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Abstract— Safe and efficient navigation of robotic swarms is
an important research problem. One of the main challenges
in this area is to avoid congestion, which usually happens
when large groups of robots share the same environment. In
this paper, we propose the use of hierarchical abstractions in
conjunction with simple traffic control rules based on virtual
forces to avoid congestion in swarm navigation. We perform
simulated and real experiments in order to study the feasibility
and effectiveness of the proposed algorithm. Results show that
our approach allows the swarm to navigate without congestions
in a smooth and coherent fashion, being suitable for large
groups of robots.

I. INTRODUCTION

The use of large groups of robots has received much

attention in recent years. Generally called swarms, these

systems employ a large number of simple agents to perform

complex tasks such as exploration and mapping of unknown

environments, transportation and manipulation of large ob-

jects and also distributed sensing and actuation.

Not only limited to robotics, the study of algorithms to

control swarms also has a large impact on other fields such as

digital games, virtual reality and crowd simulation. Typically,

the virtual environments created in these applications are

populated by entities that should behave as a coherent group

rather than unique individuals. For example, given a virtual

model of a building, it is desirable to simulate the behavior

of a crowd evacuating the site in case of fire or other

emergencies.

A common problem in most of these tasks is swarm

navigation. As the dimension of the system’s configuration

space increases exponentially with the number of agents,

the use of traditional path planning algorithms to solve this

problem becomes very expensive, even for a small number

of robots. Possible solutions include separately planning a

path for each agent, considering only its configuration space,

or generating global vector fields to control the swarm as

a whole. But these solutions generally lead to conflicts in

robot trajectories that must be solved. One example is traffic

congestion, when a large number of robots moves towards

the same region of the environment in the same time interval.

In recent years, new approaches have tried to model the

swarm using virtual structures that reduce the dimensionality

of the control problem [1]. In general, these structures

define formation rules for the agents in order to group

them hierarchically, introducing a new level of abstraction
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to control the swarm since only the virtual structure needs

to be explicitly controlled.

The objective of this paper is to use the benefits of this

hierarchical paradigm to develop a control algorithm that

minimizes traffic congestions when different groups attempt

to pass through a common location in the environment.

We realized that most of the work on grouping behaviors

and virtual structures tend to concentrate their efforts in

defining the structure and the formation rules, in an attempt

to minimize the dimension of the resulting configuration

space. However, when we start to consider more than one

group, we see that it is necessary to explore the combined

configuration space formed by them to find an optimal path

without congestions, which leads us back to the same original

problem. Therefore, traffic control algorithms are still needed

due to the increasing configuration space dimension when

considering several groups in the same environment.

This paper is organized as follows. Section II discuss some

related work in the field. Section III presents the method-

ology used for grouping the robots and the hierarchical

algorithms for the traffic control. Experimental results with

both simulated and real robots are presented in Section IV,

while Section V brings the conclusion and directions for

future work.

II. RELATED WORK

One of the earliest works that considered the problem of

controlling a swarm of agents was presented in [2] with the

aim of realistically simulating a flock of birds, known as

boids. In summary, local interactions between agents within

a neighboring area define an emergent behavior for the whole

swarm. Such interactions can be modeled as a special case

of the social artificial potential field method [3], in which a

gradient descent technique is used to generate virtual forces

that guide the robots towards its goal while locally avoiding

obstacles.

A different approach considers the whole group as a single

entity, sometimes called virtual structure. The desired motion

is commanded to this structure, implicitly controlling the

robotic swarm. The works presented in [4] and [5], for

example, define controllers that converge and maintain a

group of robots in a rigid formation according to a known

structure. However, such methods are not scalable to large

groups and the geometric relations among robots make

formation changes during movement a difficult task.

