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Queues and Artificial Potential Trenches
for Multirobot Formations

Shuzhi Sam Ge, Senior Member, IEEE, and Cheng-Heng Fua, Student Member, IEEE

Abstract—In this paper, we present a novel approach for rep-
resenting formation structures in terms of queues and formation
vertices, rather than with nodes, as well as the introduction of the
new concept of artificial potential trenches, for effectively control-
ling the formation of a group of robots. The scheme improves the
scalability and flexibility of robot formations when the team size
changes, and at the same time, allows formations to adapt to ob-
stacles. Furthermore, for multirobot teams to operate successfully
in real and unstructured environments, the instant goal method is
used to effectively solve the local minima problem.

Index Terms—Artificial potential trenches, coordination, forma-
tions, multirobots, queues.

I. INTRODUCTION

I N RECENT years, architectures such as ALLIANCE [1],
MURDOCH [2], and BOAs [3], have been proposed for co-

ordinating robots in unstructured environments. For robot for-
mation maneuvers in highly unstructured environments (e.g.,
unmanned surveillance) where team size may change unexpect-
edly, it is important to consider formation scalability and flexi-
bility. Social potentials [4], using a predetermined set of “attach-
ment sites” around each robot, has been proposed to increase
scalability. However, it offers no control over a formation’s ge-
ometry, and formations, such as the wedge, cannot be achieved.
A distributed approach, relying on communications, has been
proposed to handle unexpected obstacles and to achieve coor-
dinated motion in a linear pattern [5]. Social roles [6], assigned
by a dynamically chosen leader, may also be used to cope with
changes in the team. General methods for designing controllers
have also been proposed for robots moving along a desired path
and with fixed robot-to-formation-node assignments [7].

Although centralized control has been used successfully [8],
by relying only on one computing and command center, cen-
tralized control is prone to failure especially in dynamic and
uncertain environments. Thus, decentralized control has been a
popular approach for several schemes. Virtual leaders [9] have
been proposed for herding the robots into desired formations.
Specific robot identifications (IDs) have been used in several
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NOMENCLATURE

schemes [10]–[12], where each robot is associated with, and re-
quired to track, a predefined position in the formation. In [13], a
formation constrained function was used to determine the team
formation that moves along a specified path. The virtual struc-
ture approach [14] has also been proposed for formation con-
trol. To improve coordination and individual fuel consumption
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Fig. 1. Vectors q ;v , and ��� of r (or the target) in the world coordinate
system.

efficiency, the computation of the team’s virtual center is pro-
posed in [15]. For formations where strict rigidity is required,
nodes/edges of graphs may be added and removed dynamically
in response to the addition/removal of robots [16]. Formation
stability is another important issue that has been investigated by
several researchers [17]–[19].

The main contributions of this paper are as follows. First, the
concept of queues, instead of nodes, is proposed as a novel and
flexible methodology to define and support a large variety of
formations. A decentralized redistribution algorithm is used for
robots to redistribute themselves dynamically amongst queues,
in response to changes in the formation or in the number of
robots in the team. Furthermore, conventional methods using
potential fields, which attract robots to predetermined points in
order to form the desired pattern, limit the formation’s scala-
bility. We generalize this to a line using the artificial poten-
tial trench, each associated with a queue. Each robot will be
attracted to, and will move along the bottom of the “valley”
created by the potential trench, automatically distributing them-
selves along the trench. Preliminary results of this research was
presented in [20].

II. EMERGENT AND SELF-ORGANIZING FORMATIONS: QUEUES

AND ARTIFICIAL POTENTIAL TRENCHES

Before proceeding further, the following assumptions are
made in this paper.

Assumption 1: Each robot is able to broadcast information
to others. The wireless communication has a limited range and
is not assumed to be perfect, i.e., links may be broken.

Assumption 2: The team follows a target (either virtual or
real), and the position , velocity , and topside
orientation vector of the target are known, with

. The unit vector is normal to the top surface of the
target, and together with specifies the overall orientation of
the target, as shown in Fig. 1.

