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Abstract—Warehouse mobile robotics is nowadays entering
the mass-production market. Increasing the number of mobile
robots up to decades raises new challenges: current industrial
practice relies on centralized fleet management, which might
hinder efficacy in the case of large fleets. This paper proposes and
discusses a partially and a fully distributed extension of a centralized loosely coupled algorithm for multi-robot coordination.
In particular, we aim at investigating: 1) how coordination can be
distributed among robots, and 2) which is the minimum amount
of local information required to enforce safety. Simulation results
show that a partial distribution may improve performance in
terms of arrival times while preserving safety and liveness.
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I. I NTRODUCTION
The problem of fleet coordination has been tackled by
the scientific community with either centralized, hierarchical,
or distributed algorithms. Even though centralized methods
deliver predictable fleet behavior, provable safety and liveness,
and high performance [1], [2], they do not easily scale to
hundreds of robots, are subject to single points of failure,
and require the central agent to have complete knowledge
of the environment and the robots in the fleets. Conversely,
distributed or decentralized solutions are scalable by nature
and relatively robust to communication failures [3], [4]. However, since they rely on local information, safety is highly
dependent on their “degree” of distribution. In this paper, we
aim to extend the centralized algorithm proposed in [1], [5]
for coordinating heterogeneous fleets of vehicles subject to
online non-cooperative relocation tasks. Elicited from practical
applications, the approach is general with respect to the robotic
platforms, robot controllers, and motion planners and poses a
minimalist set of requirements to enforce safety. Aiming at
large scale problems, we here investigate two possible modifications toward decentralization. To analyze their performance
in terms of safety guarantees and complexity, we compare
the proposed solutions with the original approach in several
scenarios.
II. N OTATION AND PRELIMINARIES
The approach in [1], [5] relies on a decoupled centralized
coordinator whose main control loop, running at discrete time
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k, is listed in Algorithm 1. Safety is enforced by periodically revising precedence constraints that regulate access and
progress through pairwise overlapping configurations along
paths (namely, critical sections). Precedence orders are decided
through heuristics, and conservative models of the robots’ kinodynamics are used to filter out possibly unfeasible decisions.
The key concepts are formally recalled in the following as a
basis for our solutions (see [1], [5] for details).
Paths and spatial envelopes Consider a fleet of n (possibly
heterogeneous) robots sharing an environment W ⊂ R3 . We
use (·)i to indicate that variable (·) refers to robot i. Let Qi be
the robot’s configuration space, and Ri (q) ⊂ R3 its collision
space when in configuration q ∈ Qi . Also, let Qfree
⊆ Qi
i
be obstacle-free space. Then, pi : [0, 1] → Qfree
is
a
path
i
parametrized using the arc length σ ∈ [0, 1]. For each pi ,
the spatial envelope Ei is defined as a set of constraints such
that ∪σ∈[0,1] Ri (pi (σ)) ⊆ Ei [6]. Henceforth, we assume that
{σ 0 ,σ 00 }
equality holds; also, let Ei
= ∪σ∈[σ0 ,σ00 ] Ri (pi (σ)).
Critical sections Let Cij be the decomposition of the set {qi ∈
Qi , qj ∈ Qj | Ri (qi ) ∩ Ej 6= ∅ ∨ Rj (qj ) ∩ Ei 6= ∅} into its
largest contiguous subsets, each of which is called a critical
section. For each critical section C ∈ Cij , let `C
i ∈ [0, 1] be
the highest value of σi before robot i enters C; similarly, let
uC
i ∈ [0, 1] be the lowest value of σi after robot i exits C. We
say that a critical section C is active whether none of the two
robots has exited C. Let also C(k) be the set of active critical
sections at each time k.
Precedence constraints and critical points Given a critical section C ∈ C(k), the precedence constraint mi , uC
j ,
mi , uC
∈
[0,
1]
is
a
constraint
stating
that
robot
i
is
not
allowed
j
to navigate beyond arc length mi along its path until robot
C
j has passed the arc length uC
j - formally, σj (t) < uj ⇒
σi (t) < mi , where
(

max `C
if σj (t) ≤ uC
i , rij (t)
j
mi (t) =
, with rij (t)
1
otherwise


{σj (t),uC
{σi (t),σ}
j }
being sup σ ∈ [σi (t), uC
]
:
E
∩
E
=
∅
.
i
i
j
σ

Let T (k) be the set of precedence constraints such that C ∈
C
C(k) implies either hmi , uC
j i or hmj , ui i ∈ T (k). Safety is
ensured since T (k) imposes a total order of robots’ motion
through C(k). In particular, we define the critical point σ̄i (k)
of robot i at time k as the value of σ corresponding to the last
reachable configuration along pi which adheres to the set of
constraints T (k). Thus, the coordination problem consists in
computing and updating periodically the set of critical points
Σ̄(k) = {σ̄i (k)}ni=1 such that collisions do not occur.

