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Stable and Flexible Multi-Vehicle Navigation Based
on Dynamic Inter-Target Distance Matrix
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Abstract—This paper proposes a flexible multi-layer and
multi-controller architecture for a dynamic navigation in the
formation of a group of autonomous vehicles in constrained
environments. The main objectives of this architecture are to
ensure reliable navigation in the formation of the vehicles and
to guarantee the stable and smooth reconfiguration of the fleet
shape. A precise review and analysis of the main used leader—
Jfollower modeling for the control of a fleet of autonomous vehicles
is conducted. After highlighting their advantages and drawbacks,
an appropriate leader—follower approach based on deformable
shape is proposed. At each sample time, the leader’s state (pose
and velocity), defined as the main dynamic target, is taken
as a reference to guide the overall fleet dynamic. In addition,
an analytic formulation of the maximum linear and angular
velocities of the leader is proposed in order to guarantee the
asymptotic stability of the navigation in formation as well as the
fleet reconfiguration phases (between different formation shapes).
An important focus of this paper corresponds to the proposition
of a reliable strategy for the fleet reconfiguration, according
to the environmental context (when, for instance, obstacles are
detected). The safety of the fleet is formally demonstrated using
an appropriate reconfiguration matrix, which takes into account
the vehicles’ set-points inter-distances to avoid any inter-vehicles
collisions. In addition, an estimation of the formation para-
meters, according to an authorized minimum distance between
the vehicles, is given. Simulations and experiments in different
scenarios are performed to demonstrate the flexibility, reliability,
and efficiency of the proposed dynamic navigation of a fleet of
vehicles in formation.

Index Terms— Cooperative autonomous vehicles, navigation in
formation, dynamic reconfiguration, modular control architec-
ture, inter-target distance matrix.

I. INTRODUCTION

HE Navigation in Formation (NiF) of multiple
autonomous  vehicles in dynamic environments
constitutes one of the fundamental issues for systems
of Multi-Unmanned Ground Vehicles (MUVGs) [1], [2].
Indeed, an important part of the tasks performed by MUGVs
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Fig. 1. Autonomous navigation in formation of a group of UGVs in an urban
environment (Clermont-Ferrand, France).

requires reliable and online control of the UGVs’ mutual
locations during the navigation. Among the main domains
which draw a big interest for this kind of cooperative
navigation, let us cite: public transportation in different areas
(e.g., urban or/and highway) [3], [4], goods transportation
in warehouses [5], agriculture [6] or military mission [7].
The NiF task raises several important scientific issues, such
as: Control architectures for MUGVs; MUGVs planning and
re-planning; MUGVs tracking; Cooperative perception and
localization; MUGVs task allocation and communication [1],
[2], [4], [8]-[11]. It is to be noticed that the driverless car
is not only synonym of a car as we commonly known, but
with the automation of its displacement functions. Indeed,
in parallel with the developments of this area by automotive
industries, another generation of UGVs like VIPALAB
(cf. Fig. 1) aims also to autonomously transport passengers
but in a more restricted area like midtown or inside big
companies, amusement parks, airports, etc. which need
autonomous shuttles between their different areas. Although
the environment of navigation is generally delimited and the
dynamic of the UGVs is not the same as for the Google
car [12] for instance, nevertheless an important part of the
autonomous navigation issues are shared. Indeed, this kind
of UGVs must, like the Google car, navigate autonomously
while taking into account the different events (e.g., obstructing
objects, vehicles’ coordination, intersection crossing, etc.).
The proposed paper makes the focus on dynamic NiF for
passengers’ transportation in urban environments based on
an appropriate MUGVs control architecture (cf. Section III)
and a dedicated strategy of planning and re-planning of
the MUGyvs formation configuration and reconfiguration
(cf. Sections IV and V).
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This last decade, several ambitious projects, such
as SARTRE (SAfe Road TRains for the Environment,
[13]) or GCDC (Grand Cooperative Driving Challenge [14]),
have involved a fleet of UGVs, navigating in formation.
The platoon' navigation for passengers’ transportation is
among the most investigated MUGVs’ formation pattern [2],
[15], [16]. It is motivated mainly in order: i) to reduce the
UGVs’ energy consumption, while enhancing the overall
fleet aerodynamics (minimize air drag, such as cyclists
in platoon); ii) to provide promising solutions to traffic
congestion (reduce/condensate the occupancy space), since
UGVs can be much closer to each other; iii) to have
safer and more comfortable driving with the help of better
coordination between the UGVs [17], [18]. Even if the
platooning pattern is among the most common shape for
the NiF, nevertheless other formation patterns are also
important to achieve specific tasks. It is clearly stated for
agriculture [6] or military [7] applications for instance, but
it is also important for passengers’ transportation, to deal
with more complex situations, necessitating much more
fleet coordination and reconfiguration. Indeed, it is the case
for instance for a fleet of UGVs which has to perform
merging and/or splitting maneuvers in order to enter or to
go out (disengage) in a highway or another road. These
merging/splitting maneuvers, which could involve either only
one UGV [19] or a multitude of them at a time [20], can be
seen as a formation reconfiguration with a transitional phase
to master. Thus, having a control architecture which shows
a high flexibility and safety features, to deal with several
formation configuration and reconfiguration, is an important
issue. This paper deals with stable and flexible passengers’
transportation using a fleet of urban vehicles (cf. Figure 1),
performing generic dynamic shape configuration and
reconfiguration. The platooning formation is thus only one
among the possible examples of formation shapes which can
be ensured by the overall proposed control architecture and
its different mechanisms (cf. Sections III to V).

In the following section II, the motivation and related work
are discussed.

II. MOTIVATION AND RELATED WORKS

To have a clear view of the proposed overall control
architecture to manage the MUGVs. Subsection II-A dis-
cusses the main concepts highlighted in the literature in
order to lead toward the proposed Multi-Layer and Multi-
Controller (MLMC) architecture (which is afterward detailed
in Section III). In Subsection II-B, the focus is made more
on the motivation and the related works dealing with dynamic
navigation in formation of a fleet of UGVs.