Assumption 3: A robot is able to estimate its position
, and (with the convention in Fig. 1) in the world coor-

dinate system.

A. Formations and Queues

In practical applications, formations usually take the form of
geometric shapes, which may be conveniently subdivided into a
series of smooth line segments. Each of these line segments are
referred to as queues. The proportion of all of the robots

Fig. 2. Examples of queues, and formation vertices (circles), where x and y
are the axes of the coordinate frame of the target centered at V . Open queues
are drawn with solid (and dashed) lines, indicating that they extend indefinitely
from the vertex. (a) Queues and vertices. (b) Robots (black triangles) entering
their queues on a two-dimensional plane.

in the team to be allocated to each queue for each formation
is specified by the user and may be changed during runtime
when the need arises. This increases the flexibility of forma-
tions, which scales according to changes in , since propor-
tions are used instead of exact numbers.

Definition 2.1 (Formations): A formation is denoted by
, where is the set of all of the queues that make

up the formation,1 and represents the set of formation
vertices, ,2 around the target.

The positions of the formation vertices may be specified
such that they scale proportionally with and thereby
avoid having an arbitrarily densely packed queue. For in-
stance, assuming that in Fig. 2(a) is spec-
ified for a team of robots, may be rewritten as

. Formation vertices do not
uniquely define the appearance of a formation. They merely
represent a minimal number of pertinent locations in a forma-
tion and pure examination of the formation vertices do not yield
complete information about what the formation looks like. As
such, two different formations, such as the ones in Fig. 2, may
have the same . The actual appearance of the formation
is mainly specified by the queues.

Definition 2.2 (Queues): A queue, , is denoted as
. The four elements characterizing

a queue are described as follows.
(queue vertices): a list of (one or two) forma-

tion vertices through which passes.
(shape): a set of points following an equation in that

describes the spatial appearance of , and is specified in the
coordinate frame of the first formation vertex in .

(capacity): a fraction that refers to the proportion of all of
the robots in the formation it can hold, i.e., , where

is the total number of queues in the formation.
(encapsulating region): the set of points within a certain

distance of the queue. The region is dependent on the

1Note that when the number of robots is too small (i.e.,�N , the number of
formation vertices), the robots will all be located at the vertices, and the scheme
becomes highly similar to strategies using node-to-robot formation structures.
However, in such a case, the robots are not able to reasonably form up into the
desired formation no matter what scheme is used (e.g., two robots trying to form
a wedge formation).

2Each formation vertex is represented by its position relative to the coordinate
frame of the target.
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number of robots that should reside on the queue and is hence
related to .3

Queues may further be classified into closed and open queues.
This characteristic influences the constraints on the shape of the
queues.

Definition 2.3 (Closed Queues): Closed queues are those that
have two formation vertices in . The curve describing is
constrained to pass through the second vertex in [e.g.,
in Fig. 2(a)]. As the formation reaches steady state, all robots
residing on a closed queue will be on the part of that are
between the two vertices.

Definition 2.4 (Open Queues): Open queues are able to ex-
tend to infinity starting from the formation vertex in that con-
tains only one element.

Formations, such as the wedge and line formations, involve
open queues, while some others, such as the diamond and circle,
consist of closed queues. Fig. 2(a) shows an arbitrary forma-
tion that consists of five queues together with the corresponding
queue capacities, in the coordinates of the target. The forma-
tion vertices (small circles, , and ) are also reflected.
In the figure, and share the same vertex. Queue 1 is a
closed queue (with ), starting at and ending at

, while the rest are classified as open queues. Fig. 2(b) shows
a formation with three queues and six robots (black triangles),
each attracted to the nearest point in its respective queues.

Remark 2.1: For schemes based on nodes and edges, when
formations are complex, it becomes difficult to track how the
formation definition changes in response to the many different
cases when team size changes, e.g., due to robot failures or ad-
ditions. In the proposed scheme, the definition of a formation
(usually specified by a higher level decision maker, possibly a
human user) is independent of the reshuffling and adaptation
of the formation, hence facilitating human–robot interactions.
However, note that “node-to-robot” (NR) schemes have applica-
tions in areas which require strict adherence of each robot to spe-
cific points in the graph (e.g., grasping and transportation tasks
by robotic fingers). On the other hand, there are also many ap-
plications (e.g., during pursuit, encirclement, and convoy move-
ment) in which flexibility (and the formation’s shape) is more
important than rigidity, and for which the proposed scheme is
highly suited.

