in cooperative robotic systems. Behavior-based approaches
give the system the autonomy to operate in unpredicted situa-
tions using sensors to obtain information about the environment;
thus, they are useful in guiding a multirobot system in an
unknown or dynamically changing environment.

In this article, the entrapment/escorting mission is handled by
resorting to the kinematic control presented in [4] and [5]. The
proposed approach is based on a new kind of behavioral control,
the null space-based behavioral (NSB) control [13]. This method
differs from other existing behavioral coordination methods in
the way that the outputs of the single elementary behaviors are
merged to compose the final behavior. The NSB has been exten-
sively tested in formation control missions [2], while in this
article, its application to the entrapment/escorting mission is dis-
cussed. In particular, the control strategy has been validated bothDigital Object Identifier 10.1109/M-RA.2007.914932



in simulation and in several experimental case studies, where a
team of six Khepera II mobile robots has to entrap a moving tar-
get represented by a tennis ball randomly pushed by hand. The
simulative and experimental results show the effectiveness of the
approach. Moreover, the control approach has been made robust
such that in spite of the loss of a vehicle, in case of failure of one
or more vehicles, the system autonomously reconfigures itself to
correctly achieve the mission. Accordingly, in the experimental
case studies shown, an intentional failure of one of the robots is
imposed so as to show the structural robustness and the dynamic
scalability property of the proposed technique with respect to the
eventual loss of vehicles.

The NSB Control for Multirobot Systems
In a general robot mission, the accomplishment of several tasks
at the same time is of interest. For instance, in a formation con-
trol mission, it is required that the vehicles maintain a given
relative position while avoiding obstacles. A possible technique
to handle the composition of the tasks has been proposed in
[7], which consists in assigning a relative priority to single task
functions by resorting to the task priority inverse kinematics
introduced in [20] for ground-fixed redundant manipulators.
Nevertheless, as discussed in [12], in the case of conflicting
tasks, it is necessary to devise singularity robust algorithms that
ensure proper functioning of the inverse velocity mapping.

Based on these works, this approach to the composition of
the tasks has been developed in [4] in the framework of the
singularity robust task priority inverse kinematics [12].

By defining the task variable to be controlled as r 2 Rm

and the system configuration as p 2 Rl,

r ¼ f ( p), (1)

with the corresponding differential relationship

_r ¼ @f ( p)

@p
v ¼ J( p)v, (2)

where J 2 Rm3l is the configuration-dependent task Jacobian
matrix, and v 2 Rl is the system velocity.

An effective way of generating motion references pd(t) for
the vehicles starting from the desired values rd(t) of the task
function is to act at the differential level by inverting the (locally
linear) mapping [2]. In fact, this problem has been widely
studied in robotics (see, e.g., [24] for a tutorial). A typical
requirement is to pursue a minimum-norm velocity, leading to
a closed-loop inverse kinematics (CLIK) least-square solution:

vd ¼ J†( _rd þ K~r) ¼ JT( JJT)�1( _rd þ K~r), (3)

where K is a suitable constant positive-definite matrix of gains,
and ~r is the task error defined as ~r ¼ rd � r.

The NSB control intrinsically requires a differentiable ana-
lytic expression of the tasks defined, so that it is possible to
compute the required Jacobians. In detail, based on the anal-
ogy of (3), the single task velocity is computed as

vi ¼ J†
i ( _ri,d þ Ki~ri), (4)

where the subscript i denotes the ith task quantities. If the sub-
script i also denotes the degree of priority of the task with, e.g.,
task 1 being the highest-priority one, according to [12], the
closed-loop solution (3) is modified into

vd ¼ v1 þ I � J†
1 J1

� �
v2 þ I � J†

2 J2

� �
v3

h i
: (5)

The NSB control always fulfills the highest-priority task at
nonsingular configurations. Remarkably, (5) has an agreeable
geometrical interpretation. Each task velocity is computed as if
it were acting alone. Then, before adding its contribution to
the overall vehicle velocity, a lower-priority task is projected
onto the null space of the immediately higher-priority task so
as to remove those velocity components that would conflict
with it.

The Escorting Mission
The mission of escorting a target can be seen as the require-
ment of surrounding a target whose movement is not known a
priori but can be measured in real time. To achieve the mis-
sion, the multirobot system has to entrap the target and reduce
its possible escape windows by properly distributing the team
members around it. Thus, with reference to the planar case,
the escorting mission can be satisfied by placing the n vehicles
of the team at the vertices of a regular polygon of order n cen-
tered in the target and whose sides define a sort of intrusion/
escape window (see Figure 1).