Deformable structures were presented in [6] and [7] to-

gether with artificial potential fields to group and control

swarms of robots. In the former, Probabilistic Roadmaps [8]

were used for planning a navigation path for the structure



in an environment with obstacles; whereas in the latter,

controllers were designed in order to converge the swarm

into a known elliptical region, which was used to escort a

vehicle convoy. Instead of considering a single deformable

structure, some studies used a set of structures to increase

group cohesion and to simplify the path planning problem. In

[9], for example, a hierarchical sphere tree was proposed for

controlling “crowds of robots”. In [10] the path planned for

a single agent is extended to a corridor using the clearance

along the path, and by changing the characteristics of this

corridor it is possible to control a swarm that navigates

through it in a desired way.

Based on a mapping of the swarm’s configuration space

to a lower dimensional manifold, whose dimension is inde-

pendent of the number of robots, a formal abstraction that

allows decoupled control of the pose and shape of a team of

ground robots was developed in [1]. This work was extended

in [11], to account for three dimensional swarms, and in [12],

where a dynamic control model was introduced for similar

abstractions. Based on [1], a cooperation mechanism between

multiple unmanned aerial and ground vehicles was developed

[13], where the UAVs are responsible for estimating the con-

figuration of the ground robots and also for sending control

messages to the groups. Merging and splitting behaviors were

also studied, as sometimes these maneuvers are necessary

for groups to overcome obstacles. Nevertheless, interactions

between groups with different goals and congestion control

were not addressed. This type of problem can be tackled by

applying traffic control rules.

The traffic control problem is an important research topic,

being characterized as a resource conflict problem [14]. In

general, works in this area assume that robots are contained

in a structured environment [15], [16], in which they navigate

in delimited lanes that meet at intersections, usually where

traffic control is performed. This can be accomplished by

using a single manager agent [17] or a more robust sensor

network [18].

In previous works [19], [20], we proposed distributed

algorithms for congestion control in unstructured environ-

ments. These algorithms relied on virtual forces and local

communication to control the robots. Specifically, the work

presented in [20] dealt with the problem of groups moving

in opposite directions, which can be regarded as one of the

worst case congestion scenarios. Also, recent advances on

distributed collision avoidance provided an optimal method

that guarantees smooth and collision-free motions under

nonholonomic constraints [21].

As mentioned, in this paper we explore the use of a

hierarchical paradigm in conjunction with traffic control

algorithms. The objective is to take advantage of the ideas

and robust solutions that have been developed in both areas

to be able to efficiently avoid congestions during swarm

navigation.

III. METHODOLOGY

Following the hierarchical architecture proposed in [13],

we consider a set of fully actuated individual robots i with

dynamic model given by q̇i = vi, v̇i = ui, where qi = [xi,yi]
T

is the pose of robot i, vi its velocity and ui its control

input. Robots are assembled together into a set Γ of groups,

where each group j is modeled by a pair (g j, p j) that

comprises the group pose and shape, respectively. As we

are only considering robots whose configuration space can

be represented in R
2, then g j ∈ SE(2). Thus, we can define

the abstraction a j by:

a j = (g j, p j)

g j = (µx
j ,µ

y
j ,θ j) (1)

p j = (s j, t j).

This abstraction can be seen as an ellipse defined implicitly

by c j(x,y) = 0, centered at (µx
j ,µ

y
j ) with orientation θ j and

principal axis given by s j and t j.

Instead of using the controller defined in [1] to achieve

grouping behavior, we chose to develop a simpler one

considering a conventional artificial potential field approach,

since this is the most common method in swarm navigation.

This group behavior will be explained in the next section.

A. Grouping

A group j ∈ Γ is formed by the robots which satisfy

the constraint c j(qi) < 0. Therefore, the curve c j(x,y) = 0

can be seen as a border that limits and defines a group. To

simplify the forthcoming equations, assume that qi is given

with respect to the orthonormal reference frame specified by

the components of g j.

Given a function φ(qi,a j) that maps qi to its radial

distance to the border of group j, the normal function

f (qi,a j) = e−γφ2(qi,a j) (2)

produces an artificial potential field, shown in Figure 1,

whose maximum is located at the curve c j(x,y) = 0, forming

a bowl like surface, with γ being inversely proportional to the

thickness of its walls. Based on this potential, the following

control law is used:

ui =−k1∇ f (qi,a j)− k2q̇i + ∑
k∈Ni

Fr(qi,qk). (3)
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Fig. 1. Artificial potential field with s j = 5, t j = 8 and γ = 1.

