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Abstract This paper proposes a decentralized
motion planning algorithm for multiple coopera-
tive robots subject to constraints imposed by sen-
sors and the communication network. It consists
of decentralized receding horizon planners that
reside on each vehicle to navigate to individual
target positions. A routing algorithm which mod-
ify the network topology based on the position of
the robots and the limited range of transmitters
and receivers, enables to reduce the communica-
tion link failures. A comparative study between
the proposed algorithm and other existing algo-
rithms is provided in order to show the advantages
especially in terms of traveling time and commu-
nication link failure.
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Nomenclature

N Number of robots
pn(t) Position vector of robot An

vn(t) Velocity vector of robot An

an(t) Acceleration vector of robot An

Rn Zone of robot An

R̄n Communication range of robot An

un,max Maximum speed of robot An

an,max Maximum acceleration of robot An

Layer[n] Layer of robot An

Access[n] Access robot of robot An

Update[n]- Number of database update of An

Cn,com(t) Communication conflict subset of
robot An

Cn,col(t) Collision conflict subset of robot An

Nn(t) Neighboring subset of robot An

tini Initial time
tk Receding horizon update of the

planned trajectory
Ts Update period of the network graph
Tc Update period of the planned

trajectory
Tp Planning horizon
p̂n(t, tk) Predicted trajectory of robot An on

[tk, tk + Tp]
Pn(tk) Optimization problem for robot An

on [tk, tk + Tc[
Cn, j Design coefficients of the B-spline

curve for robot An

B j,3 Three-order B-spline basis function
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1 Introduction

The research effort in multirobot systems relies
on the fact that multiple robots have the possi-
bility to perform a mission more efficiently than
a single robot. Wireless communication plays a
crucial role in distributed multirobot algorithms.
Many cooperative tasks such as manufacturing
[1, 2] surveillance [3, 4], exploration [5], search,
rescue or area data acquisition need the robots to
autonomously navigate using shared information.

In this paper, the coordinated motion planning
problem is considered, where besides avoiding
collisions, robots need to share the individually
collected data with theirs peers in order to achieve
a global coordinated objective [6]. Therefore,
communication link maintenance is important [7,
8]. Because of the limited range of transmitters
and receivers, the distance between two vehicles
which may exchange information will naturally be
constrained. Here, we will ignore mobile network-
ing factors, such as fading, cross talk, and delay,
which can also affect the quality of communica-
tion between the vehicles.

Two strategies for motion planning in mul-
tirobot systems are the centralized and decen-
tralized (distributed) approaches. Although the
centralized one has been used in different studies
(see [9] for instance), its computation time which
scales exponentially with the number of robots, its
communication requirement and its lack of secu-
rity make it prohibitive. This is true even when
the most advanced optimization solvers and much
simplified linear vehicle dynamics are used [10].
One challenge is to formulate a simple decentral-
ized strategy which results in a team behavior al-
most similar to what is obtained with a centralized
approach.

Some decentralized strategies, which can be
computationally fast, include rules-based ap-
proaches [11], probabilistic approaches [12, 13],
artificial potential fields [7, 14], and so on. How-
ever, most of these techniques are successfully
developed for oversimplified vehicle dynamics
without explicitly taking constraints into account.
For instance, collision avoidance constraints are
usually translated into minimization of functions
whose value becomes very high when a direction

which leads to collisions is chosen. Such an ap-
proach does not account for real-life issues like
limited speed, actuation authority of the ro-
bot, etc.

