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Abstraci—In this paper we present a layered architecture for
multirohot motion coordination. The purpose is to control and
coordinate autonomous mobile robot with generic shapes and
kinematics in a priori known environment. It is a centralized
framework, where a leader robot (or a supervisor) plans the
motion of all the robots and makes them moving synchronously.
The architecture is layered, self-similar and modularized, where
each module is realized with concurrent threads. The underlying
motion planner is based on an Artificial Potential Fields method
applied on a discretized C-Space-Time,

Index Terms—Multirobot Systems, Motion Planning, Motion
Coordination, Software Architecture

I. INTRODUCTION

The area of the cooperative/distributed robotics moved its
first steps in the 30%s, and since then it has received an
always increasing attention, especially in the last decads,
imvolving many application domains. A multirobot system
15 characterized by a set of robots working in the same
environment, interacting between them inside the svstem
and toward the outside with the environment and sharing
their resources to achieve a general common task. In the
editorial [1] the authors identify seven important topics of the
MRS research area: biological inspirations, communication,
architectures and control, localization/mapping/exploration,
object transport and manipulation, motion coordination, and
reconfigurable robots. A survey of the area has been proposed
i [3]. In this paper, an interesting classification about MRS
architectures is described. It 15 mainly based on two primary
types of features: coordination dimensions and system di-
mensions. The first is a layered taxonomy structured on four
levels: Cooperation level, Knowledge level, Coordination
level and Organization level. The system dimensions are sub-
divided in four groups: Comnmnication, Team composition,
System architecture, Team size.

II. A SELF-SIMILAR LAYERED ARCHITECTURE FOR
MoTION COORDINATION

In this paper a software architecture for a MRS composed
by heterogensous mobile robots is proposed. The aim of
this architecturs is the coordination of the motion and the
navigation control. In particular, we want that our framework
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exposes those functionalities that permit the MRS to navigate
without any conflict, 1.e. without collisions with stationary
obstacles and with each other. but also without conflicts at the
coordination level. The goal is to make all the robots to move
coordinately. In [3] the authors suggest a multirobot three-
layered architecture to explicitly coordinate their actions at
the different levels. The task allocation is performed using a
market-based architecture, in which the robots exchanges the
tasks throughout a public auction.

On the base of the taxonomy in [3], we can classify
our system as (coordination dimensions): Cooperation level:
cooperative; Knowledge level: unaware; Coordination level:
strongly coordinated; Organization level: strongly central-
ized. On the standpoint of the system dimensions: Commumi-
cation: direct, throughout a central dispatcher; Team compo-
sition: heterogensous; Sysfem architecture: deliberative; Team
size: small-medivm. The framework can be intended as co-
operative becanse the robots reaching their goals accomplish
a single global task specified at a higher level of abstraction.
At the Organization level, it 15 strongly centralized: there is
a leader robot (or an external supervisor) that is omniscient
with respect to its team mates, and which organizes, synchro-
nizes and controls the other robots (strongly coordinated).
The other team mates do not have any knowledge about
each other (umaware). In a strongly centralized architecture,
the central unit is responsible to take any decision and the
peripheral vnits operates consequently. This must not to be
intended as a severe festriction to the autonomy of the single
unit: every robot can decide how to realize the goal/command
that the leader provides to it Besides this, the autonomy
restriction will also depend on the type of commands: for
example, the central unit can provide a gross trajectory, which
will be refined by the single agent. Heferogeneity: the task
i3 to design an architecture operating independently from the
robot characteristics. The framework has to be able to control
a group of robots with gquite different hardware and software
devices. In particular, from the point of view of the motion
control, the robots are quite different in sizes, shapes and
kinematics.
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Fig. 1.

A. The MRL Architecture

Our task 15 to define a framework able to work in-
dependently from the single robot hardware and software
characteristics. The proposed approach is coherent with a
MRS architecturs, where the coordination system is just a
subpart of it. It is organized into self-similar objects, where
essentially the MRS is reified as an object stmilar to the single
robot composing it. The architecture can be further extended
to the coordination of groups of teams (let’s say Multi-MRS
or M? RS) extending the number of layers, but not changing
the significance: each M™HS is an object similar to all the
other objects at the lower levels and to the single robots.
Each level is an aggregation of entities of a lower order, till
a single robot system {M"RS. MRS MRS, M"~'RS},
whers MRS = SRS (SingleRobot System). The concept
can be abstracted further to higher level where a WM™ RS
is seen as an entity with the same role of the others, thus
realizing a self similar strocture, with similar modules which
can interact with each other even at different levels, as shown
in Fig. 1. The architecture has been thought as a concurrent
event driven system. The modules inside each entity (single
or multi) are synchronized with the other modules using
events. The basic structure of a module is essentially a thread
controlling an event-handler (Fig. 2). The main task of the
thread 15 to wait for a set of events. When one of the events
15 signaled, it triggers a separate sub-thread that realizes the
corresponding functionality and immediately retums to wait
for other events. Unexpected events are simply ignored. In
this way, we realize a simple ad efficient mechanism that it is
not blocked during the execution of a functionality, and thus