A. Control Architectures for MUGVs

One of the key issues to fix before the development of
MUGYV control architecture, corresponds to the possibility to
centralize the control or to decentralize (distribute) it on the

I'Where each UGV has as objective to follow another one while maintaining
a determined longitudinal constant distance (either Euclidean or curvilinear
(cf. Section V-A)) to the vehicle ahead.
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robotics entities [21]. An architecture is called centralized,
when a part or all of the sensory and/or decisional loops
of each robotic entity is unlocalized w.r.t. its physical struc-
ture, and managed by a central unit, called supervisor [22].
A centralized architecture implies a global knowledge of each
element of the system and requires high computational power,
massive information flow and generally not robust, due to the
dependence on a single controller/supervisor. In contrast, in a
decentralized control approach, each UGV of the system has
its own perceptions/decisional process. This kind of control
implies a reduced number of communicated signals and data
knowledge. In fact, each robotic entity does not need to
have the overall environment knowledge before acting on its
environment. Decentralized control, if well mastered, is then
more flexible to deal with MUGVs having a large number of
entities. The possibility also exists to centralize only a part
of the control and let the other part be decentralized (hybrid
(centralized/decentralized) control) [23]. The centralized con-
trol is applied to determine the general strategies and tasks
to be performed by the MUGVs, and the decentralized part
takes over for the navigation and local actions. Besides of
the centralized/decentralized aspect for controlling a MUGV's
systems, a consensus is usually adopted in the literature on the
structure of the architecture, which exhibiting at the same time
cognitive (or deliberative) and reactive features [24]. These
architectures are generally structured in three layers [25]:
the highest level is responsible for mission planning and
re-planning; the intermediate layer activates the low-level
behaviors and permits passing of parameters to them; while the
lowest level layer contains the physical sensor and actuators’
interfaces. The cognitive part (highest level) contains gener-
ally a symbolic world model (based on artificial intelligence
concepts), which develops plans and makes decisions on the
way to perform the UGVs’ objectives. The reactive part (the
two other lower levels) are responsible for reacting to local
events without complex reasoning. Nevertheless, generally the
structural conception of these hybrid architectures remains too
complex to manage the different levels of hierarchy imposed
by this kind of architectures. They are also low harmonized to
deal with the effective set-points to send to the robot actuators
(lowest level). Efforts have been more concentrated on the con-
ceptual aspects (using for instance the multi-agent paradigm
to manage the multi-layered proposed architectures [26]) and
less on the overall architecture simplicity, generality and its
effective implementation on the UGVs. Indeed, even if the
control architecture must show a good level of knowledge
abstraction and decision, it is important to translate them in
terms of low-level robot control set-points to exhibit clearly
its effects on the robots’ movements, which permit at its turns
to attest on the safety and on the overall control architecture
stability [27].

It is proposed in section III an overall MLMC architecture
for dynamic NiF. This architecture exhibits hybrid (central-
ized/decentralized as well as cognitive/reactive) features and is
designed to be enough generic to be used with only one control
law for any controller, composing the overall architecture.
This imposes also to use generic set-points definition based
on static/dynamic targets (cf. Section IV).
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B. Dynamic Navigation in Formation of a Fleet of UGVs

The control of a group of UGVs navigating in formation
is addressed in the literature while mainly adopting three
strategies: i) behavior-based [28] (called also multi-controller
architecture [1]); i) virtual structure [29]; and iii) leader-
follower [30]. The behavior-based formation control relies
on coupled dynamics (relative position and velocity) between
neighbor robots [31]. A static and dynamic virtual structure
based on Lyapunov approach was proposed in [32]. A virtual
structure with obstacle avoidance for a group of Unmanned
Aerial Vehicles (UAV) was proposed in [33]. The approach
uses a penalty function (distance to the virtual target and/or
obstacle) and a priority strategy (according to the distance
w.r.t. other UAVs or obstacles. The control law uses the
Model Predictive Control (MPC) based on time horizon and
optimization of a specific cost function. A cooperative co-
evolutionary algorithm-based on MPC is also proposed in [34]
with a guarantee to achieve the MUGVs formation. Even if
the use of MPC gives a very interesting results, nevertheless,
this method is generally time consuming, due mainly to
the predictive computation and constrained optimization w.r.t.
the time horizon. These approaches are very flexible and
extensible to more complex tasks, nevertheless, it is difficult
to guaranty the stability of the overall system during the
transition between the different behaviors and/or tasks which
can lead to non-defined behaviors and/or to commands outside
the limits. Furthermore, these approaches do not address issues
related to the constraints of the formation shape and to the
vehicle’s kinematics.

The case of dynamic formation reconfiguration (DFR)
has been dealt with several other works such as in [35],
[36], or [37]. In [35], switches between different formation
shapes are exploited (from triangle to line) to avoid encoun-
tered obstacles in the environment. The formation control law
is based on input-output feedback linearization and vision
sensors (omnidirectional camera) are embedded in each robot
for localization and navigation purpose. A decentralized gra-
dient control law to stabilize a group of point mass robots
to any formation corresponding to an infinitesimally rigid
framework was proposed in [38]. In [36], the leader UGV
generates a free-collision trajectory in a dynamic environment
which is tracked using a formation control law based on
neural network, Lyapunov function and UGV’s dynamical
model. The stability of the dynamic formation and dynamic
topology (adjacency matrix) are also demonstrated. A strategy
to reshape the formation configuration by scaling the distance
between the vehicles is proposed in [37]. In this last reference,
obstacle avoidance for the group of UGVs is addressed using
potential fields. A non-rigid formation control, where the most
appropriate UGVs’ positions (formation shape) are determined
according to a directional visual perception is proposed in [39].
The inter-robot communication allows choosing the leader
of the group. Several works in the literature focus on the
definition of the negotiation protocol between UGVs to define
their role in the fleet [40], [41]. In [40] each vehicle is assigned
a specific role in the maneuver, and this eases the definition of
the protocol. Instead, the authors in [41] define a protocol to

coordinate the information exchange within UGVs to perform
merging maneuvers between two platoons.

In addition to the proposition of an overall MLMC
architecture (cf. Section III), this paper proposes a new
Strategy for Formation Reconfiguration (SFR) based on
leader-follower and behavioral approach. The leader-follower
approach (cf. Section IV) allows to the central entity (the
leader) to manage safely and smoothly the configuration
and reconfiguration of the formation shape (cf. Section V).
The behavior-based approach allows to each UGV (follower)
to reliably track its assigned virtual target while avoiding,
if necessary, any detected obstacle. This paper is organized as
follows, next section presents the proposed control architecture
of the MUGVs system. The proposed navigation in forma-
tion based on leader-follower and behavior-based approaches
according to the leader’s reference frame is described in
Section IV. Section V presents the proposed reconfiguration
methods for the MUGVs dynamic formation. An analysis of
the formation constraints (geometric and kinematics), stability
and parameter design is also detailed in this section. Simula-
tions and experiments are given in sections V and VI to show
the reliability of the different proposals. Finally, this paper
ends with a conclusion and some prospects in Section VII.