Constants k1 and k2 are positive. The first term is a force

that repels robots from the border of the group, assembling

the agents that are on the inside and repelling those on the

outside; the second term is a damping force, used to improve



stability; and the third represents a local repulsive force, that

prevents collisions among robots in a given neighborhood.

The set Ni consists of every robot k that is within a certain

distance limit δ from robot i. Fr is commonly defined in

terms of ||qi −qk|| and δ [8].

When considering that robots may be influenced by more

than one group in the same workspace, the first term of

(3) must become a summation that takes into account all

elements of Γ. Also, it is necessary to apply some coordinate

transformations on qi between the global reference frame and

the local ones, so that forces acting on robot i are in the same

frame. Thus, we have

ui =−k1 ∑
j∈Γ

ψ-1
j (∇ f (ψ j(qi),a j))− k2q̇i + ∑

k∈Ni

Fr(qi,qk), (4)

where ψ j is the mentioned transformation and ψ-1
j represents

its inverse. In fact, the summation can be restricted only to

groups within a neighborhood around group j since its robots

will not be influenced by the potential of distant groups.

Equation (4) forces agents to avoid any intersection areas

between groups, given an initial state where no robot lies

on those areas. This behavior can be easily understood by

observing that when a group collision begin to occur, the

robots within a group are also repelled by the border of

the other group. This feature will be explored to derive an

algorithm for traffic control.

B. Congestion Avoidance

In order to move, rotate and reshape groups, simple linear

controllers could be applied to g j and p j, respectively.

These group controllers along with the ones defined by (4)

establish a hierarchy in which robots are controlled implicitly

according to the high level abstractions. Using this hierarchy,

we can design control rules for a j in order to avoid traffic

congestions between large groups of robots.

The general idea of the avoidance algorithm is to take

advantage of the geometric features of the virtual structure

c j(x,y) = 0 to create repulsive forces among groups in order

to divert them from possible congestion areas.

Given two groups m,n ∈ Γ, let p be the centroid of the z

intersection points between cm(x,y) = 0 and cn(x,y) = 0, z ∈
{1,2,3,4,∞}. The repulsive force Fg between groups should

be directly proportional to the penetration depth of p with

reference to the ellipses. This depth can be computed by

φ(ψm(p),am), so we specify the force acting on group m as:

Fg(m,n) =

{

0, for z = 0

φ(ψm(p),am)(ĝm − p̂), for z > 0,
(5)

where gm = [µx
m,µ

y
m]

T and p̂ denotes the unit vector in the

direction of p.

Equation (5) only tries to minimize the intersection area

between the two groups involved, but it does not fulfill the

purpose of deviating them. Therefore, it is also necessary

to specify a rotational force Rg such that Fg.Rg = 0. Since

(5) defines a vector field Fg = (Fx,Fy), then we simply set

Rg = (−Fy,Fx) to satisfy the orthogonality constraint. Thus,

the resulting force that deviates group m from n is

D(m,n) = Fg(m,n)+Rg(m,n). (6)

Considering the dynamic model g̈m = u
g
m for the groups, we

let the group controller be

ug
m = k3 ∑

n∈Γ

D(m,n)− k4ġm +Fgoal(gm), (7)

where Fgoal(gm) is an attractive force that leads the group

towards its goal position. The resulting behavior of (7) is

shown in Figure 2. Note that it is necessary to make Rg = 0

if group m is near its goal, otherwise if z > 0 and more than

one group tries to stop simultaneously at the same goal, an

endless circular motion will occur, which is usually not a

desired behavior.

(a)

(b)

(c)

Fig. 2. Execution steps of the congestion avoidance algorithm.

IV. EXPERIMENTS

To study the feasibility and performance of the proposed

approach we executed a series of simulations and real experi-

ments. For the simulations, we used Player/Stage [22], a well

known framework for robot simulation and programming.