A suitable framework for the solution of the
high rate planning with a limited horizon associ-
ated to the sensor ranges can be found in receding
horizon control [15]. Indeed, partial trajectories
from an initial state toward the goal are computed
by solving optimal control problems over a limited
horizon [16]. Several examples of decentralized
algorithms based on a receding horizon approach
can be found in the literature. In [17], a distrib-
uted solution is provided for the rigid formation
stabilization problem. In [18], the authors propose
a strategy where each robot optimizes locally for
itself as well as for every neighbor at each update.
Furthermore, in order to ensure collision avoid-
ance, some emergency strategies are defined [19].
In [20], the decentralized receding horizon plan-
ner is solved using mixed-integer linear program-
ming (MILP). Every robot is allotted a time slot
to compute its own dynamically feasible collision-
free trajectory. This scheme creates a queueing
order of non-conflicting groups of vehicles, where
each group updates their trajectory sequentially
and communicates the solution to its neighbors.
In [21], a decentralized algorithm based on a co-
ordination by adjustment is proposed to solve the
navigation problem for multirobot systems. How-
ever, the large amount of information exchanged
between robots and the addition of several con-
straints make this strategy prohibitive when the
number of vehicles increases.

The proposed approach attempts to overcome
these limitations and other inherent difficulties
associated with achieving navigation for multi-
ple cooperative robots subject to constraints im-
posed by sensors and the communication network.
An algorithm is proposed to change the network
topology based on the positions of the robots and
the limited range of transmitters and receivers in
order to reduce the communication link failures.
A new decentralized receding horizon planner,
based on our previous work [21], is also intro-
duced to improve the computing time.

The outline of this paper is as follows. In Sec-
tion 2, the problem setup is described. Section 3
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introduces the overall navigation scheme. The
routing algorithm is given in Section 4. Section 5
presents the decentralized motion planner. In Sec-
tion 6, a comparative study between the pro-
posed algorithm and other existing algorithms is
provided.

2 Problem Statement

We consider a group of N ∈ Nmobile robots. The
dynamics of robot An can be approximated using
the following model: ∀n ∈ {0, . . . , N − 1},
ṗn(t) = vn(t)

v̇n(t) = an(t) (1)

where

– pn = [xn, yn]T denotes the robot position,
– vn = [xn, yn]T denotes the robot velocity,
– an = [xn, yn]T is the robot acceleration.

The following assumptions are made:

1. Each robot An (n ∈ {0, . . . , N − 1}) knows its
initial position pn(tini) = pn,ini (tini is the initial
time instant) and its goal configuration pn,fin.
Note that the task location pn,fin is chosen by
some kind of high-level directive, for instance,
the output of a task allocation problem [23].

2. An has a physical safety area, which is cen-
tered at pn with a radius Rn.

3. Each robot An has a circular communication
area which is also centered at pn with a radius
R̄n. Note that R̄n is strictly larger than Rn +
Rj, j ∈ (0, . . . , N − 1), j �= n. Within its com-
munication range, robot An, can reliably com-
municate withAp (p �= n, p ∈ {0, . . . , N − 1}).

4. A Mobile Ad Hoc Network (MANET) rout-
ing protocol is used for message transmission
[22]. It is assumed that a message sent by
a robot is correctly received within a finite
period of time by all its neighbors.

Here, it is considered a coordinated motion
planning problem, where besides avoiding colli-
sions, robots need to cooperate and reduce the
communication link failures in order to reach their

goals. The objective is to find the trajectory for
each robot An such that,

– An navigates toward its desired point pn,fin, i.e.

lim
t→∞‖pn(t)− pn,fin‖ = 0 (2)

– Speed and acceleration are bounded, i.e.

ṗn(t) ≤ un,max

p̈n(t) ≤ an,max
(3)

– All computations are done on board in a de-
centralized cooperative way.

– The robots should remain at a safe distance
from each other to avoid collisions. This cou-
pling constraint can be expressed as follows:
for each pair (An,A j), n �= j,

‖pn(t)− p j(t)‖ ≥ Rn + Rj (4)

– The communication link failures should be
reduced as much as possible. The positions
of the robots and the limited range of trans-
mitters and receivers dictate its topology. The
network can be expressed by a graph, defined
as follows:

Definition 1 A network graph G(t) = (R, E,S) is
an undirected labeled graph consisting of:

– a set R = {A0, . . . ,AN−1} of N nodes repre-
senting the robots,

– a set of edges E ⊆ R×R encoding the com-
munication links,

– a set of edge constraint S describing the con-
dition under which each edge is maintained.