Following the NSB approach, the escorting mission is
decomposed into elementary subproblems to be individually
described and solved, which are as follows:

1) command the robots’ centroid to be coincident with
the target

2) move the robots on a given circumference around the
centroid

3) properly distribute the robots along the circumference
4) avoid collisions among the robots themselves and with

obstacles.

Figure 1. The entrapment/escorting mission.
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For each behavior, a suitable task function is properly
designed. Without entering the mathematical details, which
can be found in [5], the task function definitions are reported
below.

1) For the centroid position, the two-dimensional task
function rc is simply given by

rc ¼ f c( p1, . . . , pn) ¼
1

n

Xn

i¼1

pi ¼ p: (6)

2) The n-dimensional task function

rs ¼

..

.

1
2 ( pi � c)T ( pi � c)

..

.

2
66664

3
77775

(7)

can be used to keep each robot of the team at a
given distance r from a point c 2 R2 by setting

rs;d ¼
..
.

r2=2

..

.

2
664

3
775: (8)

3) Properly distributing the robots along a given cir-
cumference is equivalent to making equal the relative
distance between successive robots along this circum-
ference. The latter task can be achieved by properly
assigning the perimeter of the polygon inscribed in
the circumference [5]. In fact, a regular polygon has
the maximum perimeter among all the polygons of the
same order inscribed on a given circumference. In this
article, instead, the same configuration is pursued by
requiring that the robots place themselves at the vertices
of a polygon with sides of the same length. This is
achieved by simply imposing the same distance between
adjacent vehicles. It is worth noting that the task func-
tion definition used in this article has been shown to be
more efficient than that proposed in [5] in the experi-
mental runs.

4) The obstacle avoidance task function is defined indi-
vidually for each vehicle, i.e., it is not an aggregate
task function. In fact, each vehicle needs to avoid
both environmental obstacles and the other vehicles.
With reference to the generic vehicle of the team, in
the presence of a punctual obstacle in the advancing
direction, the task function has to elaborate a driving
velocity, aligned to the vehicle-obstacle direction,
that keeps the vehicle at a safe distance d from the
obstacle. Therefore,

ro ¼ kp� pok
ro;d ¼ d,

where po is the obstacle position.
According to (4), each elementary behavior outputs a veloc-

ity reference command to each robot of the team. To obtain
the actual motion reference commands to the robots, the out-
puts that accomplish the single behaviors are merged by (5) on
the basis of the active behaviors and on their priority orders.

Simulations
Extensive simulations have been performed with a selective
activation of the behaviors and with different priority orders to
better emphasize the meaning of each behavior and the

Table 1. Selective activation, relative priority and CLIK
gains of the behaviors in the five cases considered.

Priority

Task A B C D E CLIK Gains

Centroid on the target 2 2 2 2 3 K ¼ 2:0

Distribution on a circumference – 3 – 3 2 K ¼ 0:5

Polygon with equal edges – – 3 4 4 K ¼ 3:0

Obstacle avoidance 1 1 1 1 1 K ¼ 1:0

(a)

(b)

(c)

(d)

(e)

Figure 2. Simulations of the entrapping mission with partial or
full activation of the elementary behaviors: (a) obstacle þ
centroid; (b) obstacle þ centroid þ circular; (c) obstacle þ
centroid þ polygon; (d) obstacle þ centroid þ circular þ
polygon; and (e) obstacle þ circular þ centroid þ polygon.
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importance of the priority orders. The simulations concern a
team of nonholonomic robots that, starting from the same initial
configuration, are commanded to accomplish different missions,
depending on the active behaviors. It is worth noting that the
simulation software uses the same control code realized to per-
form the experiments. Of course, in the simulations, instead of
reading data from the camera vision system and sending data to
the robots’ actuators, the control code exchanges data with a
kinematic simulator and a graphical interface. Besides simplify-
ing the debugging of the control code, the simulator also allows
the analysis of the behavior of the robots in ideal conditions that
set the target performance to be pursued in the experiments. In
particular, the absence of stochastic phenomena (e.g., measure-
ment noise, variable delivery time, or loss of data in the radio
communication) allows a repeatable comparison of different
missions executed by starting from the same initial conditions.

The performed simulations concern five different situations
denoted from A to E. Table 1 reports the active behaviors and their
relative priority order for each case considered, and the CLIK gains
are also given. For instance, in situation B, the highest-priority task
is obstacle avoidance, the second-priority task is to keep the cent-
roid of the team on the target, and the third-priority task is to
distribute the robots on a circumference centered in the target.
The task of placing the robots at the vertices of a regular polygon is
not active. Remarkably, obstacle avoidance is always active and
chosen as the primary task in all the missions to
ensure safe execution of the mission.