III. CONTROL ARCHITECTURE FOR
MULTI-VEHICLE NAVIGATION

This section makes the focus on the structure and the main
blocks composing the overall proposed MLMC architecture
in order to ensure flexible, smooth and safe dynamic NiF
of the MUGVs system. This architecture is composed of
several layers (the brief details of each layer are given in
Subsections III-A to III-D) in order to reliably control both:
the autonomous navigation of each UGV in cluttered environ-
ments and the hybrid (centralized/decentralized) coordination
of the fleet of UGVs in formation (cf. Section II-A). The
centralized part corresponds to the use of leader-follower
approach, where the leader plays the role of a central entity
inducing the overall fleet set-points dynamic (cf. Section IV)
and the decentralized (or distributed) aspect corresponds to the
fact that when the formation set-points are already defined,
then each follower UGV will follow in a fully distributed
way its assigned set-point in order to maintain the formation
shape or to reconfigure it (cf. Section V). It is important to
mention that each UGV composing the fleet of vehicles has the
same homogeneous MLMC architecture. Thus, the leader as
much as the followers are embedded with this same architec-
ture, hence, it is straightforward to switch the role between the
leader (UG V) and one of the followers (U G V) according to
the task to achieve or to the navigation context. The Executive
layer (cf. Fig. 2 and subsection III-C) is responsible to define
the UGVs roles. Furthermore, unlike what has been developed
in [42], [43], or [44], where the assignment of the leader or the
choice of the position of each follower in the formation is
obtained dynamically (according to the navigation context),
it is considered in what follows that the role of both: the leader
and the followers are assigned once and for all, during each
of the simulations / experiments shown in Sections V and VI.
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Fig. 2. Multi-Layer and Multi-Controller (MLMC) architecture, embedded in each UGV, for the navigation in formation of the fleet.

This choice has been made also to make the focus in this paper
only on the main proposals related to the dynamic navigation
and reconfiguration of the MUGV system.

The proposed MLMC aims also to manage the interactions
among elementary behaviors while guaranteeing the stability
of the overall control [45]. It allows obtaining safe and smooth
navigation of UGVs (cf. Section VI). The used UGVs are
modeled as tricycle mobile robots (cf. Subsection III-A) and
an appropriate control law, based on Lyapunov synthesis, has
been used to control the UGV movements [46] (cf. Sub-
section III-B). In addition to the proposed overall MLMC
architecture, this paper mainly focuses on the development
of an appropriate strategy of navigation in formation and its
safe and dynamic reconfiguration, according to the navigation
context. These latter aspects are described and analyzed in
detail in Sections IV and V respectively. Nevertheless, for the
clarity of this paper, some details about each layer / controller
are summarily given below and in the following subsections.

The Localization block uses sensor information to estimate
the current pose of UGV [47]-[49]. In this work, an RTK-GPS
and an IMU (Inertial Measurement Unit) embedded in each
vehicle are combined using Extended Kalman Filter (EKF)
to allow accurate estimation of the current configuration
(cf. Section VI).

The Perception block captures information related to the
UGV’s environment as potential obstacles via range sen-
sors or cameras [50]—-[52]. In this work, the UGV’s perception
uses data from a range sensor LIDAR. The observed data

allows to identify online obstacles and surround them with the
closest ellipse used as input of an obstacle avoidance approach
based on elliptical limit-cycle [53], [54].

The Communication block is related to the UGV’s capability
to send and to receive information from other UGVs. In this
work, the UGV’s information (e.g., current pose and velocity)
uses UDP protocol for message transmission and reception.
Each UGV has Wi-Fi wireless antennas for communication.

Before describing shortly each layer of the control architec-
ture (cf. Fig. 2), let us present the used model for the vehicle.

A. Modeling of Vehicle: Kinematic Model

We assume UGV evolves in asphalt road and in cluttered
urban environment with relatively low speed (less than 3 m /s).
Hence, the use of kinematic model (which relies on pure
rolling without slipping) of UGV is sufficient. The kinematic
model is based on the well-known tricycle model [55]. The two
front wheels are replaced by a single virtual wheel located at
the center between the front wheels. The equations of UGV’s
model can be written as (cf. Fig. 3):

X = vcos(0)
vy = v sin(6) (1)
0 =vtan(y)/lp

where (x, vy, 8) is the UGV’s pose in Global reference frame
XcYs. v and y are respectively the linear vehicle’s velocity
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Fig. 3. Vehicle’s configuration in Global (XGYg) and Local (X, Yim)
reference frames.

and the orientation of the vehicle’s front wheel. [, is the vehi-
cle’s wheelbase. I.. is the instantaneous center of curvature
of the vehicle’s trajectory, r. = Ip/tan(y) is the radius of
curvature and ¢, = 1/r. is the curvature.

B. Elementary Behaviors Layer

This layer contains different elementary motion controllers
to perform sequentially several sub-tasks (cf. Fig. 2). The
UGV’s navigation is operated by two elementary con-
trollers (behaviors): (Target reaching and Obstacle avoidance).
At each sample time one of them is activated by Deci-
sion making block (executive layer (cf. Subsection III-C))
according to the perceived environment (Perception block).
Each elementary controller provides as output an error state
(depending on the pose and velocity of the vehicle w.r.t. the
defined set-points (cf. Section IV) to the Control law block
which permits us to guarantee asymptotic stability of the
control law [56]. Thus, the used multi-control architecture has
been designed to use a single control law for the different
elementary behaviors. This control law allows the UGV to
reach either static or dynamic targets (more details are given
in [46] and [56]).

C. Executive Layer

This layer contains the Decision making block to manage
the elements of the behavioral layer (Hierarchical action
selection) [57] and the selection of next waypoint to be
reached by the UGV (Sequential target assignment) [46].
The Hierarchical action selection is dedicated to manage the
switches between Target reaching and Obstacle avoidance
behaviors, according to the environmental perception. The
Hierarchical action selection activates the Obstacle avoidance
block as soon as it detects at least one obstacle which can
hinder the future vehicle movement toward its assigned target
(more details are given in [54] and [58]). This action allows
to anticipate the activation of obstacle avoidance behavior and
to decrease the time to reach the assigned target (especially in
very cluttered environments) instead of activating the obstacle

avoidance only when the robot is in the immediate vicinity of
the obstacle [58].

The Sequential target assignment allows to an UGV, when
it becomes the leader, to perform autonomous navigation
through successive static waypoints, suitably disposed in the
environment [46]. These waypoints are obtained by a method
which selects the optimal set of waypoints [59] to perform
safe vehicle navigation in cluttered environment (cf. Sub-
section III-D). To navigate between successive waypoints,
the distance and orientation errors between the vehicle and
current assigned waypoints are considered. An error threshold
is used to switch to the next waypoint in the sequence. The
value of the threshold is related to the inaccuracies of the
vehicle localization and/or the performance of the used control
law [46]. The waypoint set-point is updated with the next
waypoint (already pre-sorted in an appropriate list [59]), which
should not intersect with any obstacle (otherwise, a new next
waypoint is selected until this condition is satisfied). Finally,
the vehicle switch to reach this new waypoint and so on.