For each element of E , there is one corresponding
element in S. For instance, if there is a commu-
nication link between robots An and A j, there is
an edge (An,A j) ∈ E and an associated constraint
due to the limited range of transmitters and re-
ceivers. This constraint can be written as:

‖pn(t)− p j(t)‖ ≤ min(R̄n, R̄ j) (5)

In this paper, the proposed strategy makes in-
teractions between a receding horizon planner
which computes a feasible trajectory and a routing
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algorithm which adapts the network graph to re-
duce the communication link failures.

3 Navigation Scheme

In order to solve the multirobot navigation
problem, a decentralized algorithm combining
different processes is used (see Fig. 1):

– The blocks “Perception” and “Localization”
receive information from the proprioceptive
and exteroceptive sensors of the robot. In the
“Localization” block, the robot position and
velocity are estimated. In the “Perception”
block, the measurements obtained from the
sensors are used in order to obtain informa-
tion about the robot neighborhood.

– The block “Routing algorithm” enables the
design of the network graph to reduce com-
munication link failures.

– The block “Receding horizon planner” uses
the physical constraints 3, the collision con-
straints 4 and the communication link main-
tenance (Eq. 5). Each robot sequentially
computes its own feasible planned trajectory.

– The block “Tracking algorithm” is proposed
to fulfill short-term objectives, i.e. trajectory

tracking in spite of external disturbances and
inherent discrepancies between the model and
the real process (see [16] for details about this
block).

Only the blocks “Planning algorithm” and “Re-
ceding horizon planner” are under the scope of
this paper and will be described hereafter.

4 Routing Algorithm

The purpose of the routing algorithm is the dy-
namic network graph reorganization in order to
limit the communication link failures.

The first step is the selection of a leader which
represents the network gateway. This choice
might involve multiple criteria such as energy
level, number of neighbors, hardware require-
ments, etc. A common approach is to apply a
market-based like bidding mechanism to select
the leader node. Anyway, the proposed routing
algorithm can be easily extended when the leader
robot changes during the mission.

The network graph is defined by layers and
access robots (see Fig. 2). A node p belongs to
the ith layer, i.e. Layer[p] = i (i ∈ N), if there is
i − 1 nodes used in the communication path from

Fig. 1 Navigation scheme
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Fig. 2 Logical view of the network layers

the leader robot to robot Ap. Robot An, which
belongs to the layer i − 1 and is in the commu-
nication path from the leader to Ap is called the
access robot, i.e. Access[p] = n. On can see for
example Layer[2] = 2. Indeed, robot A2 has to
keep in touch with A1 in order to guarantee a
communication path with the leader A0. Hence,
Access[2] = 1.

Node 0, which represents robot A0 is always in
Layer[0] = 0 and Access[0] = ∅. For other robots
Ap, the layers and the access robots are initial-
ized as:
{
Layer[p] = ∅
Access[p] = ∅

Let us denote the update period of the net-
work graph as Ts ∈ R

+. Each vehicle periodi-
cally updates its local database representing its
layer, its access robot and indicates if its database
has already been updated, using the following
procedure.

– SYNC messages are broadcasted with in-
formation regarding to the current layer
of the transmitter to all its neighbors (i.e
within its communication range) according to
Algorithm 1.

– SYNC messages are received by all the neigh-
bors (i.e within the communication range) ac-
cording to Algorithm 2.

Algorithm 1 Algorithm performed by every ro-
bots for the message emission.

Send_procedure
BEGIN

IF (Node = 0 and t = tini + kTs) THEN
Update[Node] = k+ 1
broadcast (Update[Node],

Layer[Node]+1,Node)
ELSE IF (Update[Node] = k+ 1) THEN

broadcast (Update[Node],
Layer[Node]+1,Node)

END
END

END

Algorithm 2 Algorithm performed by every ro-
bots for the reception of message (updatenew,
layernew, accessnew).