We simulated robots based on the P2DX model, a differential

drive robot, equipped with lasers. Real experiments were

performed with a dozen e-puck robots [23], a small-sized

differential robot equipped with a ring of 8 IR sensors for

proximity sensing and a group of LEDs for displaying robot

status. A bluetooth wireless interface allows local communi-

cation among robots and also with a remote computer..

In order to control the differential drive robots, to achieve

better group alignment, the group velocity (ġ j) was added as

a new term into (4) and this new controller was adapted to

account for nonholonomic constraints following the approach

presented in [24].

A. Simulations

Figure 4 presents the execution of the proposed algorithm

in a simulated environment consisting of 48 virtual robots

evenly divided into two groups that move in opposite di-

rections. Also, in Figure 3, the same simulation is depicted,
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Fig. 3. Simulated execution using only local repulsive forces with two groups.

(a) (b) (c) (d) (e) (f)

Fig. 4. Simulated execution of the hierarchical coordination algorithm with two groups. The large polygon around the groups represent the abstraction.

but only local repulsive forces were used to avoid collisions

among robots.

Through a visual inspection, it is easy to see that the

robot movement is smoother and more stable using the

proposed algorithm. Both groups behave more cohesively

during navigation and a congestion scenario was completely

avoided. On the other hand, the simulation that relied only on

local repulsive forces for robot collision avoidance showed a

large congestion when both groups encountered and mixed

in a non-cohesive way.

A series of simulations was performed to evaluate the

efficiency and the scalability of the proposed algorithm.

For a varying number of robots we measured the execu-

tion time. Basically, for every fixed number of robots we

ran the simulations 10 times and computed the arithmetic

mean and the standard deviation of the results. Agents were

divided evenly into groups, being positioned according to a

normal distribution into a pre-specified area, and the initial

configuration state of a j was computed according to [1]. The

number of iterations necessary for the last robot to overpass

a fixed point in its initial movement direction was used as a

measure of time. The results are shown in Figure 5.

As can be observed, the execution time of both algorithms

rise monotonically as the number of robots increases. How-

ever, our approach has a much better performance saving a

significant amount of time. For a hundred robots for example,

the proposed algorithm shows average gains of 67% when

compared to the execution without coordination. Also, our

approach scales well as the groups become larger, which can

be noted by the linear tendency and small slope of the dashed

curve. Moreover, using the hierarchical traffic control, the

general behavior of the groups has become more predictable

due to the increase in stability and group coherence. This

can be noted by the small standard deviation when running

the algorithm several times.
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Fig. 5. Execution time taken by the algorithms; the bars represent the
standard deviation.

Simulated experiments with more than two groups were

also performed. Figure 6 shows an experiment with eight

groups navigating in the environment. It can be observed

that the algorithm is able to successfully avoid congestion

when the eight groups pass through the same area. Results

show average gains of 51% and 30% with forty robots evenly

divided into four and eight groups, respectively. For more

than two groups, we realized that a smaller convergence time

can be achieved if they have similar shapes. An optimal case

is when groups are modeled as circles as in Figure 6, since

the behavior of the system becomes more symmetric.

B. Real Robots

The real experiments were conducted indoors using twelve

e-puck robots (Figure 7). These experiments are important to

show the feasibility of the algorithm in real scenarios, where

all uncertainties caused by sensing and actuation errors may

have an important role on the results.
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Fig. 6. Simulated execution of the hierarchical coordination algorithm with eight groups.

In these experiments, we used a swarm localization frame-

work based on three overhead cameras and fiduciary markers

for estimating robot pose and orientation. Since the e-puck is

not designed to run at high speeds, for simplicity, a kinematic

model q̇i = ui was used instead of the proposed dynamic

model. Equation (4) was modified accordingly, by removing

the damping force. Also, as the e-puck’s IR sensors have a

very small range, we implemented a virtual sensor based on

the localization system to detect neighboring agents.

Fig. 7. Twelve e-puck robots used in the experiments.

Figures 8 and 9 show snapshots from an execution with

two and four groups, respectively. These proof of concept

experiments indicate that the algorithm can work well to

coordinate a swarm of robots, allowing them to navigate

while avoiding congestions in an efficient way.