The Formation parameters block is designed to gener-
ate several virtual dynamic targets 7y, that each UGV fol-
lower i has to track using the proposed target-reaching
control [46] (cf. Subsection III-B). The dynamics of the
followers’ set-points depend on the leader dynamic (leader-
follower approach). This strategy allows a good flexibility
and reliability of the formation shape modeling and control
(cf. Section IV).

D. Planning Layer

This layer encloses Static Waypoint Planning. This lat-
ter contains an efficient and flexible algorithm to obtain
an optimal set of waypoints configuration in the environ-
ment [59]. The method is based on multi-criteria optimization
and expanding tree to obtain the optimal waypoints configura-
tion in cluttered environment. The optimization methodology
takes into account the kinematic constraints of the vehicles
(non-holonomy, maximum velocity and steering angle) and
localization uncertainties, in order to obtain safe and efficient
navigation of vehicles though sequential waypoints. It is
to be noted that the configuration of the waypoints in the
environment can take into account the desired shape of the
multi-vehicle formation, for instance, in order to always avoid
the road borders [59]. It is important to highlight that the
waypoints planning could be done either offline or online,
according whether the environment is static or not and that
the overall planning process could be performed in real-
time or not [59]. Hence, according of the kind of short or long-
term planning, characterizing this planning layer, the overall
MLMC can shows either reactive or cognitive features [24].

In this paper and as mentioned in subsection III-C, since
the surrounding environment is considered enough static, only
an optimal set of waypoints is used by the leader (as static
set-points), in order to navigate safely and smoothly between
them [46]. Concerning the followers’ set-points, which depend
on the leader dynamic (cf. Section IV), the followers’ kine-
matic constraints and the desired shape to reach, they are
the focus of the following sections. Indeed, they will mainly
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emphasis the way to obtain flexible, safe, smooth and attain-
able followers’ set-points.

Furthermore, it is important to mention that the proposed
MLMC architecture, embedded in each UGV, uses only set-
points which are obtained with regard to only static or dynamic
targets (defined by its current posture (position, orientation)
and velocity)) [46], [59]. This allows, therefore, to avoid
dealing with any rigid and specific path/trajectory planning.
The main objective of this choice is to guarantee safe and flex-
ible UGVs navigation since all the multi-UGVs planning and
re-planning process manipulate only specific targets instead
of complete trajectories which could be much more time-
consuming and complex to make reasoning on them, to check,
for instance, whether the MUGVs has conflict when navigating
dynamically in cluttered environments [1].

IV. FORMATION MODELING AND CONTROL SET-POINTS

After an overview of the proposed MLMC architecture, let
us focus on the formation modeling and on how to define
the appropriate set-points to be followed by the multi-vehicle
system. The main objective in controlling the navigation in
formation of N UGVs consists on reaching and keeping any
assigned geometrical shape, while guaranteeing safe, flexible
and smooth reconfiguration between the different targeted
shapes.

In what follows, an overview of formation strategy
based on Cartesian reference frame (Rigid formation) and
Frenet formation (Deformable formation) is first presented.
Their advantages and drawbacks are discussed in subsec-
tion IV-A before to motivate and focus on the modeling
and the formation set-points definition used in this paper
(cf. Subsection IV-B).

A. Rigid vs. Deformable Formation Shape

The most intuitive formation definition consists of a Rigid
Virtual Structure (RVS) [60] where each vertex of the RVS
corresponds to a dynamic target (called secondary targets)
to be tracked by one of the N vehicles in order to reach
the desired geometrical formation. The formation dynamic
is induced, at each sample time, by the current dynamic of
the so-called main virtual target (cf. Figure 4). This main
virtual target has generally constant geometric relations with
each of the secondary targets, and its dynamic could be
driven by centralized way [29], [37] or by the movement of
a vehicle in the formation which will take the role of the
leader [61], [62]. As given in Figure 4, this main virtual
target is thus driven by an UGV of the fleet (which is called
leader). An essential consideration to achieve leader-follower
navigation of a group of UGVs, is that the followers must
know, as accurately as possible, the leader’s state (pose and
velocity). The leader sends its state by reliable Wi-Fi com-
munication (cf. Fig. 2). Nonetheless, cameras and/or LIDAR
sensors embedded in each follower, can be used to estimate
the leader’s state [35], [63].

In the case of formation based on RVS, the leader dynamic
should be constrained in order to maintain invariable the
formation shape along the navigation (e.g., a triangle in Fig. 4).
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Fig. 4. Rigid Virtual Structure (RVS) based on Cartesian formation definition
w.r.t. main virtual target.

Indeed, the position and orientation of each node (virtual
target) are computed from the leader’s configuration w.r.t. its
local frame X,,Y,,. The idea behind this kind of formation
is to eliminate the dependency of each UGV to a Global
reference frame. The dynamic of this geometric structure is
subordinated to the current dynamic of the leader [64]. The
leader’s position determines the nodes’ positions according to
the formation shape. The instantaneous center of curvature
Iccp of the formation is determined by the leader according
to its movements (cf. Fig. 4). Iccy allows to compute the
desired orientation of the nodes according to the formation
shape (cf. Fig. 4). The leader turns around Iccy (positioned
perpendicularly to its rear wheels), then the other target set-
points T, must also turn around /cc; to maintain the rigid
formation. Thus, the target velocity v7; at 7, must be tangent
to the circle which has Iccy as center. The advantage of RVS
is that the followers require only instantaneous leader’s config-
uration to determine its desired position in the formation [36].
Nevertheless, the leader velocity (linear and angular) has to be
drastically constrained (thus the overall formation dynamic)
in order that all the followers can satisfy their kinematic
constraints, which is an important condition to have always
steady formation navigation. An accurate analyze of these
different leader constraints are discussed in [62].

In view of the important constraints imposed to the dynamic
of the leader (thus, to the overall fleet) RVS is not used
in the following developments. This paper focuses on a
Deformable Virtual Structure (DVS), based on leader-follower
strategy (cf. Fig. 5). It allows to each follower to navigate
according to the trajectory trace of the leader, more specifically
each follower is controlled longitudinally according to fixed
curvilinear distance w.r.t. the current location of the leader
and laterally, according to constant Euclidean distance w.r.t.
the trajectory of the leader (cf. Fig. 5). The followers have
thus to track the reference trajectory of the leader (or with an
offset w.r.t. this trajectory) while ensuring to have always safe
navigation along the road. It is to be noted that if a platooning
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Fig. 5. Deformable Virtual Structure (DVS) based on Frenet reference frame
linked to the leader’s trajectory.

formation is performed [15] using this strategy (where the
leader is ahead) then the followers are ensured, in static
environment, to have always safe path to follow. Thus, the used
formation is applied generally when tracking the leader’s
movements is more worthwhile than keeping an absolute rigid
shape during the navigation. Nonetheless, while taking this last
strategy, the geometric formation shape is distorted according
to the reference path (cf. Section VI-B). The leader should
also start its movement before to communicate its trajectory
to other UGVs. Furthermore, the leader can also track a
reference trajectory which is known beforehand by all the
other UGVs. This kind of formation modeling could be used in
several areas, such as: passengers’ transportation or agriculture
(cf. Section I).

