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ABSTRACT modeling the performance of wireless signals amidst obstacles, e.g.

In this paper, we consider the Line-of-Sight (LOS) connectivity
maintenance under positional uncertainty for a team of robots con-
sisting of multiple subgroups with given parallel tasks. The LOS
connectivity between pairwise robots is preserved when the two
robots are within the limited communication range and their LOS is
occlusion-free from static obstacles over time. By unifying a control
theoretic approach and a graph theoretic approach, we develop an
Uncertainty Aware Line-of-Sight Minimum Spanning Tree (LOS-
MST) framework to compute robots’ motion that maintains only a
minimally constraining set of LOS edges among robots for global
and subgroup LOS connectivity, while minimizing the motion dis-
ruption to their original multi-robot behaviors. Simulation results
are provided to validate the effectiveness of our proposed approach.
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1 INTRODUCTION

Connectivity maintenance for multi-robot systems often concerns
how to constrain robots’ motion in order to keep the proximity-
based multi-robot communication graph as one connected com-
ponent, commonly referred to as maintaining global connectiv-
ity [2, 7, 9, 11-15]. For a team of robots consisting of multiple
subgroups to perform parallel tasks [3, 4, 6, 7, 10], efficient local
collaboration requires robots in the same subgroup to be connected
as one component, and global connectivity across different sub-
groups is also needed for global situational awareness. In most
of these works, however, two assumptions are commonly made
such as (a) using disc-like communication models to describe the
limited inter-robot communication capability, and (b) assuming
accurate information about robots’ locations for control design.
These assumptions may not hold in many realistic environments,
where Line-of-Sight (LOS) communication plays a critical role in
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mmWave and UAV communications. And robots could suffer from
noisy observation due to sensor uncertainty in the real world.
Hence, in this paper we are interested in the problem of main-
taining global and subgroup Line-of-sight connectivity for a team of
mobile robots under noisy observation. Specifically, we formulate
the minimally constrained LOS-aware coordination problem as a
step-wise bi-level optimization problem, and propose the Uncer-
tainty Aware Line-of-Sight Minimum Spanning Tree (LOS-MST)
framework to co-optimize (a) the global and subgroup LOS connec-
tivity topology to enforce, and (b) control deviation from nominal
controllers subject to the LOS connectivity constraints. This allows
robots to enjoy the greatest motion flexibility for their nominal
task-related behaviors and respect the LOS connectivity constraints.

2 PROBLEM STATEMENT

We consider a robotic team S consisting of N robots moving in a
d-dimension shared workspace, which consists of free space and

occupied space Cgypg

K
U O by K static polyhedral obstacles
k=1

O C R4, Vk whose positions are assumed to be known by the
robots. The dynamics of each robot i located at the position x; € R4
can be described as x; = u; with u; € R4 as the control input. The
Gaussian-distributed noisy observation available to the robots is
denoted by %; = x;+€; € RY ¢ ~ N(0, 3;). We assume the robotic
team S has been assigned M simultaneous tasks (M < N) with M
divided subgroups S = {84, ..., Sy}, where each robot i has been
tasked to a subgroup S, with the individual task-related nominal
controller u; = 4; € RY. Then given the real-time LOS communica-
tion graph G'°8 determined by the observed noisy robots’ locations
% € RN the objective of this paper is to optimize the joint multi-
robot controller u € RN such that (i) the global and subgroup
LOS connectivity of the resulting LOS communication graph will
be preserved as robots move, and (ii) the LOS constrained robot
controller u for all the robots will be minimally deviated from their
nominal task-related controller @ € R*N so that the multi-robot
task-related behaviors are minimally disrupted.

Global LOS Connectivity: A graph G'°5 is said to be LOS connected
if there is at least one occlusion-free path between every pair of
vertices on the graph with high probability.

Subgroup LOS Connectivity: A graph G°8 is said to be Subgroup

LOS connected if there is at least one occlusion-free path between
los
m

every pair of vertices in each induced LOS subgroup graph G
Glos [Vm] < G Vm = 1,...,M with high probability, where
Vm € V contains all robots within the same sub-group Sp,.
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Note that any edge (v;,0;) € E!°° is said to exist in a LOS com-
munication graph G'°° when it satisfies (a) communication distance
constraint ||x; — Xj|| < Rc with Rc as the limited communication
range, and (b) occlusion-free condition with x;(1 — ) + x;f ¢
Cobss ¥P € [0, 1]. We assume the global and subgroup connectivity
of the LOS communication graph G'°8 are satisfied initially. Hence,
the step-wise optimization problem can be defined as follows, boil-
ing down to (a) find the least constraining LOS subgraph G51° to
maintain, and (b) minimize the control deviation subject to the LOS
constraints computed from (a).