Figure 2 reports several steps of the simula-
tion for all the cases considered. In particular,
Figure 2(a) shows the steps of mission A in which
the robots have to keep their centroid on the target
while avoiding collisions with it and among them-
selves. In this mission, the only control objective is
the centroid. The shape of the robots thus remains
uncontrolled. However, note that the final shape is
not much different from the initial one. This can
be explained by recalling that, among all the possi-
ble solutions for a single task, the NSB approach
chooses at each step the one with the minimum
velocity norm. As a consequence, the robots do
achieve the mission, minimizing the motion in the
null space of the centroid task function.

Figure 2(b) shows a mission (case B) in which
the robots have to keep their centroid on the tar-
get and arrange themselves on a circumference of
fixed radius. It is worth noting that the distribu-
tion along the circumference is uncontrolled, and
thus the robots do not reach a regular polygonal
shape. The addition of a behavior that places the
robots at the vertices of a polygon with equal
edges permits the accomplishment of the mission
of entrapping the target. Figure 2(c) then shows
the mission (case C) related to this elementary
behavior, in which all the distances between adja-
cent vehicles surrounding the target are equal.

Cases D and E differ only in the order of prior-
ity of the active behaviors. The obtained simulation

results are reported in Figure 2(d) and (e), which illustrate how the
entrapment/escorting mission can be globally achieved by the use
of the four proposed-task functions. Nevertheless, leaving out the
obstacle avoidance behavior—the chosen elementary behaviors
are not conflicting—all the tasks can be simultaneously solved at
the end. Figure 2(d) and (e) shows that, at the last step, the target is
surrounded by the vehicles that regularly distribute themselves
around it. However, the different order of the priority of the tasks
in the two cases changes the transient of the respective simulations.

Experiments
In the following section, the experimental setup and the results
of the execution of several escorting missions with intention-
ally caused faults are reported.

Experimental Setup
The multirobot setup available at Laboratorio di Automazione
Industriale of the Universit�a degli Studi di Cassino, Italy, is com-
posed of several Khepera II mobile robots manufactured by
K-Team [1]. These are differentially driven mobile robots (with
unicycle-like kinematics) with an approximate diameter of 8 cm.
Each can communicate through a Bluetooth module with a
remote Linux-based PC where the NSB has been implemented.
To allow the needed absolute position measurements, we have
developed a vision-based system using two CCD cameras, two

Table 2. Order of priority and CLIK gains
for the behaviors in the two experiments.

Task Gain

Priority

First

Experiment

Second

Experiment

Obstacle avoidance K ¼ 1:0 1 1

Distribution on a circumference K ¼ 0:5 2 3

Centroid on the target K ¼ 2:0 3 2

Polygon with equal edges K ¼ 3:0 4 4

UDP/IP

Figure 3. Sketch of the multirobot setup available at Laboratorio di
Automazione Industriale of the Universit�a degli Studi di Cassino, Italy.
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Matrox Meteor-II frame grabbers, and self-developed C++
image-processing functions. The acquired images are 1,024 3

768 RGB bitmaps. The measurement error has an upper bound
of �0.5 cm and �1�. The remote PC, which implements the
NSB control, receives the position measurements from the vision
system at a sampling time of 100 ms. The NSB outputs the
desired linear velocities for each robot, and, therefore, a heading
controller is needed to obtain the wheels’ desired velocities. We
have developed a heading controller derived from the one

reported in [21]. The remote PC sends (through the Bluetooth
module) the wheels’ desired velocities with a sampling time of
T ¼ 80 ms to each vehicle. The wheels’ controller (onboard
each robot) is a proportional integral derivative control loop
developed by the manufacturer. A saturation of 40 cm/s and
100�/s has been introduced for the linear and angular velocities,
respectively. Moreover, the encoders’ resolution is such that a
quantization of �0.8 cm/s and �9�/s is experienced. A sketch
of the setup is shown in Figure 3.

Experimental Results
As a challenging case study, we report the experimental results
of two different executions of a mission where a tennis ball is the
target to be entrapped by a team of six Khepera II mobile robots.
In particular, the vehicles should guarantee an escaping window
of 40 cm while the safety distance imposed on the vehicles is
20 cm. The desired radius of the surrounding circumference is
modified to guarantee the desired escaping window according
to the number of robots, i.e., it is modified during the experi-
ments to take into account the loss of one or more vehicles. To
underline the effects of the task priority, the two executions dif-
fer only in the priority orders, while the topology of the mission
and the task gains are exactly the same. The video images of the
experiment are presented in two synchronized frames: the one
on the left shows the videos acquired by a hand video camera,
and the one on the right reports animations obtained using
experimental data [25]. These animations are achieved through
a self-developed C-based program that uses the OpenGL
graphics library under the Linux environment.