Two-layers Anchitecmse

it 15 independent to how much it is complex and how long
it takes to be completed. Therefore, every event receives an
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Fig. 2. (General module stoochore

immediate response:; an important characteristic for a real-
time system that permits to handle fast dynamics of the
environment. The delicate aspect of this schema is during the
design phase, where it is important to define carefully the sets
of events and the corresponding functions (event-handlers) to
be activated. Besides architectural issues, which are mainly
concerned with the design and then the handling of multi-
threads/concurrent systems, the real-time coordination of the
motion of n bodies is the major problem. We have identified
four basic functionalities sufficient to make a multirobot to
navigate in 2 prior known environment: self-localization,
motion planning, navigation and communication.

B. Mulfi-Localizer functionality

To plan a trajectory or to navigate it is important to know
the (multijrobot position and orientation with respect to the
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environment reference frame. In the case of the multirobot,
this function is provided by the Multi-Localizer module
{Fig. 3). It collects the poses of every single robots creating
a Multi-Pose, which is the vector of all the robots poses.
This module is only passive, becanse it is the single robot
that sends its pose information whenever it has terminated
to update it. To be able to trace the “freshness” of the
information, a timestamp 15 also associated.

Multi Localizer
Event Handler
Robots
Lingagen Eyssl
MutFnma
P—
Fig. 3. Mulni-Localizer module

C. Mulfi-Planner functionality

This module is responsible for the planning of the co-
ordinated synchronous motions of all the robots (let’s call
it multiplan). Every module needing a new plan, can make
the request signaling the comresponding event, which starts
a new thread (Fig. 4). This thread effectively computes
the multiplan, first acguiring the most updated moltipose
from the Mult-Localizer, and the desired goal. If during the
computation armves a new request there are two possible
behavior: if the request has been done because there has
been a relevant change in the environment (an object is
detected in e new position) the planning is aborted and 2
new computation starts (replanning) with an updated map; in
the other cases, the request 15 ignored leaving the thread to
terminate its computation. At the end, the caller 1s signaled
if the new trajectories are ready or if the planning is failed.
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Fig. 4. Muli-Plannesr module

D Multi-Navigator funcfionality

The Multi-Navigator 15 responsible to drive every robots
along the trajectories provided by the Multi-Planner When

a caller decide to start the navigation, it signals the cor-
responding event (Fig. 3). In response to the event, the
Multi-Navigator acquires the multiplan (if available) from
the Multi-Planner. The navigation is performed sending a
tempornized sequence of motion commands to zll the robots
synchronously. In other words, the navigator sends periodi-
cally to zll the robots the next pose that each one has to reach
from its cucrent pose, realizing a synchronized motion. The
current multipose must be received and vpdated by the Multi-
Localizer with a higher frequency (more than double) than
the frequency the motion commands are sent and executed.

-
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E. Multi-Communicater functionalify

Without facing problem of the communication protocol
definitions, this module tackles the communication at the
application level. The Multi-Communicator moduole is a
double event-handler (Fig. 6). There is an “event-handler”
that dispatches the messages received from all the robots to
the corresponding module, and a second event-handler that,
on the base of events signaled by the modules, provides to
translate them in messages to be sent to the appropriate robot.
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Fig. 6. DMuls-Communicator modole

E Multi-Gevernment Unit functionality

The Mult:-Government Unit module is the most important
functionality, because it schedules all the multirobot activities
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and coordinates all the robots. First it makes every other
module to start and ndtialize. In Fig. 7 it is shown a simplified
activity diagram, in which it is shown the Multi-Government
Unit module startup, with a fork starting the threads of the
other modules and a corresponding join at the end of the
section. A detailed activity diagram has been designed. but
it 15 very complex and so large that it 15 not possible to
include it in the paper. If the task is to make the multirobot
to navigate from one multipose to another one, the Multi-
Government Unit then activates the Multi-Planner signaling
the plan evens, and, if a plan is available, it signals the
Mults-Navigator to start the navigation. Another important
feature is the error handling: this moduole manages all the
error conditions occurring in any other module (Fig. 8) in
a dedicated thoead. It also manages the errors occurring in
the robots, errors sent to the attention of the multirobot by
means of the comnmnication link.
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III. TeHE MuLTIROEOT MOTION PLANNING ALGORITHM