B. Changing Queues

Given a formation, each robot has to dynamically decide
the queue that it has to enter, in response to changing cir-
cumstances, e.g., when the total number of robots changes.
Let Nearest Integer be the number of robots
allowed in , and be the queue status4 of at time .
The robots are first randomly initialized such that they belong
to one of the queues in the current formation. A robot in
queue continually broadcasts its 1) distance from the
first formation vertex in , and 2) queue status, to the other

3In a way, E provides a wrap around each queue, and, when the formation
reaches its intended form, all robots should rightly be within the encapsulating
region of their respective queues.

4It may also be the information (with time/communication lags) regarding the
queue status of r that another robot r has at time t.

robots within the broadcast range. From the data broadcasted
by the other robots, the following information may be derived
by each robot.

1) The current number of robots in , given by , as well
as .

2) The excess length of each queue in the formation, .
Excess length refers to the number of excess robots in
the queue, e.g., in a queue with a capacity of 0.5,

. Negative excess length means that the
queue is not fully filled up.

3) The last member of each queue, defined by the robot in the
queue that is the furthest from the corresponding queue
vertex.

The queue evaluation process is decentralized and performed
individually by each robot continuously over time. At every time
step currently in (i.e., ) uses the following al-
gorithm, and the most recent information it obtained from the
broadcast channel (which may be subjected to network laten-
cies) to arrive at a decision of its queue status for step .

1: for to
2: Determine:

otherwise.
(1)

3: // Any robot that lags too far behind the main team (due
perhaps to equipment failure) will eventually move out
of the team’s broadcast range and be excluded.

4: if then
5: The current queue is either exactly full (and has no extra

robots), or still has available space for more robots. No
changes will be made to ’s queue status.

6: else
7: if is the last member of its queue then
8: The queue status will be modified as:

(2)

where is the set of all the queues with negative
excess length, and is the shortest distance
between and . If more than one queue in

are equally near to , one will be chosen at random.
9: else
10: will retain its current queue status.

Robots in queues with (positive) excess lengths will move
toward the nearest queue that has negative . By allowing
only the last robot in each overpopulated queue to change their
queue status, the formation will not experience large reshuffling
when many robots from an overpopulated queue rush to occupy
the extra space in an underpopulated queue. Whenever queue
switching occurs, at least one space in all of the underpopulated
queues will be filled. When an underpopulated queue becomes
overpopulated due to a high influx of robots from other queues,
the algorithm ensures that only the extra robots (furthest from
the queue vertex) switch queue. The number of robots which
will potentially change queue will hence be less than that which
had entered the queue. As such, the number of robots that are
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Fig. 3. Forces acting on a robot (r ) when it enters a queue and the cross
section of the potential trench. A robot is attracted to the point on Q (at
q ) that is nearest to it.

eligible for changing queue will gradually decrease until all the
queues reach full capacity.

Remark 2.2: In practical situations, certain robots may be
disconnected from the team’s communication network due to
equipment malfunction or communication loss. New robots may
also join the team. This causes the values of and , that a
robot computes, to change. The algorithm will dynamically re-
distribute the robots amongst the queues (based on and com-
puted values of and ), and scales the formation accord-
ingly.

C. Potential Trench Functions

After a robot determines the queue to which it belongs, it
will be attracted to the bottom of the artificial potential trench
associated with that queue. The artificial potential trench for
each queue may be synthesized with respect to the associated
formation vertex such that it has the shape of the queue.
Robots in a potential trench will be attracted to the bottom of
the trench.

Assuming that , the following analysis is done in the
coordinate system of the first formation vertex (at in the
world frame) in the list . The and axes ( and )
for this coordinate system are defined such that they coincide
with the unit vectors of the velocity and topside orientation

of the corresponding formation vertex, respectively. This
can be seen more clearly from Figs. 1 and 2(b).