Recv_procedure
BEGIN

IF (updatenew �= Update[Node]) THEN
Layer[Node] = layernew
Access[Node] = accessnew
Update[Node] = updatenew
Call Send_procedure

END
END

Example 1 Let us consider the following example.
The network graph at t = tini is depicted in Fig. 2.
Hence, we have:

Layer[0] = ∅ Layer[1] = 1

Layer[2] = 2 Layer[3] = 1

Access[0] = ∅ Access[1] = 0

Access[2] = 1 Access[3] = 0

At time t = tini + Ts,

1. Robot A0 broadcasts (2, 1, 0).Update[0] is set
to 2, i.e. the database of A0 has been twice
updated.

2. Robot A1 receives this message. Since its
database has not yet been updated, it sets
Layer[1] = 1, Access[1]=0 andUpdate[1]=2.
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Then, according to Algorithm 2, it broadcasts
(2,2,1).

3. Robot A0 receives this message but does not
update its database. Robot A2 receives this
message. Since its database has not yet been
updated, it sets Layer[2] = 2, Access[2] = 1
and Update[2] = 2. Then, according to Algo-
rithm 2, it broadcasts (2,3,2).

4. Robot A1 receives this message but does not
update its database. Robot A3 receives this
message. It sets Layer[3] = 3, Access[3] = 2
and Update[3] = 2. Then, according to Algo-
rithm 2, it broadcasts (2,4,3).

5. Robot A2 receives this message but does not
update its database.

Therefore, the corresponding network graph is
updated as shown in Fig. 3.

Remark 1 Using the proposed algorithms, at each
update, the network graph dynamically changes
based on the information broadcasted through
the network. The process of building the network
graph is loop-free, since robots store and propa-
gate their layer and their id.

Definition 2 Using the network graph, for each
An, ∀t ≥ tini, the communication conflict subset
Cn,com(t) ⊂ R is the robot, if any, defined as
AAccess[n] ∈ Cn,com(t) (see Algorithm 2). Hence, a
link between node n and Access[n] is needed to
ensure the communication link maintenance.
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3
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Fig. 3 Logical view of the network layers

Note that the communication conflict subsets
are time dependent. The communication conflict
subset of the leader is C0,com(t) = ∅, ∀t ≥ tini. If a
node has no access robot, there is no path between
this node and node 0. Hence, there is a communi-
cation link failure.

Remark 2 It should be highlighted that using the
proposed strategy, the number of layers is mini-
mized. Each robotAn has nomore than one access
robot (i.e. a robot which is responsible for main-
taining the connection). It enables to decrease
the number of constraints used in the motion
planner. Hence, a compromise is done between
the robustness with respect to communication link
failures (minimization of number of layers) and
the computing time of feasible trajectories (no
more that one connection constraint is taken into
account in the planning algorithm).

5 Receding Horizon Planner

5.1 Resolution Ordering

Definition 3 For each robot An, ∀t ≥ tini, the
neighboring subset Nn(t) ⊂ R is the subset of ro-
bots in the sensor range of An.

Note that the neighboring subset is time de-
pendent and evolves as long as the robot moves
and discovers new robots. In order to make a se-
quential resolution of the optimization problems,
a priority order between neighboring robots must
be defined according to the network graph, their
number of neighbors and their id.

Definition 4 For each An, the collision conflict
subset Cn,col(t) ⊂ Nn(t) at time t ≥ tini character-
izes all robots which has a highest priority order
than An (defined according to Algorithm 3).

The conflict sets Cn,com(t) and Cn,col(t) deter-
mine the order that the vehicles calculate their
new planned trajectory. With these definitions,
we know a priori that for any two vehicles n
and p with Ap �∈ Cn,com(t)

⋃ Cn,col(t) and An �∈
Cp,com(t)

⋃ Cp,col(t), the coupling avoidance con-
straints are satisfied with the plans of the two
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Algorithm 3 Algorithm performed by every ro-
bots for the ordering ofNn(t).