For the first mission (the relative video is named RAM_
CIRCULAR.mpg), we report a 30-s long section of the escort-
ing mission. Initially, the ball is still, and the six robots have to
surround it. Then, at t � 6 s one robot is moved away from the
arena to simulate a failure, then it is put back in the arena at t � 9 s.
Moreover, at t � 16 s, the target is pushed to impose a reconfi-
guration to the robots. The order of priority of the four tasks and
the corresponding CLIK gains are summarized in Table 2. The
video shows that the robots’ positions in the circumference are
not fixed a priori. After the failure of the robot, in fact, it is put
back in the arena in a random position, and the platoon auto-
matically reconfigures to include the recently added robot.

In Figure 4, the first five seconds are reported. The target is still,
and the vehicles are required to surround it. It can be observed that
the obstacle avoidance task is always the primary task, and the
vehicles avoid hitting each other during the movement. More-
over, no predefined position is assigned around the target. A
hexagon-like configuration is the natural structure of the six-robot
formation since the regular polygon guarantees the minimum dis-
tance between adjacent points on a given circumference.

A fault is caused at t � 6 s by moving away a robot by hand
and further obscuring it to the camera. The algorithm recognizes
the absence of a robot as a major fault, i.e., the vehicle is lost, and
the remaining robots have to complete the mission, ignoring the
damaged robot and considering it as an obstacle. After the reconfi-
guration is successfully achieved, the robot is put again in the arena
at t � 9 s. In Figure 5, the second group of snapshots are given,
from t � 5 s to t � 14 s. Figure 5(a) and (b) shows the moment in
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Figure 4. First set of snapshots of the first escorting
experiment: from t ¼ 0 s to t � 5 s.
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which one of the robot is moved away. In Figure 5(b) and (c), the
remaining vehicles are no longer minimizing the escape space of
the target and need to reconfigure to achieve the lowest-priority
task. From the geometrical point of view, it can be observed that
this is achieved by positioning the vehicles from the vertices of
a six-side regular polygon to those of a five-side regular one

[Figure 5(b)] and modifying the desired radius accordingly. More-
over, when the vehicle is put back in the arena [Figure 5(c)] the
formation is again rearranged into a hexagon. Note that, since the
position of the robots in the formation is not specified, after recov-
ering from the fault, the vehicle takes a different position from the
one it had before the fault [Figure 5(d)].

The target is pushed twice to demonstrate that the algo-
rithm is working in real time, and the vehicles reconfigure such
that the escort mission is still accomplished. This can be seen
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Figure 5. The second set of snapshots of the escorting
experiment: from t � 6 s to t � 14 s. A fault is caused by
(b) moving away a robot by hand and (c) further obscuring it
to the camera. (d) After the reconfiguration is successfully
achieved, the robot is put again in the arena.
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Figure 6. Third set of snapshots of the escorting experiment:
from t � 14 s to t � 29 s.
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in Figure 6, where the last �15 s of the mission is reported.
Moreover, it can also be observed that, after the motion of the
target, the vehicles reconfigure themselves with a different
position relative to the first steady-state condition.

A second experiment was done that differs from the first one
only in the priority orders of the tasks. These are reported in Table
2 together with the corresponding CLIK gains. The complete
experimental results are not reported here, but see [25] for a video
of the complete experiment (namedRAM_CENTROID.mpg).

Finally, the time history of the centroid task function (solid
line) against its desired value [i.e., the ball position (dashed line)]
and the time history of the errors of the circular task function for
both the experiments are reported in Figure 7. The errors are
first convergent to zero. Then, several transients caused by the
abrupt fault, the abrupt vehicle recovery, and the target move-
ment can be observed. The behavior of the team in the two
experiments is quite similar. However, it is worth noting from
Figure 7(a) and (b) that the circular task function has a more reg-
ular shape when it has higher priority (in the first experiment).

Conclusions
The problem of escorting a moving target with a team of mobile
robots was solved in this article by resorting to a formation

control algorithm that can be cast in the framework of the NSB
control approach. The overall mission, therefore, is decomposed
into properly defined elementary tasks that are hierarchically
arranged, so that the higher-priority tasks are not influenced by
the lower-priority ones. The validity of the proposed approach
has been proved by both simulation case studies and experimen-
tal results with a team of six Khepera II mobile robots. Stability
analysis concerning effective conditions needed to verify that the
behaviors of specific missions are properly defined and merged is
under investigation. Future improvements might regard decen-
tralization of the algorithm, consideration of the vehicles’ non-
holonomicity in the definition of the task functions, and the
introduction of a piecewise-constant constraint for the linear
velocity to allow application of the method to teams of cruise
vehicles (e.g., a fleet of vessels or a flight of planes).
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Multirobot, coordination control, behavioral approach.
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