In general, let be a function that defines the shape of ,
which is continuously differentiable over the range in which the
queue exists, and passes through all the formation vertices in
the set . Furthermore, every point on the curve must be at
a different distance from the origin. This ensures that for any
point in , there will be a point on that is
nearest to . This is shown in Fig. 3. The point can
be obtained from

(3)

where is the set of points on the queue that satisfies
with .

Let describe the cross section of the potential
trench, and let the shortest distance between the points
and be given by , as shown in Fig. 3. The cross

Fig. 4. Instead of the original queue (that passes through the obstacle), the
presence of the obstacle causes the robots (triangles) to be attracted to the
deformed queue that hugs the obstacle at a distance of � .

section of the potential trench may be designed to take the form
[21]

(4)

where is the distance from the bottom of
the trench, and the user defined parameter determines
the slope of the potential trench. Forces generated by such po-
tentials have the advantage of being bounded and will not ap-
proach arbitrarily high values. Attractive potentials in the rest
of this paper will adopt forms similar to . The differential
of with respect to scalar is given by

(5)

A robot at would be attracted to the nearest point
on the queue, and the attractive force it experiences may be cal-
culated as

(6)

(7)

derived in a similar manner as when conventional potential
fields are used [22]. Note that the force is represented in the
coordinate frame of the first vertex in .

1) Formation Adaptation and Deformation: When an ob-
stacle is detected to be in the direction of is attracted
to the point that is before the obstacle, but still along the vector

. This can be seen more clearly in Fig. 4. In this case,
the attractive force is modified to become

(8)

where is given by

no obstacles in the direction

otherwise
(9)

and is the distance along between and the
obstacle, and is the distance the deformed formation
is to be from the obstacle, where is a safety distance between
a robot and an obstacle.
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Fig. 5. Three-dimensional view of the potential trench function of Q in the
(x; y) coordinate space of the vertex, V .

For illustration, consider in Fig. 2(a), with the robots
moving in . The potential trench experienced by a robot in

, at in the frame of , is given by

for
otherwise

(10)

and is shown in Fig. 5 for .
Robots are affected only by the potential trenches associated

to their own queues. The repulsive forces (described in Sec-
tion III) between robots will ensure that the robots maintain a
desired distance between each other in the potential trench. The
forces in the frame of the vertex may then be converted into the
world coordinate frame, in which all of the forces acting on
are calculated, as follows:

(11)

where

(12)

III. ROBOT BEHAVIORS

A. Target Tracking

Each robot sets its target to be the first formation vertex in
of its queue. The target tracking potential function for , based
on the work in [23] that takes into account the position and ve-
locity of the target, is specified as

(13)

where the parameters . The corre-
sponding attractive force is

(14)

The parameters weight the relative importance between tracking
the target’s position, velocity, and orientation. For this paper,

Fig. 6. Representation of the direction (n ) of a point in the coordinate
frame of r by the pair (� ; � ).

the values of are chosen to be 1, 0.5, and 0.5,
respectively. A detailed discussion of the effect the parameters
have on robot behaviors may be found in [23].

B. Instant Goal (IG) Behavior

The IG method was first proposed in [24] to solve the local
minima problem in robot path planning, through the use of dy-
namically created IGs. For completeness, the IG method, gen-
eralized for three-dimensional (3-D) spaces, is briefly described
in this section.

It is assumed that is equipped with range sensing equip-
ment that is capable of producing a 3-D spherical scan. The di-
rection of each reading (in the coordinate frame of ) is char-
acterized by two angles as
shown in Fig. 6. In general, the direction of an arbitrary point
in the frame of may be represented by a pair . A matrix
representation, , of the range readings of can
then be obtained, where is the range return in the direction

with and for

(15)

where and are the angular spacings between each reading.
The pair may also be seen as the representation of the
direction of each range reading in . The unit vector (in ’s
coordinate frame) in the direction is given by

(16)

The angle between two pairs and is given by

(17)
Let represent the direction of the IG that

chooses. In addition, let the directions of and be
given by and , respectively. The IG for

is determined as follows.