Order_procedure
BEGIN

FOR ALL Ap ∈ Nn(t)
IF (Layer[p] < Layer[n]) THEN

Ap ∈ Cn,col(t)
ELSE IF (Layer[p] = Layer[n])
THEN

IF (Card (Nn(t)) < Card
(Np(t)

)
THEN

Ap ∈ Cn,col(t)
ELSE IF (Card (Nn(t)) = Card(Np(t)

)
) and (p < n)
Ap ∈ Cn,col(t)

END
END

END
END

END
END

vehicles. Hence, even if the subproblem for the
vehicle n includes only the plans of its neighbors,
all of the coupling constraints will be satisfied. The
result of this analysis is that only a subset of all
coupling constraints need to be considered in each
subproblem.

5.2 Receding Horizon Planner

The motion planning problem is expressed as an
optimal problem under constraint. For its real
time resolution, a decentralized approach based
on dynamical optimization over a sliding horizon
is proposed.

The purpose of the distributed receding hori-
zon planner is to decompose the overall problem
into a family of simple receding horizon planning
problems which are implemented in each robot
An. In every problem, the same planning hori-
zon Tp ∈ R

+ is used. The update period Tc ∈ R
+

(Tc < Tp) is used. The receding horizon update is:

tk = tini + kTc, k ∈ N (6)

At each update tk, robots sequentially com-
pute an optimal planned trajectory satisfying

constraints 3, 4 and 5. The distribution is achieved
by having a queuing order of vehicles defined
according to the collision and communication
conflict sets. A key element of this work is that
the vehicles must only know information of robots
belonging to these conflict set, enabling the local
optimization to be based on partial information.
This is important because it reduces the computa-
tional complexity.

To distinguish the different trajectories, the fol-
lowing notations are introduced:

– p̂n(t, tk) is the predicted trajectory over any
interval

[
tk, tk + Tp

]
,

– pn(t) is the optimal planned trajectory.

Note that the first argument denotes time. The
second argument is only added to distinguish at
which receding horizon update the trajectory p̂n is
computed. From the predicted trajectory, velocity
and acceleration associated to the planning hori-
zon, only the part which corresponds to the update
horizon is kept (see Fig. 4). Therefore, one gets:
∀t ∈ [tk, tk + Tc[,
pn(t) = p̂n(t, tk)

vn(t) = d
dt

p̂n(t, tk)

an(t) = d2

dt2
p̂n(t, tk)

tk tk+1

Tp

Tc

Predicted trajectory

Optimal trajectory

Fig. 4 Planning and update horizons



350 J Intell Robot Syst (2014) 75:343–357

Let the following optimal control problem
Pn(tk), over any interval [tk, tk+1[, which consists in
determining the predicted trajectory p̂n(t, tk), i.e.

min
p̂n(t,tk)

‖ p̂n(tk + Tp, tk)− pn,fin‖2 (7)

subject to: ∀t ∈ [
tk, tk + Tp

]
,

p̂n(tk, tk) = pn(tk) (8)

d
dt

p̂n(tk, tk) = vn(tk) (9)

d2

dt2
p̂n(tk, tk) = an(tk) (10)

d
dt

p̂n(t, tk) ≤ un,max (11)

d2

dt2
p̂n(t, tk) ≤ an,max (12)

‖ p̂n(t, tk)− p̂i(t, tk)‖ ≥ Rn + Ri, ∀Ai ∈ Cn,col(tk)
(13)

‖ p̂n(t, tk)− p̂ j(t, tk)‖
≤ min(R̄n, R̄ j), ∀A j ∈ Cn,com(tk) (14)

This algorithm does not require the target ar-
rival constraint 2 be satisfied in the planning hori-
zon, allowing the controller to use a short planning
horizon. A cost-to-go function beyond the plan-
ning horizon, i.e. Eq. 7, is used to provide a good
estimate of the remainder of the path to the tar-
get. The conflict constraints 13 and 14 only imply
robots with higher priority than An. Hence, these
robots have already planned an optimal conflict-
free trajectory.

The full planning scheme is given by the follow-
ing algorithm.

Remark 3 A compromise must be done between
reactivity, optimality and computation time. In-
deed, the planning horizon Tp must be sufficiently
small in order to have good enough results in
terms of computation time. However, it must

Algorithm 4 Algorithm performed by every ro-
bots An for the conflict-free trajectory planning at
each update tk.