C. Discussion

One of the main advantages of this hierarchical approach

is that it allows congestion avoidance without the need of

specifically controlling the individual robots: by controlling

the high level abstractions, robots are automatically deviated

from the congestion points. It allows much more flexibility

than our previous approach [20], which required certain

maneuvers that restricted its applicability to few groups and

specific trajectories. Also, the avoidance algorithm only re-

quires feedback from the abstract state a j, being independent

of the grouping algorithm. Thus, other controllers may be

used to ensure the shape of the swarm.

As in [1] and [13], some assumptions were made regarding

the information available to the robots and abstractions. We

consider that robot i has access to the state a j of the group

it belongs and knows its pose qi in the group’s local frame.

This can be obtained, for example, through the use of a small

group of aerial robots for controlling the abstractions and

communicating with ground agents, as proposed in [13], or

using consensus algorithms inside the groups.

One of the downsides of the grouping algorithm is the

necessity of carefully tuning the constants. Values must be

adjusted so that the virtual ellipses respect the speed and

velocity constraints of the ground robots. Also, constants k1

and γ must be adjusted according to the repulsion forces

between agents, so that the summation of Fr along the set

Ni does not cause robot i to leave the group. Moreover, the

φ function explicitly defines the group shape, so it can be

modified to consider other types of structures, such as a box

or a triangle. Regarding the avoidance algorithm, constants

k3 and k4 must be tuned in order to ensure that the abstraction

does not surpass robots during its movement.

When we start to consider the nonholonomic constraints

for differential drive robots, the ellipses should slow down

or even stop when a robot is located very close to its border,

thus allowing the agent time to maneuver (a similar behavior

is noted in [6]). Unfortunately, this approach can lead to a

deadlock state if the repulsive forces among robots take them

to fully expand inside the ellipse. Also, in real scenarios,

measurement errors can lead to failures when robots are close

to the group borders.

Experimental results showed that performance gains tend

to decrease when considering a large number of small

groups, compared to few large groups. In these scenarios,

a new hierarchical level could be implemented by defining

groups as single agents that are controlled by an even higher

level abstraction.

Another interesting point is that the constant k3, which

multiplies the group deviation force, can be modified into a

function that considers the area or the number of robots in

a group, in a way that a simple priority system can emerge.

For example, it is possible that a group with many robots

continue on a straight path while smaller groups deviate from

it by applying this technique. This behavior has not been

explored yet, but may lead to some interesting results.

V. CONCLUSION

In this work we proposed an algorithm for controlling the

traffic of a robotic swarm with the objective of avoiding

congestion situations in scenarios where various groups

simultaneously cross the same area in the environment. It

has put together two distinct topics that are widely studied

in mobile robotics: grouping behaviors for robotic swarms

and traffic control.

The algorithm uses a high level abstraction, designed using

an artificial potential field approach, that groups robots in

a hierarchical fashion. In this way, individual robots are

controlled implicitly by changing the abstraction parameters.

By considering the geometrical features of the abstraction,
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Fig. 8. Real execution of the hierarchical coordination algorithm with two groups.

(a) (b) (c) (d) (e) (f)

Fig. 9. Real execution of the hierarchical coordination algorithm with four groups.

which were modeled as ellipses in this paper, we developed

an avoidance algorithm that relied on virtual forces generated

from the intersection between groups. Several experiments

were performed both in simulated and in real scenarios,

which demonstrated that the proposed algorithm improved

navigation efficiency by completely avoiding congestions.

Despite the good results obtained by the hierarchical

algorithm, there is still room for improvement. For example,

the geometric features of the groups, as well as their possible

behaviors, were not exploited to its maximum potential, as

expansions and contractions were not considered. This is

an interesting feature, since it can be merged with a path

planner to allow a similar traffic control algorithm to work

in environments with obstacles. Moreover, we would like to

see experiments using different shapes to model the swarm

as well as other controllers for the ground agents. Also,

experiments using real aerial robots would be an interesting

addition. We believe that by further exploring these new

possibilities we can achieve a more robust and efficient

hierarchical navigation system for robotic swarms.
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