1: Find , the ray closest to the target.
2: if and then
3: // ’s target will be in its front hemisphere, i.e., the robot

is deemed to be moving toward the target, and the path
is possibly unobstructed. Turn off IG-behavior and check
if a safe path exists.
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4: Set .
5: else
6: if then
7: Set .
8: else
9: Set the pair to be the scanner ray that is

closest to the previous IG.
10: Let be the ray that is closest to , and

such that and at least one ray in its
neighborhood has a range .

11: Set .
12: if (there is a cylindrical space in the direction

that is large enough for to safely pass through) then
13: The position of the new IG in the coordinate frame of

is with zero velocity,
with topside-orientation .

14: if is in then
15: Set to minimize disruption to formation.
16: EXIT
17: else
18: Set , where is a

user defined constant.
19: GOTO Step 5.

In the world coordinate frame, the direction of the IG from
may be written as

(18)

where the transformation matrix is given by

The force derived from the IG behavior is then obtained
(similar to Section III-A) as follows, with :

(19)

C. Obstacle Avoidance

Various obstacle avoidance techniques [10], [21] assume that
the centers of the obstacles are known. However, in unstruc-
tured environments, such information may not be readily avail-
able. Sensor-based obstacle avoidance that takes velocity into
account has been proposed [23]. Simple obstacle avoidance is
implemented in this paper based on the range sensor returns.
Let the repulsive potential in the direction represented by the
pair take the form of

for
otherwise

(20)

which yields the following repulsive force:

(21)

where is a positive constant, and is a constant.

Fig. 7. Attractive and repulsive forces on a robot joining an established queue.

D. Overall Robot Behavior

The behavior of may then be determined by the vector sum-
mation of all the individual forces derived in the earlier sections.
This may be written as

(22)

with user-defined parameters .

IV. ANALYSIS OF PARAMETER VALUES

In this section, we discuss how the parameter in (21)
should be chosen in relation to in (4) in order to avoid certain
local minima conditions when robots attempt to join a queue.
Consider the scenario in Fig. 7, in which tries to enter the
queue in between and . In this case, and are spread
with a distance of due to the repulsive force between them. If
the attractive force to the queue that experiences is not large
enough to overcome the repulsive forces due to and , a
local minima will exist at point A. Robot will then be unable
to join the queue, and subsequently move along the queue with
the same velocity as the other robots residing on the queue.

Although obstacles temporarily disrupt the robots in the
queue, when the team leaves the area around the obstacle,
they will again be required to settle back into queue and the
same local minima problem will still exist. Target tracking
and IG behaviors are set to be relatively smaller than the
formation and obstacle avoidance behaviors. Hence, for clarity,
these behaviors will not be included in the following analysis.
For will experience only attractive forces
from the queue and will therefore move toward the queue.
A problem only arises for , and the
attractive force from the queue balances the repulsive forces
from the two neighboring robots. For notational simplicity, let

and . Accordingly, we have

(23)

From geometry, we know that

(24)

Combining with the bounds on , we obtain

(25)



652 IEEE TRANSACTIONS ON ROBOTICS, VOL. 21, NO. 4, AUGUST 2005

Consider the magnitude of the forces along the straight line
through point A perpendicular to the queue. The following anal-
ysis is carried out for a robot attempting to join the queue from
one direction. Due to the symmetry of the potentials with respect
to the queue, the same analysis applies if the robot is attempting
to join the queue from other directions. From (5), (6), and (21),
the magnitude of the obstacle repulsive and formation attractive
forces may be written as

(26)

(27)

In order to allow to squeeze into the queue between and
, the formation force must be larger than the repulsive forces

from and , i.e.,

(28)

This gives

(29)

From the inequality in (25), we have

(30)

Combining (23), (29), and (30), we obtain

(31)

In addition, should be lower bounded, so that the forma-
tion attractive force does not overwhelm the repulsive forces and
cause collisions. Suppose that and satisfies (31).
To prevent collisions, we let the repulsive force generated by
an obstacle be equal to the maximum formation attractive force
[which is a factor of due to the structure of the potential
function in (4)] when the distance between the robot and the
obstacle is . This gives

(32)

where is a user-defined constant. Therefore, by spec-
ifying may be determined, and may be chosen in a
way such that (31) is satisfied. In this way, for distances smaller
than , the repulsive force will be greater than the formation
attractive force. This allows robots trying to join an already es-
tablished queue to safely squeeze into a convenient point along
the queue, and at the same time preventing robots from getting
too close to each other.