Planning_procedure
BEGIN

k = 0
WHILE (Not reach of a neighborhood
of pn,fin)DO
WAIT (t = tk) THEN
/* Computation of conf lict sets if needed */
Update Cn,com(tk) if needed (i.e. Call

Algorithm 1 and 2)
Update Nn(tk)
Update Cn,col(tk) (i.e. Call Algorithm 3)
/* Receive local information from

conflicting robots with highest priority */
WAIT all p̂i(t, tk) with Ai ∈ Cn,col(tk)⋃ Cn,com(tk)
Resolution of problem Pn(tk)
/* Send local information to conf licting

robots with lowest priority */
Send p̂n(t, tk) to all robots{A j | An ∈ C j,com(tk)

⋃ C j,col(tk)
}

Store of pn(t, tk), ∀t ∈ [tk, tk + Tc]
k = k+ 1

END
END

be higher than the update period to guarantee
enough reactivity for next planning problems.

5.3 Technique for Solving the Optimization
Problems

There are two components for the real time res-
olution of optimal control problems Pn(tk): B-
spline parametrization and constrained feasible
sequential quadratic programming.

In order to transform the optimal trajectory
generation problem into a parameter optimization
one, a piecewise polynomial function, B-spline, is
adopted to specify the trajectory. The B-spline
functions are chosen as basis functions due to
their flexibility and easiness of enforcing conti-
nuity across breakpoints. B-Spline is the function
defined by a series of knots called control knots. In
our study, the three-order B-spline basis functions
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are used to parameterize the trajectory. For prob-
lemPn(tk), the time interval

[
tk, tk + Tp

]
is divided

into nknot equal segments with the corresponding
union set of breakpoints:

[
nod0 = tk < nod1 < . . . < nodnknot = tk + Tp

]
(15)

Figure 5 depicts an example of a piecewise poly-
nomial function and the three-order B-spline
basis functions associated to the breakpoints
[0, 0.25, 0.5, 0.75, 1] (i.e. nknot = 4).

The system trajectories are written in terms of
finite dimensional B-spline curves as:
[
xn(t, τk)
yn(t, τk)

]
=

nknot∑
j=0

Cn, jB j,3(t) (16)

where Cn, j ∈ R
2 are the control points and Bj,3 is

the three-order B-spline basis function [24].
The constraints 11–14 are enforced during the

optimization process using a penalty function ap-
proach where the objective function is augmented
to include an additional term to punish designs
that approach or exceed the defined performance
limits [25]. Therefore, the constrained optimiza-
tion problem is transformed into an equivalent
unconstrained problem. This method allows the
search in the infeasible space and tends to yield
optimum solution more rapidly or produce better
final solution. Finally, the time domain is trun-

Fig. 5 Piecewise polynomial curve expressed in terms of a
linear combination of three-order B-spline basis functions

cated into smaller intervals by quadratic laws.
The optimal control points Cn, j are numerically
found using the constrained feasible sequential
quadratic optimization algorithm [26].

6 Simulation Results

Here, the simulation results focuss on the planned
trajectory given by the routing algorithm and the
receding horizon planner. Each robot is assumed
to perfectly track the planned trajectory. Previous
work by the same authors [16] described a robust
sliding mode controller which guarantees a very
accurate tracking.

In order to highlight the performance of the
proposed planning scheme, a comparative study
with other existing motion planners for a team of
mobile robots subject to constraints imposed by
collision avoidance and the communication net-
work connectivity is done. The main comparison
criteria are the traveling time and the communica-
tion link failures.

We have implemented and tested the following
decentralized approaches suitable for our motion
planning problem under the same conditions:

A1 The decentralized algorithm where the tra-
jectories are computed without taking into
the communication link constraint [25].
Hence, the motion planner only fulfills the
collision avoidance constraint.

A2 The decentralized receding horizon ap-
proach [21] where each robot optimizes its
own trajectory without changing the network
graph. Hence, the network topology is based
on the same graph from the beginning to the
end of the mission. In such approach, the
proposed routing algorithm is not applied.