Many solutions have been proposed during the last twenty-
five vears for single and moultiple robots path or motion
planning, based, for example, on a geometrical description of
the environment (e.g. [6], [7]). In the eighties, Khatib [8] first
proposed this method for the real-time collision avoidance

problem of a manipulator in a confinvous space. Jahanbin
and Fallside mtroduced a wave propagation zlgorithm in the
Configuration Space (C-Space) on discrete maps (Distance
Transform [9]). In [10], the Numerical Potential Field Tech-
nique on the C-Space has been introduced. Zelinsky extended
the Distance Transform to the Path Transform [11]. In [12]
the author uses a discretized 3D C-Space-Time first defined in
[13], to coordinate the motion of robots using with the same
shape (only square and circle) and a guite simple kinematics
(translation only). A solution in the C-Space-Time is proposed
in [16], where the authors wse a decoupled and prioritized
path planning in which they repeatedly receder the robots
priogities to tryv to find out a solotion. We have adopted a
decoupled prioritized solution, using Cellular Automata as a
formalism on a grid model of the world (Occupancy Grid)
with the C-Space-Time of multiple robots and Numerical
(Artificial) Potential Field Methods. The purpose is to give
a simple and fast solution for the motion-planning problem
for multiple mobile robots with different kinematics and
complex shapes. This method wses a directional {anisotropic)
propagation of distance values between adjacent automata
to build a potential hypersurface embedded in 5D space.
It 15 possible to find out all the admdssible, equivalent and
shortest trajectories for each robot following the valleys of
the potential surface.

A Environment and Robots models

The environment 15 represented using an Occupancy Grid
of rectangular cells. Because the obstacle are stationary, it is
static (frozen) during the planning phase, but it can changes
between two planning sections. A robot is a solid object
moving i an environment. To give a description of the
robot we need two components: the robot shape and the
robot kinematics. In many works the robot has a convex
shape and/or it 15 shmunk to 2 point of the C-Space. To take
care of its real extension, the technique is to enhance the
objects with the maximuom robot radivs. To have a more

Fig. 9. The potential bowl (green) growing in the C-Space-Tome around a
stationary obstacle (blue)

precise planning and to face a wider spectrum of problems,
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we want to represent the complete robot shape, even if it
15 irregular, with concavities, holes, etc., and with its real
extension. This is achieved with a small square occupancy
grid, where the cells have the same size of the environment
cells, and where the robot kinematic center is placed in the
middle. The robot kinematics 15 defined as a finite set of
basic motions (moves), where for each mowve it 15 specified
the next relative spatiotemporal pose (referred to the cusrent
pose at the current time) in term of cells, and its cost. In this
way it 15 possible to define any type of kinematics: car-like,
omnidirectional, etc., but it is also possible to specify the
motion speed.

B. The Multirobot Motion Planner module

The Multirobot Motion Planner module is itself based on
a layersd architecture. There are two main layvers: Obstacles
Layer and the Affraction Layer. Each laver is subdivided in
more sub-lavers: the Obsfacles L. has 3 dimensions (2 for
the workspace (X.Y) and 1 more for the time), while the
Aftraction L. has up to 5 dimensions {1 for the robots, 2 for
the robots workspaces plus 1 for their orientations (X, Y, 8)
and 1 for the time T). The Obstacles L. conceptually depends
on the outside environment. Its sub-layers have to react to
the “external” changes: the changes of the environment, ie.
the movements of the obstacles in a dynamical world. The
Obstacles L. is also a Coordinafion Space, in which are
progressively mapped the trajectories of all the robots. The
Aftractive Layer computes the shortest collision-free path for
a single robot, from the starting pose to the goal pose, while
considering its real occupation (shape and size = silhouette).
The moves costs are wsed to build incrementally a potential
bowl starting from the goal cell, placed at a high time slice
(the expected time of arrival), and expanding it in all the free
space-time. In our case, it 15 a hypersuiface embedded in a
4D space: B? « SO(2) « B, where B® is the workspace,
enlarged with the robot orientation dimension (S0O(2)) and
the time T. The goal cell receives the first value (a seed),
from which a potential bowl is built adding the cost of the
movement that would bring the robot from a surrounding
cell to it. The computation is performed by the avtomata i
the C-Space-Time cells, which compute the potential values
depending on the potential valoes of the surrounding space-
time cells. Iterating this process for all the free cells, the
potential hypersurface is buoilt, leaving the goal cell at the
minimum potential. The potential value has a geometrical
mean: it is the total (minimal) cost needed to reach the goal
from the current cell. The entire trajectory is computed just
following the direction of the negated gradient of the surface
from the starting point. Every robot has different goals and
kinematics, hence a potential bowl for each one has to be
generated in separate Aftractive Lavers. The potential bowl
is built only in the free C-space, surrovnding the C-Obstacles
regions (Fig. 9). Therefore, the robot Affracfive Laver has