V. SIMULATION EXPERIMENTS

Realistic simulations are performed using the Player/Stage
platform [25]. Let and (in degrees) be the angle of
and in the world coordinate system, respectively. The speed

TABLE II
PARAMETER VALUES FOR SIMULATIONS

Fig. 8. Scaling of formations. Solid: wedge; dashed: column; dash–dot: double
column; dotted: circle.

and turning rate of each differential drive robot is determined as
follows [23]:

(33)

(34)

where is a positive constant. For the simulations
mm/s, and /s. Range sensing is

obtained from 32 sonar beams, equally spaced over 360 . The
parameters used are given in Table II.

Four representative formations are used: 1) wedge (one
vertex, two open queues); 2) column (one vertex, one open
queue); 3) double column (two vertices, two open queues);
and 4) circle (one vertex, two closed queues). To determine
the closeness of a team of robots to a desired formation, the
distance measure is used as follows:

(35)

where is the distance of the robot from the nearest point
of the encapsulating area of the queue to which it belongs.
The distance may also be viewed as a form of error measure.
Note that the distance of robots from their queues is, by itself,
unable to provide a good measure of how closely the team has
formed up into the desired formation, and must be used together
with . This is because robots may have already moved
into the potential trench (resulting in very small ) before
reaching the vicinity of the formation vertex.

Remark 5.1: Although regular formations are used, the con-
cept may also be easily generalized for irregular formations. The
difference is only in how the queues (or positions of nodes for
NR-approaches) are specified for the two classes of formations.
The main advantage of the proposed approach lies in its con-
cise and flexible representation of formations that is indepen-
dent of team size. This may be clearly brought out with com-
monly used formations (e.g., wedge). Consider the case when
a team, in a double column formation, increases from 10 to
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Fig. 9. Snapshots of the team of nine robots forming the wedge formation. (a) t = 0 s. (b) t = 25 s. (c) t = 50 s. (d) t = 75 s. (e) t = 150 s.

Fig. 10. Snapshot of corridor and waypoints.

30 robots. The proposed representation will always consist of
two vertices and two open queues (regardless of team size),
while NR-approaches require 20 nodes to be dynamically added
and assigned. This observation is independent of whether the
columns are straight or irregular lines.

A. Convergence to Formations and Scaling

The robots are initialized to random positions around a sta-
tionary target, and the value of against time is shown in Fig. 8.
It is observed that decays to almost zero at s. The
graphs also show the effect a sudden reduction of robots (by
half at s). The robots are eventually able to scale the
formation accordingly. Snapshots of the robots entering a wedge
formation are shown in Fig. 9. Due to uncertainties, imperfec-
tion of the position data, and finite robot reaction times, never
decays to exactly 0. The resulting average error is approximately
0.1–0.15 m. This is relatively small and does not greatly affect
the team’s overall formation.

B. Maneuvers in Confined Spaces

The team is required to follow a moving target (traveling at a
speed of 0.6 ms via a series of waypoints) through a winding
corridor shown in Fig. 10. The graphs of against time for the
column and wedge formations are shown in Fig. 11. To observe
the effect of having adaptive queues, another distance measure

(36)

is also used and is plotted as dashed lines in the graphs of Fig. 11.
This measure is essentially the same as , except that it is depen-

Fig. 11. Team maneuver through a confined corridor Solid: �; dashed: � . (a)
Wedge formation movement. (b) Column formation movement.