A3 The proposed decentralized motion plan-
ning strategy where each robot optimizes its
trajectory while a routing algorithm modifies
the network topology as described in Algo-
rithm 4. The update period of the network
graph is set as:

Ts = 0.5 s

A pentium IV (192MB of RAM) micro-
processor running at 2.4 Ghz hosts the planning
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Fig. 6 Scenario 1:
Proposed navigation
approach A3 with 4
cooperative robots.
Planned optimal
trajectories
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scheme written in C. The following simulations
showcase different scenarios. On-board detection
sensors are assumed to be available. They pro-
vide accurate detection and localization of robots
within a range of 1.5 m. The planning horizon
and update period are chosen in order to give a
compromise between computing time, optimality
and reactivity. They are set as:

{
Tp = 2 s
Tc = 0.5 s

The physical parameters of the robots are: ∀n,
⎧⎪⎪⎨
⎪⎪⎩

Rn = 0.15 m
R̄n = 3 m
un,max = 1 m/s
an,max = 1m/s2

In the first scenario, there are four robots (N =
4) starting at p1(tini) = [0, 0]T , p2(tini) = [0, 2]T ,
p3(tini) = [0, 4.8]T and p4(tini) = [0,−2.9]T re-
spectively, with velocities equal to zero. Robots 1
and 2 must cross each other in order to reach their
desired positions p1,fin = [8, 2]T , p2,fin = [8, 0]T .
The goal configuration of robots 3 and 4 are:
p3,fin = [8, 4.7]T and p4,fin = [8,−2.8]T . All along
the way, robots need to maintain the commu-
nication links while avoiding collision. One can
note that this problem is not trivial due to severe
communication link constraints.

The ability of the proposed strategy to provide
decentralized navigation with connectivity man-
agement is demonstrated in Figs. 6, 7, 8. One can
see, in Fig. 6, that robots 1 and 2 avoid collision.
Indeed, it can be seen that during crossing, ro-
bot 2, which has a lower priority than robot 1
(leader), modifies its trajectory.

Fig. 7 Scenario 1:
Proposed navigation
approach A3 with 4
cooperative robots.
Logical layers of the
network graph
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Fig. 8 Scenario 1:
Proposed navigation
approach A3 with 4
cooperative robots.
Distance between robots
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In this scenario, there is a risk that the commu-
nication link constraint fails during the mission.
Indeed, robots 2 and 3 (resp. 1 and 4) should re-
main inside the radio coverage (i.e. 3 m) if they are
connected. It can be seen that using the proposed
routing algorithm, robots 3 and 4 modifies their
trajectories in order to maintain the connectivity
(see Fig. 6). Therefore, the vehicles navigate in
a well-organized and efficient manner to avoid
communication link failures and collision.

By convention, if one node is outside the radio
coverage (i.e. there is a communication link fail-
ure), it is assigned to layer 4. Figure 7 depicts the
logical layers of the network graph for each robot.
One can note that robot 1 is on Layer 0 (i.e. it is
the leader and represents the network gateway).
The network graph changes during time (i.e. at

about 7 s). Therefore, the associated connection
constraint changes for the motion planner. From
Figs. 6 and 7, one can deduce the coherence be-
tween the network graph and the actual situa-
tion of the robots. No communication link failure
occurs.

Figure 8 shows the evolution of the distance be-
tween robots. Since it is higher than 0.3 m (black
line), the collision avoidance is guaranteed.