to depend on the Qbstacles Layer. The last one embeds the
Time, thus the potential bowl varies with the time, generating
different potential surfaces at different starting time and, con-
sequently, different trajectories. Entailing the layer structure
previously introduced, it is now possible to describe the
algorithm that computes the multirobot trajectories. The first
phase 15 to establish the robots priogities (user defined). The

e

X

Fig. 10. The sequences of C-Spece-Time cells generated for two robots
(green and red) around & starionary obstacle (bloe)

following step is to mnitialize the Obstacles Laver with the
obstacles distribution known from the Occupancy Map of the
workspace. Each temporal sublayer is set to the Occupancy
Map (full if the cell has an obstacle inside, empiy otherwise).
Then, the algorithm computes the potential bowl in the
Aftractive Layer of the robot with the highest priority level
based on the Obstacles Laver. When the potential surface
15 determined, it extracts the shortest path, following the
negated gradient from the starting cell. For each passing
point, then it adds the robot silhouette, in each temporal
sublayer of the Obstacies Laver. In this way, the first robot
becomes a space-time “obstacle” for the successive robots,
with lower priorities. The Obstacles Layer has a central
role in this phase, becavse it ensures that the robots avood
each other and the trajectories do not intersect each other,
even taking into account of their real extensions. For this
reason, in this context it is also a Ceordination Space. The
procedure is repeated for the successive robot with a lower
prioty level, starting to build its Affractive Laver on the base
of the previously modified Obstacles Layver. The algorithm
terminates when it has computed all the robots trajectories.
In then following, few examples of simuolation of motion
coordination are shown. The first example regards two robots,
the second one with a special disjoined shape (Fig. 11).
Their silhouvettes are the projections on the plane of objects
like a "Truck” and a "Portainer crane” moving on wheels.
The triangles represent the Kinematic center and the robot
orientation. The task is to make passing the truck onder
(between the uprights) the crane. This 15 an example of a
vehicle with a silhouette projected on the plane which 1s
composed by two disjoined parts. In the second simulation,
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Fiz. 11. Truck and Portaines crane example

we have a robot the have to pass from one room to another
one, but the passage is closed by a second O-ring-shaped
robot (Fig. 12). It is noteworthy that the kinematic center
of the latter is on a stationary obstacle inside the ring. The
only solution that allows the first robot to transit is that the
o-ring robot rotates synchronously with the first one. The
planning times on a Intel PIV 2.26 GHz are respectively:
185 ms (overall number of cells to be vpdated: 416Kcells)
and 230 ms (1.33M cells).

Eig. 12.

O-Ring sobot closing a passage

IV, CoONCLUSIONS

In this paper we have descoibed a software architecture
for multirobot system motion coordination. Our approach 1s
centralized: there is a robot leader which plans the motion
in a known environment for all the robots and then it
coordinates synchronouwsly the overall motion. The aschi-
tectore is lavered at different level of resolution (there are
lavers with sublayers inside them) and self-similar. It allows

to coordinate robots with different software and hardware
characteristics, modelling them with the same structures that
expose the same functionalities, thus reducing the design and
implementation phase at the application level. The multirobot
framework 15 event driven and realized with concurrent
threads, permitting to tackle also asvonchronous situations.
Its behavior and properties are still under evaloation from
the theorstical point of view. The algorithm for the motion
planner module 15 decoupled and prioritized and it is based on
an Artificial Potential Fields method applied on a discretized
C-Space-Time. It is able to plan in a fast and simple way the
movements of heterogensous robots, with complex shapes
and different kinematics.
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