B. Set-Points Definition

In order to model the formation based on DVS, let us

introduce some notations:

o A leader (UGVy in Fig. 5); its pose (xr,yr,0r), its
steering angle y; and its linear velocity v; determine
the dynamic of the formation (cf. Fig. 5).

e The formation structure is defined with as much nodes
as necessary to obtain the desired formation shape. Each
node i is a virtual dynamic target (7, ). The formation is
defined as F = {f;,i = 1--- N}, where f; = (hi,li)T is
the coordinates of the dynamic target 7, w.r.t. the leader’s
local reference frame (cf. Fig. 5).

An important characteristic of this formation definition,
based on dynamic targets set-points, is the use of the heading
Or in addition to the target’s positions (x7, yr), which allows
performing more accurate navigation in formation [29]. The
followers have thus to track as accurately as possible these
dynamic targets, without having to use any path or trajectory
following/tracking control law [36], [37], which are more
restrictive (accurate trajectory and vehicle pose) and less flexi-
ble (replanning in cluttered environment) and time consuming.

As mentioned above the formation set-points are obtained
while knowing the leader’s trajectory. Indeed, this trajectory
is used to define the formation in longitudinal %; (curvilinear)

and lateral /; (perpendicular to the trajectory) Frenet coordi-
nates [65] (cf. Fig. 5).

In the deformable formation, the pose of the virtual target
Ty, w.r.t. the leader’s trajectory given in the Global reference
frame can be written as:

X7 xp (hi) —l; sin(07.(h;))
yi, | = | yo(hi) | + | Licos(@L(hi)) 2
Or, Or(hi) 0

where (xz,(h;), yr(h;),0r(h;)) is the former leader’s pose at
h; longitudinal distance from the current leader’s pose along its
trajectory (cf. Fig. 5). If h; < O then Ty, is back to the current
leader’s pose. It is considered in the following developments
that the leader starts its movements before other followers and
it is always ahead of them at least for a curvilinear distance
equal to hld (cf. Fig. 5) in order to have all set-points available
for all followers.

The coordinates /; has to be constant to keep the desired
curvilinear distance then, the follower’s linear velocity at h;
along the leader’s trajectory must be equal to the current
linear velocity of the leader (vz(h;) = vr). When [; # 0,
the follower’s velocity considers the leader’s angular velocity
g (h;) to keep vy at h;. Moreover, the followers rotates with
the same angular velocity e, at ;. The velocities of each Ty,
are given by:

or; = or —liwp(hi) 3)

o, = oLh) = —+ )
Tep (hi)
where r¢, (h;) is the radius of curvature at h; (longitudinal
distance from the current leader’s pose along its trajectory).
Next section describes the use of this set-points definition
to change dynamically the formation configuration according
to the environment context. The smooth changes between
different formations shapes consider the inter-vehicle distance
and vehicle kinematic constraints.

V. STRATEGY FOR FORMATION RECONFIGURATION

Before to give the details of the proposed Strategy for
Formation Reconfiguration (SFR), it is important to know
how to manage the allocation of virtual targets to the follow-
ers UGVs. Different algorithms optimizing target assignment
can be easily integrated in the proposed control architecture
(cf. Fig. 2) [42], [43]. In this work, the allocation of virtual
targets to UGVs is achieved using elementary rules when a
formation reconfiguration is required (cf. Section VI for an
example of scenario achieved with 3 actual UGVs). These
rules assign a label H; of the virtual target Ty, to the UGV;
at the beginning of the experiment. This label is kept by
each UGV along the reconfiguration process (cf. Fig. 6).
Figure 7 shows the Formation parameters block of the control
architecture for navigation in formation of a group of UGVs
with dynamic reconfiguration according to the environment
context.

The UGV, (Leader) determines the desired formation
shape according to the navigation context and can allows,
for instance, to reconfigure the formation if any new obsta-
cle or any narrow road is detected. Hence, according to this
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Fig. 6.  Formation reconfiguration, for instance, from triangular to linear
formation shapes based on inter-target distances.

desired formation shape and the current leader’s configuration
(cf. Fig. 7), the dynamic virtual targets 7y, assigned to each
follower is communicated by the leader (these virtual targets
are transmitted to the followers while using Communication
block shown in Fig. 2. The UGVs use also their range sensor
to detect any unforeseen obstacle (cf. Fig. 7). In the case where
they detect any too close, the proposed control architecture,
embedded in each UGYV, allows to have the capability to
perform reactive obstacle avoidance (cf. Section III, Subsec-
tions III-B and III-C) [24], [53], [54].

In addition to the proposition of the overall MLMC archi-
tecture (cf. Section III) and the appropriate way to model
the formation shape (based on dynamic targets set-points
(cf. Section 1V)), this paper proposes a new SFR, based on
the definition of a suitable reconfiguration matrix (cf. Subsec-
tion V-B), of a group of UGVs. This strategy corresponds to
the main contribution of this paper, it relies on the proposed
MLMC structure in order to define an appropriate SFR guaran-
teeing the safety, smoothness and flexibility of the reconfigura-
tion? of the MUGVs. The modeling and the stability analysis
of the proposed reconfiguration strategy is emphasized in
subsection V-A. Subsections V-B and V-C are dedicated to
the analytic definition of the dynamic reconfiguration in order
to ensure the integrity and the trajectory smoothness of all the
UGVs composing the fleet. The proposed SFR allows us to
use the proposed MLMC as fully reactive architecture, in the
sense that the followers track the instantaneous state (pose and
velocity) of the current assigned virtual targets (thus, without
the use of any reference trajectory or any trajectory planning
process).

A. SFR Modeling and Stability Analysis

The proposed SFR is an extension of [62]. It is used in this
paper an appropriate stable and continuous functions (linking
the initial targets’ poses to their desired final poses) instead of
the definition of specific decoupled progress of the targets’ set-
points and post-control of the UGV velocities based on inter-
vehicle distances (to avoid any collision, as given in [62]).