N
ut = argminz [Ju; — 0|2

¢y
gslos,u i=1
s.t. QSIOS = ((V,SSIOS) C G isLOS connected (2)
,S,llos = QSIOS [Vm] 1is LOS connected, VYm=1,...,.M
®3)
s sobs c os

wesg ()5 (g (69 (67" (Cobsr 67, ()

||ui|| < Umax, Vi=1,...,N
where SgS,SSSObS, Cg (GY), %gl"s(cobs, G®1%) represent respec-

tively the corresponding admissible control space for high-probability

inter-robot collision avoidance (S s), robot-obstacle collision avoid-
sobs . . . . <
ance (S ), communication distance constraints (CZ° (G°1°)), and

. . los . .
occlusion-free constraint (€7 (Cops, G3°%)). umay indicates the
bounded control input for each robot.

3 METHOD

In [5], we introduced Probabilistic Safety Barrier Certificates (PrSBC),
a probabilistic extension based on Control Barrier Function (CBF)

[1] to ensure high-probability collision avoidance of each pairwise

robots and robot-obstacle accounting for uncertainties [8]. The

PrSBC has been presented in the form of deterministic linear control

constraints to characterize the admissible control space S, SI o
for guaranteed safety with probability at least o°, o%°bs ¢ (0,1).
Likewise, one can also adopt the same technique to describe the
deterministic admissible control space CJ (G%°%), so that with
probability at least o€ € (0, 1), all pairwise communication distance
constraints will be satisfied between robots i, j in a given spanning
LOS subgraph Golos = (v, &5105) where (o;, vj) € gslos,

To address the occlusion-free condition, we propose to use a
Minimum Volume Covering Ellipsoid (MVCE) [16] to circumscribe
(i) the corresponding LOS edge and (ii) the ¢'°
ellipsoids @', @7 defined by the Gaussian distributions of the
noisy positions of the robots i, j. This enables us to construct the
novel Probabilistic Line-of-Sight Connectivity Barrier Certificates
(PrLOS-CBC) as the admissible control space Cgfl’l * (Cops, 1),
from which the resulting LOS edges of GI° between moving robots
will stay occlusion-free from the obstacles with a probability at least
61 € (0,1). Thus by following the admissible control constraints
depicted as S,57",CZ (G¥%), €I " (Cobs G*1°), the moving
robots are able to ensure collision-free motion while preserving
the required LOS connectivity through a given subgraph G%° to
maintain, all with prescribed high probabilities.

-confidence error

sobs los
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At each time step, there may exist multiple subgraphs G51°¢ that
satisfy global and subgroup LOS connectivity. In order to deter-
mine the optimal subgraph GS19%* to maintain, we propose the
Uncertainty-Aware Line-of-Sight Minimum Spanning Tree (LOS-
MST). By taking as inputs the robots’ noisy positions and nominal
controllers, the algorithm is able to find a particular minimum span-
ning tree G31°5* C G1°% at each time step, whose edges 1) are least
likely to break under the nominal multi-robot behaviors, and 2) sat-
isfy the global and subgroup LOS connectivity requirement. Then
by maintaining such a subgraph G51°¢ = G1°5* with the associated
admissible control space in (4), the problem (1) becomes a Quadratic
Programming that could be efficiently solved in real-time.

4 RESULTS
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Figure 1: Simulation example of N = 27 robots moving to
three different places as the assigned parallel tasks.

As shown in Figure 1, a team of N = 27 mobile robots has been
assigned individual nominal controllers for them to move toward
three different task sites. The grey dashed edges represent the cur-
rent LOS edges from Glos among robots, and the red edges are those
from the computed optimal subgraph G515 C G5 to actively
maintain at each time step. The black rectangles represent the static
obstacles. Every robot only has access to the Gaussian-distributed
noisy observations of their positions marked by a dashed black
circle covering each robot. As shown in the figure, our proposed
method can ensure global and subgroup LOS connectivity over time
by overwriting nominal controllers as necessary, while allowing
robots to stay as close to their designated task site.

5 CONCLUSION

In this paper, we present a bilevel optimization-based control frame-
work for constrained multi-robot coordination with global and
subgroup Line-of-Sight connectivity maintenance. In contrast to
most existing work that assumes perfect location information about
robots, we relax the assumption and consider the Gaussian-distributed
positional noise. By employing a set of CBF-based probabilistic
barrier certificates to enforce collision-free behaviors and LOS
edge connectivity with high probability under uncertainty, we pro-
pose the Uncertainty-Aware Line-of-Sight Minimum Spanning Tree
(LOS-MST) approach that enables robots to identify and maintain a
dynamic set of critical LOS edges for required connectivity mainte-
nance, while introducing the least motion disruptions for them to
execute the original parallel tasks. Simulation results are provided
to demonstrate the performance our proposed algorithm.
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