Fig. 12. Snapshot of environment with Type-I and -II obstacles. (a) Type-I
obstacle field. (b) Type-II obstacle field.

dent on the distance of the robot from the deformed queue and
indicates how close the robots are to a deformed formation. By
comparing the solid and dashed lines, the instances the forma-
tions adapt to nearby obstacles may be observed. Spikes in the
graphs occur when the target (formation vertex) turns around
the corners of the corridor. The turns and the corresponding
spikes are numbered in Figs. 10 and 11. Milder turns resulted
in lower spikes in the error graphs, and the wedge formation
suffers larger deformations since it is laterally more spread out.

C. Reaction of Formations to Obstacles

The robots are initialized to random positions near Point A
and follows a virtual target, in a wedge formation, through an
obstacle field to Point B, as shown in Fig. 12. Two types of
obstacle fields are used: 1) Type I: large (more than ten times
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Fig. 13. Plot of � versus time for team traversal through obstacle fields. (a) Type-I obstacles. (b) Type-II obstacles.

Fig. 14. Plot of � versus time for disruption to a maximum of half the communications links. (a) P = 0:05. (b) P = 0:25. (c) P = 0:50.
(d) P = 1:0.

the radius of each robot) and concave and 2) Type II: small (less
than three times of each robot’s radius) and convex. The effect
Type-I and Type-II obstacles have on the team formation are
shown in Fig. 13. The size and shape of the obstacles account for
the error and amount of time required by the robots to maneuver
around them. For both instances, the robots are able to return to
their formation once they clear the obstacles.

D. Disruption of Wireless Communications

The formation errors when communication links between
robots are disrupted with probability of 5%, 25%,

50%, and 100%, are examined in this section. When this occurs,
varying amounts of information is lost. In this section,
the robot may lose up to a maximum of: 1) all ;
2) half ; or 3) a quarter , of the in-
formation in the channel. The double column formation is used
since it is simple and can therefore clearly reflect what happens
(e.g., queue changes) in the event of communication loss. The
plots of the errors for the different when
are shown in Fig. 14.

The spikes in the graphs occur when communication links are
lost and the robots at the receiving end of the information decide
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Fig. 15. Queue status of the robots for I = 0:50; P = 0:05. (a) r . (b) r . (c) r . (d) Dash: r ; r ; r ; r ; solid: r ; r .

Fig. 16. Effect of different degrees of communication breakdown on the formation. Circle (�): I = 1:00; cross (�): I = 0:50; triangle ( ): I = 0:25.
(a) Number of robots involved in queue changes. (b) Average error in formation.

to change queue. For most cases, the team continues in forma-
tion, with those at the end of the queues toggling between the
queues, causing the error . For with %,
the queue status of the robots are shown in Fig. 15. From the
figure, we see that only robots , and change their queue
status frequently. Other robots are at the front of their queues,
and will still detect another robot in their queue that is further
from the formation vertex, and thus retain their queue status.
The graphs in Fig. 16 show the number of robots involved in
frequent toggling between queues, and the average error in the
formation over the simulation time interval for different
and . As expected, extreme communication failure causes
robots to constantly switch between queues, resulting in un-
stable formations.

VI. CONCLUSION AND FUTURE WORK

A novel method for representing formation structures in
terms of queues has been proposed to support a wide variety
of formations, without requiring explicit representation of
every single node. Together with the newly introduced artificial
potential trenches, the scalability of formations is improved.
Furthermore, formations are protected against failures of in-
dividual robots, and the group formation scales and adapts
automatically. With the use of the IG method, the local minima
problem due to the presence of deep crevices can be effectively
addressed. However, it is noted that communications bandwidth
places an upper bound on the maximum team size. Transmis-
sion fidelity also influences the stability of a formation.
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In addition, there are several interesting issues that would
benefit from more extensive research in the future. These in-
clude: 1) mathematical proofs relating to the stability of forma-
tions under the proposed scheme, drawing on stability concepts
in control theory; 2) path planning and control of nonholonomic
vehicles in response to forces generated by robot behaviors; and
3) communication issues that may provide insight into ways to
reduce the reliance on extensive communications.
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