The proposed continuous function allows to have UGVs
coupled progress, while ensuring safe and smooth fleet recon-
figuration. This function is inspired on the Procrustes dis-
tance [66] which uses the distance errors between the vertex of

2Transition between the different steady formation of the fleet of vehicles.
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Fig. 7.  Flowchart of the Formation parameters block for navigation in
formation with dynamic reconfiguration.

the initial and new formation (cf. Fig. 6). Basically, the Pro-
crustes distance P, is a least-square type shape metric that
require aligned shapes with one-to-one point correspondence.
P; is given by the square root of the summed squared
difference between the positions of the vertex in two optimally
superimposed configurations at centroid size [66]. The error
between the coordinates of the current and new formations
ey (en;, ey;) is defined as:

en(t) =1 —fi(t) (5)

where f; (h;,1;) and £} (h},[!") are respectively the coordinates
of the current and new desired formations (cf. Fig. 5 and 6).
In order to guarantee the convergence to the new formation
shape and smooth trajectories of the virtual target during the
reconfiguration process, we propose to define adequately the
time evolution of the derivative of ey as a function of the
formation errors of all N virtual targets:

e =2glen, .. . efy) (6)

As we will see in the sequel, this formulation will allow to
efficiently manage the minimum inter-target distance to avoid
collisions between the followers while ensuring smooth tar-
gets’ progress. The evolution of ey, can be fixed by imposing
a first order dynamic to (6):

S Cf, .

& = Aey ™
where e/ = [ef,,...,es, 17 and A (called Reconfiguration
Matrix) is a negative-definite matrix:

ai an ain
—dain a ... AN

A= _ oo : ®)
—ajN —aaN ... an

where a; < 0 with i = 1,..., N is related to the speed of
convergence of the set-point error e, to reach the new forma-
tion, and a;; with i # j is related to the inter-target distances
between 7Ty, and de. The values of the matrix entries must
be designed while taking into account: the minimum inter-
vehicles distance to avoid any collision (cf. Subsection V-B)
and the kinematic constraints of the UGVs to allow
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each follower to
(cf. Subsection V-C).

Fig. 8 shows a block diagram of the SFR, the set-point
error ey, (¢) is computed online, and using the reconfiguration
matrix A (pre-defined according to the desired new formation),
the next error, represented in what follows by ey, (r + At),
is obtained. Then, the new coordinates are updated until the
error converges to zero.

The stability of the formation error system (7) can be
straightforwardly proved using Lyapunov analysis [67]. Let
us first define a Lyapunov candidate function as:

1 7
V:Eefef )

track accurately its assigned target

V' is a positive-definite function. To guarantee the stability
of the system, V' must be negative-definite. By taking the
derivative of eq. (9) and using (7), V can be written:

V =elés el Aes (10)
Since A is a negative-definite matrix (8), then V <0 and the
formation error system converge asymptotically. Nevertheless,
it is not enough to highlight the stability of the formation error
system given in eq. (7), it is primordial to appropriately define
the matrix A in order to guarantee any UGVs collisions. For
that purpose, the following subsection is introduced.

B. Reconfiguration Matrix Design

To avoid the collision between UGVs, the elements of
matrix A must be designed according to the allowed minimum
distance between targets dr,in (to avoid collisions). It is to
note that as shown in Fig. 3, each UGV is surrounded by
a circle with a radius R,, it is therefore enough to confirm
that there is no collision between UGV to verify that the
distance between all of them (during all their movements)
will never be less than the sum of their radius plus a certain
constant safety margin [58]. To determine the relation between
the minimum distance dr,,;, and the elements of matrix A,
and for the sake of simplification to understand the proposed
methodology, the case of two targets is defined and analyzed
below (cf. Fig 9).

The inter-target distance can be computed as:

(1)

2 _.T
dr = erperin

Furthermore, the inter-target error e 12 can be written as:
erp =101 — B
S Y N (e
= —es +eptef, (12)
Taking the derivative of eq. (11) to obtain its minimum
value, we obtain:
odz)
ot
5(e§126f12)
ot
26?12(3]012 = (13)
Eq. (13) can be expressed using the derivative of eq. (12)
and eq. (7) as follows:
e§12éf12 =0
e§12 [éfl - éfz] =
eh 1, [(a1 +anes + (ain —ar)ep,] = (14)

Using eq. (12) in eq. (14), it is obtained:

e [(al +anes + (a2 —ax)(es, +es12 — e'}lz)] =0
ey [(al —ay+2ap)es — (a2 — az)e'}lz]
— (a12 — ay)efpein = (15)

Defining m2 = (a1 — a2 + 2a12)/(az — ay2) and replacing
it in eq. (15), it is obtained:

0

el [leefn + e’}lz] —efper
e?lz |:m]2ef1 +e}}12] = e;lzeflz (16)

Using the minimum distance between targets drmi, and
eq. (11), then eq. (16) can be expressed as an inequality:

T n T
€r2 [m12ef| +ef12] Z €112min€f12min

e?lz [leefl +el}12] > df i a7)
Analyzing the left side of eq. (17), ef12| is the distance
between target 1 and 2 eq. (11) and it must be greater than

drmin (|€f12| = drmin), then:

mize, + €1z = drmin (18)

Eq. (18) shows the direct relation between miy and drmin,
where the value of mjy is a function of aj, ajp and a».
The values of aj, a2 and a> have to be chosen to always
satisfy (18). Moreover, aj, ajp and ap are related to the
variation f; = (h;,[;). Using the derivative of (5) and (7),
we obtain:

éf, = —f] =ajep +aney, (19)
e, = —f) = —apeys +aey, (20)
where f; = (fzi,ii). Since h; and [; are directly related

to the control inputs (velocities (3) and (4)), they should
evolve to generate attainable virtual target’s velocities
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(cf. Subsection V-C). At this aim, we assume that /; and [;
have to be less than the maximum vehicle’s velocity and the
values of aj, ajp and ap must be selected considering that
a; < Umax-

Fig. 9(a) shows this case of two targets and the leader w.r.t.
the Global and local leader’s reference frame, a triangular
formation is reshaped, two vertex of the formation switch
between them and inter-distance is reduced from 2 m to 1 m
(cf. Fig. 9(a)). For drpuin = 0.5 m, the designed values are
mip =1, a; = —0.5 and ap = —1. The value of ajp = —0.5
is obtained using the definition of m 2. The smooth evolution
of the coordinates f; = (h;,l;) of each target and their
convergence to the new coordinates f:’ are shown in Fig. 9(b).
It can be observed that the target T;» goes back w.rt. the
leader reference frame. This action is due to the deceleration
of Ty» in order to reach its final position w.r.t. Global reference
frame. Fig. 9(c) shows the distances between all the targets
during the reconfiguration process. It can be noted that these
designed values of the reconfiguration matrix (17) satisfy the
minimum inter-target distances guaranteeing non inter-UGVs
collisions.