For a comparative study, Algorithm A1 and
A2 are also used to solve Scenario 1. The decen-
tralized receding horizon approach A2 does not
provide a feasible solution. Indeed, using a fixed
network topology, the problem becomes insolv-
able from t = 7 s, i.e. when robot 1 and 2 cross
each other. Robot 3 cannot both go to its goal
position and stay inside the communication range

Fig. 9 Scenario 1:
Navigation approach A1
with 4 cooperative robots.
Planned optimal
trajectories
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Fig. 10 Scenario 1:
Navigation approach A1
with 4 cooperative robots.
Logical layers of the
network graph
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of robot 2. Simulation results obtained using Algo-
rithm A1 are depicted in Figs. 9, 10, 11. One can
see, in Fig. 9, that robots 1 and 2 adapt their tra-
jectory to avoid collision. But, robots 3 and 4 does
not modify their trajectories in order to maintain
the connectivity (see Fig. 10). Therefore, the ve-
hicles does not navigate in a well-organized and
cooperative manner to avoid communication link
failures. Figures 10 and 11 show that communica-
tion link failures occur from t = 1.8 s. Figure 11
shows the evolution of the distance between ro-
bots. Since it is higher than 0.3 m (black line),
the collision avoidance is guaranteed. Anyway, it
can be seen that the connectivity is not maintained
(robots are outside the radio coverage).

In order to highlight the efficiency of the
proposed strategy when the number of robots

increases, other scenarios are carried out. The
corresponding results are depicted in Fig. 12 using
a team of 16 mobile robots. One can see that
the proposed strategy provides good performance
even if the complexity increases. Robots approach
their goal positions while avoiding collision and
communication link failure. It demonstrates that
the proposed strategy manages to accomplish the
desired objectives. Compared to other existing
planning algorithms, it gives an interesting com-
promise between optimality and connection fail-
ures as it will be highlighted hereafter.

The comparison in terms of feasibility, travel-
ing time to reach the goal positions and commu-
nication link failures is summarized in Tables 1
and 2. A robot looses its connection if there is
no access path with the leader. For each robot,

Fig. 11 Scenario 1:
Navigation approach A1
with 4 cooperative robots.
Distance between robots
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Fig. 12 Scenario 2:
Proposed navigation
approach A3 with 16
cooperative robots.
a Planned optimal
trajectories. b Logical
layers of the network
graph

0 2 4 6 8 10
−10

−5

0

5

10

y(
m

)

x(m)

 

 
Robot 1
Robot 2
Robot 3
Robot 4
Robot 5
Robot 6
Robot 7
Robot 8
Robot 9
Robot 10
Robot 11
Robot 12
Robot 13
Robot 14

0 2 4 6 8 10 12
0

2

4

6

8

10

12

14

16

La
ye

rs

time(s)

 

 

Outside radio coverage Robot 1
Robot 2
Robot 3
Robot 4
Robot 5
Robot 6
Robot 7
Robot 8
Robot 9
Robot 10
Robot 11
Robot 12
Robot 13
Robot 14

(a)

(b)

we evaluate the percentage of time when the ro-
bot looses its connection. As it is expected, the
average traveling time increases with the number
of constraints. One can note that the proposed
algorithm removes communication link failures
due to the dynamical update of the network graph.

Some specific advantages of the proposed algo-
rithm are enumerated below:

– good level of decentralization (each robot
only knows its own trajectory, its own desired
goal and the optimal trajectory of some vehi-
cles for which conflicts may occur),

Table 1 Comparative
results for the scenario
with 4 robots

4 robots(A1) 4 robots(A2) 4 robots(A3)

Feasibility Yes No Yes
Traveling time 9.13 s \ 9.54 s
Communication failure 49 % \ 0 %

Table 2 Comparative
results for the scenario
with 16 robots

16 robots(A1) 16 robots(A2) 16 robots(A3)

Feasibility Yes No Yes
Traveling time 11.5 s \ 12.43 s
Communication failure 61 % \ 0 %
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– low computation time,
– quasi-optimal trajectory,
– good enough communication bandwidth (lo-

cal information).1

– low communication link failures.

7 Conclusion

A decentralized algorithm, based on a routing
algorithm and a receding horizon approach, is
proposed in order to solve the motion planning
problem for cooperative robots subject to con-
straints imposed by sensors and the communi-
cation network. The network graph is updated
using the routing algorithm to avoid communica-
tion link failures. The advantage of the proposed
decentralized planning algorithm is to reduce the
communication link failures while keeping good
performances. Examples using a large number of
robots compare the performance of the proposed
strategy with other existing approaches.
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