C. Formation Constraints

The formation constraints are related to analyze the relation
between the formation coordinates f;(h;,/;) and the vehicle’s
kinematic constraints. Large values of f; can lead to the satu-
ration of the commands in order to attain large set-point veloc-
ities. The tracked virtual target becomes thus unattainable,
inducing at the end a lost or unreachable formation. In order to
generate “attainable virtual targets” of each follower during the
navigation and reconfiguration, the dynamic of the deformable
formation is analyzed according to the kinematic limits of the
used UGVs. It depends mainly on the reference trajectory
(leader’s trajectory) eq. (2), (3) and (4). This trajectory is
represented in Frenet frame (curvilinear distance and radius
of curvature) while the followers’ constraints are given by
Umax and re,,; . The velocities and radius of curvature of the
followers are constrained by

21
(22)

|vTi| = Umax
-1
rcmin = ’DTICOT] ’

Eq. (21) and (22) can be expressed as a function of leader’s
velocity using eq. (3) and (4) as follows:

A

(23)
(24)

lop — liwL(hi)l = Umax

—1 —1
Fepin < ’van — liop (hi)or, ’

Replacing wr, = wr (h;) = z)ch_Ll (h,) in eq. (23) and (24),
we obtain:

IA

(25)
(26)

log — leir;L] (hm)| Umax

Yepin = |rCL(hm) _ll|

A

We define f,, = (hy,, lm)T as the coordinates of the farthest
node. The maximum of the absolute value of eq. (25) occurs
when [; = —I,, and r,, = rc,, . In eq. (26), the minimum
value of the absolute value occurs when /; = [,,,. The leader’s
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linear velocity can be written as:

z)L(l - lm"’i1 ) < Vmax

Cmin

v = z)max(l - lmrc_mtn)_l

A

27)



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

VILCA et al.: STABLE AND FLEXIBLE MULTI-VEHICLE NAVIGATION BASED ON DYNAMIC INTER-TARGET DISTANCE MATRIX 11

- p— -
¥
.

”Fﬁﬂo/vv’erl/’L: q..?:

FollowV
i=23.50¢s

Fig. 10. Navigation of N = 3 UGVs performing reconfiguration of the formation using the SFR.

Moreover, the leader’s radius of curvature can be written:

Temin < e (hm) - lm

Femin T Im < Tep (hm) (28)

It can be noted that the linear velocity v;, and the radius of
curvature r., of the leader are constrained mainly according to
the lateral coordinate of the formation /,, (eq. (27) and (28)).
The linear velocity at hlf (curvilinear distance) and lif =0is
equal to the current linear velocity of the leader which allows
to keep constant the curvilinear distance.

Finally, from eq. (27) and (28), the leader’s constraints of
ULmax and re¢,, . are obtained.

(29)
(30)

—1 -1
ULmax = Omax(1 — lmrcm,-n)

Fepmin = Temin + lm

These leader’s constraints (velocity and radius of curvature)
must be respected along all its movements in order to guar-
antee the respect of the follower kinematic constraints. This
means that the leader has to limit its velocities to permit to
the followers to reach actually their assigned targets, and thus
to obtain and to keep the suitable formation shape.

VI. EXPERIMENTAL VALIDATION

The objective of this experiment is to validate the proposed
strategy for formation reconfiguration based on inter-target dis-
tance matrix between two deformable formation configurations
(triangular and linear shapes) while navigating in a cluttered
environment. This experiment has been done while using three
electrical vehicles (cf. Fig. 10). This experiment can be found
online.?

A. Testbed and Scenario

The electrical urban vehicle VIPALAB (Véhicule Individuel
Public et Autonome pour LABoratoire) is used in our experi-
ments. This vehicle carries different embedded proprioceptive

3https://youtu.be/ZXOJEUZ-VIY

TABLE I
VIPALAB PLATFORM
VIPALAB Elements Description
Chassis (1,w,h)=(1.96,1.30,2.11) m
Weight 400 kg (without batteries)
Motor Triphase 3228 V, 4 KW
Break Integrated to the motor
Max. speed 20 km/h (= 5.5 m/s)
Batteries 8 batteries 12 V, 80 Ah
Autonomy 3 hours at full charge
Intel Core i7, CPU:1.73 GH =z
Computer

RAM:8GB, OS:Ubuntul2.04

and exteroceptive sensors such as cameras, odometers, IMUs,
steering angle sensor, an RTK-GPS, a Wi-Fi communication
system and a computer. Some specifications of VIPALAB are
shown in Table I (more details are given in [68]). Each vehicle
uses a combination of RTK-GPS and IMU to estimate its
current position and orientation at a sample time of 75, = 0.1 s
(cf. Table I). Indeed, in these experiments, the vehicles move
at maximum velocity of 2.5 m/s and the minimum radius
of curvature r.,, = 2.83 m (cf. Fig. 10) and the Wi-Fi
communication system is stable between VIPALABs. Each
VIPALAB can be controlled using the on-board computer
(through CAN protocol) or a wired control panel attached to
the vehicle.

In the prospect of future deployment of the proposed
MLMC architecture in urban environments, it is essential to
take into account the UGVs’ communication, perception and
localization features [1, Ch. 1]. Indeed, even if these topics
are outside the immediate scope of the paper, it is highlighted
below the main concerns impacting the proposed cooperative
navigation in formation. First of all, it is important to have
robust and steady V2V (vehicle-to-vehicle) wireless commu-
nication [2]. This is particularly true for high speed vehicles (in
highway for instance [4]) where the communication Quality of
Service (such as: transmission delay/latency, bandwidth, level
of the error rate, etc.) has a significant impact on the safety and
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controllability of the multi-UGV system. The wireless security
face to external intrusion / hacking is also among the main
concerns of such connected vehicles [69]. Secondly, in terms
of UGV’s perceptions, the two main features which should
be available and robust in the used UGVs are: appropriate
functionalities to detect the navigable area (delimited generally
by pavements and/or ground painting) [70]; and dynamic
obstacle detection and characterization [71]. Thirdly, since the
fleet of UGVs needs to know as precisely as possible their
mutual localization in the environment, it is also important to
have reliable and guaranteed GPS information. In urban area,
the GPS reception could be very poor, due for instance to street
canyons [72], nevertheless several alternatives exist to obtain
precise localization, for instance by using cameras or/and
3D-LIDARs [73]. One of the main future extensions of the
proposed MLMC architecture is to take into account explicitly
the failure/uncertainties related to the communication as well
as the perception/localization modules in the planning and
the control process to always guarantee the integrity of the
controlled vehicles.

B. Experimental Results

In this experiment the leader of the group of VIPALABs
has to reach successively static set of waypoints, presented
in [59], and the followers has to keep the desired forma-
tion, defined according to the leader’s position and veloc-
ity (cf. Subsection IV-B), while avoiding the obstacles. The
leader’s configuration is sent by itself to each follower via
Wi-Fi. At this aim, each follower tracks its assigned dynamic
virtual target (cf. Fig. 11(b) and 11(c)) applying the control
law, proposed in [46], to the multi-robot system. The initial
followers’ positions w.r.t. the leader’s position are (Ax, Ay) =
(=6, £3) m according to the Global reference frame.

The initial formation coordinates are defined by F' =
(f’i,fé), with f’1 = (=5, -3)" m and f’2 = (=5,3)" m (trian-
gular shape). A set of waypoints is defined in the environment,

the leader (and thus the formation) must go toward them while
avoiding obstacles. The new targeted formation is defined as
straight line with the following coordinates F" = (f'l’,fg),
with f] = (=5,0)7 m and f; = (—10,0)" m. The values of
the matrix A for the formation reconfiguration was designed
according to the dry,in = 2.0 m and v,,4x = 2.5 m/s, they
are given by:

A:|:—O.114 a1

0.018
—0.018

—0.143

Figure 10 shows the sequence of the multi-robot evolution,
from the beginning of navigation with initial triangular forma-
tion F! to linear one F”, when the leader detects an obstacle
(with adequate range to allow the formation reconfiguration),
and once the last follower detects the end of the obstacle,
the formation return to triangular formation.

Some screen-shots of the developed Graphical Data Inter-
face for VIPALAB (GDI-VIPA) of the leader and follow-
ers are shown in Fig. 11(a), 11(b) and 11(c). In the leader’s
GDI-VIPA, the white line represents UGV’s trajectory,
the orange points are the set of waypoints and the big red
point is the current assigned waypoint. It can be noted that
the online detection of the box using the LIDAR sensor [54]
and the reactive obstacle avoidance (based on elliptical limit-
cycle [53], [54] (cf. Subsection III-B)) performed by the
UGV (cf. Fig. 11(a) (b), (c) and (d)). This paper focuses on
the navigation in formation, the leader’s analysis (navigation
through waypoints and reactive obstacle avoidance) was done
in [46] and [59].

In the follower’s GDI-VIPA (cf. Fig. 11(b) and 11(c)),
the red point is the current leader’s pose and the blue and
green points are respectively the current virtual target to be
tracked by follower 1 and 2. Therefore, the followers track
their virtual targets to keep the desired deformable formation F
even during the reconfiguration phase (cf. Fig. 10 and Fig. 12).
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Fig. 13. Experimental results of the navigation with reconfiguration (SFR).

(a) Distance among the UGVs. (b) Progress of the set-point definition f;
according to the SFR. (¢) Commands (velocity and steering angle) of each
UGV.

Figure 12 shows safe and smooth trajectories of the group
of VIPALABS. It can be observed that the vehicles’ trajecto-
ries are stables and the followers converge to their assigned
virtual dynamic target even during the reconfiguration phase.
Therefore, the desired formation, triangle (no obstacles) or line
(during obstacle avoidance), is attained and kept. Fig. 13(a)
shows the distance between each UGV of the formation.
This last figure shows clearly the non-collision between the
vehicles in the formation. Fig. 13(b) shows the evolution
of the formation coordinates (h;,[;) (virtual target positions)
w.r.t. the leader. It can be observed smooth evolution of the
formation coordinates (7) which attest on the efficiency of the
strategy for formation reconfiguration.
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Fig. 13(c) shows the velocity and steering angle of the
vehicles. The reconfiguration strategy was designed to reduce
the peaks of the control commands of each UGV when the
transitions between the formation occur (cf. Subsection V-C).
It can be noted that the commands are smooth and satisfy
the kinematic vehicle’s constraint (0,4 = 2.5 m/s and
Tepin = 2.83 m) (cf. Subsection V-C).

Therefore, a smooth, flexible and safe trajectories for the
multi-robot navigation in formation were obtained. The pro-
posed control architecture allows also to adapt the formation
configuration according to the environment context.

VII. CONCLUSION

This paper proposed a complete and a modular Multi-
Layer and Multi-Controller (MLMC) architecture for dynamic
navigation in formation of a group UGVs in constrained
environments. This architecture, based on leader-follower
and behavior-based approaches, ensures reliable and stable
navigation of a fleet of UGVs, performing several dynamic
shape configurations and re-configurations. It allows us to
ensure the safety, smoothness and flexibility of the overall
fleet navigation. The formation shape and its progress over
the time are defined according to appropriate dynamic targets
set-points, which depend on the leader’s state (pose and
velocity) and the targeted formation shape. First, the paper
has made the focus on several leader-follower formation
definitions, based on Rigid or Deformable Virtual Structure
(named respectively RVS and DVS). In the RVS, the leader’s
reference trajectory is not taken into account such as in DVS,
only its current pose and dynamic has to be known by the
followers. Furthermore, after giving their main advantages
and drawbacks, the DVS has been chosen to be the basis
of modeling and control of the fleet of vehicles. Secondly,
and it is the main contribution of the paper, it is proposed in
order to deal with dynamic shape reconfiguration of the fleet,
a stable and online Strategy of Formation Reconfiguration
(SFR) applied to the DVS. The asymptotic stability (based
on Lyapunov synthesis) and the safety (avoiding any inter-
vehicle collisions) demonstration of the fleet reconfiguration
relies mainly on an analytic definition of an appropriate
Reconfiguration Matrix A. This matrix takes into account
the initial and the desired formation shapes/parameters; and
guarantee that the progress of the vehicles’ set-points are
always smooth and that the vehicles’ inter-distances are always
above an authorized minimum distance. In addition, while
proposing an analytic formulation of the leader’s kinematic
constraints (maximum linear and angular velocities) according
to the current overall fleet state and constraints, the follow-
ers are always ensured to reach asymptotically and keeping
their assigned virtual targets (and thus the formation). The
proposed SFR can be applied for different situations when the
formation has to be modified according to the environment
context (dynamic, cluttered, etc.). Simulations and experiments
using several UGVs have shown the reliability, efficiency and
flexibility of the proposed strategy for multi-UGVs navigation
and dynamic reconfiguration in constrained environments. The
proposed MLMC architecture has been embedded in each
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UGV (belong the group of the used autonomous electric
vehicles) and shows the reliability of the different proposals.
In future works, formation reconfiguration strategy even in
highly uncertain environments (for instance, w.r.t. the vehicle’s
communication/perception/localization) will be addressed.
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